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PREFACE 

More than a decade has passed since “The Physiology of Fishes” was 
published under the editorship of M. E. Brown. During this period, an 
increasing number of physiologists and biochemists have chosen to work 
on fishes. These investigators have opened up many additional areas of 
research, have developed new concepts to explain previously conflicting 
phenomena, and, at the same time, have raised many engaging questions 
which will only be answered by further study. It is possible that some of 
the impetus for this burst of activity can be attributed to “The Physiology 
of Fishes.” 

“Fish Physiology,” a six-volume treatise, attempts to review recent 
advances in selected areas of fish physiology, to relate these advances to 
the existing body of earlier literature, and to delineate useful areas for 
further study. It is published with the hope that it will serve biologists 
of the 1970’s as “The Physiology of Fishes” served its readers throughout 
the 1960’s. Margaret Brown (Varley) found it impossible to undertake 
the editorial work associated with the production of this treatise, and, 
therefore, we agreed to assume the task. 

The increase in the number of volumes from the two of “The Physi- 
ology of Fishes” is not only a reflection of the rapid increase of interest in 
this group of animals but of their physiological diversity as well. Since the 
term “fishes” includes the Agnatha, Chondrichthyes, Actinopterygii, and 
Choanichthyes, the treatise deals with physiological mechanisms whose 
vertebrate phylogeny covers an expanse of 500 million years. It considers 
adaptive processes associated with successful living in a full range of 
aquatic habitats extending from the tropics to the frigid zones; it also 
describes primitive air-breathing systems of great diversity, the physi- 
ology of most of the vertebrate organ systems, and numerous curious 
devices for protection and communication. While discussing these many 
functional processes, the authors have referred to a wealth of compara- 
tive material so that the treatise has become more than an account of 
the physiology of fishes; it contains many fundamental concepts and 
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principles important in the broad field of comparative animal physiology. 
It is our hope that “Fish Physiology” will prove as valuable in fisheries 
research laboratories as in university reference libraries and that it will 
be a rich source of detailed information for the comparative physiologist 
and the zoologist as well as the specialist in fish physiology. 

Taxonomists may quarrel with the lack of uniformity in the scientific 
terminology used throughout the treatise. We have bowed to the author’s 
choice in all cases and have not attempted to impose any particular 
classification. This decision was made after lengthy discussion and con- 
sultation with taxonomists who felt that all groups and species could be 
readily identified in standard reference books; this seems to be the 
essential requirement for the physiologist. 

Volume I deals with water and electrolyte balance, excretion, and 
some aspects of metabolism. Succeeding volumes will consider the endo- 
crine system, reproduction, development, luminescence, chromatophores 
and venoms, the circulatory and respiratory systems, the nervous system 
and the sense organs, several aspects of fish behavior, and special adapta- 
tions to environmental change. 

June, 1969 w. s. HOAR 

D. J. RANDALL 
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I. INTRODUCTION 

The cells contained within the integument of all but the simplest 
multicellular organisms are bathed in a relatively stable fluid medium. 
Basing his judgment on observations on the composition of blood, Claude 
Bernard perceived that the constancy of this medium, which he termed 
the “milieu interieur,” was an essential condition of free and independent 
life. Water is the solvent of this fluid medium and in it are dissolved 
numerous inorganic and organic solutes. The organic solutes are mainly 
nutrients and the products of metabolism while the inorganic solutes 
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2 W. N. HOLMES AND EDWARD M. DONALDSON 

consist of oxygen, carbon dioxide, and electrolytes occurring in ratios 
similar to those found in dilute seawater. From this medium the cells 
take up oxygen and nutrients and into it they discharge carbon dioxide 
and the products of metabolism, 

Separating the extracellular environment from the internal environ- 
ment of the cells is a highly organized functional boundary, the cell 
membrane. This membrane is approximately 75 A thick and consists of a 
bimolecular lipoprotein layer which severely restricts the passive move- 
ment of solutes from the extracellular fluid into the cell. Again, water 
is the major solvent of the intracellular fluid but, although the number 
of solvent particles per unit volume of intracellular and extracellular 
fluid is roughly equal, the composition in terms of the relative abundance 
of particle species in each fluid is strikingly different. In the extracellular 
fluid the concentrations of Na+, C1-, HC0,-, and Ca2+ are relatively high 
and, with the exception of blood plasma, the protein concentration is 
relatively low when compared to the intracellular fluid. In contrast, the 
concentrations of K+, POb3-, Mg2+ and protein in the intracellular fluid 
are relatively high when compared to the extracellular fluids. Since some 
of the constituents of both the extracellular and the intracellular fluids 
possess electrical charges and some of these charged particles are either 
selectively accumulated in one of the fluids or are nondiffusible, the in- 
tracellular fluid becomes negatively charged with respect to the extra- 
cellular fluid. Such a charge tends to aid or mitigate against the passive 
movement of charged particles into or out of the cell body. 

There exist, therefore, regulatory mechanisms, presumed to be situ- 
ated in the cell membrane, which are repsonsible for the maintenance 
of the differential distribution of solutes between the extracellular and 
intracellular fluids. These mechanisms involve the expenditure of energy 
in order to move particle species against the concentration and/or the 
electrochemical gradient. Thus any tendency to change the concentra- 
tions of solutes in these fluids either by passive diffusion, albeit often 
slow, or by changes in the metabolic state of the individual are counter- 
acted. 

By definition such mechanisms are termed “active transport” mecha- 
nisms. Probably the mechanism associated with the transport of Na’ out 
of the cell and K+ into the cell is the one best understood at this time. 
Energy derived from metabolism is used to sustain these ion fluxes and, 
on the average, these active movements of Na+ and K+ just balance the 
diffusion of Na+ into and K+ out of the cell. The potential which exists 
across the membrane is believed to be related to the fact that K+ tends 
to permeate the membrane more rapidly than does Na+. 

Among the Vertebrata we find animals which have adapted to a wide 
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range of ecological niches and even within the cIass Agnatha and the 
various classes of gnathostomatous fishes there exist forms which have 
adapted to freshwater, brackish water, and marine environments. In- 
deed, others such as certain members of the Salmonoidei and Anguilloidei 
have adopted life cycles involving sojourns in both freshwater and sea- 
water. Others, such as the lungfishes, have even become adapted to the 
terrestrial habitat for at least part of their lives. In general, however, 

Table I 

The Approximate Steady State Ion Concentrations and Potentials Existing 
between the Muscle Cells and Their Interstitial Fluid in the Various 
Physiological and Environmental States of the Eel, Anguilla anquitha 

Ion concentrations 
(mmole/liter) 

Interstitial Intra- 
fluid cellular [ion,l 

Ion (iono) fluid (ioni) [ioni] Ei,,(mV) 

Parietal muscle 
Freshwater yellow eel 

Freshwater silver eel 

Seawater yellow eel 

Seawater silver eel 

Tongue muscle 
Freshwater yellow eel 

Freshwater silver eel 

Seawater yellow eel 

Seawater silver eel 

Na+ 
K+ 
Na+ 
K+ 
Na+ 
K+ 
N a+ 
K+ 

N a+ 
K+ 
N a+ 
K+ 
N a+ 
K+ 
Na+ 
K+ 

143.2 
2.26 

150.1 
1.75 

164.2 
3.35 

183.3 
3.22 

143.2 

150.1 

164.2 

183.3 

2.26 

1.75 

3.35 

3.22 

20.3 
129 
26.7 

112.0 
18.9 

146.0 
22.4 

143.0 

15.4 
122.0 
21.3 

120.0 
14.1 

159 
22.6 

154 

7.0542 
0.0175 
5.6217 
0.0156 
8.6878 
0.0229 
8.1830 
0.0225 

9.2987 
, 0.1852 
7.0469 
0.0146 

11.6454 
0.0211 
8.1106 
0.0209 

+47.1 
-99.3 
+42.3 

-102.1 
+53.0 
-92.7 
+51.6 
-93.1 

+54.7 
-97.9 
+47.9 

-103.7 
+60.2 
-94.7 
+51.4 
-94.9 

~~ ~ 

a The membrane potentials were calculated using the Nernst equation for univalent 
ions: 

V 
R . T [ion,,] 

log, - 
F . 2 [ioni] 

&ion = - 

where R is the gas constant (8.31 joules/mole-deg absolute), T is the temperature 
(deg absolute), F is the Faraday constant (96,500 C/mole), and Z is the valency (1-k). 
By converting to loglo, expressing & in millivolts, and assuming the temperature of the 
tissues to be the same as that of the environment (12"C), the equation becomes &ion = 
56.5 loglo[ion,]/[ion~] mV. Calculated from Chan et al. (1967). 



4 W. N. HOLMES AND EDWARD M. DONALDSON 

despite the range of ecological niches which have been occupied by the 
vertebrates, a remarkable constancy in the compositions of the extra- 
cellular and intracellular fluids exists. Furthermore, among the Agnatha 
and the gnathostomatous fishes, only the members of the order Myxini- 
formes and the class Chondrichthyes show exceptions to the generalized 
pattern of electrolyte distribution between the two major body compart- 
ments. An approximation of the steady state ion concentrations and the 
attendant potential differences expected to occur in fish may be visualized 
from an examination of Table I. 

So far the concept of body compartments has only been dealt with in 
general terms, and we must now proceed to consider more rigorous def- 
initions of these spaces. 

11. THE TOTAL BODY VOLUME 

The total body volume is of course self-evident, but as a physiological 
parameter in most vertebrates it is somewhat meaningless when the 
distribution and movement of solutes are under consideration. Large 
portions of the total body volume are occupied by structures having very 
low turnover rates of metabolites and solutes. The integument and 
skeleton of many fishes for instance cannot be considered to be solute 
pools having significant short-term exchanges of water and solutes with 
the surrounding tissues and fluids. For this reason, therefore, the total 
body water content is more usefully related to the body compartments 
since it is the common solute of, and is apportioned between, the major 
compartments and their subdivisions. Although water is passively dis- 
tributed according to the disposition of the solutes, it delineates the com- 
partments of organisms in which the metabolic reactions may take place. 

A. The Intracellular Compartment 

The intracellular compartment of any tissue, organ, or organism may 
be defined as the sum of the cellular volumes contained within the limits 
of the cell membrane. This is of course an oversimplification of the actual 
state of affairs obtaining within each individual cell. The cells are struc- 
turally extremely complex and contain structures such as the nucleus, 
the nucleoli, the mitochondria, the endoplasmic reticulum, and so on. 

Some of the organelles are themselves bounded by membranes, e.g., 
the nucleus and the mitochondria, and consequently they represent com- 
partments within the cell body itself. Many of these membranes almost 
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certainly possess specific active transport properties, and substances 
appear to be selectively accumulated within these organelles. 

Probably, the most intensely studied organelle from this standpoint 
is the mitochondrion. Isolated mitochondria have been observed to 
actively take up K+ from the surrounding medium. Respiratory substrates 
are necessary for this process, but in contrast to the Na+ and K+ active 
transport mechanisms in the plasma membrane, it is not inhibited by the 
presence of the cardiac glycoside, ouabain. Thus, the system can be clearly 
differentiated from that occurring in the cell membrance. Also isolated 
kidney mitochondria have been observed to show a 50-fold increase in 
their Ca2+ content during respiration in vitro (Vasington and Murphy, 
1962). This active uptake of Ca*+ into the mitochondrion in vitro is de- 
pendent upon the presence of Mg2+, inorganic phosphate, and adenosine 
triphosphate ( ATJ?) in the medium. Furthermore, the influx of inorganic 
phosphate approximates the simultaneous influx of Ca2+. The quantities 
of inorganic phosphate and Ca2+ entering the mitochondrion in witro, 
however, far exceeds the solubility of the possible calcium salts (Leh- 
ninger et al., 1963). These authors concluded that it would be necessary 
for at least one salt, possibly hydroxyapatite, to precipitate within the 
mitochondrion; such areas of precipitation may be associated with the 
dense osmophilic granules within the mitochondria ( see Lehninger, 
1965). The in vivo accumulation of Ca2+ within the mitochondrion is by 
no means so striking and indeed appears to be considerably less than 
that observed in vitro. 

Surprisingly little consideration, however, has been given to the possi- 
ble physiological implications of intramitochondrial accumulation of 
ions. Several years ago it was postulated that the mitochondria evolved 
from bacteria which had originally parasitized and ultimately become 
symbiotic within the aerobic cell. Such speculation considerably com- 
plicates our concept of the intracellular compartment. Nevertheless, 
the role of the mitochondria1 membrane appears to be, at least in part, 
associated with maintaining a constant intramitochondrial milieu in 
which the enzyme systems may function. Further the active transport 
mechanisms in the membrane of the mitochondrion may function to 
regulate the solute composition of the hyaloplasm. Such a mechanism 
would of course only achieve a temporary sequestration of ions within 
the mitochondrion, but it may serve to temporarily regulate any local- 
ized concentrations of solutes. The existing membranes of the bacteria 
and their associated active transport mechanisms could well have been 
adapted to these purposes. 

The foregoing serves to illustrate the complexity of the intracellular 
compartment in even the simplest cell type. Much of the experimental 
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data concerning the role of the mitochondrion within the cell has been 
derived from mammalian tissues, but there is no reason to believe that 
the data derived from these tissues do not equally apply to the tissues 
of fishes. Indeed, the mammalian studies do, in fact, indicate the direc- 
tions of future studies in fishes. For a precise and elegant survey of the 
role of the mitochondrion in cellular regulation the reader is referred 
to Lehninger ( 1965). 

It is clear, therefore, that one must recognize the presence of islands, 
rich in spec& ions and cell solutes, which occur within the intracellular 
compartment. Further, the compartment is not in reality a homogeneous 
solution within the aqueous phase of the cell. Even so, it is convenient 
and meaningful to consider the intracellular compartment as a single 
aqueous phase when discussing the movement of solutes, particularly 
electrolytes, between the cell and its surrounding medium. 

B. The Extracellular Compartment 

The extracellular compartment is that space which exists outside the 
plasma membranes of the cells, and it contains the fluid and the inclusions 
surrounding these cells. Anatomically the extracellular compartment 
can be divided into several subcompartments. 

One group of extracellular spaces is anatomically characterized by 
the presence of a continuous layer of epithelial cells separating it from 
the remainder of the extracellular compartment. These spaces are collec- 
tiveIy termed the “transcellular space.” FIuids passing through the epithe- 
lial cell boundary into the transcellular compartment are invariably modi- 
fied. In vertebrates generally they include the gastrointestinal and biliary 
secretions, the cerebrospinal, intraoccular, pericardial, peritoneal, syn- 
ovial, and pleural fluids; the luminal fluid of the thyroid gland; the 
cochlear endolymph, the secretions of the sweat and other glands and 
the contents of the renal tubules and urinary tract. 

The remainder of the extracellular compartment is composed of the 
intravascular fluid or blood plasma, the interstitial fluid and the lymph. 

The intravascular fluid is circulated through a closed system consisting 
of arteries and veins which are connected by the capillary network. The 
capillary network is a system of narrow vessels, 1&20 p in diameter, 
with walls composed of a single layer of flattened endothelial cells. Dur- 
ing the passage of blood through the capillary network a certain “leak- 
age” of water and plasma solutes take place. This net fluid movement out 
of the capillaries occurs, according to the Starling hypothesis, as the re- 
sultant of the forces of filtration and the forces of absorption along the 
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Interstitial 

I 
net filtration force = 1 mm Hg 

II 
! 

IOP IHP IOP IHP IOP IHP 
12) (1)  (2) (1) (2) (1) 

7 

0 

a 
5 
w > 

0 

0 
4 

Fig. 1. A diagrammatic representation of the transcapillary movement of ultra- 
filtrate into the interstitial space and the return of this filtrate via the lymphatic system 
to the intravascular space. CHP = capillary hydrostatic pressure, IHP = interstitial 
hydrostatic pressure, POP = plasma oncotic pressure, and IOP = interstitial oncotic 
pressure. All values in parentheses present hypothetical pressures in mm Hg. 

inside and outside of the capillaries. The forces tending to filter fluid 
out of the capillaries are greater at the arterial end of the capillary and 
consist of the capillary hydrostatic pressure (CHP) and the oncotic' 
pressure of the interstitial fluid (IOP). Conversely, the forces tending 
to absorb fluid from the interstitial space ?re greater at the distal or 
venous end of the capillary and they include the hydrostatic pressure of 
the interstitial fluid (IHP) and the oncotic pressure of the plasma ( POP). 
Thus, the net force of filtration (+ve )  or absorption ( - v e )  at any point 
along the capilIary = (CHP + IOP) - (IHP + POP). Values for the 
forces of filtration and absorption in fish have not been determined, but 
typical values taken from the mammalian literature are shown in Fig. 1. 

Clearly, a net filtration of fluid out of the capillary system into the 
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Total b o p  woter 

I 
Exiracel Iu lar f Iui d 

I 
Intracellular fluid 

I 
Hya~oplosrn MitochAdria Nucleus Nucleolus Endothelial Other 

I I 1 

reticulum 

I I I 
lntrovascular fluid Interstitial Lymph - 

secretions 

fluid 

T 1824, mdioiodine- 
lobeled serum proteins, 
radioisotope- labeled 
erythrocytes 

Coch’leor I I I I 
endolymph Sinoviol Pericordiol Bile Pleural 

lnulin Roffinose Sucrose Minnitol Thiosulfote 
\ I 

Chloride, bromide, sodium, thiocyanote 

Fig. 2. A summary of the major body compartments in the vertebrates. The 
approximate volumes of distribution of some of the more common indicator substances 
are bracketed. 

interstitial space occurs during the passage of blood through the capillary 
network. It is this continuous transcapillary efflux of water and solutes 
out of the blood which constitutes the intersitial fluid. 

By virtue of the limited permeability of the capillary wall, much of 
the protein remains in the capillary and an ultrafiltrate of plasma emerges 
into the interstitial space. This phenomenon is illustrated by the pro- 
gressively increasing oncotic pressure of the capillary blood as it passes 
from the arterial end to the venous end of the capillary loop. Further, 
the progressive reduction in plasma volume as the filtration continues 
along the length of the capillary results in a progressive decrease in the 
capillary hydrostatic pressure. 

The existence of drainage channels, which start as blind tubules sur- 
rounded by interstitial fluid, ensure that the interstitial fluid does not 
remain stagnant. These endothelial tubules collect into larger vessels, 
known as “lymphatic ducts,” which finally empty into a large vein after 
passing through the Zymph nodes. In the lymph nodes the fluid is filtered 
through a trabeculum of cells, and lymphocytes are added before it re- 
joins the venous circulation. This system of tubules, beginning with the 
blind ducts and ending in the large trunk vessels, is known as the 
“lymphatic system” and the fluid contained in the system is known as 
“lymph.” Since it is derived from interstitial fluid, lymph may also be 
considered to be an ultrafiltrate of plasma. However, although the in- 
organic constituents occur at approximately the same concentrations 
as those found in plasma, the protein composition is quite variable and 
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even the largest molecules such as fibrinogen may be present in the 
lymph at some point in the system. 

A summary and classification of these body compartments are illus- 
trated in Fig. 2. 

111. METHODS FOR THE DETERMINATION 

OF BODY COMPARTMENTS 

With the exception of total body water, the compartmental volumes 
of an individual cannot be measured directly, and therefore indirect 
methods have been devised. These methods often involve the applica- 
tion of the dilution principle to some nontoxic indicator which is rapidly 
and homogeneously distributed throughout the compartment to be meas- 
ured. The volume in which a known amount of this substance is homo- 
geneously distributed may then be calculated after the concentration of 
the substance in the compartmental fluid has been determined. The 
general equation for this relationship is as follows: 

V = Q/C (1) 
where V is the volume of distribution, Q is the quantity administered, 
and C is the concentration of the indicator in the compartmental fluid. 
Should this solute leave the compartment as a result of excretion or 
metabolism, then a correction must be applied for this loss. The amount 
lost from the compartment is subtracted from the amount administered 
and the general formula becomes: 

V = (Q - E ) / C  (2) 
where E is the quantity excreted. The volume of distribution is therefore 
defined as the volume which would be necessary to accommodate all 
the indicator substances in the body at a specific time if it were dis- 
tributed in the compartment at the observed plasma concentration of 
the substance at that time. 

Two principal dilution methods exist for the determination of com- 
partmental volumes. These are the infusion-equilibrium method and the 
kinetic method. The infusion-equilibrium method is most suited to use 
with indicator substances which are rapidly excreted from the organism, 
e.g., inulin. A priming dose, sufficient to saturate the tissues, is adminis- 
tered intravenously, and the substance is then slowly infused until a con- 
stant plasma concentration is achieved. At this point the infusion is 
stopped and excretory products are continuously collected until the 
plasma concentration of the indicator has declined to zero. The amount of 
indicator collected in the excretory products represents the amount which 
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was present in the body (Q)  at the time the infusion was stopped. By 
dividing this quantity (Q)  by the plasma concentration at the end of in- 
fusion (C) the volume of distribution of the indicator is obtained [Eq. 

This method has serious drawbacks to its application in studies on 
fish. First, since the excretion of the indicator may extend over a con- 
siderable period, it is necessary to retain an intravenous cannula through- 
out the collection period. Such techniques are difficult in fish, particularly 
if the individuals are maintained in a free-swimming state. Second, many 
species of fish possess both renal and extrarenal pathways of excretion, 
and therefore both pathways must be monitored to determine the amount 
of indicator excreted. Third, in instances where the indicator is an in- 
organic substance such as chloride, bromide, deuterium oxide, or tritium 
oxide, the possibility exists that these substances may, after having been 
excreted by the kidney, reenter the circulation from the environment via 
the extrarenal uptake mechanisms in the gill epithelium. Therefore, 
cognizance must be taken of these possible sources of error when volumes 
of distribution in fish are determined according to the infusion-equilib- 
rium method. 

In the kinetic method a series of plasma samples are analyzed fol- 
lowing the intravenous administration of a single dose of indicator sub- 
stance. The log concentration of the indicator substance is then plotted 
against time. Initially the semilogarithmic decline in the plasma con- 
centration of indicator substance is nonlinear, but thereafter it is linear. 
By extrapolation of the linear portion of the curve to zero time a theoreti- 
cal value for the plasma concentration at this time is obtained. This value 
represents what the equilibrium concentration of indicator substance in 
the plasma would have been if instantaneous distribution had occurred 
following the injection, The volume of distribution is then obtained by 
dividing the amount of indicator administered (Q)  by the zero-time 
equilibrium concentration (C) [Eq. (l)]. The volume of distribution 
may also be determined at any other time after injection by measuring 
the plasma concentration at this time and the amount of indicator sub- 
stance excreted up to this time. These values, together with the amount 
of indicator initially injected, are then substituted in Eq. (2) .  Again, 
when the latter technique is applied to fish, the excretion via both the 
renal and extrarenal pathways must be monitored and consideration, in 
some instances, must be given to the possible reentry of excreted indicator 
into the fish. 

We will now consider the methods available to the physiologist for 
the determination of specific compartmental volumes. 

(1)l. 
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A. Total Body Water 

The total body water content of any animal is easily and most ac- 
curately determined by a comparison of the wet and dry body weight 
of the animal following desiccation to constant weight. The terminal na- 
ture of this method does, of course, limit its usefulness. 

Other less drastic and indirect techniques have therefore been de- 
vised; but in each case their accuracy must be determined by simulta- 
neous comparison with the desiccation method. 

Each of these methods involves the appIication of the dilution princi- 
ple to indicator substances which become rapidly and homogeneously 
distributed throughout the total body water, including the transcelhlar 
spaces. The chemicals commonly used for this purpose include urea, 
thiourea, sulfanilamide, antipyrine, 4-acetyl-4-aminoantipyrine ( NAAP ) , 
deuterium oxide, and tritium oxide. It is assumed that these chemicals 
become evenly distributed throughout the body, and the accuracy of 
each method is largely determined by the extent to which this assump- 
tion is true. 

The use of urea is limited owing to the endogenous production of this 
substance, and thiourea has been shown to distribute unevenly in the body 
water (Winkler et al., 1943). Sulfanilamide, at least in some mammals, 
may become conjugated in the liver although values derived from the 
use of this substance in the dog are in good agreement with desiccation 
values. Antipyrine is rapidly distributed throughout the body water, but 
it is also rapidly metabolized and excreted in the urine (Brodie, 1951). 
Although the metabolism and excretion of antipyrine appears to occur 
at a uniform rate (Soberman, 1950) and the appropriate corrections 
may be applied [Eq. (2)],  the use of the compound is probably more 
appropriate in acute experiments. However, the use of NAAP would 
seem to be more suitable under experimental and environmental cir- 
cumstances where the rates of urine flow in teleosts are likely to vary 
(Holmes and McBean, 1963; Holmes and Stainer, 1966). This com- 
pound is only slowly metabolized by the tissues and is excreted ex- 
tremely slowly. When deuterium oxide and tritium oxide are used to 
determine the total body water content of fish maintained in a closed 
environment, the possible reentry of the excreted compounds into the 
body must be examined. Studies on mammals also indicate that approxi- 
mately 5% of the labile hydrogen atoms from both compounds will ex- 
change with unlabeled hydrogen atoms of substances other than those 
in the body water (Elkinton and Danowski, 1955). 



12 W. N. HOLMES AND EDWARD M. DONALDSON 

B. The Extracellular Volume 

Since whole blood is itself a tissue consisting of the blood cells 
suspended in their extracellular environment the total intruvascu2ar 
volume may be determined by establishing ( 1 )  the total blood cell 
volume or ( 2 )  the plasma volume. In each case an estimate of the total 
intravascular volume may be obtained as follows if a simultaneous meas- 
urement of the hematocrit is made: 

100 
100 - hematocrit 

Intravascular volume = plasma volume X 

cell volume 
hematocrit X 100 

Intravascular volume = 

(3) 

(4) 

Plasma volume may be determined according to the kinetic dilution 
method after the intravenous administration of known amounts of radio- 
iodinated serum albumin (RISA), or T 1824 (Evans blue) which binds 
to the plasma proteins. Since serum albumin tends to leak out of the 
vascular space during passage through the capillaries, the estimates of 
plasma volume using RISA or T 1824 tend to be high. By using a larger 
protein molecule exclusively as the indicator, such as radioiodine-labeled 
fibrinogen, the transcapillary leakage is minimized and the plasma 
volume values obtained are some 212% lower than those obtained with 
albumin and other small protein molecules. 

The alternative method of determining total intravascular volume 
depends upon the selective accumulation of certain compounds within 
the blood cells, principally the erythrocytes. When isolated erythrocytes 
are incubated in the presence of radioisotopes such as 52Fe, 55Fe, 32P, 42K 
and thorium B, the radioisotopes penetrate the cells and become bound 
to the hemoglobin or some other protein within the cell. The more firmly 
bound the isotope becomes, the lower the rate of loss of the radioactive 
indicator from the cells after it has been injected into the animal. In 
this regard W r y  which becomes firmly bound to the globin portion of 
the hemoglobin molecule, shows the lowest rate of loss from the system. 
No appreciable loss occurs during the first 24 hr after injection; thus, only 
one blood sample is necessary to establish the dilution (Sterling and Gray, 
1950; Gray and Sterling, 1950). On the other hand, 32P is less firmly bound 
and up to 6% per hour may be lost from the circulating cells. Many blood 
samples must therefore be taken in order to establish the dilution curve for 
32P labeled cells (Gregersen and Rawson, 1959). A unique technique for 
the estimation of blood cell volume has recently been developed in the 
Pacific hagfish, Eptatretus stoutii, by McCarthy ( 1967). This method in- 
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volves labeling the red blood cells of the hagfish with L-methionine- 
methyl-l*C. Blood from donor animals is incubated in vitm in the pres- 
ence of the ~-methionine-methyl-l~C in a rotary incubator for 2 hr at 
10°C. At the end of the incubation period the blood-isotope mixture is 
gently and rapidly centrifuged, the plasma supernatant is removed, and 
the cells are resuspended three times in cold physiological saline. The 
cells are finally suspended in a small amount of physiological saline and 
intravenously injected into the experimental animals. Approximately 3% 
per hour of the zero-hour blood concentration of isotope is lost from 
the hagfish circulation. 

When plasma volumes or total intravascular volumes are calculated 
from dilution studies using labeled red blood cells, the values tend to 
be lower than those obtained by labeled plasma dilution techniques. This 
discrepancy arises from two sources. First, the red blood cells are not 
homogeneously distributed throughout the intravascular compartment, 
and therefore the hematocrit is not constant for all blood vessels. This 
is particularly true of the hagfish (Johansen et al., 1962). Second, a 
certain amount of plasma is always trapped between the blood cells 
when they are separated from the plasma (Gregersen and Rawson, 1959). 
The most accurate estimation of intravascular volume therefore is ob- 
tained by simultaneous measurement of plasma and cell volumes ( Armin 
et al., 1952). 

The distribution of several substances is purported to measure the 
combined intravascular, interstitial, and lymphatic spaces. These sub- 
stances include inulin, raffinose, sucrose, mannitol, and thiosulfate, and 
the value which each substance gives increases in that order. The molec- 
ular weights of these substances, which are in a reverse order, largely 
determine the rates at which they diffuse throughout the various extra- 
cellular subcompartments, particularly the connective tissue and the 
transcellular spaces, For this reason the volume of distribution of the 
compound is often cited rather than the specific volume it is purported 
to measure. Inulin and sucrose appear to show two phases of distribu- 
tion: A rapidly equilibrating phase is followed by a second phase where 
it is believed that these substances become selectively accumulated in 
the macrophages. These. substances are not, therefore, distributed homo- 
geneously at this point and consequently erroneously high values may 
be obtained. Mannitol does not have this characteristic and is a more 
reliable index in chronic experiments. 

An estimation of the volumes of distribution of body Na+ and C1- may 
also be used to determine extracellular volume. Neither Na+ nor C1- is 
homogeneously distributed throughout the extracellular compartment of 
any vertebrate. They are preferentially distributed between certain trans- 
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cellular spaces, e.g., gastric secretion and renal tubular fluid; and some, 
albeit small, amounts of both ions occur within the intracellular com- 
partment. Nevertheless, surprisingly accurate estimations of extracellular 
volume may be made if corrections are applied for the heterogeneous 
distribution of the ions. Indeed the methods are particularly useful when 
applied to tissue samples such as skeletal muscle. A refined method for 
calculating the C1- space of a tissue or organism was described by Manery 
(1954) as follows: 

C1- space (H20)BCL- = Clt- X T C ~ -  X HzO, 
c1,- g water/kg wet weight (5 )  

where C l t  = tissue C1- concentration in millimoles per kilogram wet 

HzO, = plasma water content in milliliter per kilogram wet weight 
weight tissue, 

plasma, 
C1,- = plasma C1- concentration in millimoles/liter plasma, and 

The following analogous equation may also be derived for calculating 

TCI- = Gibbs-Donnan ratio for C1-. 

the Na+ space of an organism or tissue: 

Na+ space (HZO)E~a+ = Nat+ Hzop g water/kg tissue (6) 
Nap+ x rNa+ 

where Nat+ = tissue Na+ concentration in millimoles per kilogram wet 

HzO, = plasma water content in milliliter per kilogram wet weight 

Nap+ = plasma Na+ concentration in millimoles per liter plasma, and 

weight tissue, 

plasma, 

TN,,+ = Gibbs-Donnan ratio for Na+. 

The Gibbs-Donnan ratios for Na+ and C1- used in Eqs. (5) and ( 6 )  
have not been estimated for lower vertebrate tissues. Therefore, the 
values obtained from mammalian studies must be applied as approxi- 
mations and these values are rNa+ = 0.942 and rC1- = 0.977. For a critical 
evaluation of the methods used in the determination of extracellular 
volume from the distributions of Na+ and C1-, the reader is referred to 
reviews by Manery (1954) and Cotlove and Hogben (1962). 

C. The Intracellular Volume 

The intracellular volume cannot be measured directly. As pointed out 
above, it is an extremely complex and certainly not a homogeneous 
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compartment of the body. An estimate of intracellular volume may be 
estimated by subtracting simultaneous values for the total body water 
and the extracellular volume, but this estimate is clearly dependent upon 
the accuracy of the methods used for the determination of body water 
and extracellular space. 

A summary of the classification of the body compartments is included 
in Fig. 2, and the range of distribution of some of the indicator substances 
is outlined. 

IV. COMPARTMENTAL SPACES IN FISH 

A. Class Agnatha 

ORDER MYXINLFORMES AND ORDER PETROMYZONTIFORMES 

Until 1959 only one value for a compartmental volume in the Agnatha 
appeared in the literature. This value was the blood volume determined 
in a single specimen of the sea lamprey, Petromyzon marinus, by Welcker 
in 1858. The animal taken from the sea had a body weight of 1094 g, and 
the blood volume was reported to be 4.16% of the body weight. This value 
is extremely low when compared to the subsequent data obtained for the 
freshwater form of this species by Thorson (1959). Although Thorson’s 
data (Table 11) are undoubtedly more reliable, the discrepancy is never- 
theless large. According to Thorson (1959) the difference probably 
reflects an inverse relationship between relative blood volume and body 
size similar to that which has been demonstrated in the elasmobranchs 
(Martin, 1950). The possibility also exists that there may be a difference 
in the distribution of body compartments between the freshwater and 
marine forms of this species. The blood volume of the Pacific hagfish, 
however, is even higher than that of the freshwater form of Petromyzon 
marinus (Table 11). 

The relative intravascuIar or blood volume of the Pacific hagfish, 
Eptatretus stoutii, is the highest reported for any vertebrate species. 
This high value is because of both a high plasma volume and a high red 
blood cell volume in this species when compared to Petromyzon marinus 
or other groups of fishes. Furthermore, the total extracellular volume of 
Eptretatus stoutii is simiIar to that of Petromyzon marinus (Table I I ) ,  
and the increase in intravascular volume appears to have occurred at the 
expense of the interstitial space ( McCarthy and Conte, 1966; McCarthy, 
1967). 



Table II 

Summary of the Available Data on Compartmental Volumes in Two Species of CyclostOmesa 

Pacific hagfish, Sea lamprey, 
Eptatretus stoutii, Petromyzon marinus, 
(McCarthy, 1967) Method of (Thorson, 1959) Method of 

Parameter (ml/lOO g body wt) determination (g/100 g body wt)  determination 

Total body water 
Extracellular water 
Interstitial water 

Intravascular volume 

Plasma volume 
Red blood cell 

Intracellular volume 
volume 

74.6 f 3.4 (5) Desiccation 75.6 f 0.15 (12) 
25.9 f 5.1 (5) Inulin-~arboxyl-~~C 23.9 5 0.23 (12) 
10.3 f 1.6 (5) 18.4 f 0.19 (12) 

16.9 f 2.1 (5) 8.5 f 0.12 (12) 

Inulin space minus T 1824 

T 1824 space plus red blood 
space 

cell volume 
13.8 f 3.1 (10) T 1824 space 5.5 f 0.09 
4.9 f 2.0 (5) ~Methionine-methyl-~~C 3.0 (12) 

space 

inulin space 
48.7 f 1.7 (5) Intravascular volume minus 51.7 f 0.26 (12) 

r 
Sucrose space minus 2 

T 1824 space z 

crit E 
T 1824 space l2 
Intravascular space b- 

minus plasma volume 3 
Total body water minus M 

2 

Desiccation 
Sucrose space 

T 1824 space and hemato- $ 

sucrose space 
~ ~~ 

a The values taken from Thorson (1959) were reported by the author in g/100 g body weight. These values may be converted to 
ml/lOO g body weight by using the reported specific gravity values of 1.018 and 1.040 for plasma and blood, respectively. The numbers 
in parentheses indicate the number of individual fish used for the determination. All means k S.E. 

8 
2 
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B. Class Chondrichthyes 

SUBCLASS ELASMOBRANCHII 

An earlier set of data reporting the blood volumes of elasmobranchs 
(Table 111; Martin, 1950) showed somewhat lower mean values than 
those which were later reported by Thorson (1958) (Table IV).  The 
lower values found by Martin may, however, be attributable to the 
considerably larger fish used in his study. A single specimen of Raja 
binoculata, which has not been included in the synopsis of his data 
(Table 111) , had a body weight of 4750 g, which was within the body 

Table I11 

Summary of the Data on Blood Volumes in Chondrichthian 

Body wt Hematocrit Blood vol P 
Species (g) (% cells) (% body wt) value 

Chondrichthyes 
Ratfish 1225 f 53 18.0 f 0 2 . 6  f .49 NSc 

Chimaera colliei 
Dogfish 2168 f 816 18.0 f 2 . 5  9 .0  f 2 . 3  <0.02 

Squalus sucklii 
Skate 3225 f 751 18.5 f 1 . 8  5 . 0  f .66 <0.02 

Raja rhina 
Skate 8 1468 f 129 18.3 i 1.9 4 . 1  f .35 <0.01 

Raja binoculata 0 3334 f 337 17.1 f 1.1  3 . 4  f .23 NSc 
3 .7  f .21 <0.01 

0 s  teichthyes 
35 f 4 . 7  2 . 8  f .22 - Lingcod 4435 f 896 

Ophiodon elongatus 

From Martin (1950). 
bThese values are compared to  the blood volumes of an osteichthyan, Ophiodon 

elongatus. (All values are means f S.E.; p values represent the significance with respect 
to the value for Ophiodon elongatus.) 

c NS indicates not significant. 

weight range of this species studied by Thorson. The blood volume for 
this individual was 7.3%; a value close to that reported by Thorson for 
this species (8.0%). Furthermore, Martin (1958) found that the best fit 
for his data from the heavier skate was obtained when the blood weights 
were plotted against the 0.75 exponent of the body weight. This correc- 
tion would bring the mean blood weight values of the larger skate closer 
to those found in the smaller individuals by Thorson (cf. Tables I11 and 
IV). 



Table W 
A Summary of the Body Compartmental Volumes in Chondrichthian Fishesa- 

Freshwater 
Marine species species 

L o n g - n d  Big &ate, Doghh, Lemon shark, Nurse shark, Ratfish. Lake shark, 
skate, Raja Squalus Negaprwn Ginglymodom Hydrolwus Carehashinun 

Raja rhina binoculato acandhias cirratum couiei niearaguende brmirostris 

Body weight (9) 

Hematocrit (% cells) 

Pulse (beats/min) 

Plasma volume (T 1824 space) 

Blood volume (T 1824 space 
and hematocrit) 

Extracellular fluid 
(iiulin) 

Extracellular fluid 
(sucrose) 

Interstitial fluid (inulin or 
sucrose space minus T 1824 
space) 

IntraceUuhr fluid (total water 
minus extracellular space) 

Total body water (desiccation) 

4933 (12) 

16.8 (11) 
(140W16550) 

(12-21) 
11.1 (10) 

(6-18) 
5.9 (8 )  

7.2 (8) 

11.8 (8) 

f 0 . 5 3  

(4-9.5) 

f 0 . 6 7  
- 

5 . 5  (6)  
(4-8.6) 

68.3 

82.0 (3) 
f 0 . 4 1  

8184 (4) 
(2646-18100) 

(15-20) 

(12-22) 

17.5 (4) 

16.0 (4) 

6 .5  (4) 
f 0 . 6 0  

(6.5-9.9) 
8.0 (4) 

13.2 (2) 
f 1 . 6  - 

7.9 (2) 
(5.6-10.2) 

67.5 

82.6 (13) 
f 0 . 4 0  

2631 (33) 
(1 120-6350) 

18.2 (25) 
f O . 5 5  

31.0 (14) 
(18-40) 

5.5 (24) 

6 . 8  (24) 

12.7 (13) 
f 0 . 3 5  

21.2 (3) 
f 1.4 

15.7 (3) 

f 0 . 2 9  

f 0 . 3 7  

50.5 

71.7 (16) 
2 ~ 0 . 4 8  

6400 (9) 

21.5 (9) 

26 (9) 

(3180-12270) 

f 0 . 3 7  

(20-32 ) 
5.4 (9) 

50.11 

f 0 . 1 4  
7.0 (9) 

- 

21.2 (8) 

15.8 (8) 
f 0 . 4 7  

49.9 

71.1 ( 6 )  
f 0 . 1 4  

1603 (5) 
(1136-2270) 

17.4 (5)  
f 1.3 

22 (5 )  
(16-24) 

5.7 (5) 

6 .8  ( 5 )  
f 0 . 2 7  

&0.33 
- 

21.9 (4) 
f 1 . 2  

16.2 (4) 

49.8 

71.7 (3) 
f 0 . 2 2  

1067 (16) 
(520-1573 ) 

20.2 (12) 
(lfr25) 

31.8 (11) 
(18-42) 

4.2 (8 )  

5.2 (8) 

10.6 (8) 

f 0 . 3 2  

(4.1-7.4) 

f 0 . 2 5  - 

6.7 ( 6 )  
(5.9-7.7) 

59.7 

71.4 (13) 
f 0 . 4 7  

48070 (10) 
(277W57200) 

22.8 (10) 
f 1.4 

12.2 (10) 
(8-18) 

5.1 (10) 

6.8 (10) 
f 0 . 2 2  

AO.35 
- 

19.7 (8) 

14.6 (8) 
f 0 . 5 4  

52.4 

72.1 (4) 
f 0.37 

0 From Thorson (1958). 
b All volumes are expressed as percentages of mean body weight. 
c The range of measurements or the S.E. of the mean is given under each mean value. The number of individual h h  used for each determination is given in paren- 

theses after the mean value. 
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A comparison of the blood volumes of several elasmobranch species 
with the blood volume of a single osteichthyan species, the lingcod 
(Ophiodon elongatus), also showed that the blood volumes of the elasmo- 
branchs were significantly greater than those of the lingcod (Martin, 
1960) (Table 111). This trend has been further documented by Thor- 
son (1958, 1961, 1962; Tables VIII and IX). 

As in the case of many vertebrate species, the values obtained for the 
extracellular volume of the elasmobranchs depend upon the chemical 
indicator used for the determinations. The degree of penetration, and 
the resulting volume of distribution, is inversely related to the molecular 
weight of inulin, raffinose, and sucrose (Table V).  On the other hand, 

Table V 
Comparison of Inulin, Raffinose, and Sucrose Spaces of Squalus aeanthiasa 

No. of Av body Volume 
Indicator specimens weight (9) (% body weight) Range 

Inulin 13 2818 12.7 11.4-14.4 
Raffinose 2 2605 15.2 15.1-15.4 
Sucrose 3 2183 21.2 18.5-24.3 

a Data from Thorson (1958). 

sodium thiocyanate appears to be readily excreted via both the renal and 
extrarenal pathways and consequently, when no correction is made, gives 
inordinately low values for the volume of distribution ( Thorson, 1958). 

Owing to the different degrees of penetration observed for inulin and 
sucrose, the calculated interstitial fluid spaces (inulin or sucrose space 
minus plasma space) of the elasmobranchs tend to be lower or higher 
depending upon whether the volume of distribution of inulin or sucrose 
is used in the calculation (Table IV) ,  Conversely, the estimates of intra- 
cellular volume (total body water minus inulin or sucrose space) tend to 
be higher or lower for the same reason (Table IV).  

The compartmental spaces of only one freshwater elasmobranch have 
been measured. This species was the Lake Nicaragua shark, Carcharhinus 
nicaraguensis, and none of the compartmental spaces, including total 
body water, differed significantly from the corresponding values in a 
variety of marine species (Table IV).  

A limited amount of data is available on the transcellular spaces in 
elasmobranchs (Table VI) . The relatively large volumes of peritoneal 
and cerebrospinal fluid in the long-nosed skate, Raja rhina, probably is 
reflected in the high values for total body water of this species (cf. Tables 
IV and VI).  Since neither sucrose nor inulin was observed to penetrate 
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Table VI 

The Fluid Volumes of Some Transcellular Spaces 
in Three Species of Chondrichthian FishesG,b 

Hydrolugus Raja Squulus 
Indicator colliei rhina acanthias 

Peritoneal fluid Trace (7) 1.0 (6) 0.33 (6) 

Cerebrospinal fluid 0.25 (7) 0 .77 (6) 0.40 (5) 

Ocular fluid 0.85 (5) 0.17 (3) 0.38 (5) 

(0.52-1.48) (0.11-0.51) 

(0.17-0.40) (0.58-1.0) (0.32-0.52) 

(0.78-0.99) (0.14-0.20) (0.30-0.57) 

a From Thorson (1958). 
b The values in parentheses below the mean values indicate the ranges, and the 

numerals in parentheses after the mean values indicate the number of fishes used for 
the determination. 

the transcellular spaces measured, these high values for some of the 
transceIlular spaces are therefore not reflected in the estimates of extra- 
cellular volumes ( Thorson, 1958). 

C. Class Osteichthyes 

1. CLASSES SARCOPTERYGII, BRACHIOPTERYGII, AND ACTINOPTERYGII 

The plasma and blood volumes of osteichthyan fishes have long been 
known to be low when compared to those of mammalian species. Until 
1961, however, the available data were rather scant; indeed no data were 
recorded in the literature between 1858 and 1934. Most of the values 
reported by various investigators up to 1964 are recorded in Table VII. 
A more detailed taxonomic analysis of the blood volumes in osteichthyan 
fishes, however, was published by Thorson in 1961, and these data are 
summarized in Table VIII. The more primitive freshwater chondrostean 
and holostean fishes tend to have somewhat higher plasma and blood 
volumes than the more advanced teleostean fishes from freshwater. Com- 
parison of the mean values from most of the chondrostean and holostean 
species examined are in fact statistically higher than the corresponding 
values from the individual freshwater teleostean species. Furthermore, 
when the values from the plasma volumes from all the species of chondro- 
stean fishes are pooled, the mean value is significantly greater than the 
pooled value for the freshwater teleost species (Table IX, p < 0.001). 
This relationship does not hold, however, when the pooled mean value 
for the holostean species is compared to the mean pooled value for the 
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freshwater teleost species. Also, a comparison of the plasma volumes of 
the freshwater and marine teleost species does not reveal any significant 
difference (Table IX) . 

Values obtained for the measurement of extracellular fluid volumes in 
the Osteichthyes vary according to the degree of penetration of the 
indicator substance, the usual inverse relationship being found between 
the molecular weight of the indicator and the recorded volume of distri- 
bution (Table X).  Again the extracellular compartment, as indicated by 
the sucrose space, tends to be smaller in the more advanced teleosts. 

The mean pooled extracellular volumes of both the chondrostean and 
the holostean species are significantly greater than that of the freshwater 
teleost species (Table IX, p < 0.001 and < 0.05, respectively). Also, the 
marine teleosts tend to have slightly greater extracellular volumes than 
do the freshwater teleosts (Table IX, p < 0.05). 

The total body water composition of the chondrostean fishes is sig- 
nificantly higher than that of the freshwater teleost species (Table IX, 
p < 0.02), but there appears to be no significant difference between the 
body water content of the holosteans, freshwater teleosts, or the marine 
teleosts (Table IX) , As a consequence of the extracellular space and the 
total water composition, the intracellular volumes of the more primitive 
members of the class Osteichthyes tend to be lower than intracellular 
volumes estimated for the teleost species ( Table IX). 

2. BLOOD VOLUME CHANGES ASSOCIATED WITH 

THE EVOLUTION OF THE FISHES 

Among the classes Agnatha, Chondrichthyes, and Osteichthyes there 
appears to be a correlation between the blood volume and the degree of 
primitiveness of the individual fish (Thorson, 1961), the trend being 
toward lower red blood cell (RBC) and plasma volumes in the Chon- 
drichthyes and Osteichthyes. Although large RBC and plasma volumes 
may be, in general, considered to be primitive characteristics among the 
aquatic vertebrates, the reasons why this should be so are not immediately 
apparent. One is tempted to suggest that the circulatory system in the 
primitive fish may be less efficient. Unfortunately, there are no compara- 
tive data on the cardiac outputs of fish to substantiate this hypothesis. 
Indeed the available data on pulse and respiration rates of the agnathans, 
chondrichthyans, and osteichthyans do not seem to show any phlogenetic 
trend (Thorson, 1961; Table VIII). An examination of the cyclostome 
hemoglobins, however, suggests that they may represent the early stages 
in the phylogeny of oxygen transport. In Lampetra fluviatilis the hemo- 
globin molecule contains a single peptide chain having an amino acid 



Table W 
A Summary of the Data on Blood Volumes Presented by Authors Other than Thorson (1961)" 

No. of Body weight Blood vol Blood w t  Blood wt 
Speciesb fish (g) (mu (g) (% body wt) Reference and method 

Cyprinus tinea 
Perch 

Perch 

Tautog 

Bullhead 

Lingcod 

Rock fish 

Sculpin 

Goldfish 

Common sole 

Perm jluviatilis 

Perca jluviatilis 

Tautoga onitis 

Ameiurus natalis 

Ophiodan elongatus 

Sebastodes ap. 

Cottidae sp. 

Carassius mrassius 

Solea vulgaris 

1 
1 

1 

3 

6 

8 

1 

3 

- 

- 

269.5 
122.7 

98.2 

- 

171.4 rt 34.7 

4435 rt 896 

2150 

4020 * 189 

- 

- 

4.81 
1.26 

1.26 

- 

2.16 rt 0.33 

202 * 50 

57 

89.3 f 10.2 

- 

- 

5.04 
1.32 

1.32 

- 

- 

211 * 52 

60 

93.7 * 10.2 

- 

- 

1.87 
1.07 

1.34 

1.5 

1.76 f 0.26 

2.8 5 0.22 

2.8 

2.3 f 0.19 

2.5-3.0 

4.0-5.9 

3 
z 

Welcker (1858) (bleeding) 31 
$ 
5 (1934) (bleeding) v) 

Prosser and Weinstein (1950) 2- 

(T 1824 and hematocrit) s 
Martin (1950) (T 1824 M 

Welcker (1858) (bleeding) 
Welcker (1858) (bleeding) 

Derrickson and Amberson 

5 

4 
(Hemoglobin washout) k 

8 

and hematocrit) 

hematocrit) 

hematocrit) 

(1951) (Hemoglobin washout) 

Martin (1950) (Vital red and 

Martin (1950) (Vital red and 

Korzhuyev and Nikolskaya 

4 

z 



Common sucker 
Catostomus commersoni 

Rainbow trout-FW 
Salmo gairdneri 

Rainbow t rou t-F W 

Rainbow trout-FW 
Rainbow trout-FW 

Rainbow trout-FW 

Steelhead trout-SW 
Salmo gairdneri 

Rainbow trout-FW 
Salmo gairdneri 

Sockeye salmon-FW 
Oncorhynchus nerka 

Coho salmon-SW 
Oncorhynchus kisutch 

Pink salmon-SW 

Atlantic cod 
Oncorhynchus gorbuscha 

Gadus morhua 

23 

10 

10 

5 
9 

6 

13 

4 

8 

8 

6 
- 

- 

- 200-999 

- 8-29 

- - 

- - 
- - 

- - 

- 553 k 127 

548 f 49 - 

1814 - 

930 f 104 - 

LO12 f 120 - 
- - 

- - 

1.5 - 

- 2.25 

- 3.5 k 0.9 

- 3.3 * 0.9 
2.9 f 0.8 

- 2.5 f 1.0 

- 6.9 f 1.8 

- 2.4 +_ 0.4 

- 4.0 f 0.6 

- 4.5 * 1.5 

- 2.3 3~ 0.4 
- 7 .8  

- 2.4 

- 

Lennon (1954) (bleeding) 

Schiffman and Fromm (1959) 
(T 1824 and hematocrit) 

Conte et al. (1963) 
(T 1824 and hematocrit) 

Albumin-lslI and hematocrit 
Simultaneous T 1824 and 

T 1824 or albumin-1311 and 

Smith (1966) 

Smith (1966) (bleeding) 

Smith (1966) 

Smith (1966) 

Bleeding 
Smith and Bell (1964) 

Ronald et al. (1964) 

alb~min-1~’I and hematocrit 

51Cr-labeled red blood cell 

(T 1524 and hematocrit) 

(T 1824 and hematocrit) 

(T 1824 and hematocrit) 

(T 1824 and hematocrit) 

(Fluorescein and hematocrit) 
~ ~ 

All mean values are recorded f S.E. 
Here FW indicates freshwater and SW seawater. 
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Table VIII 

Freshwater Chondrostei Freshwater Holostei 
(order Acipenseriformes) (order Lepisasteiformea) Freshwater Tclcastci 

Lake sturgeon, 
Acipenser 

Parameter juluescena 

Weight (8) 3058 (8) 

Pulse 49 (8) 

Respiration 53 (8) 

Hematoorit 22 (8) 

Specific gravity, 1,016 (3) 

Specific gravity, 1.036 (3) 

Plasma volume 

Blood volume 3.7 (8) 

Extracellular fluid 20.1 f 1.4 (8) 

Interstitial fluid 17.3 

(2275-4530) 

(beats/min) (44-52) 

(per (40-72) 

(% cells) (19-29) 

plasma (all 1.016) 

blood (1.033-1.040) 

(T 1824 space) 
2.8 f 0.18 (8) 

(2.8-4.9) 

(sucrase space) 

(sucrose space 
minus plasma) 

Total body water 72.7 f O . 2 5  (8) 

Paddlefish, Short-nosed gar, Common sucker, 
Polyodon Bowfin. Lepisosleue Catoatomua carp, 
spatula Amia calm plataslomum commnsoni Cyprinua Eorpio 

4679 (5) 1963 (6) 1185 (7) 617 (2) 2412 (7) 

22 (5) 20 (6) 19 (6) 55 (2) 28 (6) 

17 (5) 14 (6) 28 (5) 47 (2) 27 (3) 

30 (5) 32 (6) 42 (7) 39 (2) 33 (7) 

1.017 (3) 1.018 (3) 1.016 (3) 1.016 (3) 1.019 (3) 

(3740-5910) (1020-3265) (855-1730) (580-655) (15853190) 

(15-28) (14-28) (14-24) (47-64) (18-39) 

(10-26) (9-20) (24-36) (45-50) (19-38) 

(24-37) 02-34) (33-50) (39-40) (23-24) 

(1.016-1.018) (1.0175-1.0185) (1.015-1.017) (1.015-1.017) (1.018-1.0495) 

(1,039-1.041) (1,044-1.047) (1.050-1.052) (1.040-1.042) (1.039-1.0495) 
1,040 (3) 1.045 (3) 1.051 (3) 1.041 (3) 1.040 (3) 

2.2 & 0.09 (5) 2.2 f 0.19 (6) 2 .1  f 0.14 (7) 1.2 =t 0.14 (2) 1.8 f 0.10 (7) 

3.0 ( 5 )  3.4 (6) 3.8 (7) 2.2 (2) 3.0 (7) 
(2.4-3.6) (2.9-5.0) (3 .  0-5.2) (1.8-2.7) (2.4-3.5) 

1 5 . 6 5 ~ 0 . 4 2  (5) 18.9 f 1.4 (6 )  13.6 *0.33 (7) 12.2 f 0.32 (2) 15.5 f 1.3 (7) 

13.4 16.7 11.6 11.0 13.7 

74 .0 f0 .48  (6) 74 .5 f0 .48  (6) 66.7&0.70(7)  74.4&0.45(2) 71 .4 f0 .45 (7 )  

Intracellnlar fluid 52.6 58.4 55.6 53.1 62.2 56.9 
(total water 
minus sucrose 
space) 

a From Thorson (1961). 
*Values are indicated as means f S.E. or with the ranges reported in parentheses below. 
0 All volumes expressed as percentage of body weight. 

sequence more closely related to that of mammalian myoglobin than the 
a! or /3 chains of mammalian hemoglobin (Braunitzer et al., 1964). The 
molecular weight of this hemoglobin is 17,000; it is monomeric and it 
does not show any of the heme-heme interaction properties of the dimeric 
and tetrameric forms of hemoglobin. Furthermore, the molecule probably 
has an oxygen dissociation curve which is hyperbolic or sigmoidal with a 
flattened zone over the range of tissue and environmental oxygen partial 
pressures in the lamprey. Hemoglobin of this type would probably 
release relatively small amounts of oxygen over the range of oxygen 
partial pressures to which it was exposed. In contrast the heme-heme 
interaction properties of the tetrameric, and possibly the dimeric, forms 
of hemoglobin would result in sigmoidaI oxygen dissociation curves with 
progressively smaller slopes over their intermediate ranges. These mole- 
cules would unload more oxygen per unit change in oxygen partial 
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A Summery of the Data on Compartmental Volumes in Several Species of Osteichthvan FishesaAc 

Marine Teleostei 

Bigmouth Tiger Nassau Great Rainbow 
buffalo h h ,  rockfish. grouper, Red snapper. Gray snapper, Green moray, barracuda, parrot hh, 

Icliobus M&ropercn Epinephelua Luiianus Zulianus Gvmnothoraz Sphrraena Pseudoscarus 
ipinel lus  ligria strialus campechanus priseus funebria barranrdn pwrcamaio 

3396 (8) 5885 (1) 1270 (2) 3765 (2) 3711 4062 (6)  2204 (11) 4607 (19) 
(1980-5440) (930-1610) (3130-4400) (1900-4680) (3050-4815) (1432-4575) (1650-6830) 

38 (8) 51 (1) 52 (1) 58 (2) 54 (3) 70 (5) 68 (11) 48 (16) 

22 (4) - - - 41 (4) 22 (3) 41 (7) 40 (14) 

28 (8 )  28 (1) 28 (2) 36 (2) 35 ( 6 )  26 (6) 31 (11) 30 (27) 

1.016 (3) Used av Used av Used av Used av Used av Used av Used av 

1,042 (3) Used av Used av Used av Used av Used av Used av Used av 

l.9(8)*0.22 2 . 3  (1) 1.8fO.l8(2) 1.3f0.04 (2) 1.3f0.04(2) 1.6+0.26(6) 1.9zt0.09(10) 2.4-1:0.11(16) 

2.8 (8) 3.3 (1) 2.6 (2) 2.2 (2) 2.0 (6) 2.2 (6) 2.8 (10) 3.6 (16) 

13.2(8)&0.45 12.5(1) 14.5&1.0(2) 14.0(2) 14.0*0.40(6) 15.8*1.1(6) 15.9f0.73(8) 16.6f0.57(8) 

11.3 10.2 12.7 12.7 ia.7 14.2 14.0 14.2 

(19-70) (48-68) (44-66) (60-88) (32-98) (30-98) 

(20-24) (30-48) (18-28) (30-54) (22-64) 

(1840) (28-29) (28-40) (2428)  (25-36) (20-40) 

(all 1,016) (1.017) (1.017) (1.017) (1.017) (1,017) (1.017) (1.017) 

(1.041-1.043) (1.042) (1.042) (1.042) (1.042) (1,042) (1.042) (1.042) 

(1.84.1) 

70.6 (8) f 1.2 71.1 (1) 71.7 f 0.95 (2) 71.3 f 0.11 (2) 72.3 f 0.42 (6) 63.7 f 2.4 (6) 70.6 zt 0.65 (9) 73.1 & 0.32 (14) 

57.4 58.6 57.2 57.3 58.3 47.9 54.7 56.5 

pressure. Therefore, compared to the number of monomeric hemo- 
globin moIecules per unit volume of bIood in the cyclostome, it would 
seem that fewer monomeric units of hemoglobin would be necessary to 
release the same volume of oxygen to the tissues if these units were 
arranged in dimers having heme-heme interaction properties. In the 
tetrameric form still fewer hemoglobin units would be required to release 
this volume of oxygen. 

We feel therefore that a broader knowledge of the molecular forms of 
hemoglobin occurring in the fishes is necessary to fully explain the de- 
creasing blood volumes in the more advanced forms. These studies should 
also include the characterization of the oxygen carrying and releasing 
properties of the hemoglobins at the tissue and environmental tempera- 
tures and at the oxygen tensions present in the tissues and environment 
of the organism. 



Table IX 

A Summary of the Mean Compartmental Spaces in  the Various Taxonomic Groups of the 0steichthyes"J' 

Osteichthyes 

Parameter 
Freshwater Freshwater Freshwater 
Chondrostei Holostei Teleostei Marine Teleostei 

Weight (9) 
Pulse (beats/min) 
Respiration (per min) 
Hematocrit (% cells) 
Specific gravity, plasma 
Specific gravity, blood 
Plasma volume (T 1824 space) 
Blood volume 
Extracellular fluid (sucrose space) 
Interstitial fluid (sucrose space minus 

Total body water 
Intracellular fluid (total water minus 

sucrose space) 

plasma) 

3681 (13) 
39 (13) 
47 (13) 
25 (13) 
1.0185 (6) 
1.048 (6) 

2.5 f O.llc (13) 
3.5 (13) 

18.4 f 0.87" (13) 
15.9 

73.2 0.39' (13) 
54.8 

1544 (13) 
20 (12) 
20 (11) 
38 (13) 
1.0185 (6) 
1.048 (6) 

2.1 f 0.12d (13) 
3.6 (13) 

16.0 f 0.65" (13) 
13.9 

70.3 f 0.43d (13) 
54.3 

2664 (17) 
37 (16) 
29 (9) 
32 (17) 
1.017 (9) 
1.041 (9) 

1.8 f 0.11 (17) 
2.8 (17) 

14.0 f 0.56 (17) 
12.2 

71.4 f 0.60 (17) 
57.4 

3710 (47) 

38 (28) 
30 (55) 

57 (39) 

3 - 

3 - 
1.9 jI 0.06d (43) 

15.4 f 0.31' (33) 
2.9 (43) 

x 
13.5 E 

9 
70.8 f 0.41d (40) 

55.4 m z 
From Thorson (1961). All volumes are expressed as percentage of body weight. 
Values are reported as means f S.E., and numerals in parentheses indicate the number of individual determinations. 

c p  < 0.001. 
d Not significant with respect to the corresponding value for the group of freshwater teleost species. 
e p  < 0.05. ' p < 0.02. 
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Table X 
Comparison of Inulin, Raffinose, and Sucrose Spaces of Pseudoscarus guacamaiaa 

No. of Av body Volume 
Indicator specimens weight (g) (% body weight) Range 

Inulin 8 5451 11.4 9.2-14.5 
Raffinose 4 4096 14.4 12.7-16.4 
Sucrose 8 4696 16.6 14.3-18.9 

a Data from Thorson (1961). 

3. CHANGES IN THE EXTRACELLULAR COMPARTMENTS 
OF EURYHALINE SPECIES 

Hatchery reared steelhead trout, Salmo gairdneri, maintained at 
seasonal temperatures and photoperiod, show significant declines in their 
plasma Ca2+, C1-, and water concentrations and the concentrations of Ca2+ 
and C1- in muscle during the period of growth from 25 to 110 g body 
weight. This trend also occurred, but at a much slower rate, during the 
period of growth from 110 to 250 g body weight (Houston, 1959; Table 
XI).  Estimation of the C1- space [Eq. ( 5 ) ]  in the muscle of these fish 
indicated that the extracellular volume per unit wet weight of muscle 
also declined quite markedly during the growth of the smaller trout and 
declined much less rapidly during the growth period of the larger indi- 
vidual fishes (Table XI). At the same time the relative intracellular 
volumes (total tissue water minus extracellular volume) of muscle 
samples from the smaller weight range of trout increased with increases 
in body weight, while in the larger fish the relative intracellular volume 
remained unchanged (Table XI).  

The period of growth and development represented in the steelhead 
trout studied by Houston (1959) included the period of parr-smolt trans- 
formation in this species. This stage of development in all salmonid fishes 
is a period of profound physiological change and is associated with the 
preadaptation of the individual fishes to the marine environment (Hunts- 
man and Hoar, 1939; Parry, 1958, 1961). Later studies by Houston ( 1960) 
and Houston and Threadgold (1963) were directed toward an elucida- 
tion of the changes occurring in the composition and distribution of body 
fluids during the parr-smolt transformation of the Atlantic salmon, Salmo 
salar. They found that the plasma C1- concentration of this species de- 
clined sharply with the onset of smoltification, but later recovered to a 
level somewhat higher than that observed in the nonsmolting parr. Some 
decrease was observed in the muscle C1- concentration at the onset of 
smoltification, but no secondary increase was observed as the meta- 



Table XI 

Variation of Plasma and Tissue Chloride and Calcium, Plasma Water, Chloride Space, and Cellular Space 
(Tissue Water-Chloride Space) with Weight in Freshwater Steelhead Trouta 

~ 

June-July, 1957 February-March, 1958 

Sample Weight Regressionb Sample Weight Regressionb 
Parameter size range (9)  (Y = a + bX) size range (9)  (Y = a + bX) 3 

Plasma chloride 39 25-70 Y = 152.8 - 0.30X 23 76-250 Y = 141.0 - 0.04X 
Plasma water 39 25-70 Y = 958.4 - 0.22X 19 76-250 Y = 934.3 - 0.016X 
Plasma calcium 24 47-1 18 Y = 2.71 - 0.004X 

m 
F 

3 

Tissue chloride 35 30-70 Y = 31.9 - 0.18X 23 80-250 Y = 14.9 - 0.02X fA i 

3 

9 
Tissue calcium 23 47-118 Y = 3.24 - 0.015X 
Chloride space 33 32-70 Y = 217.1 - 1.28X 19 80-250 Y = 103.4 - 0.156X 
Cellular space 33 32-70 Y = 628.3 + 0.43X 19 80-250 Y = 619.2 - 0.023X 

M 

0 Data from Houston (1959). 
Y = a + bX, where Y = plasma or tissue electrolyte and water concentrations (mEq/liter, mEq/kg wet weight, g H,O/kg wet g 

U weight), a = the ordinate intercept, b = the slope, and X = body weight (g). 
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morphosis progressed. Changes in the C1- space of the Atlantic salmon 
suggest that the pan-smolt transformation process is characterized by a 
shift in the distribution of the body fluids in this species also. A sharp 
decline occurred in the extracellular volume (Cl- space) of muscle during 
the silvery parr stage of development. This corresponded to the growth 
period from 20 to 35 g body weight. With the onset of the full smolting 
condition the extracellular volume of muscle stabilized at a value which 
was approximately 20% less than that of the presmolting fish. Concomitant 
with these changes in the muscle extracellular volume, increases in the 
intracellular volume ( total muscle water minus C1- space) were observed. 

Houston and Threadgold (1963) suggested that the changes in the 
compartmental distribution of electrolytes and water during the smolti- 
fication of the Atlantic salmon were consistent with possible changes in 
the pattern of renal excretion. We now know, at least in the trout, Salmo 
gairdneri, that this is indeed true. During the period of onset of smolting 
in this species the rates of urine flow and electrolyte excretion declined 
to approximately one-half of the presmolt values (Holmes and Stainer, 
1966). This reduction was entirely attributable to a reduction in the 
glomerular filtration rate. If the trout were retained in freshwater until 
they eventually lost their overt characteristics of smolting, the glomerular 
filtration rate and the renal excretory pattern returned to those found 
in the presmolting fish (Holmes and Stainer, 1966). Therefore, since the 
smolting salmonid shows ( 1 )  a reduction in the extracellular volume 
and an increase in the intracellular volume of the muscle, ( 2 )  a re- 
duction in the muscle water content, and ( 3 )  a reduction in the rate of 
water and electrolyte excretion via the kidneys, the new steady state must 
be presumed to be accompanied by a concomitant decrease in the extra- 
renal i d u x  of water and electrolytes. Furthermore, it is possible that an 
increase in the extrarenal efflux of electrolytes also occurs at this time. 

These data do not establish whether the changes in compartmental 
volumes occur as a direct result of the process of smoltification per se or 
whether they are merely manifestations of changes occurring due to 
the growth of the organism. Decreases in the extracellular compartment 
are characteristic of periods of rapid growth in several vertebrate species. 
Fellers et al. (1949) have demonstrated decreases of 79 and 57% in the 
thiocyanate and Na+ spaces, respectively, in humans between infancy and 
maturity. Similar changes have also been reported for the rat and the 
chicken (Barlow and Manery, 1954; Medway and Kare, 1959). 

Nevertheless, the physiological changes which occur in the smolting 
salmonid, whether they result from the smolting process per se or coinci- 
dental changes in growth rate, certainly predispose the individual fish to 
life in the marine environment (Gordon, 1959a,b; Houston, 1959, 1960, 
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1963; Parry, 1961). The reduced glomerular filtration and urine flow rates 
of the trout, Salmo gairdneri (Holmes and Stainer, 1966), may be 
interpreted as part of the preadaptation to a marine environment. Upon 
adaptation to seawater, this species shows even larger decreases in the 
rates of urine flow (R.  M. Holmes, 1961) and glomerular filtration 
(Holmes and McBean, 1963). Furthermore, Houston ( 1960) was able to 
demonstrate that Atlantic salmon in the full smolting condition were able 
to adapt to seawater much more readily than fish in the early stages of 
the parr-smolt transformation. Nonsmolting pan, on the other hand, 
were invariably unable to withstand an abrupt transfer from freshwater 
to seawater. 

Following the abrupt transfer of salmonid fishes from freshwater to 
seawater, a series of physiological changes take place, These responses 
may be divided into two phases. An acute adaptive phase occurs im- 
mediately following transfer of the fish to seawater, and this is followed 
by a chronic regulative phase which ultimately results in the establish- 
ment of a new steady state with respect to the tissue water and electrolyte 
composition of the fish. Several recent studies involving a variety of 
salmonid species have been devoted to an examination of the changes 
which occur in the inorganic ion and water composition of the fish during 
adaptation to seawater (e.g., Gordon, 1959a,b; Houston, 1959; Parry, 
1961). Typical of these studies are the data derived from the trout, Salmo 
gairdneri, and included in Fig. 3 (W. N. Holmes, unpublished data). Of 

Fig, 3. Changes in the electrolyte and water concentrations of plasma and muscle 
from the trout, Salmo gabdneri, following abrupt transfer to 60% standard seawater 
(284 mM Na+, 6 mM K+) at  approximately 5OC. The response may be divided into 
two phases: an acute adaptive phase immediately following transfer, followed by 
a chronic regulative phase which ultimately establishes a new steady state of electro- 
lyte distribution (W. N. Holmes, unpublished data). 
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I I 

25 50 75 100 125 150 175 200 225 250 

Time in seawater (hr) 

Fig. 4. Changes in the Na' and C1- spaces of skeletal muscle from trout (Salmo 
gairdneri) following abrupt transfer to 60% seawater (284 mM Na+, 6 mM K') at 
approximately 5°C. (ECEV = extracellular fluid volume.) C1- space and Na' space 
as given in Eqs. (5)  and (6) .  (From W. N. Holmes, unpublished data.) 

particular interest are the oscillatory changes which occur in some param- 
eters between 24 and 72 hr and between 72 and 140 hr in the regulatory 
phase (Fig. 3 ) .  Similar oscillations were reported in this species by Hous- 
ton ( 1959). Estimations of the Na+ and C1- spaces [Eqs. ( 5 )  and (6) ,  re- 
spectively] in the skeletal muscle of the freshwater trout before transfer 
to seawater indicated essentially similar values for the extracellular fluid 
volume (W. N. Holmes, unpublished data; Fig. 4) These values were 
53.0 -t- 1.8 and 50.8 * 0.5 g/kg wet weight of muscle for the Na+ and the 
C1- spaces, respectively. In the same species, Houston (1959) reported 
somewhat higher values for the muscle C1- space (63-72 g/kg wet weight) 
in fish of the same size range (200-250 g body weight). During the first 10 
hr after transfer to seawater both the C1- and Na+ spaces in muscle showed 
rapid increases to approximately 75 g/kg wet weight muscle (Fig. 3 ) .  
After 10 hr, however, the C1- space commenced to decline but the Na' 
space continued to rise until at 24 hr after transfer it was almost twice the 
freshwater value (Fig. 4) .  Thereafter, the Na+ space also declined and 
between 140 and 240 hr after transfer to seawater the Na+ and C1- spaces 
were essentially constant at a level which was approximately 45% higher 
than the freshwater value. Between 72 and 140 hr after transfer, however, 
a secondary rise occurred in the C1- space of the muscle; a similar 
phenomenon was also reported by Houston (1963) for this species, but 
the reason for its occurrence remains obscure. 

Clearly, the estimated volume of distribution in muscle of either Na' 
or C1- is not a reliable index of extracellular fluid volume during the 



32 W. N. HOLMES AND EDWARD M. DONALDSON 

early regulative phase of adaptation to seawater. Only the simultaneous 
estimations of inulin and/ or sucrose space, together with measurements of 
the tissue water and electrolyte compositions, will elucidate this problem. 

V. ELECTROLYTE COMPOSITION 

A. Class Agnatha 

1. ORDER MYXINIFORMES 

Early determinations of the blood freezing point of the myxinoids 
indicated that the blood was slightly hypertonic to seawater (Dekhuyzen, 
1904; Greene, 1904). Borei (1935) found the plasma of Myxine glutinosu 
to be considerably hypotonic to seawater, but this finding has never been 
substantiated. In more recent studies the serum of Myxine glutinosa was 
found to be virtually isosmotic to seawater by Robertson (1954). 
The earlier findings of hypertonic blood were explained by McFarland 
and Munz (1958) when they discovered a relationship between serum 
osmotic pressure and the degree of handling which the fish had received. 
Slime production resulted in a 14% hypertonicity which lasted an hour 
or more. It is now generally agreed that the Myxiniformes are isosmotic 
with seawater (Morris, 1960; Chester-Jones et al., 1962; Robertson, 
1963; McFarland and Munz, 1965). Morris ( 1965), however, still main- 
tains that the blood is slightly hypertonic with respect to the environ- 
mental seawater and that for this reason the animal produces a small 
amount of hypotonic urine. 

Exposure of Polistotrema stoutii to 80% seawater resulted in rapid 
weight gain with a return to normal after 7 days; exposure to 12291, sea- 
water resulted in weight loss with no return to initial weight. These 
findings are explained by a high permeability to water and a lack of 
regulatory mechanisms for sodium chloride ( McFarland and Munz, 
1965). 

Although the osmotic pressure of myxinoid plasma is very similar to 
that of the environment, its ionic composition is dissimilar. The Na+ 
concentration in both Myxine glutinosa and Polistotremu stoutii is higher 
than in seawater (Table XII). The plasma C1- concentration in Myxine 
glutinosa has been found to be higher than in seawater by Bellamy and 
Chester-Jones (1961) and Morris (1965) and to be lower than in 
seawater by Robertson ( 1954, 1966). In Polistotremu stoutii, Urist 
(1963) and McFarland and Munz (1958, 1965) have found the plasma 
concentration of C1- to be lower than in seawater. The plasma concentra- 



1. BODY COMPARTMENTS AND DISTRIBUTION OF ELECTROLYTES 33 

tion of K+ is similar to that in seawater. The divalent ions Ca2+, Mg", and 
SO,2- are all found at lower concentrations in the plasma than in seawater. 
In Myxine glutinosa plasma Ca2+ ranges in concentration from 5347% of 
its concentration in seawater, Mg" varies from 2p61%, and SO,*- varies 
from 1%87% (Cole, 1940; Robertson, 1954; Bellamy and Chester-Jones, 
1961; Morris, 1965; Robertson, 1966). In contrast to a urea concentration 
of 60 mmoles/liter determined by Borei (1935) the serum urea content 
of Myxine glutinosa was found to be 4 mmoles/liter by Cole (1940) and 
2-4 mmoles/kg of water by Robertson (1954, 1966); thus, urea plays no 
significant osmoregulatory role in the hagfish. 

McFarland and Munz (1965) have shown that although there is 
probably no active transport of Na+ across the gut, gills, or skin, the low 
Na+ content of the slime secretion probably serves to maintain the high 
plasma Na+ concentrations. In contrast to a low Na+ content, the slime 
has a high content of Ca", Mg", and K+. In addition, Mg2+, K+, SO,'-, 
and phosphate are secreted into the glomerular filtrate by the meso- 
nephric duct cells and appear in the urine at higher concentrations than 
in the plasma ( Munz and McFarland, 1964; McFarland and Munz, 1965). 
The lack of a renal mechanism for the reabsorption of sodium chloride or 
water supports the theory of the marine origin of the Myxiniformes. 

2. ORDER PETROMYZONTIFORMES 

Unlike the hagfish which have an exclusively marine habitat the 
lampreys invariably breed in freshwater. Lampreys spend the first part 
of the life cycle in freshwater as amoecoete larvae and after meta- 
morphosis they either remain in freshwater ( Lampetra pknerii), migrate 
into estuarine or coastal waters (Lampetra fluviatilis), or migrate into 
the open sea ( Petromyzon marinus and Lampetra tridentata tridentata). 
In the Great Lakes there is a potodramous population of Petromyzon 
marinus which gained access to their present habitat when the Welland 
Canal, which bypasses Niagara Falls, was opened in 1827 (Urist, 1963). 
This population spawns in the freshwater streams which drain into the 
Great Lakes. 

Although the anadromous lampreys spend much of their life cycle in 
salt water the only analysis so far available from this habitat is that of 
Burian (1910) who showed the osmotic pressure of the blood of a single 
specimen of Petromyzon marinus to be 317 mOsm/liter compared with 
1236 mOsm/liter for Mediterranean seawater. Thus, with respect to its 
osmotic concentration, the blood of the marine lamprey closely resembles 
that of the marine teleost and is approximately four times more dilute 
than that of the hagfish. Urist (1963) transferred metamorphosed poto- 



Table XII 

Cyclostomata, Myxiniformes-Blood Chemistry 

Osmotic 
pressure 

Protein Total (mom/ 
Fish or medium Na K Mg Ca N& CI HCOJ PO4 so4 Urea (9%) ions Units liter) Conmenia Author Date 

Seawater diluted to 2.5% salinity - 
Pdiafofrrma stoutii - 
Seawater diluted to 3.0% salinity - 
Pdidotrma drmtii - 
Seawater - 
Pdiddrcma sloutii - 
Seawater concentrated to 4.0% - 
M&ne glutitma0 - 

384 
414 
467 
471 
530 
570 
626 
325 

520 - - - - Seawater 
Myzine glufinom 402 9.1 22.5 5.3 - 448 3.7 - 6.0 4 
Seawater 416 9.1 50.2 9.4 - 483 2.2 - 30.4 - 
M&ne gluiinosa 558 9.6 19.4 6.3 - 576 - 12.5s 6.7 3 

Seawater 506 10.7 58 11.1 - 592 - - 30.6 - 
Pdistotrem stouti 370 - - - - 408 - - - - 
85% Seawater 338 - - - - & - - - -  
Pdiatotremu stouli 4 2 8 -  - - -  
Seawater 4 5 0 -  - - - 
Pdiatotrcma stouti 5 0 5 -  - - - 
116% Seawater 5 8 3 -  - - - 

- - - - -  

483 - - - - 
498 - - - - 
522 - - - - 
608 - - - - 

962. 
- 93rP - 105'3' 
- 1032' 

mmolesfiter - 

- 

mmoleafliter - 
mmalesfiter - 
mmoles/liter - 
molesfliter - 
mmoles/liter - 
mmoleafiter - 
mmoles/liter - 
mmolesfiter 8Ob 

- 1021' 
mmolesfiter - 

mmoles/kg - 
- - 

- 
- 
- 
- 

Blood chloride varies 
linearly with sea- 
water chloride 

- 
- 
- 
- 
- 
- 
- 

Urea value has proved 
to be erroneous 

- 
- 
- 

serum is isotonic 
withi 1% 

30 hr immersion 

30 hr immersion 

30 br immersion 

- 
- 

- 
- 

Dekhuynen 1904 

Greene 1904 

Bond d d. 1932 

- - 

- - 

- - 
Cole 1940 

Robertson 1954 

- - 



Myzine glutinom 

Seawater 
Muzine glutinosa 
Seawater 
Myzine glutinosa 

60% Seawater 
Myzine glutinosa 
73% Seawater 
Myzine glutinosa 

165% Seawater 
Polistotrema stouti 
Seawater 
Polistotrema stouti 
Seawater 
Polistotrema stouti 

Polistotrema stouti 
75% Seawater 
Polistotrema stouti 
73% Seawater 
Myzine glutinosa 
Seawater 
Muzine glutinosa 

8 100% Seawater 

Seawater 
Myzine glutinosa 
Seawater 

549 11.1 189 5.1 - 563 - 5.0 - - 
470 12.2 49.7 8.4 - 550 - - - - 
535 9.1 - - - - I - - - 
489 10.2 - - - - - - - - 
355 5.2 - - - - - - - - 

287 5.5 - - - - - - - - 

344 7.7 - - - - - - - - 
1136 14.5 - - - - - - - - 

776 14.8 - - - - - - - - 
544 7.7 10.4 5.4 - 446 5.2 1.0 4.4 - 
509 30.0 47.5 10.0 - 540 2.0 0.0 30.0 - 
570 7.0 12.0 4.5 - 547 - 3.7 0.9 - 
496 10.3 51.6 10.9 - 543 - 0.0 25.7 - 

5 0 1 -  - - -  522 10.9 13.8 3.9 - 
456 11.3 50.8 8.9 - 528 - - - - 
405 10.3 12.8 4.4 - 371 - - - - 
363 8.4 40.4 6.9 - 4 0 2 -  - - - 
439 7.6 10.8 3.6 - 407 - - - - 
336 7.9 39.6 7.9 - 371 - - - - 
529 10.4 25.6 6.4 - 534 - - 18.3 - 
455 9.4 52.6 9.8 - 524 - - 27.3 - 
471 12.1 50.7 4.9 - 500 - - 19.7 - 

371 7.8 - - - - - - - - 

463 9.5 52.3 9.8 - 535 - - 27.4 - 
486 8.2 11.9 5.1 - 508 7.2 2.1 3.0 2.8 
439 9.3 50.0 9.6 - 513 2.2 - 26.4 - 

1026.4 mmoles/liter 
1168.5 - 
- mmoles/kg 

- mmoles/kg 
- - 

- - 

1123.4 mmoles/kg 
1078.1 - 
1058.6 - 

- 
- 
- 

1034 
1029 
954 
953 
743 
740 
706 
700 
- 
- 

10380 

- 1096.7 - loll* 
1035 mmoles/kg - 
1050 - 

- 
- - 

- Bellamy and 
Chester-Jones 

- - 
- Chester-Jones el  al. - - 

Serum sodium remains - 
higher than sea- 
water sodium 

- 
- 
- 

Water loss increases 
serum sodium - 

- 
- 
- 
- 

2 days’ immersion 

2 days’ immersion 

33 days’ immersion 

Running seawater 

Still seawater high 

- 

- 

- 

- 

- 
Urist 

Munz and McFarland 

McFarland and Muna 

I 

- 

- 
Morris 

c 

magnesium an effect 
of urethan - - 

Robertson - 
- - 

Derived from freezing point depression. 
Expressed in mEq/kg water as HzPOr and with a valency of 1.84. 



Table XIII 
Cvclostomata. Petromvzontiformes-Blood Chemistrv 

~ 

Osmotic 
Pro- pressure 
tein Total (mOsm/ 

Fishormedinm Na K Mg Ca NH, CI HCO8 Po4 SO, Urea (9%) ions Units liter) Comments Author Date 

Lampetra fluoiolilia 
PeLromyzon marinus 
Seawater 
Petromyzon marinus 
Freshwater 
Petrmnyzon marinus 
Dilute scawater 
Petrmnyzon marinua 
Dilute seawater 
Pdrayzrm marinua 
Dilute seawater 
Petromyzon marinus 
Seawater 
Lampeira fluwiatilis 
Lampdra fluoiaiilis 
One-third seawater 
Larnpetra fludotilia 
One-half seawater 
Liarnpeira fluviutilia 
Beawater 
Larnpdra jlumatilia 
Liampclra fiuwiatilia 
Lzmpetra planmi 
Lampeira phnm' 

- -  
0.4 95.9 

58 - 
- 101 - mmolespiter 

2 5 8 ~  
317' 

123b 
2900 

110 
301. 
263n 
355' 
43% 
4 1 4 ~  
5379 
5810 

1054' 
247a 
28oa 
306- 
3010 
462a 
403- 
935s 
2530 

220 
226 

- 

- 
In seawater 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

In tap water 
22 hr in seawater 

5.5 hr in seawater 

7 hr in seawater 

- 
- 

- 
- 
- 

Ammoecoete larva 
Adult 



Lomnpclra &wi 
LampeJra &neri 
Lampelra $a". 
Lampetra fluviabhs 
Lampefra fluvialilis 
Lampetra fluoiatdis 
Lampdra fluviafilis 
Lampelra j¶uvialilis 
Lampelra fluviafilis 
33% Seawater 
Lampefra fluviatilie 

50% seawater 
Lampetra fluvialilia 
Lampelra fluoialilis 
Pelromyzon tridenlalo 
Pelromyzon marinus 
Pelromyzon marinus 
Lake Huron water 

3 Lampetra planeti 
Ammoecoete larw 
Pdromyzon marinus 

Pelromuzon marinus 
Petrmnyzon marinus 
Petromyzon marinus 
Petromyzon marinus 
Pelromyzon marinus 

- 
- 
I 

- 
- 
- 
- 
- 
- 
- 
- 
- 

85 
89 
87.0 

139.0 
136.0 

99.4 
97.4 

103.0 

134.0 
137.0 
124 
184 
212 

0.02 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 

33 
37 
6.1 
6.2 
5.1 
0.05 
6.4 
7.8 
3.4 

4.0 
3.3 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 

2.8 
2.4 
2.7 
0.9 
- 
- 

2.4 

2.4 
2.2 
1.8 
3 .1  
3.5 

61.0 
54.1 
71.0 
113 
118 
96.8 

100.5 
- 
- 
- 
- 

- 
- 
- 

80.1 
113.0 
112.0 

81.2 
80.3 
91.0 

122.1 
122.1 
105 
166 
173 

0.05 

- mmolesfiter 

186.1 mmolesjliter 
278.9 mmolesfliter 
273.9 mmoles/liter 

5.32 mmolesfiter 
- mmoles/kp 

- - 

- - 
208.8 - 

270.6 - 
272.1 - - - 

- Ammeocoete control - 
- Ammoemete 14 days' distilled water - 
- 
286 November adult - 
272 Marchadult - 
- November freshwater Morris 
- January seawater - 

247' Freshwater M m i s  
2965 In 33% seawater - 
355' - 
3 0 6 ~  In 50% seawater 4 out of 18 fresh - 

run 6sh 
5225 
- Tap water Bentley and Follett - 100 mmoles/liter NaCl - 
- Migrating anadromous Urist 
- Migrating potodramous - 
- Spawning potodramous - 

227 November Bull and Morris 
240 July - 
- Ammoecoete larva Urist and 

- Metamorphosed downstream - 
- Parasitic adult - 
- Metamorphosed freshwater - 
- Metamorphosed 2 hr in seawater - 
- Metamorphosed 4 hr in seawater - 

- Ammoecoete 14 days' tap water 

- 

- - 

- - - 

Van de Putte 

a Converted from freezing point. 
b Expressed in mF,q/kg water present BS H,POT and HPOiP with a valence of 1.84. 
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dramous lampreys, Petromyzon murinus, into artificial seawater and 
observed the changes in serum composition after 2 and 4 hr of immersion. 
In 4 hr the plasma Ca2+ concentration increased from 1.8 to 3.5 mmolesf 
liter, inorganic phosphorous from 2.7 to 4.3 mmoles/liter, C1- from 105 to 
173 mmolesfliter, and Na' from 124 to 173 mmoles/liter, but urea nitro- 
gen remained constant at 0.17 to 0.15 mmolesfliter. Thus, there was an 
increase in inorganic ions during the 4-hr adaptation but no urea reten- 
tion, suggesting that the mechanism of urea retention is of more recent 
origin than the cyclostomes. Other workers have captured anadomous 
lampreys during their spawning migration in freshwater and transferred 
them back into seawater in order to gain a knowledge of the ionic com- 
position of their blood in saltwater (Fontaine, 1930; Galloway, 1933; 
Hardisty, 1956; Morris, 1956, 1958). It appears, however, that the osmo- 
regulatory ability of the seawater lamprey is rapidly lost upon entry into 
freshwater, and therefore these experiments have been only partially 
successful. 

Migrating Petromyzon marinus (Fontaine, 1930) and Lampetra fluvi- 
utilis (Galloway, 1933) (Table XIII) were found to show an increased 
blood osmotic pressure on transfer to dilute seawater. Immersion in 
full seawater was fatal in both cases. Morris (1958) caught maturing 
Lampetra fluviatilis at an early stage of their migration up the River Trent 
in England and transferred them to 5O!Z seawater. Of the 18 animals tested 
only 4 were able to osmoregulate on the basis of maintaining a relatively 
constant body weight and a plasma osmotic pressure well below that of 
the environment. The mean osmotic pressure of these Lampetra fluviatilis 
was 306 mOsm/liter compared to 317 mOsm/liter for Petromyzon murinus 
captured in the Mediterranean, thus these two species may have similar 
blood concentrations in the marine habitat. Morris (1960) has proposed 
that there are three factors which contribute to the inability of maturing 
lampreys to osmoregulate in freshwater: First, an increase in the water 
permeability of the external surface which may lead them to migrate into 
water of lower salinity, second, a reduction in the swallowing rate related 
to a decrease in the diameter of the alimentary canal, and, third, a 
decrease in the abundance of C1- excretory cells in the gill epithelium. 

A complete analysis of the plasma constituents of freshwater Lampetra 
fluviutilis by Robertson ( 1954) (Table XIII) showed it to be very similar 
in ionic composition to the plasma of the freshwater teleost, Coregonus 
cluupoides (Table XVI). The only notable differences were that the Na+, 
C1-, and HC0,- concentrations are lower in the lamprey. Urist (1963) and 
Urist and Van de Putte ( 1967) have analyzed the sera of the potodramous 
Petromyzon murinus in the Great Lakes and the anadromous Petromyzon 
tridentutu tridentutu of Oregon (Table XIII). The amoecoete larvae of 



1. BODY COMPARTMENTS AND DISTRIBUTION OF ELECTROLYTES 39 

Petromyzon marinus were found to have a low serum ionic concentration 
of only 209 mmolesl liter. After metamorphosis and downstream migration 
there was an increase in serum Na+ and C1- concentrations to give a total 
ionic Concentration of 271 mmoles/liter. During parasitic adult life, up- 
stream migration, and spawning there was no significant change in the 
total ion concentration, but an increase in the K+ and SO,2- concentrations 
occurred ( Table XI11 ) . Anadromous P. tridentata tridentata migrating up 
the Willamette River in Oregon had a much lower concentration of serum 
ions (186 mmoles/liter) than the potodramous Petromyzon marinus at 
the same stage in the life cycle. Urist (1963) and Urist and Van de Putte 
(1967) showed that this was the result of a loss of Na+ and C1- in P .  tri- 
dentata tridentata owing to a breakdown of osmoregulatory ability during 
its spawning migration. 

Transfer of Petromyzon marinus from freshwater to Ca2+-deficient 
freshwater for 2 hr resulted in a small drop in serum Ca2+ concentration 
from 2.6 to 2.2 mmoles/liter and an increase in the serum inorganic 
phosphate concentration from 3.0 to 4.8 mmoleslliter (Urist, 1963). The 
increase in inorganic phosphate is similar to the response in bony verte- 
brates with hypocalcemia. The finding of only a small decrease in Ca2+ 
concentration indicates that the lamprey is able to regulate Ca2+ by 
means of its gill membranes and mucosal skin despite the lack of a skele- 
tal Ca2+ reservoir (Urist, 1963). 

Hardisty (1956) recorded a seasonal variation in the total C1- content 
of the amoecoete larvae of Lampetru planeri. Bull and Morris (1967) 
have shown that this change was related to the nutritional status of the 
animal and that there is no difference in the ionic composition of the 
serum in animals sampled in July and November. The concentrations of 
Na+ and C1- observed by Bull and Morris are lower than those found by 
Robertson (1954) in adult Lampetru fluviatilis but similar to those found 
by Urist and Van de Putte (1967) in the amoecoete larva of Petromyzon 
marinus indicating that low Na+ and C1- concentrations may be a general 
characteristic of amoecoete larvae. The serum K+ concentration obtained 
by Bull and Morns, on the other hand, was higher than those obtained by 
either Robertson (1954) or Urist and Van de Putte (1967) except in the 
case of migrating and spawning Petromyzon marinus (Table XIII) . 

B. Class Chondrichthyes 

1. SUBCLASS ELASMOBRANCHII ( MARINE SPECIES) 

a. Plasma Composition. Although the marine Elasmobranchii re- 
semble the Myxiniformes in having a plasma osmotic pressure similar to 



Table XIV 

Chondrichthyes Blood Chemistry 

Osmotic 
pressure 

Protein Total (mOsm/ 
Fish or medium Na K Mg Ca C1 HCOa CO; Po4 SO, Urea TMAO (9%) ions Units liter) Comments Author Date 

Mustelus canis 
Seawater 
Rujn slabdoforis 
Seawater 
Raja diaphenes 
Seawater 
Catcharias lilluralin 
Mustelus canis 
Seawater 
Scullium cnninJa 

Ruja undulata 

Squalina angelus 
Torpedo m a m a l a  
Raja clawin 
Seawater 
Raja erinacea 

Seawater 
Raja erinacea 
Rhinohius percellem 

Narcine 6m.silienair 
Geawater 
Squalur acnnlhiaa 

- 
- 

255 
416 
237 
206 
267 
270 
445 
156 
186 

192 
207 

- 
- 
- 
- 
- 
- 
- 

- 
254 
143 

134 
354 - 

- -  
- -  
4.9 2.8 
9.1 50.0 
6.8 3.5 
4.6 22.6 
5.5 2.3 
5.0 3 .0  

10 6 50.0 
- -  
- -  

- -  
8.0 2.5 

12.8 1.0 

7.0 1.5 
9.8 37.6 
- -  

- -  
- -  
3.8 241 
9.4 483 
5.1 227 
4.5 225 
5.5 235 
5.5 234 

14.5 517 
4.3 299 
6.7 267 

3.3 277 
5.1 248 

4.1 - 
3.6 - 
4.9 255 
- 369 
3.6 285 - -  
- -  

- -  
6.0 255 
3.7 144 

6.0 159 
8.0 - 
- -  

- -  - -  
6.1 1.0 
2.2 - 
5.6 1.4 
2.0 - 

10.3 3.0 
11.6 3.5 
2.4 0.2 

Elasmabranchii Marine 

- -  
- 453 

30.4 - 
3.1 377 

- - 
- 11070 
- 1123a 

- 1098@ 
11240 

- 1097' 
- 1125- 
- 110% 
- 1098' 

- 

- 
mmdea/liter 
nunoledliter 

- 
d 
dl Elevated oxygen 

9 -  
9 Elevated oxygen 

8 
0 
d -  
d 
0 

Osmotic pressure is 
of whole blood 

48 hr 

48 hr 

- 

- 

Para 

Pora 
- 

- 
- 
- 

Chaisson and 
Friedman 

Hartman d al. 
Pereira and 

fhwaya 

- 

- 
- 

Cohen et d. 

1905 

1929s 
- 

- 
- 
- 
- 
- 
- 

1936b - 
- 
- 

1936c 

1936d 
- 

- 
- 
- 

1935 

- 
1941 
1957 

- 
- 

1958 



Musielus canis 

Muatelus canis 
Aprionodon isodan 
Carcharhinus lirnbatua 
Sphyna fiburo 
Mwtelua canis 
Raja dawla 

Seawater 
Plutynoidoidis triseriata 
Carcharhinus leucaa leucw 
Squalus acanlhias 
Triukus sernifascialus 
Seawater 
Raja stabuliforis 
Raja ocellata 
Raja erinucea 
Ruja clawta 
Squalus acanthias 

$ Squalus acanthias 
Squalus acanthias 

Seawater 
Dasyatis amhcana 
Dagatis saj 
Negaprion brewirostria 
Ginglymostorna cirratum 
Squalus acanthiaa 

Raja eglanteria 

Dilute seawater 
Raja eelanteria 
Dilute seawater 
Ruja eplanteria 
Seawater 
Raja eglunferin 
Heterodontus lriseriata 

- - - - 275 

288 8 3 5 no 
238 7.0 - - 252 
258 10.0 - - 241 
289 12.5 - - 254 

289 4.0 - - 311 

- - - - -  

- - - - -  
234 11.4 4.6 5.3 208 
223.4 9.0 2.9 4.5 236 
255 6.6 - - 239 
235 10.0 3.0 5.0 230 
509 30.0 47.5 10.0 540 
182 4.2 3-5 3-5 220 
285 3.5 3-5 3-5 255 
260 3 .5  3-5 3-5 253 
285 4.0 - - 240 
240 3.6 - - 259 

234.6 - - - 
242.6 - - - 

50 9 500 - - - 
251 18.8 1.9 11.6 256 - - - 
256 20.6 1.6 9.8 262 - - - 
307 5.5 - - 277 - 5.9 - 
291 4.2 - - 287 - 7.8 - 
263 4.1 3.1 6.6 249 6 - - 

195 - - - 

291 - - - 
211 - - - 
378 - - - 
222 - - - 
421 - - - 

243 11 - - 249 - - - 
235 10.0 3.0 5.0 230 5.0 - 1.2 

- - - -  
- - - -  

- -  

- - - -  

_ - - -  
- - - -  
- - - -  
- - - -  
- - - -  

~ O l e S / k g  

mmoleslkg 
mmoleslliter 

- 
- 
- 

mmoleslkg 

- 
mmoleslliter 
mmoleslliter 
mmoleslliter 
mmoleslliter 

mmoleslliter 
- 

970 

962 
- 
- 
- 

981.3 
9 9 b  

973a 
- 
- 

973lkg 
- 
- 

958lkg 
928 
917 

- mmoleslliter - 

- mmoles/liter 997 
- mmoleslliter 1000 

932 
mmoleslliter 864 
mmoleslliter 840 
mmolesfliter - 

- 1007 

- - 
- - 
- - - 

- - 
- 
- 
- 
- - - 
- 

- mmoles/liter 737a 

608' 
823- 

- 7 0 3 ~  
- 8445 

817s 
mmoleslliter - 

- mmoleslliter - 

- - 
- - 
- 
- 
- - 
- 

- 
- 
- 
- 
- 

Rectal gland 
removed 21 days - 

- 
- - 
- 
- 

24 br immenion 

Davson and 
Grant 

Doolittle el 01. 

Sulya et al. 
- 
- 

Bloete el  01. 

Murray and 
Potts 

- 
Urist 
Urist 
Maren 
Urkt 

Maren et al. 
- 

- 
- 

Enger 
Robin et al. 
Burger 

- 

- 

Bernard et al. 

Oppelt ef al. 

Murdaugh and 
Robin 

Price and 
Creaser 

- 

- 

- 
- 
- 
- 
- 

Price 
Urist and Van 

de Putte 

1960 

1960 
1960 
- 
- 

1961 
1961 

- 
1961 
1962a 
1962a 
1962b 

1963 

- 

- 
- 

1964 
1964 
19R5 - 
- 

1966 

1966 

1967 

1967 

- 

- 

- 
- 
- 
- 
- 

1967 
1967 



Table XIV (Continued) 
~~ 

Osmotic 
pressure 

Protein Total (mOsm/ 
P i h  or medium Na K Mg Ca C1 HCOs C0z POI SO6 Urea TMAO (g%) ions Units liter) Comments Author Date 

Pliatia microdon 
Daayalis uarnnk: 
Carcharhinus mehnop 

C. L m a  nicarapuensis 
Freshwater San Juan River 
P d i s  perdldi 
Carcharhinus kucas 

@j Hypdopw aephen 

170 - - 
212 - - 
158 - - 
146 - - 

200.1 8.2 2.0 3.0 180.5 6.0 - 

0.7 0.1 0.2 0.8 0.8 1.7 - 
216.6 6.5 0.9 4.2 193.1 - - 
245.8 6.4 1.6 4.5 219.3 7.0 - 

- - _ -  
_ - - -  
- - - -  
_ - - _  

Elasmobraochii Freshwater 

3.1 - 130 - - 
104 - - 
103 - - 
81 - - 

4.0 0.6 132 - 3.4 
0.001 0.7 - - - 

3.7 
4.4 0.7 180 - 3.0 

- -  
- -  
- -  

- - -  - 

- molesfliter - - 

- 
404.3 rnmoleafiter 
5.1 
- mmoles/liter 

- 

- - 

Smith 
- 
- 
- 

UriSt 

T. B. Thorson 
- 

- 

1931 
- 
- 
- 

1961 

1967 

- 
- 

Holoeephah 
Hydrolagus coUiei - - - - - - - - - - - - - - 8 0 1 ~  - Niool 1950 

- FPngeand 1962 Chimera mondrow 363 10.2 - - 
Fugelli 

Hudrolaguus cdlid 268 6.9 1.5 4.8 272 1.7 - 2.2 0.6 303 - - 557.7 mmoles/liter - - Urist 1966 

380 - - - - 266 - - - mmoles/liter - 

 value converted from freezing point. 
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that of seawater they differ in that urea is responsible for a considerable 
portion of the plasma osmotic pressure (Table XIV). Urea was first 
identified in the blood of both the Rajiformes and Squaliformes by 
Staedeler and Frerichs (1858). Rodier (1899) found that the freezing 
point of elasmobranch blood was a little lower than that of seawater and 
that urea was responsible for approximately one-third of its osmotic pres- 
sure. These findings were subsequently confirmed by Fredericq ( 1904), 
Garrey (1905), and Bottazzi (1906). 

The first thorough investigation of the inorganic constituents of marine 
elasmobranch plasma was carried out by Smith (1929a) who examined 
the plasma of the sharks, Carcharias littoralis and Mustelus canis, and the 
skates, Raja stabuliforis and Raja diaphenes (Table XIV) . No striking 
differences were apparent between the concentrations of ions and urea in 
the sharks and in the skates. The mean Na' concentration in plasma was 
257 mmoles/liter, while K' was 5.5 mmoles/liter, Ca2+ 5.0 mmoles/liter, 
and C1- 234 mmoleslliter. The concentrations observed by Smith (1929a) 
were similar to those of McCallum (1926) who examined the sera of 
Acanthias vulgaris and Carcharias littoralis except that Smith observed a 
greater variability in the K+ and Cazf levels. McCallum (1926) concluded 
that the high plasma urea concentrations which he observed in sharks 
were a result of an inability of the kidney to remove them; whereas Smith 
(1929a, 1936), noting that both urea and trimethylamine oxide (TMAO) 
are present in the urine at a lower concentration than in the plasma and 
that the uremia persists even when the fish is in a state of inanition, 
argued that urea and trimethylamine oxide are actively reabsorbed from 
the glomerular filtrate. Thus, urea and trimethylamine oxide form a sig- 
nificant component of the plasma osmotic solutes, the gills and integu- 
ment being relatively impermeable. Hartman et al. (1941) extended the 
findings of Smith (1936) on the reciprocal relationship between plasma 
Na+ and urea concentrations. During inanition there was a decrease in the 
plasma urea concentration and an increased plasma Na+ concentration 
in Raja erinacea. This change was partially offset by feeding. Intra- 
muscular injection of urea resulted in an increased plasma urea concen- 
tration and a decreased plasma Na+ concentration. Neither interrenalec- 
tomy nor removal of the rectal gland was found to have a significant effect 
on the plasma constituents of the skate (Hartman et al., 1944; Burger, 
1965). Since the investigations of Smith (1929a) and Hartman et d. 
(1941), several workers have examined the serum composition of other 
elasmobranchs, and these data are listed in Table XIV. Urist and Van 
de Putte (1967) report ranges for marine elasmobranchs of 480-490 
mmoles/liter for total serum ion concentration, 225-250 mmoles/ liter for 
Na+, 4.05.0 mmole/liter for Ca2+, and 250-330 mmoles/liter for urea. 
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Pora (1936a,b) investigated the effect of hyperoxygenation on Scyl- 
Zium canicula and found increases in the serum Na+, Ca2+, protein, and 
total osmotic concentrations and a decrease in the serum C1- concentration 
of both males and females (Table XIV). Pora (1936~) also observed a 
sex difference in the serum composition of Raja undulata, the osmotic 
pressure being higher in the female and serum protein and Caz+ concen- 
trations higher in the male (Table XIV). In Scyllium canicula the male 
was found to have the higher serum osmotic pressure. In contrast to the 
findings of a sex difference in serum Ca2+ concentration by Pora (1936c), 
Hess et al. (1928) reported that there was no sex difference for serum 
Ca2+ concentration in the dogfish; the concentration was high in both 
male and female. This was confirmed by Smith (1929a) and Hartman 
et al. (1941, 1944). Urist (1961) examined the serum Ca2+ concentration 
in several species of elasmobranch both male and female, mature and 
immature, gravid and nongravid, and found it to be high in all cases 
(5 mmoles/liter), a situation quite different from that in the teleost (Hess 
et al., 1928). 

The effects of immersion in dilute seawater on the plasma C1-, urea, 
and osmotic concentrations of the skate, Raja eglanteria, were investi- 
gated by Price and Creaser ( 1967) (Table XIV). Immersion in water 
of low salinity resulted in a loss of serum C1- and urea. Introduction of 
skates adapted to low salinity water (21%,) into high salinity water (up 
to 31%,) resulted in an increase in serum urea and C1-. The time taken 
to reach osmotic equilibrium in Raja eglanteria was 48 hr after a change 
of 2.40/,, and 70 hr after a change of 10.00/,, in the external salinity. Thus, 
skate in living in esturine conditions where the salinity changes with 
each tide probably never reach osmotic equilibrium. Although Price and 
Creaser (1967) found a Iowering of serum C1- concentration in low 
salinity water in the laboratory, Price (1967) was unable to show a sig- 
nificant relationship between serum C1- concentration and external salinity 
in captured skate. 

b. Composition of Other Fluids. i ,  Pericardial and perivisceral fluids. 
Smith (1929a) found the pH of the pericardial fluid to be lower than that 
of the plasma with a correspondingly lower concentration of HC0,-. The 
Ca” concentration was also found to be lower while the K+ concentra- 
tion was higher (Table XV). Perivisceral fluid was also found to be more 
acidic than plasma and to have a lower Ca2+ concentration. Unlike the 
pericardial fluid the concentration of K+ in the perivisceral fluid was 
similar to that in the serum and the concentrations of SO,2- and Mg2’ 
were higher than those in the serum, Pericardial and perivisceral fluid 
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urea concentrations were the same or lower than the plasma (Smith, 
1929a) (Table XV). 

In Raja erinacea the perivisceral fluid was found to have a higher 
concentration of Mg2+, K+, C1-, and urea and a lower concentration of 
Ca2+ than the plasma (Hartman et al., 1941) (Table XV). Rodnan et al. 
(1962) and Murdaugh and Robin (1967) compared plasma and coelomic 
fluid concentrations in Squdus acanthias and found the Na+, Mg", H+, 
and C1- concentrations to be higher and the Ca*+, HC03-, and protein 
concentrations to be significantly lower in the coelomic fluid (Table XV) . 
Although NK+ was not measured, Rodnan et al. (1962) suggest that it 
may make up some of the cation deficit in the coelomic fluid. 

The most recent measurements of batoid pericardial and perivisceral 
fluids have been carried out on the stingray, Dasyatis amricaw,  by 
Bernard et al. ( 1966) (Table XV); Ca2+, Mg", and protein were less con- 
centrated, and the osmotic pressure was lower in both pericardial and 
perivisceral fluid. In pericardial fluid K+ was less concentrated, and H+, 
C1-, and NH,+ were elevated in both pericardial and perivisceral fluids. 
These data were interpreted by Bernard et al. (1966) as indicating that 
communication between the perivisceral fluid and seawater via the 
abdominal pores and between the pericardial cavity and the abdominal 
cavity via the pericardioperitoneal canals must be nonexistent or limited. 

ii. Cerebrospinal and cranial fluids. The composition of the cranial 
fluid of several elasmobranchs was found by Smith (1929a) to approxi- 
mate that of a plasma dialysate (Table XV). Davson and Grant (1960) 
compared subdural fluid (cranial fluid) to true cerebrospinal fluid (CSF) 
in Mzlstelus canis and found CSF to be isosmolar and similar in C1- con- 
centration to plasma while the subdural fluid had a lower osmotic pressure 
but a similar C1- concentration (Table XV). In Raja clavata cranial 
fluid had a signscantly lower concentration of K+ than the plasma; con- 
centrations of sodium chloride and urea were not different (Murray and 
Potts, 1961) (Table XV). Maren (1926a) examined the true cerebrospinal 
fluid of 200 Sqwlus acanthias and found the C1- concentration to be 7% 
higher than in the plasma. In the CSF, Na+ and K+ were slightly or ques- 
tionably higher (Table XV) , The carbonic anhydrase inhibitor aceta- 
zolamide abolished the normal C1- excess in the CSF indicating that C1- 
is being actively secreted into the CSF ( Maren, 1926b). Acetazolamide 
also changed the CSF-plasma ratio for carbon dioxide from 1.15 to 1.72 
suggesting that carbonic anhydrase may be responsible for the removal 
of metabolic carbon dioxide from the central nervous system (Maren and 
Frederick, 1958). Cranial fluid and plasma were found to have similar 



Table XV 
Chondrichthyes- Chemistry of Other Body Fluids 

Osmotic 
pressure 

Protein Total ( m h /  
Fish and fluid Na IC Mg Ca CI HCOs COz PO4 6 0 4  Urea T W O  (9%) ions Unib liter) Comments Author Date 

R a p  siabvbforir 
Cranial fluid 
Perivisceral fluid 
Raja slabuloforis 
Pericatdial fluid 
Raja d i a p h e w  
cranial fluid 
Perivisoeral fluid 
Perieardial fluid 
Carchariaa liUmalw 
Cranial fluid 
Perivisceral fluid 
Pericardial fluid 
dbwtdua conis 
Cranial fluid 
Perivisceral fluid 
Periwdial fluid 
Raja erinactu 
Perivisceral fluid 
Acnnthiar aJoarir 

Endolymph 
Perilymph 

Spualw acunthias 

Plasma 
Aqueous humor 
Aqueous humor 

- -  
4.1 0.9 
5.8 17.9 

20.2 2.5 
- -  

- -  
- -  
6.2 14.0 - -  
- -  
- -  
8.9 21.4 
9.3 2.7 

6.0 1.0 
- -  

- -  
- -  
- -  
lo 21 
- -  

6 0 -  
37 - 

- -  
4.9 263 
2.4 309 

0.6 369.5 
- -  

- -  
- -  
2.1 188 

- -  
5.1 306 
2.8 - 

4.0 260 
- -  

- -  

- 
5.55 
0.35 

0.4 

4.6 

- 
- 

- 
- 
- 

10.5 - 
- 
- 
8.8 
- 
- 
- 
3 - 
- 
- 

- 

7.4 
8.9 
5.3 

Elamobranchii Marine 

- 
Control 
Acetasolamide 

treated 



4 

Mvrtelua mnis 

Aqueous humor 

Cerebrospinal fluid 

Subdural fluid 

Muatelus mnia 
Aqueous humor 
Mustelus mnis 
Anterior aqueous humor 
Posterior aqueous humor 
Vitreous humor 
Raja da& 

Cranial fluid 
Perilymph 
Endolymph jelly 
Loremini jelly 
Squalua acunthiat 
Cerebrospinal fluid 
Aqueous humor 
Squulu acunthias 
Coelomic fluid 
Raja d a d  
Cranial fluid 
Endolymph 
Cetarhintu, m'rnus 
Cranial fluid 

- 
- 
- 
- 
- 

279 
- 
- 
- 
- 
- 

280 
281 
295 
443 

271 
276 

296 

286 
287 

248 

- 

- 

- 

- 

Endolymph (saccular cavity) 276 
Endolymph semicircular canal 286 
Perilymph 259 
Dasuaiis americona - 
Perivisceral fluid 255 
Pencardial fluid 262 
Daavalis euoy - 
Perivisceral fluid 236 
Perioardial fluid 258 

- 
- 

- 

- 
- 
7 
- 
- 
- 
- 
- 

3.3 
3.5 

63.4 
12.5 

7.8 
7.5 

4.4 

4.6 
58.7 

3.9 
56.0 
86.9 
3.1 

20.4 
11.9 

20.5 
11.7 

- 

- 

- 

- 

- 

- 

- 

245 

282 

273 

- 
256 - 
- 
- 
- 
- 

311 
321 
391 
581 

264 
251 

328 

255 
322 

238 
319 
378 
237 

310 
308 

289 
295 

- 

- 

- 

- 

- 

- 

- 

mmoleafkg 

mmolesfkg 
- 
- 
- 
- 

mmolesfliter 
- 
- 

mmolesfliter 

mmoles/liter 
- 

- 
- 
- 
- 
- 
- 
- 

mmolesfliter 
molesfliter 
mmolesfliter 
molesfliter 
mmolesfliter 

- - Davson and 
Grant 

947 Hypotonic to - 

964 Isotonicto 

944 S i t 0  - 

- P h  

Plasma 

aqueous humor 



Table XV (Continued) 

Osmotic 
p m u r e  

Protein Total (mOsm/ 
Fish and 6nid Na K Mg Ca C1 HCOa COI P O 4  6 0 4  Urea TMAO (9%) ions Units liter) Comments Author Date 

Seawater 
Nagnprion breuirmlrir 
Ventricular 6uid 
Extrabrain fluid 
Oingl~odoma cirratum 
Ventricular 6uid 
Squaiia amdhiar 
Plasma 
plasms 
Cerebrospinal fluid 
Cerebrospinal fluid 
Extradural 5uid 
Wradural 6uid 

Pridii miaodon 
Coelemic 6uid 
Pericardd 6uid 
Dasyatir uamak 
Coelemic 6uid 
Pericardial 6uid 
Carcharhinus h a  

Cranial 6uid 
Perivisceral fluid 
Periavdial fluid 

21.4 30 
- -  
5.2 - 
5.3 - 
5.5 - 
4.1 - 
6.0 - 
3.5 - 
5.8 - 
3.4 - 
3.2 - 

- -  
- -  

4.7 1.8 
5.8 2.2 
10.9 1.8 

399 

285 
290 

310 

- 

- 

- 
- 
- 
- 
- 
L 

- 
- 

204 
201 

278 
216 

- 

- 

219.3 
217.4 
254.7 

0.5 - - 1.3 
0.025 - - Traee 
Trace - - T W  
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concentrations of C1-, Na+, and K+ in Raja cluvuta and Cetorhinus maxi- 
mus by Enger ( 1964) ( Table XV) . Oppelt et d. ( 1966) (Table XV) have 
compared the composition of CSF and extrabrain fluid (cranial fluid) in 
the lemon shark, Nuguprion breuirostris. Sodium chloride and total 
carbon dioxide concentrations were higher in CSF than in plasma. Extra- 
brain fluid was closer in composition to CSF than to plasma even though 
it has been regarded as being similar to plasma in inorganic composi- 
tion. No connection has been found between the CSF and the extra- 
brain fluid, the former fluid having a relatively rapid turnover rate com- 
pared to the latter (Oppelt et al., 1966). 

Cserr and Rall (1967) have questioned the finding by Maren (1962a) 
and Oppelt et al. (1966) that the K+ concentrations in CSF and plasma 
are similar. Rapidly sampled Squulus acanthias CSF had a K+ concen- 
tration of 3.5 mmoles/kg (Table XV) which was relatively independent 
of the plasma K+ concentration and similar to the concentration observed 
in mammalian CSF. 

iii. Ear fluids and Lorenzini jelly. In the mammal the perilymph is 
regarded as being similar in composition to the cerebrospinal fluid, while 
the endolymph contains a high concentration of K+ balanced by a low Na+ 
concentration (Potts and Parry, 1964). The first analyses of these fluids 
in elasmobranchs were carried out by Kaieda ( 1930) (Scolioidontus lati- 
candus) and Jensen and Vilstrup (1954) (Acunthias vulgaris), and in 
both cases the K+ concentration in the endolymph was less than twice 
that in the perilymph. More recently, Murray and Potts ( 1961) (Table 
XV) have examined Raja clavutu and found the perilymph to be similar 
in composition to the serum while the endolymph K+ concentration was 
19 times as concentrated as that in the perilymph. This compares to a 
30-fold differential reported for the mammal. Also, Na+ and C1- were 
higher in the endolymph while urea was present at a lower concentration. 
The jelly occupying the tubes and ampullae of Lorenzini was found to 
be 5% hypertonic to seawater and to contain more Na+, K+, and C1- and 
considerably less urea than plasma (Murray and Potts, 1961) (Table 
XV). Also, K+ and C1- were found to be present at higher concentrations 
in endolymph in Raja cluvata than in plasma by Enger (1964), but in 
this report no difference was shown in the Na+ concentrations (Table 

iu. Eye fluids. A complete analysis of aqueous humor and plasma in 
the smooth dogfish, Mustelus cunis, has been published by Doolittle et al. 
( 1960) (Table XV). Urea, trimethylamine oxide, Na+, C1-, protein, and 
osmotic concentrations were lower in the aqueous humor while HC0,- 
was present at a concentration of 15 mmoles/kg compared to 6 mmoles/kg 

XV). 
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in the plasma. Davson and Grant ( 1 9 e O )  also found low osmotic and C1- 
concentrations in the aqueous humor of this fish. Maren and Frederick 
(1958) found the ratio between carbon dioxide concentration in aqueous 
humor and plasma to be 1.2. This was lowered to 0.7 after acetazolamide 
and carbonic anhydrase activity was located in the ciliary process, iris, 
and retina. Thus, as in the mammalia, carbonic anhydrase may be re- 
sponsible for the transfer of carbon dioxide into the aqueous humor. 
Bloete et al. (1961) measured the osmotic concentrations of the eye fluids 
of Mustelus canis and found them to be in the order arterial plasma > 
anterior aqueous > posterior aqueous > vitreous. This sequence suggests 
that water probably does not pass through the cornea from the hypotonic 
seawater. 

In contrast to the earlier work, Maren ( 1962a) (Table XV)  found the 
carbon dioxide equilibrium and osmotic pressure to be the same in the 
plasma and aqueous humor of Squalis acanthias. The observation that Na+ 
was definitely more concentrated and that K+ was slightly more concen- 
trated in the aqueous humor led Maren (1962a) to suggest that Na+ secre- 
tion may be the major factor in aqueous humor formation. It is interest- 
ing to note, however, that Maren (1967) recently referred to his 1962 
data (Table XV) as indicating a slightly greater amount of HC0,- in 
aqueous humor than in plasma in Squalus acanthias. 

2. SUBCLASS ELASMOBRANCHII (FRESHWATER SPECIES) 

a. PEasmvl Composition. Four Malaysian elasmobranchs collected in 
freshwater were examined by Smith (1931). These were the shark, 
Carcharhinus melunopterw, the sawfish, Pristis microdon, and two rays, 
Dasyatis uurnuk and Hypolophus sephen. Most of the experiments were 
carried out on Pristis microdon caught from the Perak River at least 25 
miles upstream from the last traces of seawater. Plasma osmotic concen- 
tration was 548 mOsm/liter in PrWk microdon. This value is much lower 
than that found in marine elasmobranchs but higher than that found 
in freshwater teleosts. The blood urea concentration was only 30% and 
the C1- concentration only 75% of the concentrations observed in marine 
elasmobranchs (Table XV) . 

Although elasmobranchs are widely distributed in freshwater ( Herre, 
1955), recent studies have been confined to those occurring in Lake 
Nicaragua and the Rio San Juan which connects it to the ocean (Urist, 
1961; Thorson, 1967) (Table XIV). Urist (1961) compared the serum 
composition of Carcharhinus leucas nicaruguensis from Rio San Juan 
with those of the teleost, Megabps atlanticus, from the same location 
and Carcharhinus leucas leucas from a marine habitat. The total ion con- 
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centration of the serum in the freshwater Carcharhinus was 83%, the Ca2+ 
66%, and the urea 30% of the values observed in the marine Carcharhinus 
(Table XIV). The serum of Megalops athnticus had a quite different 
composition having a much lower Na+ concentration and a minimal con- 
centration of urea (Table XVI). The freshwater sharks and sawfish of 
the Rio San Juan and Lake Nicaragua are now believed to have migrated 
freely from the Atlantic Ocean and thus to be identical to those occurring 
in the ocean and capable of osmoregulating both in the seawater and 
in freshwater (Thorson, 1967). Serum concentrations in Pristis perotteti 
and Curcharhinus leucas from Lake Nicaragua were similar to those 
observed for Carcharhinus Zeucas nicaraguensis (Urist, 1961) except that 
the Na+ and urea concentrations were somewhat higher in the Carcha- 
rhinus Zeucas from Lake Nicaragua (Thorson, 1967) (Table XIV). 

b. Compositjon of Other Fluids. Early work by Smith (1931) showed 
that urea is present in both the perivisceral and pericardial fluids of the 
freshwater elasmobranchs, the concentration being lowest in the peri- 
cardial fluid as in the marine elasmobranchs ( Table XV) . The pericardial 
fluid of Curcharhinus leucas from Nicaragua has the expected high K+ con- 
centration; however, the perivisceral fluid of this fish does not have the 
elevated C1- concentration found in some marine elasmobranchs (Thor- 
son, 1967) (Table XV). The cranial fluid of Carcharhinus Zeucas from 
Lake Nicaragua is similar in composition to the serum except that it has a 
lower phosphate and protein concentration ( Thorson, 1967) ( Table XV) . 

3. SUBCLASS HOLCXXPHALI 

The first determination of the osmotic pressure of the blood of the 
ratfish, Hydrolagus colliei, indicated that it was slightly hypoosmotic to 
seawater (801 mOsm/liter) (Nicol, 1950). Fange and Fugelli (1962) 
examined the blood of Chimaera monstrosa and concluded that it was 
probably isosmotic with seawater. It differed from the marine elasmo- 
branchs in having higher Na+ and C1- concentrations and a lower urea 
concentration (Table XIV). The observations of Fange and Fugelli 
have since been confirmed by Urist (1966) who observed a similar situa- 
tion with respect to Na+, C1-, and urea in Hydrolagus coEZei (Table XIV) . 

C. Class Osteichthyes 

1. SUBCLASS SARCOPTERYGII 

a. Order Coelucanthiformes. Morphological studies have shown that 
the coelacanths evolved from a group of fish lying close to the ancestral 



Table XVI 
Osteichthyes-Blood Chemistry 

Osmotic 
pro- pressure 
tein Total ( m h l  

Fish or medium Na K Mg Ca N& Cl HCOI Cot Po4 Urea (9%) ions Units liter) Comments Author Date 

Coehthiformes 
L o l i d c h u l u m n u e  181 51.3 14.4 3.5 - 199 4.7 

Seawater 
Dipteriformes 

Proptoplerusaelhioiopicud 99.0 8.2 Traw 2.1 - 44.1 - 

- - - - - - -  

Acipenseriformen 
~ Acipmserst$hlw 
KI Acipmaer atellatus 

96 - 
92 - 
92 - An'pen~m durio - - - - -  
93 - Acipenm sturio 

Aeipcn8erozyrh~W 150.6 2.67 0.9 1.9 - 112.9 - 

- - - - -  
- - - - -  
- - - - -  

AcipmaerozVrhyndrus 164.9 2.84 1.3 1.5 - 132.9 - 
Acipmscr sturio 163.6 4.65 1.57 2.1 - 126.4 - 
Acipmscr dwio 155.8 4.3 1.47 2.3 - 119.7 - 
A c i p m a e r f u l ~  143 4.2 1.25 1.28 - 107 - 
A c i p m s c r f u l ~ ~ n a  143 3.56 0.85 1.25 - 104 - 
Acipmamful- 148 4.46 1.6 1.4 - 113 - 

Acipmaertrunmnonianw 130 2.5 2.1 1.7 - 115.1 5.2 

Acipmscrtrannnonlontu 129 2.7 2.0 1.8 - 111.0 6.0 

Acipnumtrunmnonianw 123 2.0 1 . 1  4.6 - 116.0 5.0 

AmiiOllDi?S 

Arnidur cola 132.5 2.0 0.4 5.3 - 119.5 - 

Sarmpterygii 

- - 355 5.1 - mmolesfiter 1181 Fishfrosen, blood 
hemolyzed 

- 1090 - I - - -  

mmoles/liter 238 Nonestivating male 1.0 TW 0.6 - - 
Actinopterygu 

- 
- 
- 
- 

3.1 

2.5 
4.6 
5.0 
2.6 
2.4 
2.7 

2.9 

3.5 
3.4 
3.3 
3.5 - 
- 
- 
- - 
- 
- 

1.0 

Seawater 
Freshwater 
Seawater 
Freshwater 
Young 6sb 

freshwater 
Young 6sh seawater 
Adult seawater 
Adult freshwater 
Ottawa River 
St. Lawrence River 
Lake Nipking 

(mature) 
Seawater males 

3.3 0.5 0.9 2.5 256.3 - - Fmhwater d e a  

4 . 1  0.2 1.1 4.0 256.0 - - Freahwater mature 
and females 

females 

mmoleafiter - - 4.1 2.2 - - - 

Pickford and 1967 
Grant 

Smith 1930 

Korjuev 1938 - - - - 
- - 

Magoin 1962 

Urist and 1967 
Van de Putte - - 

Smith 1929b 



S w h w  

Eippomrnpua 
Lophius 
kfurfflm 
Lophiua piscalaius 
Gadw &riar 
Sphermda d w  
conger vulgaris 
Murfflm hpleM 
conger nrlgaris 
Lophius pdcatm'us 
Muram helms 
Seawater 
Lophius amuicunw 

~C&OTlZOTW maCULltU8 

Thunnua thpnua 
Myderopereo wwno85 
Sphyraena lmrracuda 
Myderoperm b m s i  
Prmicropa ituiara 
Seawater 
Breooortia patronus 
D m o s m  p u t w e  
Dorosmna repcdianum 
Elopt aaurw 
Galeichthgs fdia 
Bagre murim 

cephalus 
Mugil curma 
Oligophites murun 

140 
149 
153 
159 

212 

162 
229 
253 
198 
180 - 
- 
- 
- 

180 

2.7 0.3 6.1 - 118 
5.0 - - - 141 
6.2 - - - 129 
4.2 - - - 133 

16.5 9.7 3.4 - 192 

- - -  
6:6 3.7 2.3 

3.9 
7.4 5.8 2.9 
4.9 3.8 5.0 
3.2 4.5 8.3 

- -  

- - -  
- - -  
- - -  
5.1 2.5 2.8 

211.8 1.95 
564 12.0 
198 3.4 

188 9.8 
190 26.8 
190 6.4 
215 6.4 
228 7.9 
200 5.8 
445 9.8 
178 11.8 
166 14.3 
163 2.8 
176 9.8 
187 10.0 
185 10.8 
177 6.3 
179 5.6 
182 7.0 

146 
162 
177 
186 
158 
162 
186 
187 
161 
I96 

2.07 188.4 
- 659 

177 

- 167 
181 

- 181 
189 

- 208 
- 165 
- 537 
- 154 

163 

- 106 
178 
189 
153 - 151 
167 

- 

- 
- 

- 
- -  

- 
- 
- 
- 

9.1 3.9 2.4 - - 
- - - - -  
- - - - -  

Teleoste-Marine 

- 4.7 - 20.5 - 

- -  
- 8.0 

3.1 
6.6 5.3 
4.8 3.1 
8.0 5.3 - 2.4 
- 2.7 

9.8 
- 9.8s 

- 5.2 

- 

- -  
- 
- -  

- 
- 
- 

2.7 

1.0 
- 
- 
- 
- 
- 
5.7 

34.0 
1.2 

44.1 - 
9.4 - 

14.9 - 
- -  
- -  
- -  

4.5 
5.6 
5.6 

0.3 3.9 
8.0 

4.3 

- 
- 
- 
- 
- -  
- 

mmolesfiter - - 
moleafiter - Low salinity species 

- - Low salinity species 
Euryhaline species - - 

mmolesfiter - - 

mmolesfiter 
mmolesfiter 

mmolesfiter 
mmoles/liter 
mmoles/liter 
mmoles/liter 
mmoles/liter 

mmoles/liter 
mmoles/kg 

mmoles/liter 

mmolesfiter 

- 

- 

- 

- 
- 
- 
- - 
- 

mmoles/liter - 
- 
- 
- - - 
- 
- 

- - 
- - 
- - 
- - 
- - 
- - 
430" - 
441a - 
425s - 
4525 - 
- - 
- - 

Average of fish 11 - 
and 12 - 386 

437 - 
467 
476 
461 
384 

1070 

- 
- 
- 
- 
- 

Euryhaline species - 
- Low salinity species 
- Lowsalinityspeoiea 

Euryhaline species 
- Euryhaline species 
- Euryhalinespeciea 
- Euryhaline species 
- Euryhalinespeciea 
- Hips saliity species 

- 

Smith 
Sulya d d. - 

- 

Edwards and 
Condorelli - 

- 
- 

Smith - 
- 

bow her-Firley 

Para 
BruU and Niaet 
Robertson 

Forster and 
Berglund 

Becker ei al. 

- 

- 

- - 
- 
- 
- 
- 

Sulya ei al. - 
- 
- 
- 
- 
- 
- 
- 



Table XVI (Codnued) 

Osmotic 
RO- pr- 
tein Total ( m b /  

W~rmedium Na K Mg Ca N B  Cl HCOI COX PO1 604 Urea (B%) iom Uuik liter) Comments Author Date 

201 
192 
195 
219 
179 
1 89 
176 
156 
183 
103 
181 
180 
185 
181 
170 
189 
136 
98 

107 
175 

- 
- 

140.9 
128 
128 
140 
140 
140 

3.0 
9 .2  
7.8 
5.8 
7.6 
8.6 
3.1 
6.8 
8.3 
7.6 
8.8 
5.0 
3.7 
3.8 
1.4 - 
- 

17.1 

23.4 
6 .8  

- 
- 
3.81 
2.5 
2 .3  
3.9 
2.1 
2.3 

0.33 116.8 10.58 
123 - 
111 - 
128 - 
116 - 

- 
- 
- 
- 

4.9  - 110 - 

Telemki-fieahwater 
- 
- 

8 . P  
1.68 
1.32 
1.28 
0.99 
0.97 - 4.5 

mmolesfliter 

mmolesfiter 
moleafiter 

Euryhaline species 
High salinity species 
Euryhaline species 
Euryhaline species 
Euryhaline speoiea 
Euryhaline species 
Euryhaline species 
Euryhaliie species 
Euryhaline species 
Euryhaline species 
High salinity species - 

Seawater 
Freshwater 3 hr 
Control 

1 ppm Endrin 96 hr 
- 



Mewlops dhnlicua 101 6.2 1.4 2.5 - 140 10.1 - 5.0 0.40 6.0 6.0 266.6 -ole~/liter - Anudromous taken Urist 

Salmo gairdnerii irideus 139.2 4 . 7  - 2.2 - 128.1 - - 1.0 - - 3.7 - mmoles/liter - 1-4 days after 
in freshwater Huggel el al. 

capture 
- - 12 dam after capture - 

4.5 - - - Caudal plasma - 8 @ l d U 8  CePhk48 140.7 4.2 - 2.2 - 121.1 - - 0.8 - - 
- 2890 - tevine and Carassiua auratus 

Musullam 
Salvelinue nomaycush _ _ - _ _  117.3 6.40 6.65 - - - - - molea/kg 298 Control Hoffert and 

FIOIl lm - - Diamox - 
Houston and 

Madden 

115.5 5.1 - 1.8 - 98.1 - - 1.2 - - 4.3 - 
- - - - - - - - - - - - - 

111.5 8.47 8.96 - - - - - - - _ - -  
Cyprinua cnrpia 130 2.93 1.23 2.12 - 125.2 - - 0.39 - - 2.2 - mmolesfiter 274 17°C 

a Derived from freezing-point depression. 
b Expressed in mEq/kg water present as H,F'O,- and HPOT with a valency of 1.84. 

1961 

1963 

- 
1964 

1966 

- 
1968 
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stock of gnathostomes, the Osteolepids (Rhipidistia), which gave rise to 
the lungfishes (Dipnoi), and also to the ancestral amphibia (Young, 
1950). The Chondrichthyes, Sarcopterigii, and Amphibia differ bio- 
chemically from the Actinopterygii in that the three former groups are 
able to form urea by the ornithine urea cycle (Brown and Brown, 1967). 
Although the blood chemistry of only one specimen of the living coela- 
canth, Latimeria chalumnae, has been examined it is evident that these 
fish possess a blood urea concentration within the range found in the 
marine elasmobranchs and that the serum osmolarity is close to that of 
seawater (Pickford and Grant, 1967) (Table XVI). Blood from the renal 
and hepatic portal veins was hyperosmotic to seawater while blood from 
the heart was hyposmotic. If the value for heart blood turns out to be 
the correct one then Latirneriu must drink seawater and excrete the 
excess ions ingested. But, if the blood is indeed hyperosmotic then 
Latimeria resembles an elasmobranch. The serum Na+ concentration was 
lower than that of marine elasmobranchs and similar to that of marine 
teleosts. The measured values for blood K+ and Mgz+ were both high 
owing to hemolysis. The Mg2+ concentration was also high in the aqueous 
humor (Table XVII), but in the elasmobranchs the Mg2+ concentration 
of this fluid is similar to that of plasma. Similar high Mg" concentrations 
had previously only been found in stressed Lophius piscatorits (Brull and 
Cuypers 1954). In contrast to the normal situation in teleosts, Latime& 
had a blood C1- concentration higher than that for Na+. This may, how- 
ever, be explained by the complete hemolysis which occurred in the blood 
sample. 

b. Order Dipterifomnes. The lungfishes normally have a very low 
concentration of urea in their plasma (Table XVI). During the dry 
season, the shallow freshwaters which they inhabit dry up and the fish 
estivate in the underlying mud. During this period of water and nutri- 
tional deprivation the fish relies on tissue protein as an energy source 
and the amino acid nitrogen is metabolized to urea. To conserve the 
water, which would be necessary for urea excretion, the urea is allowed 
to accumulate in the blood and muscle until the end of the estivation 
period (Smith, 1930; Janssens, 1964). The inorganic composition of the 
blood of the normal lungfish was determined by Smith (1930). The 
plasma C1- concentration which he observed appears to be very low when 
compared to that in teleosts. 

2. SUBCLASS AC~NOPTERYGII 

a. Order Acipenseriformes. Although the sturgeons have an almost 
wholly cartilaginous skeleton and bear other resemblances to the elasmo- 
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branchs, it is now accepted that they are of actinopterygian descent 
(Young, 1950). Physiological uremia does not occur in Acipenser either 
in freshwater or in saltwater (Korjuev, 1938) ( Table XVI), An investiga- 
tion has been carried out into the changes in blood chemistry which occur 
during the migration of young sturgeon and spawned adults from fresh- 
water into saltwater and of the migration of prespawning adults in the 
reverse direction by Magnin (1962). When immature Acipenser oxy- 
rhynchus migrated from freshwater to saltwater there were increases 
in the plasma concentrations of Na+, Mg2+, and C1- and decreases in the 
concentrations of Caz+ and phosphate (Table XVI). Migration of pre- 
spawning Acipertser sturio from the sea into freshwater resulted in a 
significantly lower plasma osmolar, Na+ and C1- concentration. Plasma 
SO,z- was elevated in freshwater. Magnin (1962) noted a greater degree 
of variability in the ionic composition of the mature fish and concluded 
that gonadal muturation results in a perturbation of the metabolism of 
water and electrolytes. In the third species which he investigated, 
Acipenser fu lwscm,  Magnin compared specimens captured in the 
Ottawa and St. Lawrence rivers with those from Lake Nipissing. The 
mean plasma concentrations of Na', C1-, and Mg2+ were higher in the lake 
fish, a consequence of the majority of these fish being sexually mature 
(Table XVI), Magnin concluded that the homeostatic mechanisms of 
the sturgeon like those of the salmon did not completely regulate the 
osmotic pressure and ionic composition of the blood when the fish passed 
from one osmotic environment to another. Instead there were small but 
significant changes in the plasma concentrations of the ions. 

In a recent investigation, the plasma of Acipenser tramontanus was 
found to have only a slightly lower total concentration of ions in fresh- 
water than in seawater (Urist and Van de Putte, 1967) (Table XVI) in- 
dicating the presence of a very effective homeostatic mechanism in this 
species. The low concentration of Ca2+ in the plasma of this and other 
species of sturgeon (Table XVI) is unique and may be related to the 
progressive loss of bone during the evolution of the Acipenseriformes 
(Urist and Van de h t t e ,  1967). An exception to this generalized hypo- 
calcemia are the mature female Acipenser transmontanus which show the 
hypercalcemia and hyperphosphotemia characteristic of mature female 
teleosts. 

b. Orders A m i f m s  and Lepisosteiformes. Representatives of each 
of these two holostean orders are found in the Great Lakes. Of the two, 
the long-nosed gar, Lepidosteus osseus, is the more primitive, while 
Amiutus calua diverged more recently from the teleostean stock (Young, 
1950). Blood analyses by Smith (1929b), however, revealed no major 
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differences between the two species or between them and the freshwater 
teleosts except that the two holosteans had approximately double the Ca2+ 
and one quarter the Mg2+ found in Coregonus cZupoides (Robertson, 
1954) (Table XVI). Three species of gars including Lepidosteus osseus 
examined from the Gulf of Mexico ( Sulya et al., 1960) (Table XVI) had 
higher concentrations of Na+, K+, and C1- in the plasma than were re- 
ported by Smith, but this may be explained by the presumably higher 
environmental salinity. 

3. GROUP u T ~ ~ ~ ~ ~ ~ "  

a. Blood Chemistry. Although many analyses of the blood chemistry 
of marine teleosts were carried out in the first half of this century, 
Robertson (1954) appears to be the first worker to have carried out an 
analysis of the environmental seawater for comparison. In his studies, Na+ 
comprised 92% and K+ less than 1% of the cations in plasma while Cl- ac- 
counted for 87% of the anions. Only HC0,- and phosphate ions were 
present at higher concentrations in the blood plasma than in seawater. 
The abundances of the other ions in plasma with respect to their con- 
centrations in seawater were in the following order: Na+ > Ca2+ > C1- > 
SO,2- > K+ > Mg"', where plasma Nat was 384: of the Na+ concentration 
in seawater and plasma Mg2+ was 4% of the concentration of this ion in 
seawater. The total concentration of ions plus urea was 32% of the sea- 
water ionic concentration (Robertson, 1954) (Table XVI) , In an earlier 
analysis of the plasma of Mureanu and three other teleosts, erroneously 
high urea concentrations were obtained ( Edwards and Condorelli, 1928) 
(Table XVI). 

Analysis of the plasma composition of the freshwater teleost, Core- 
gonus clupoides, showed it to have a total ion concentration which was 
only 66% of that in Mureana hebnu, thus the freshwater teleost does not 
maintain ionic concentrations as high as those in the marine teleost. All 
ions except K+ and HC0,- were lower in Coregonus with the major ions 
of sodium and chloride showing the greatest difEerences (Robertson, 
1954) (Table XVI). Apart from the data of Robertson other complete 
analyses have been presented for the marine teleosts, Lophiw piscatarius 
(Brull and Nizet, 1953), Lophius amem'canus (Forster and Berglund, 
1956), and Purulabrax clathratus (Urist, 1962b) and for the teleost 
Megalops utlanticus (Urist, 1961) captured in freshwater (Table XVI). 
Other investigators have covered a greater number of different species 
but measured only Na+, K', and C1- (Becker et ul., 1958; Sulya et aE., 
1960) (Table XVI). One observation of note from the former paper is 
the high plasma K' concentration in the bluefin tuna, Thunnus thynnus 
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(Table XVI). However since only one fish was examined it is not possi- 
ble to determine whether this is a characteristic of the species as a whole. 
The only other plasma K+ concentration which approached that in Thun- 
nus thynnus was reported by Eisler and Edmunds (1966) for Sphaeroides 
mucuhtus treated with the insecticide Endrin (Table XVI). 

An interesting study was carried out by Shell (1959) to determine 
whether seasonal changes occur in the electrolyte concentrations of the 
freshwater teleost, Micropterus dolomieue. Although the investigation 
was only carried out between June and November in one year, some 
seasonal differences are apparent (Table XVI). This observation may in- 
dicate the presence of some cyclic metabolic patterns. These cycles were 
related by Shell to a presumed change in the endocrine status of the bass 
during the period of the study. Experiments have shown that the stress 
of capture and transportation on Salmo gairdnerii irideus resulted in in- 
creased plasma Na+ and Cl- concentrations and decreased plasma K+ and 
protein concentrations. These concentrations returned to normal after 
12 days (Huggel et al., 1963) (Table XVI). 

b. Eu yhuline Species. Many teleosts are stenohaline and thus limited 
to habitats having only a narrow range of osmolarity such as freshwater 
rivers and lakes or the open sea. Other species are euryhaline and can 
accommodate themselves by means of homeostatic mechanisms to 
changes in external ionic concentrations. The euryhaline species may be 
divided into two groups, one of which inhabits the interface between 
the true freshwater and the true seawater environments, e.g., in an 
estuary. The second group of euryhaline fishes spend part of their life 
cycle in freshwater and part of it in seawater and may be divided into 
catadromous species which migrate downstream to spawn in the sea, 
e.g., Anguilla rostratu, and anadromous species which migrate upstream 
from the sea to spawn in freshwater, e.g., Oncmhynchus nerka. Much 
scientific effort has been expended in investigations of the changes and 
the reasons for the changes which occur in the plasma composition of 
these euryhaline species. We will first deal with some of the coastal 
euryhaline species and then, in more detail, some members of the orders 
Anguilliformes and Salmoniformes. 

Intertidal blennies have been studied by Raffy (1949), House (1963), 
Gordon et al. (1965), and Evans (1967a). The plasma Na' and C1- con- 
centrations in Xiphister atropurpureus, which has a salinity tolerance of 
from 10 to 100% seawater, were found to be stable over the range of 31 
to 100% seawater but to fall by about 15% when transferred to salinities 
equivalent to between 31 and loIg seawater. Mature fish showed lower 
concentrations of Na' and C1- than the nonreproductive fish in 10% sea- 
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Table XVII 

Robin 
Fish or medium Na K Mg Ca NHk CI HCOa COa PO4 804 Urea TMAO (s%) 

Alaso paeudoharmgua 
Alaaa paeudoharmgw 
Fundulus kanaae 
Funddm kanaae 
Fundulw kanaae 
Beswater 
Pleuronecla feaua 
Placronlcfsa fesua 
Phlichthyea fcaus 
P W h y e a  peaus 
Phlichthysa peaua 
PlalielJhyea peaus 

- -  
160 3.9 
231 2.0 
157 1.2 
440 14.0 
193.7 5.4 
156.8 5.1 
168 - 
162 - 
141.7 3.4 
123.9 2.9 

Teleoetei-EuryhalineGeneral 

- 168 - - 
- 151 - - 

2.5 - - - - 
4.6 - - - - 
3.0 - - - - 

10.5 - - - - 
- 166.1 - - 
- 113.7 - - 
- 156 - - 
- 148 - - 

- 3.3 - 168.1 - - 
2.7 - 131.7 - - 

- -  
- -  
- 
- 
- 
- 
- -  
- -  
- -  
- -  
- 

0.7 
0.4 

Cholesterol R o t e i n  
Fish Na K Mg Ca N& Cl HCOa COa PO4 804 Urea (mg%) (g%) 

Teleolltei-Euryh$ineSalmonoidei 

- 1.55 - 89.5 - - - - 5.33 - 
1.50 - 86.8 - - - - 4.06 - 
1.17 - 80.8 - - - - 
1.03 - 71.8 - - - - 11.4 - 
1.50 - 84.0 - - - - 
1.65 - 76.3 - - - - 2.7 - 
1.40 - 77.0 - - - - 12.5 - 
1.36 - 72.2 - - - - 6.33 - 

Onmhynchur kefa - - -  
Onwrh&ua kda  - - -  
Oncorhgnchw keta - - -  20.9 - - 
Onmrhynchus keta - - -  
Onwrhynchua gmbushka - - -  3.46 - - 
h o r h y n c h u a  gmbushka - - -  
Oncorhwhua gorbushka - - -  
Oncorhynchua gmbwhko - - -  
Ckwrhynchw nerka - -  1.9 2.14 670 - 
Oncorhynchw nsrka - -  2.0 2.21 572 - 
Onwrhgnchua m k a  - -  0.86 1.53 436 - 
O n c m h p h r  mko - -  0.59 2.97 - - - - - 0.61 1.32 499 - 
Oncorhynchw nerka - -  1.5 1.74 394 - 
Oncorhynchw nerka - -  0.45 1.04 - - - - - 1.53 1.50 202 - 
S a h o  trutla 155 5.1 0.45 1.55 - 121 - - 1.5 0.04 - - - 
Salmo lrutla (brown trout) 150 2.7 - - - 1 3 3  _ _ _  - - - - 
Salmo trutla (brown trout) - - - - - 185 - - - - - - - 
Salmolrulta(browntrout) 163 3.1 - - - 1 5 0  - - _  - - - - 

- 1 2 4  _ _ _  - - - - Salmo lrutla (wa trout) 155 5.3 - - 
Salmotrutla (sea trout) 205 0.9 - - - 1 9 1  _ _ _  - - - - 

- 1 3 8  _ _ _  - - - - SaZmo Lrutfa (sea trout) 166 3.5 - - 
Salmofrulla (sea trout) 144 >10 - - - 1 2 2  - - -  - - - - 

- - - -  - 1 0 8  - - -  - - - - Oncorhynchui m a w  - - - -  - 1 0 9  - - -  - - - - Ckwrhgnchus m a w  - - _ -  - 1 0 1  - - -  - - - - Oncarhunchus m a o u  
Oncorh&wtacha&oylseho 187 1.8 - - - - - - - - 2.7 501 6.6 
OnwhwhwlschatPylacha 162 1.0 - - - - - - - - - 630 4.6 

Oncmh&ualachauylaclra 145 0.7 - - - - - - - - 2.9 365 4.1 
Oncmhwhuatschaloylacha 165 2.0 - - - - - - - - 3.1 126 1.7 
Sahno aahr-pam 117 2.19 - 2.33 - 130 - - - - - 
S a h  dar-amolta 131 3.03 - - - 2.00 - 183 7.3 - - - - 
Salmomahr-pc&umolta 156 3.28 - - - 1 3 3  _ - _  - - - - 

- 1 6 6  _ - _  - - - - Salmo sahr -amol ta  159 3.62 - - 
Salmo aahr-adulta 212 3.16 - 3.43 - 157 11.0 - - - - 

- 
- 
- - 
- 

0.33 2.68 - - - - - 
0.18 3.41 - - - - - 
0.77 2.48 - - - - - 

0.42 1.56 - - - - - 

Oncmh~chwlrchatoytschu 160 0.8 - - - - - - - - 3.1 754 5.8 

- - 

- - 
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Osteichthyes-Blood Chemistry 

Osmotic 
Total presaure 
iona Units (mbmfiter) Comments Author Date 

- 
- 

181 
242 
190 

38p 
304 

- 

- 
- 

297 
240 

Teleostei-Euryhalin8-General 

Respawnera seawater 
Poatspawnera freshwater 
Freshwater 
Seawater 3 days 
hawater 20 days 

Seawater 10 days 
Freshwater 10 days 
Seawater 
Freshwater 3 hr 
Seawater 
Freahwater 

- 

Sindermann and Mairs 
- 

Stanley and Fleming - 
- 
- 

Lange and Fugelli 

Motaia d al. 

Lahlou 

- 
- 
- 

1961 

1964 
- 
- 
- 
- 

1965 

1965 

1967 

- 
- 
- 

~~ 

Osmotic 
Total pressure 
iom Units (mOsm/fiter) Comments Author Date 

mmolesfiter Male Estuary 
Female Estuary 
Male Spawning grounds 
Female Spawning grounds 
Male Estuary 
Female Estuary 
Male Spawning grounda 
Female Spawning grounds 
Male Lummi Island 
Female Lummi bland 
Male Lillooet 
Female Lillooet 
Male Forfar Creek 
Female Forfar Creek 
Freahwater 
Freshwater 
t seawater 240 hr, seawater 48 hr 
1 seawater 240 hr, seawater 64 days 
Freshwater 
Seawater 24 hr 
Seawater 6 months 
Braakish indefinite 
Inshore or eaturuine watera 
Lower reaahea 
Upper reaches 
Sea 
Migrating fall run 
Migrating spring run 
Spawning fall run 
Spawning spring run 
Freshwater 
Freahwater 
Freshwater 
Seawater 2 weeh 
Seawater 

Lysaya - 
- 
- 
- 
- 
- 
- 

Idler and Tsuyuki - - 
- 
- 
- 

Phillips and Brockway 
Gordon 

- 
- 
- 
c - 
- 

Kubo 
c 

- 
Robertson el al. - - 

- 
- 

Parry - 
c 

- 
L 
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Table XVII 

Cholesterol Ratein 
Fish Na I( Mg Ca NH4 C1 HCOa Con P O 4  904 Urea (ma%) (8%) 

Sdmo dahr-adultu apawning 
Sdmo mhr-adult kelts 
Sdmo gairdna'i 
Sdmo mirdnerii 
Sdmo gaitdnarii 
Sahno gairdnerii 
Oncuh&ua kisulch 
O n c o r h ~ u a  kisukh 
Oncmhpmchus kimtch 
Oncmhywhua kisutch 
Oncorhpmchua tschawylmha 
Oncorhgnchw tschatoytscha 
Oncorhunchua fschaqtytseha 
W h u n c h w  tachawytaelro 

176 
294 
145 
160 
144 
152 
146 
147 
182 
205 
1 8  
161 
I60 
179 

3.03 - 3.45 - 172 
3.44 - 3.98 - - 
2.33 - - - - 
2.42 - - - - 
e.0 - 2.65 - 151 
3.81 - 2.02 - 124.6 - - 132 

- 131 
- 149 
- 182 

0.4 1.8 2.9 - 112 
0.3 1.2 2.7 - 114 
1.3 1.0 2.3 - 137 
1.0 0.9 1.0 - 139 

- -  
- - -  
- - -  
- - -  - - -  - 

4.0 - 4.5 0.3 
4.1 - 4.0 0.5 
4.7 - 4.7 0.3 
5.0 - 4.1 0.3 

Protein 
fih Na K Mg Ca NHd C1 HCO~COI PO4 804 Urea TMAO k%) 

AnpuiUa anguilh 
Anauilb anguillo 
AnguUh anquilh 
Anguilh anguith 
Anguilla anquilh 
Anguilh anguilh 
A w i l l a  anquilla 
Anguilh anpvilh 
Anguilh anmilla 
A w i U a  anguilla 
Anguilh anguilb 
An*& anguiuo 
Anguiih anguilh 
Anguilla anguilkr 

AnguUla anguiUa 
AnguiUa anguilh 
Anguik anguilla 
AnwiUa anquilla 
Anpuilh anguillu 
Anguilh anguillu 
Anguiua anguilh 
Anguilh anguilla 
Anguilh anguiUu 
Anguilh anguiUa 
Anguilh angu6lla 
AnguiUa anpuiUa 
Anguiih anguilh 
Anguilh anpuiUa 
AnguUla awuilla 
Anguilla anguilla 

Anpuilh anguillu 

Angulllo anguilla 

143.5 
112 
150 
175 
143 
181 
98.8 
75.7 
128.0 
149.4 
49.1 
162.8 
158.9 
178.0 

143.2 
150.1 

183.3 
133.8 
111.7 
110.4 
124.7 
185.0 
194.0 
66.6 
119.7 
122.6 
185.4 
222.4 
111.5 

84.8 

206.1 

1t14.a 

3.5 - - -  - - - -  - 
3.52 - - - 96.6 - - - - 
2.77 - - - 47.3 - - - - 
3.49 - - - 107.1 - - - - 
4.50 - - - 134.0 - - - - 
4.20 - - - 141.0 - - - - 
2.26 3.04 2.31 - 
1.75 2.13 2.29 - 
3.35 4.18 2.75 - 
3.22 3.74 2.37 - 
2.75 4.08 2.90 - 
2.38 2.11 2.89 - 
3.34 2.48 3.53 - 
3.45 7.93 3.73 - 
4.33 9.63 4.03 - 
3.64 2.74 1.64 - 

3.47 2.89 3.30 - 

2.35 1.a 2.33 - 
1.82 1.88 1.79 - 
3.15 10.31 3.05 - 
3.24 10.27 4.23 - 
3.10 1.78 3.47 - 

- 1.30 - 
- 1.81 - 
- 2.02 - 

- - 1.75 - 
- - 1.86 - 

- 2.10 - 
- - 1.81 - 

- 2.30 - 
- 1.50 - 

- 
- 
- 

- - -  - 
- 
- 
- 
- - -  - 
- - -  - 

- 1.94 - 
- 2.23 - 
- 1.93 - 

- 
- 
- - - -  - 

4.05 - 2.67 - 53.0 - - - - 
4.08 10.75 4.65 - 181.4 - - - - 
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Oamotic 
Total pressurlr 
ions Units (mOnm/lited Comments 

~~ 

Author Date 

- 
- 
L 

- - 
- - 
- - 
- 

280.9 
287.8 
311.4 
331.9 

328 
37 1 
- 
- 
- 
- 

295 
291 
331 
372 
- 
- 
- 
- 

Freshwater 
Freshwater + 2 days seawater 
Freshwater 
80% seawater 10 days 
Freahwater 

Freshwater-eontrol 
Freshwater-X ray 
Seawater--oontrol 
Seawater-X ray 
Spawning freshwater-male 
Spawning freshwater-female 
Marine habitat-male 
Marine habitat-female 

- 

- 
- 

Holm- and McBean 

FrOl l l ID  

Hickman et al. 
Conte 

- 

- 
- 
- 

Urist and Van de Putte 
- 
- 
- 

~ 

Osmotic 
Total pressure 
ions Units (mOsm/liter) Comments 

~ ~ ~~ 

Author Date 

Teleostei-Euryhalinenguilloidei 

Control 
Stanniectomiaed 
Silver eel-freshwater 
Silver eel-seawater 
Yellow eel-freshwater 
Yellow eel-seawater 
Distilled water-6 weeks 
Distilled water-12 weeks 
Aldactone-6 weeks 
Freshwater controls (silver) 
Freshwater hypox-3 weeks (silver) 
Freshwater controls (yellow) 
Seawater controls (silver) 
Seawater hypox-3 weeks (silver) 

Control-yellow eel-freshwater 
Control-silver eel-freahwater 
Control-yellow ee1-M weeks in seawater 
Control-silver e e l 4 5  weeks in seawater 
Control-yellow eel-4 weeks in distilled water 
Contrd-silver e e l 4  weeks in  distilled water 
Stanniectomized-yellow eel-3 weeks freshwater 
Stanniectomired-silver eel-3 weeks freshwater 
Stanniectomised-yellow eel-3 weeks seawater 
Stanniectomised-silver eel-3 weeks seawater 
Stmniectomired-yellow eel-3 weeks distilled water 
Adrenal insufficient-yellow e e l 3  weeks freshwater 
Adrenal insu5cient-silver eel-3 weeks freshwater 
Adrenal insu5cient-yellow eel-3 weeks seawater 
Adrenal inaufficient-silver eel-3 weeks seawater 
Stanniectomired + adrenal insu5cient-yellow eel-1 

Stanniectomized + adrenal insu5cient--silver eel-2 

Stanniectomized + adrenal insufficient-silver eel-2 

week freshwater 

weeks freshwater 

weeks seawater 

Fontaine 

Sharratt e l  at, 

- 

- 
Chester-Jones d al. - 

- 
Butler 

- 
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Table XVII 

Protein 
Fish Na K Mg Ca N& CI HCOI CO1 Po4 804 Urea TMAO (g%) 

- - Anguillo anguilla 147.1 - - - - 130.4 - - - - - 
AnpuUa anguik 181.5 - - - - 167.9 - - - - - 
Anguilla anguilla 139.8 - - - - 137.3 - - - - - 
Anguilla anguilla 187.7 - - - - 175.0 - - - - - 
AmiUa anguilla 136.6 - - - - 133.4 - - - - - 
Anpuilla anguiUu 136.3 - - - - 130.0 - - - - - 
Anputlla anguilla 136.7 - - 

- - - - 
- - 
- - 
- - - - 121.0 - - - - - - - 

AnguiUo rodralu 
AnQuiUo matrota 
Anouih roatrala 
Anguillo rodrota 

AnguiUa rodrata 
Anpuilh rostrata 
A m &  tostrota 

Anpuilla rodrata 
AnpuiUa rostrata 
Angutlla rodratu 
Anguilla rostrata 
AnpiUa rostrata 
An~uiUo rwtratu 
Anouilla rostrata 
Anpuilla tostrata 
An&J& roatrata 

- - 153.4 5.0 - - - 103.6 - - - - - 
146.0 5.3 - - - 103.2 - - - - - 
132.6 4.1 - - - 72.8 - - - - - 
147.1 4.7 - - 
163.6 4.74 - - - 113.7 - - - - - 
143.4 6.00 - - - 103.3 - - - - - 

- 98.4 - - - - - - - 137.0 6.10 - - 
138.1 2.83 1.26 3.33 - 70.48 - - - - - - - 
138.0 2.95 1.23 3.29 - 67.31 - - - - - - - 
132.0 2.94 0.89 3.26 - 70.94 - - - - - 
151.3 2.23 1.28 3.00 - 109.80 - - - - - - - 
144.0 2.39 1.40 2.98 - 85.54 - - - - - 
135.4 2.66 1.20 2.72 - 80.20 - - - - - - - 
150.7 2.77 1.21 3.19 - 111.11 - - - - - 
143.3 2.60 1.22 3.11 - 77.35 - - - - - - - 
131.8 2.90 1.07 2.80 - 82.88 - - - - - - - 

- - 
- - 

- 89.8 - - - - - - - 
- - 
- - 

- - 
- - 
- - 

~~ ~ ~~~ ~~~ ~ 

water. Inability to lower its permeability to C1- may determine the lower 
end of the salinity range of this fish (Evans, 1967b). Transfer of the 
flounder, Pleuronectes flesus, from seawater to freshwater results in a 
decrease in plasma osmolarity and in the concentration of Na+, K', and 
C1-, and, to a lesser extent, trimethylamine oxide (Lange and Fugelli, 
1965) (Table XVI ) , This lowering of the plasma osmotic pressure would 
be expected to result in an increase in the volume of the cells from the 
osmotic influx of water. However, a loss of intracellular free ninhydrin- 
positive substances and trimethylamine oxide occurs, and consequently 
the size of the cells remain constant. When the euryhaline, Plutichthys 
flesus, together with the stenohaline marine fish, Serrunus scriba, were 
transferred from seawater to freshwater for 3 hr it was found that there 
was only a small drop in the plasma Na+ and C1- concentrations in the 
former fish but a considerable drop, leading to death, occurred in the 
plasma concentrations of these ions in the stenohaline species (Table 
XVI). Transfer of the flounder to freshwater was found to result in an 
immediate 85% decrease in the rate of Na+ and C1- efflux. This did not 
occur in the stenohaline fish (Motais et al., 1965). Hickman ( 1959) trans- 
ferred the starry flounder, Platichthys stellatus, from 25% seawater to 5.4% 
seawater and freshwater. The plasma osmolarity was reduced, reaching 
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Osmotia 
Total pressure 
ions Units (mOam/liter) Comments Author Date 

- - 
- 
- - 
- 
- 
- 
- 
- 
- 
- 
- 
- 

271.0 
266.7 
266.6 
307.9 
287.4 
271.6 
297.4 
276.8 
261.8 

Seawater-nhsm 
Seawater-adx. 
2 hr freahwater-aham + cortisol 
2 hr freahwater-adx. 
2 hr freahwater-adx. + cortiaol 
12 hr seawater-aham 
12 hr eeawater-adx. 

Controls 
Mook adx. 3 weeks steel suturea 
Adx. 3 weeks silk sutures 
Adx. 3 weeks steel suturea 

Intact 
Hypox-3 weeks controls 
Hypox-3 weeks prolactin 

Freshwater silver intact controls (March) 
Freshwater silver-nham adx. 3 weeks (March) 
Freshwater silver-&. 3 weeke (March) 
Frmhwater yellow intact controls (June) 
Freshwater yellow-nhsm sdx. 3 weeks (June) 
Freshwater yellow-adx. 3 weeks (June) 
Freshwater yellow intact controls (July) 
Freahwater yellow-nham adx. 3 weeks (July) 
Freshwater yellow-adx. 3 weeks (July) 

equilibrium in less than 24 hr in the former medium and between 1 and 
3 days in the latter medium. Recently, the changes observed in the plasma 
composition of Platichthys @sus after transfer from seawater to fresh- 
water have been reconfirmed by Lahlou ( 1967) (Table XVI). 

Transfer of the euryhaline mud skipper, Periophthalmus sobrinus, 
from loo0 mOsm/liter seawater to 200 mOsm/liter seawater resulted in 
no significant change in the plasma osmotic, Na+ or C1- concentrations. 
Direct transfer to freshwater, however, resulted in a sharp drop in these 
three parameters and a high rate of mortality. Fish adapted to 200 mOsm/ 
liter seawater over a period of 6 days on the other hand were able to 
withstand transfer to freshwater (Gordon et al., 1965). 

An attempt to show an effect of the steroids hydrocortisone, Qa-fluoro- 
hydrocortisone and dl-aldosterone on the changes in plasma electrolyte 
concentrations accompanying the transfer of the stenohaline wrasse, 
Thalassoma duppere y ,  the partially euryhaline mullet, Mugil cephalus, 
and the euryhaline tilapia, Tilapia mossumbica, did not succeed (Edelman 
et ul., 1960). 

On transfer from freshwater to seawater plasma Na+, Caz+, and 
osmolar concentrations increased during the first 3 days and then re- 
turned to near normal levels after 20 days in Fundulus kansae. The 
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plasma K+ concentration on the other hand was lower after 3 and 20 days 
in seawater (Stanley and Fleming, 1964). A remarkable observation in 
this fish was the finding of hypertonic urine between the second and 
tenth days after transfer to seawater (Stanley and Fleming, 1964; Flem- 
ing and Stanley, 1965). In relation to these findings it has been shown 
recently that the increase in permeability to Na+ to C1- after transfer of 
Fundulus heteroclitus from freshwater to saltwater takes many hours. 
In contrast, the reverse transfer results in a very rapid decrease in per- 
meability (Potts and Evans, 1967). The plasma composition of an 
andromous species, the alewife, Alosa pseudohurengus, has been in- 
vestigated in prespawning fish in saltwater and postspawning fish in 
freshwater. The latter group had lower serum protein and C1- concentra- 
tions than the former; however, it was not possible to distinguish be- 
tween reproductive and migratory effects (Sindermann and Mairs, 1961). 

c. Order Angdlifomnes. The changes in the plasma electrolyte com- 
position of eels in relation to their catadromous migration have been the 
subject of intensive study in the last 5 years. The major part of the life 
cycle of Anguilla unguilla is spent as a yellow eel in freshwater. When 
the eel becomes sexually differentiated prior to its catadromous migra- 
tion, it stops feeding and the ventral surface turns a silvery white color. 
Transfer of silver eels from freshwater to seawater resulted in a 15% 
increase in the serum osmotic concentration. This change was mainly ac- 
counted for by increases in serum Na+ and C1-. Freshwater yellow eels 
had a serum C1- concentration noticeably lower than the freshwater 
silver eels (Sharratt et al., 1964, Table XVII) . Removal of the corpuscles 
of Stannius from silver eels resulted in a significant decrease in the serum 
Na+ concentration and significant increases in the serum Caz+ and K+ 
concentrations. Injection of a lyophilized preparation of the corpuscles 
into stanniectomized eels tended to lower serum Caz+ and K+ concentra- 
tions and raise serum Na+ concentration, indicating a possible osmo- 
regulatory role for the corpuscles of Stannius (Fontaine, 1964) (Table 
XVII). Recently, the effects of stanniectomy have been studied in the 
goldfish, Curassius azrratus ( Ogawa, 1968). Removal of the corpuscles 
in the goldfish maintained in freshwater resulted in a statistically non- 
significant fall in plasma osmolarity and sodium concentration, which 
was reversed by injection of angiotensin 11. Maintenance of freshwater 
silver eels in distilled water for 6 or 12 weeks resulted in a progressive 
decrease in serum Na+ and a progressive increase in serum K+ concentra- 
tions. Treatment of the distilled-water eels over the 6-week period, with 
the antialdosterone compound, Aldactone, resulted in a higher serum 
Na+ and a lower serum K+ concentration (Chester-Jones et al., 1965) 
(Table XVII ). Hypophysectomy of freshwater silver eels, AnguiZZu un- 
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guilla, resulted in significant decreases in the serum Na', K', and C1- con- 
centrations. Intact yellow eels had higher serum Na+ and C1- concentra- 
tions than intact silver eels in the same environment. Hypophysectomized 
silver eels maintained in seawater had higher serum concentrations of 
Na' and C1- than intact silver eels in seawater (Butler, 1966) (Table 
XVII ) . Thus, the pituitary gland plays a role in serum electrolyte homeo- 
stasis in Anguilla anguillu. Hypophysectomy of freshwater Anguilla TOS- 

trata also resulted in decreased serum Na' and C1- concentrations, but 
the changes were not reversed by injection of ovine prolactin (Butler, 
1967) (Table XVII). This lack of response may have resulted from the 
amount and dosage regimen used, or may have indicated that other pitui- 
tary factors play a major osmoregulatory role in this fish. Contrary to the 
findings of Butler (1966), Chan et al. (1967) (Table XVII) noted lower 
serum Na+ and higher serum K' concentrations in freshwater yellow eels 
than in freshwater silver eels. Adaptation of silver and yellow eels to 
seawater resulted in increases in serum Na+, K+, C1-, MgZt, and phosphate 
concentrations (Table XVII) . Stanniectomy of freshwater eels resulted 
in a decrease in serum Na' and C1- and an increase in serum K+ and 
Caz+ concentrations, thus corroborating the findings of Fontaine ( 1964). 
Stanniectomized seawater eels, also analyzed 3 weeks postoperatively, 
had increased serum concentrations of Na+, Ca2+, and Mgz+. In addition, 
silver eels showed an increase in serum K' concentration (Table XVII) . 
Adrenalectomy was followed by a lowering of serum Na+, Caz+ and Mgz' 
concentrations in freshwater eels. Adrenalectomy of seawater silver eels 
caused an increase in the serum concentrations of Na+, Cat, and Mg2', but 
it must be emphasized that data for sham-adrenalectomized eels were not 
presented. After both stanniectomy and adrenalectomy, freshwater yellow 
eels had lower serum Na+ and Mg2+ concentrations, while freshwater 
silver eels had lower serum Na+ and C1- concentrations and increased 
serum K+ concentrations (Table XVII) . Injection of cortisol lowered the 
serum Na+, K', and phosphate concentrations in the freshwater yellow 
eels and lowered serum Na' concentration in freshwater silver eels. Aldos- 
terone lowered the serum Kt concentrations in both yellow and silver 
freshwater eels. Injection of the adrenal inhibitor metyrapone plus be- 
tamethasone caused a lowering of the serum Na+ concentrations. Adreno- 
corticotropic hormone (mammalian) had no effect on serum electrolyte 
concentrations even when injected at the rate of 2 IU/day for 10 days 
(Chan et al., 1967). These authors draw attention to the fact that while 
there are similarities between the effects of adrenalectomy and stanniec- 
tomy there are also differences (Table XVII). The changes following 
adrenalectomy were interpreted by Chan et al. as being a result of the 
removal of cortisol and possibly also an unidentified mineralocorticoid. 
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The reasons for the changes following stanniectomy, however, remain 
obscure (Chan et al., 1967). Additional work on Anguillu anguillu has 
further confirmed that cortisol is probably the Na+ excreting factor in 
this fish (Mayer et aE., 1967) (Table XVII). 

Recently, Butler and Langford (1967) (Table XVII) showed that 
while adrenalectomized freshwater yellow eels with silk-wound closure 
had significantly lower serum Na+ and C1- concentrations than intact con- 
trol eels, fish with stainless steel wire-wound closure did not show serum 
electrolyte changes. These findings were interpreted as indicating that 
the silk-sutured fish had lost ions by diffusion owing to poor wound 
healing and that partial adrenalectomy as carried out in the experiment 
did not affect serum electrolyte composition. Since adrenalectomy by 
the above technique did not measurably lower the plasma cortisol con- 
centration (Butler and Donaldson, 1967) the operation has been im- 
proved in such a way as to remove a greater portion of the interrenal 
tissue, and this we have found to result in plasma cortisol concentrations 
similar to those observed in hypophysectomized eels (Butler et al., 
1969a,b). Adrenalectomy by the improved technique resulted in a lower 
plasma Mgz+ concentration in freshwater silver eels when compared to 
sham-operated fish. There was no significant difference between the serum 
composition of adrenalectomized and sham-adrenalectomized freshwater 
yellow eels in the June experiment. In the July experiment there were 
significant decreases in the serum Na+, Caz+, and osmotic concentra- 
tions of adrenalectomized freshwater yellow eels relative to the sham- 
adrenalectomized fish (Butler et al., 1969b) ( Table XVII) . These changes 
observed in the July experiment are explained by the fact that additional 
interrenal tissue was removed from these fish. Although the removal of 
further interrenal tissue did not result in a detectable decrease in the 
plasma cortisoI concentration it may have lowered the cortisol concen- 
tration below a critical threshold for electrolyte homeostasis. Experi- 
ments by Chan et aZ. (1968) point to a role for both cortisol and prolactin 
in the endocrine control of the eIectrolyte composition of the freshwater 
European eel, Anguilla anguilla. 

d. Order SaZmonifoTmes. Early work dealing with the changes in blood 
chemistry which occur in migrating salmon has been reviewed by Black 
(1951). A %year study of blood composition in the pink salmon, Oncor- 
hynchus nerka, and chum salmon, Oncorhynchus gorbushka, of the Amur 
Estuary and Amgun River (Lysaya, 1951) showed the expected decrease 
in plasma C1- concentrations when male and female fish migrated from 
the estuary to the spawning grounds. The blood Ca2+ concentrations ob- 
served in this study, however, did not show the usual sex difference ob- 
served in other maturing fish (refer to Section V, C, 3, f below). The in- 
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crease in the blood urea concentration during the anadromous migration 
of these two species was considerable (Table XVII) and remained un- 
co&med prior to the recent work of Urist and Van de Putte (1967) on 
Oncorhynchus tschawytscha (Table XVII); however, the change was not 
as great in this latter study. Lysaya considered the increasing urea con- 
centration during the anadromous migration to be a homeostatic mecha- 
nism which would tend to maintain a constant blood osmotic pressure in 
the face of the observed electrolyte depletion and that this uremia even- 
tually leads to the death of the salmon. This thesis has yet to be sub- 
stantiated. Idler and Tsuyuki (1958) in the course of their investigation 
of the changes in the blood of sockeye salmon, Oncorhynchus nerka, dur- 
ing its anadromous migration in the Fraser River system also measured 
plasma urea, but rather than finding an increase in urea concentration 
during the migration they actually observed a slight decline. These au- 
thors also noted a decline in the cholesterol, Mg2+, and Ca2+ concentra- 
tions of the plasma as the fish migrated up the river (Table XVII). At 
Lummi Island at the start of the upstream migration the female fish had 
a higher plasma Ca2+ concentration, but the sex difference was not appar- 
ent during the migration, indicating that either the major mobilization 
of the calcium phosphoprotein occurred prior to the fluvial migration or 
that the rate of utilization of this material by the ovary during the migra- 
tion was sufficient to prevent an increase in the plasma concentration. 

Transfer of Oncmhynchus nerka at the end of their spawning migra- 
tion up the Dalnee River back into full seawater or even isotonic or 
somewhat hypotonic media resulted in an increase in plasma osmolarity, 
loss of coordination and death after 4-5 hr (Zaks and Sokolova, 1961). 
In contrast, Oncorhynchus nerka collected at the end of their anadromous 
migration to Great Central Lake while showing poor survival when 
transferred directly to full seawater showed very good survival if the 
salinity was increased gradually ( Donaldson, 1968). Retention of down- 
stream migrating Oncorhynchus nerka in freshwater resulted in a slight 
decrease in plasma osmolarity after 5 days, while the plasma albumin 
concentration fell from its initial level of 8.7% to 5.7% after 24 days. These 
changes together with changes in kidney function were interpreted as 
indicating a tendency toward “freshwater” characteristics ( Zaks and 
Sokolova, 1965). Rapid transfer of adult Oncorhynchus nerka from salt- 
water to freshwater resulted in a decline in plasma Na+ concentration of 
22 mmoles/liter and osmolarity of 63 mOsm/liter. As in the earlier study 
by these workers, transfer of fish at the end of their upstream migration 
back into seawater with a freezing-point depression greater than -0.6” 
resulted in high mortality (Zaks and Sokolova, 1965). 

An investigation of physiological changes in the blood of migrating 
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adult Oncorhynchus tschuwytscha (Robertson et ul., 1961) (Table 
XVII) showed that plasma Na+ and especially K+ concentrations fell 
during the upstream migration. The hypokalemia was especially notice- 
able in the fall run fish. The plasma cholesterol concentration rose during 
the migratory period and then fell in the spawning fish to levels which 
were lower than the concentration in the sea salmon. In this study, 
unlike those of Lysaya (1951) and Urist and Van de Putte (1967), 
there was no increase in plasma urea during the anadromous migra- 
tion. Studies of the inshore migration of Oncorhynchus musou showed 
an increase in the blood osmotic and C1- concentration in the late spring 
at the beginning of the inshore migration followed by a decrease as 
the fish approached the estuary (Kubo, 1960). As the fish migrated 
up the river there was a decline in the blood osmolar and C1- con- 
centration followed by a temporary rise during preparation for spawning 
and finally a marked drop just prior to spawning (Kubo, 1961) (Table 
XVII). Kubo has also investigated the changes occurring in the blood 
during the downstream migration. At first it seemed that the osmotic 
pressure of the blood became higher after the parr-smolt transformation 
when compared to parr or dark parr fish (Kubo, 1953). Later studies on 
the blood of Oncorhynchus masou, however, showed that when the 
smolts are about to descend into the sea the osmotic pressure of the blood 
became lower again ( Kubo, 1955). Examination of Oncorhynchus 
tschawytschu in the marine habitat showed that they had a blood chem- 
istry similar to that of marine teleosts. On the other hand, specimens of 
these fish sampled in freshwater showed a noticeable hypokalemia which 
was related to the prolonged starvation which the fish had undergone 
(Urist and Van de Putte, 1967) (Table XVII). Urist also pointed out 
that the plasma Ca2+ in the female salmon fell from a high of 6.0 mmoles/ 
liter down to 2.5 mmoles/liter when the ova were fully developed. Ioniz- 
ing radiation was found to cause an increase in the plasma C1-, Na+, and 
osmotic concentrations of juvenile coho salmon, Oncorhynchus kisutch, 
kept in saltwater but not in coho kept in freshwater. The irradiation 
appeared to have interfered with the extrarenal osmoregulatory systems 
(Conte, 1965) (Table XVII). The plasma osmotic Concentration of 
premigratory juvenile Oncorhynchus kisutch increased from 295 to 400 
mOsm/liter immediately after transfer to seawater but then tended to 
decline with time. In no case did the osmotic concentration exceed 415 
mOsm/liter. Migratory and postmigratory fish were also able to osmoreg- 
ulate satisfactorily (Conte et aZ., 1966). These findings for the coho were 
in marked contrast to those for the steelhead trout, Salrno gairdnerii, 
which showed a regression of osmoregulatory activity after the migration 
period had passed (Conte and Wagner, 1965). 
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The first fairly complete analysis of the plasma of a fish from the 
genus Salmo was carried out on Salmo trutta (Phillips and Brockway, 
1958) (Table XVII). In general the concentrations were similar to those 
determined in the carp by Field et al. (1943). A comparison of the 
osmoregulatory abilities of the brown trout and sea trout forms of Salmo 
trutta in the Aberdeen area indicated that they were virtually identical 
in this respect (Gordon, 1959a) (Table XVII) and also similar to Ameri- 
can hatchery raised S a l m  trutta (Gordon, 1959b). Plasma ionic con- 
centrations were either unchanged or increased by less than 10% after 
the fish had been transferred from freshwater to seawater and acclimated 
(Gordon, 195%) (Table XVII). A complete study of the major plasma 
ions at various points in the life cycle of the Atlantic salmon, Salmo salar, 
has been published by Parry (1961). There was an increase in the osmotic 
pressure of the plasma during development from the fry to the smolt 
stage in the life cycle. This was followed by a decline during the down- 
stream migration of the smolt. This decrease in Salmo salar was not 
significant owing to the individual variability of the fish. Kubo (1955) , 
however, attached more significance to his observed decrease in plasma 
osmolarity at this stage in Oncorhgnchus masou. Salmo sala~ smolts 
which had been in seawater for 2 weeks had an elevated plasma osmotic 
concentration. Postsmolts which had been confined to freshwater for a 
year after they would normally have migrated also showed the same 
response. Adult prespawning fish in seawater had lower plasma osmotic 
pressures than the smolts in seawater and the osmotic concentration 
decreased further after entry into freshwater on the anadromous migra- 
tion. Postspawned salmon (kelts) which had been in seawater for 2 days 
had the highest plasma osmotic pressure (Parry, 1961) (Table XVII). 
The hypokalemia noted in spawning Oncorhynchus tschaw ytschu ( Urist 
and Van de Putte, 1967) was not present in the spawning Salmo salar 
(Table XVII) indicating that it may be related to the inevitable post- 
spawning death of the Pacific salmon. Hickman et al. (1964) determined 
the inorganic composition of plasma from Salrno gairdnerii acclimated to 
16" (Table XVII) and of trout transferred gradually to water at 6". The 
most notable changes observed were the immediate significant declines 
in the plasma C1- and phosphate concentrations. Fromm (1963) has also 
reported on the inorganic composition of Salmo gairdnerii plasma (Table 
XVII ) . 

An investigation of the role of adrenocorticosteroids in the osmoregu- 
latory processes of Salmo gairdnerii has been carried out by Holmes and 
his co-workers. The injection of corticosteroids into saline-loaded fresh- 
water Salmo gairdnerii resulted in increases in extrarenal Na+ excretion 
of 61% ( deoxycorticosterone) and 89% ( cortisol) (Holmes, 1959). Injec- 



72 W. N. HOLMES AND EDWARD M. DONALDSON 

tion of cortisol, corticosterone, or aldosterone into nonsmolting fresh- 
water rainbow trout resulted in a decrease in the plasma Na+ concentra- 
tion, the response to aldosterone being the most dramatic. Plasma K' 
concentrations showed an initial rise after the first injection followed by 
a decline. These findings and those of Chester-Jones (1956) on Saho 
trutta are in contrast to the normal pattern of response to corticosteroids 
in the mammal, i.e., an increase in the Na-K ratio (Holmes and 
Butler, 1963). As a part of a study devoted to determining the glomer- 
ular filtration rate of Sdmo gairdnerii, Holmes and McBean (1963) 
measured plasma Na+ and K+ concentrations in freshwater-adapted fish 
and in fish after they had been transferred to seawater. A significant 
increase in the plasma Na' concentration ( p  < 0,001) occurred, but no 
change in the K+ concentration was observed (Table XVII). Although 
differences have been observed in the urine electrolyte composition of 
Saho  gairdnerii smolts, presmolts and postsmolts maintained in fresh- 
water, no significant differences have been observed in their plasma 
electrolyte composition (Holmes and Stainer, 1966). At the present 
time we have a fairly consistent picture of the changes in blood chemistry 
which occur in members of the Salmonoidei during their downstream 
and anadromous migrations, but our knowledge of the hormonal control 
of osmoregulation in these fish is incomplete. For example, there is some 
evidence that SaZmo gairdnerii is able to survive in freshwater after 
hypophysectomy (Donaldson and McBride, 1967) longer than many 
other fish (Schreibman and Kallman, 1966) indicating that prolactin 
may not be obligatory for the maintenance of plasma osmolarity in these 
fish. On the other hand, we have evidence for the presence of prolactin 
in the pituitary of Oncorh ynchus tschawytscha collected in freshwater 
(Donaldson et at., 1968), and it may be that the 3-month freshwater 
survival of some hypophysectomized SaZmo gairdnerii was a result of only 
a gradual loss of Na+ similar to that which occurs in the goldfish, which 
also has a long, but not indefinite, survival period in freshwater following 
hypophysectomy (Yamazaki and Donaldson, 1968) and in the eel (Maetz 
et aE., 1967). 

e. Effect of Low Temperature on Plasma Constituents. The first 
experiment to determine the effect of cold on teleost plasma was that of 
Platner (1950) who observed a 159% increase in serum Mg2+ in goldfish 
after 60 hr at 0-1°C. Anoxic goldfish at the same temperature showed an 
increase in plasma Mg2+ concentration of 627%. The source of the in- 
creased Mg2+ was probably the red blood cells, Arctic teleosts living in 
deep water have plasma freezing points in the range -0.91" to -1.01". 
The water in which they live has a year round temperature of -1.73", 
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and the plasma is thus in a supercooled state. Arctic teleosts living in 
surface waters on the other hand have plasma freezing points of -0.80' 
to -0.81" in the summer and -1.47" to -1.50' in the winter (Scho- 
lander et al., 1957) (Table XVIII). Thus the plasma osmotic pressure of 
the surface species, which are subject to ice crystal seeding, is raised in 
the winter to prevent the plasma from freezing, while those species 
living in deeper water are not subject to the occurrence of ice seeding. 
Concentrations of Na+, K+, and C1- were found to be elevated in the 
plasma of the cod, Gadus morhua, caught in water below 2" in the 
winter, but this was not observed in cod caught below this temperature 
during the summer months. The data were interpreted to indicate an 
osmotic imbalance in those fish living at low temperatures during the 
winter months ( Woodhead and Woodhead, 1958, 1959). Furthermore, 
these authors proposed that the increased plasma osmotic concentration 
of the arctic surface species examined by Scholander et al. (1957) may 
also have been in a state of osmotic imbalance. Gadus callarias caught 
at - 1.5" in the Bering Sea had a plasma freezing point of 0.797', a value 
which, although higher than the freezing point of plasma in these fish at 
4.5", still indicated a considerable degree of supercooling similar to that 
found by Scholander et al. ( 1957) (Eliassen et al., 1960) (Table XVIII). 
The plasma freezing point of Cottus scorpius was reduced from -0.60' 
at a water temperature of 10" to -0.80' to -0.90" after being kept 6-8 
weeks at -1.5" regardless of the season (Eliassen et al., 1960). These 
authors question the theory that there was a definite temperature 
threshold below which the fish enter a state of osmotic imbalance and 
regarded the uniform response to cold which they observed in each group 
of fish as indicative of an adjustment to a new state of balance (Eliassen 
et al., 1960). 

The winter flounder, Pseudopleuronectes americanus, also showed a 
lowered serum freezing point in cold water and, like the cod, C1- ac- 
counted for a lower percentage of the total plasma osmolarity during the 
winter months than during the summer months (Pearcy, 1961) (Table 
XVIII ) . Thus, organic components in addition to inorganic components 
may be responsible for the lowering of plasma freezing point at low 
temperatures. With this in mind Gordon et al. (1962) returned to Hebron 
Fjord (Scholander et al., 1957) to reinvestigate the problem. After ex- 
amining many plasma components ( Table XVII), these workers con- 
cluded that the antifreeze components of Gadus ogac may be part of the 
nonprotein nitrogen (NPN) fraction, but this was not the case for the 
sculpin, M yxocephalus scorpius. 

f .  Calcium in the Female Teleost. The first data showing a sex dif- 



Table XWII 

Teleostei-the Effect of Low Temperature on Blood Chemistry 

Freeliog point 
depreaSion 

Amino protein sea- water 
Fish Na E Me Ca Cl PO1 NPN Urea N (g%) Unita Plasma water temp. Comments Aathor Date 

Caraariw a w d w  
Caraasiw aurdur 
Gadaariur a w d w  
C a m  ogac 
Gadw agac 

Muwcephalur dompiru 
MyzoupMu. rcorpiw 

Salwlfnw alpinw 

Bortwgadw mi& 

L W  turwri 
Liparir twfoedi 
GpMmnthw trinupi~ 
Icclw tpafula 

mmole.s/liter - - - - -  
- - -  

1.47 - 
0.80 - 
1.50 - 
0.80 - 
0.81 - 
1.02 - 

- 0.97 - 
0.91 - 
0.93 - 
0.96 - 

- 
- 
- 
- 
- 
- 

- 
- 
- 

Platner 20-25 Control 
0-1 Nonaerated - 
0-1 Aerated - 
4 7  Summer. depth 2-6 - 

-1.73 Winter. depth 2-8 meters - 
4 7  Summer. depth 2-6 - 

meters 
4-7 Summer. depth 2-6 - 

metem 
-1.73 Temperature coastant - 

depth 1OO-uw) meters - 1.73 lCO-200 meters - 
-1.73 100-2OOmeters - 
-1.73 100-ZWmeters 
-1.73 100-20Ometers - 

-1.73 Winter. depth 2-8 meters Scholander d al. 

meters 

- 



Gadua eolhriaa 
Gadw caUorior 
Gdiua &ria8 
C@pterua l u m p  
Cydoplerus l u m p  
Anarhichas miwr 
Drepanopdta plolessoidea 
Pseudopleuronedm americana 

216 4.3 
276 6.4 
216 5.5 
246 8.3 
231 5.1 - -  
- -  

127.9 2.74 

188 
178 
162 
218 
165 
195 
210 - 

234 
184 
243 
166 
142 
123 
90 

115.6 

0.55 92.5 14.3 

0.72 289 24.9 
121.5 - 
92.5 - 
71.5 - 

- 
- 
I 

- - -  
- - -  

0.39 - - 

mmoles/kg 0.797 
- 0.693 
- 0.64 
- 0.88 

0.57 
- 0.80 

0.93 
- 1.15 

- 0.63 

- 

- 

mEq/liter 1.25- 
- 0.804 
- 0.940 
- 0.9& 
- 0.82' 

mmoles/liter - 
- - 
- 0.51% 

- -1.5 
4.5 

15.0 
- -1.5 

10.0 
-1.5 
-1.5 

- 
- 

- 
- 
- 
- -  
- -  

-1.75 -1.7 
- -  
- -  
- -  
- -  

21 
3 
4 

- 
- 
- 

- 
- 

Winter, [NaClI = 57% 
of osmotic pressure 

Summer, [NaCIl = 83% 
of orrmotic pressure 

Labrador spring 
New Brunswick spring 
Labrador spring 
New Brunawick s p k  
New Brunswick spring 

800 min immersion 
3 weeks immemion 

- 

Eliasseo d al. 
- 
- 
- 
- 
- 
- 

Pearcy 

- 

Gordon et al. - 
- 
- 
- 

Houston 

Houston and 
Madden 

- 

oi 
a Derived from osmotic pressure. 



Table XIX 

Osteichthyes-Chemistry of Other Body Fluids 

Osmotic 
TMAO PreSBUR 

and Protein Total ( m h /  
Fish and fluid Na K Mg Ca Cl HCOI COI Po1 801 Urea TMA k%) ions Unitg liter) Comments Author Date 

Lophius piacntoriue 
Spinal fluid 
Periwdial fluid 
Perivisceral fluid 
Gadus eaUarias 
Perivisceral fluid 
Periwdial fluid 
Pro&ptmva odhiopicus 
Perivisceral fluid 
Pericardial fluid 
Lophius piamtmiua 
Vitreous M y  
L o p h S a  anurimnus 

Pericardial fluid 

- -  
194 6.4 
197 5.9 
195 6.1 

165 4.6 
163 4.7 

91.0 4.2 
97.0 3.2 

- -  

- -  

- -  
6.0 2.7 
8.2 2.6 
6.8 3.0 

3.1 5.1 
1.0 5.1 

Trace 2.1 
Trace 1.9 

- -  

- -  

- -  

- 
184 
197 
192 

151 
169 

46 
34 

152 

- 

- 

- 
- 

200 4.3 1.7 2.3 187 

- - - -  
7.2 4.7 3.1 

- 8.8 4.4 4.1 

11.0 3.3 - 
7.2 - - 
36.0 1.6 - 

- 
9.0 - 3.2 - 

- - - -  
- 
- 
- - - -  
- 

4.5 1.1 - -  

~ ~ 

mm&/liter 
mmoles/liter 
mmoles/lih 
mmolesfliter 
mmoles/liter 
mmoles/lita 
mmolesfiter 
mmolesfiter 
mmolesfiter 

Mean of Noe. 1.9, 
and 15 

Smith - 
_ 

- 
Smith - 

- 
Demen 

Fmter and 
Berglund 

- 

- 

- 
1930 - 
- 

1937 

1956 

- 



sbndmnw txriicobr 

Aqueous and vitreous humor 

Taulopa uniiis 
Aqueous and vitreoua humor 

Gadw m ~ ~ h u a  
Cranial fluid 
Endolymph 
coltus gmpius 
cranial Euid 
Endolymph 
Salma inideua 
Cranial fluid 
Endolymph 
Sddinw nam& 

Aqueous humor 
Aqueous humor 
Mirneria chdumnac 

Aqueous humor 

- -  
3.2 - 

72.9 - 
3.6 - 

50.8 - 
5.0 - 

72.9 - 

- -  

- -  

- -  

- 3.7 

- 93.5 6.19 
- 127.4 4.79 - - -  

- molesfliter 
- - 
- - 

- molesfliter 

Control 
Diamox 

- 

Davsonand 1960 
Grant - - 
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ference for plasma calcium concentration in the teleost were provided 
by Hess et al. (1928). These workers found a range of 9-12.5 mg % in the 
male cod and 12.7-29 mg % in the female cod. The females showing the 
highest concentrations were those with large mature gonads. A similar 
situation was found in the puffer fish. Pora (1935, 1936e) examined the 
serum of male and female Cyprinus cwpio and Labms bergylta, con- 
firmed the findings of Hess et al., and in addition noted a somewhat 
elevated protein concentration in the female. Estrogen treatment of male 
or female goldfish resulted in an increased serum concentration of non- 
ultrafilterable calcium and phosphorus and in total protein. Some of the 
increased calcium was present as colloidal calcium phosphate, the re- 
mainder was bound to the serum phosphoprotein, vitellin ( Bailey, 1957). 
Estrogenization of maturing sockeye salmon, Oncorhynchus nerka, re- 
sulted in increased serum levels of calcium, protein phosphorous, and 
total protein. Untreated maturing female salmon had higher serum con- 
centrations of calcium and protein phosphorous than maturing male 
salmon (Ho and Vanstone, 1Wl).  Female brook trout, Salvelinus fontin- 
ah, examined between July and May showed a markedly increased total 
serum protein and calcium concentration during the spawning period of 
October to November. Male Salvelinus did not show similar changes 
(Booke, 1964). Oguri and Takada ( 1966) noted a fivefold increase in 
the serum calcium concentration of the snake headfish, Channu argus, 
after injection of estradiol. They also noted an increase in serum calcium 
in the goldfish after injection of estradiol and were able to relate the 
serum calcium concentration in normal female goldfish to the gonado- 
somatic index (Oguri and Takada, 1967). The target tissue in the matur- 
ing female fish which responds to estrogen is the liver which synthesizes 
a calcium phosphoprotein-phospholipid glycolipoprotein complex which 
is then transported via the bloodstream to the developing ova (Urist, 
1964). 

g .  Chemistq of Other Body Fluids. i. Periukceral fluid. The chemical 
composition of this fluid in the Osteichthyes appears only to have been 
examined by Smith (1929b, 1930). In Lophius piscatorius and Gadus 
callarias there were higher carbon dioxide concentrations in perivisceral 
fluid than in plasma indicating a greater alkalinity. In the elasmobranchs 
the reverse was true. Other ions were present in similar concentrations 
to those in the plasma, and only a trace of protein was measured. In the 
lungfish, Protopterms aethiopicus, Smith ( 1930) reported no differences 
between plasma and perivisceral fluid ( Table XIX) . 

ii. Pericardial fluid. This fluid was also found to have a higher carbon 
dioxide content than plasma by Smith (1929b) (Table XIX). The ionic 
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composition of the pericardial fluid of Lophius americanus showed no 
differences from that of plasma which cannot be explained in terms of 
Gibbs-Donnan effect and experimental error ( Forster and Berglund, 
1956) (Table XIX). 

iii. Cranial fluid. This fluid which is collected from the brain case 
was found to be similar in ionic composition to the plasma in Lophius 
piscatorius by Smith ( 1929b) (Table XIX). Enger (1964) examined the 
cranial fluid of three species of teleost and compared it to plasma and 
endolymph. The cranial fluid was similar in composition to the plasma 
in the two marine teleosts examined, but in Salmo irideus there was a 
considerably higher K+ concentration in the cranial fluid (Table XIX), 
The composition of the cerebrospinal fluid does not appear to have been 
investigated in the Osteichthyes. 

iu. Endolymph. This fluid has been isolated from the ear and analyzed 
in three teleosts. In all cases the fluid showed the characteristically high 
K+ concentration found throughout the vertebrates. The endolymph to 
cranial fluid ratio for Na+ in these teleosts was 0.7 and for C1- was 1.0, 
whereas in the elasmobranchs examined the ratios were 1.05 and 1.3, 
respectively ( Enger, 1964) (Tables XV and XVIII). 

u. Eye fluids. The vitreous body of Lophius piscatorius was found to 
have a lower concentration of C1- than that of plasma by Derrien ( 1937), 
while Davson and Grant (1960) reported that a combination of aqueous 
and vitreous humor is hypoosmotic with respect to plasma in both 
Stenotomus uerskolor and Tautoga onitis ( Table XIX) . These findings 
have recently been substantiated by Hoffert and Fromm (1966) who 
found both the osmotic and C1- concentrations were lower in the aqueous 
humor. Treatment with the carbonic anhydrase inhibitor Diamox in- 
creased the C1- and lowered the total carbon dioxide and HC0,- con- 
centrations in the aqueous humor, but the exact role of carbonic anhy- 
drase in aqueous humor formation in the teleost remains to be clarified 
(Hoffert and Fromm, 1966; Maren, 196%). The aqueous humor of the 
coelacanth, Latimeria chalumnue, appears to have a lower urea concen- 
tration and a higher osmolarity than heart blood from the same animal 
(Pickford and Grant, 1967) ( Table XIX). 
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The significance of the kidney in the physiology of fish can be sum- 

(1) In freshwater forms. the kidney functions largely as a water 
marized as follows: 

91 
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excretory device. With rare exceptions, this is accomplished by filtration 
at the renal glomerulus, and implies the presence of suitable cellular 
components to conserve filtered ions and excrete dilute urine. 

(2) In marine teleost forms, the kidney functions chiefly as an excre- 
tory device for magnesium and sulfate ions. In glomerular marine forms 
associated machinery must be present to conserve water, monovalent 
ions, and other filtered plasma constituents. 

(3)  The cartilaginous sharks, skates, and rays, because they are 
hyperosmotic in a marine environment, have combined the principal 
functions of the kidneys of both freshwater and marine bony fishes. 

The marine teleost nephron probably reaches its highest degree of 
specialization in the aglomerular teleosts, which have only two tubular 
segments; together these are capable of accomplishing the e5cient re- 
moval of magnesium and sulfate. Since many fish are euryhaline, this 
implies the presence of kidneys which are able to shift from an emphasis 
on water excretion to an emphasis on divalent ion excretion and water 
conservation. The renal contribution to nitrogenous end product excre- 
tion, though present, is probably of relatively little importance. 

It is evident that increased understanding of the nephrons of lower 
vertebrates has been and will continue to be of great importance in the 
development of our ideas regarding the reIationship between structure 
and function in the nephron of mammals, including man. This is based 
upon observations, such as those developed in this chapter, of homologies 
within the nephrons of lower vertebrates beginning with the hagfish. 
Studies of the functions of these homologous segments are often much 
more readily accomplished in fish than they are in mammals, and model 
systems employing fish nephrons have been of great usefulness in the 
understanding of both normal (Forster, 1961) and abnormal nephron 
physiology (Ginn et al., 1968; Trump and Bulger, 1967, 1968a,b; Trump 
and Ginn, 1968, 1969). This is particularly apparent in the case of the 
specialized aglomerular marine teleosts, which possess only two of the 
segments that have evidently originated in freshwater fish. The kidney’s 
participation in osmotic, and specific ionic regulation and its adaptive 
limitations are also of importance in understanding the total biology of 
fish. This, in turn, is of undoubted significance economically with respect 
to the preservation and management of commercial and sports fisheries. 

Knowledge of the complexity of the nephron as it exists in present- 
day freshwater teleosts and dipnoans, continues to be a useful tool in 
exploring hypotheses of evolution. The homologies within the nephron 
can be readily assessed in varieties of present-day fish, and therefore 
provide morphological and functional markers through which the evolu- 
tion of fish species can be inferred. 
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This chapter represents an attempt to assemble all available informa- 
tion concerning the structure and function of the fish kidney and to 
provide a unifying synthesis for the understanding of this organ’s role 
in body fluid regulation, of specific nephron function in fishes, and of the 
evolutionary significance of regions of the nephron in fishes and higher 
vertebrates. 

We have adopted the classification of Berg (1940) throughout this 
chapter except that we have retained the use of the popular term Tele- 
ostei or “teleosts” to include the higher TeIeostomi ( Actinopterygii) from 
the Clupeiformes to Pegasiformes. 

11. CLASS MYXINI (HAGFISHES) 

The hagfishes are entirely marine and are nearly in osmotic equi- 
librium with their environment. The high body fluid osmolality results 
from high levels of sodium and chloride, as in marine invertebrates, 
rather than from a combined retention of nitrogenous end products and 
electrolytes, as in the elasmobranchs. The plasma is isosmotic or, at most, 
2% hyperosmotic to seawater (Robertson, 1954; McFarland and Mum, 
1958; Morris, 1960, 1965), but its composition differs from seawater in 
all of the major ions. The individual regulation of the plasma ions appears 
to be the principal function of the hagfish kidney, a task probably shared 
by other organs, especially the liver (Rall and Burger, 1967). There is 
no evidence of special ion-transporting cells in the gill epithelium 
( Morris, 1965). 

A. Kidney Morphology 

Adult hagfishes have both a paired anterior pronephros (Fig. 1) and 
a paired mesonephros (Fig. 2). The portion of the kidney between the 
pronephros and mesonephros degenerates during development and the 
two become independent. Atubular glomeruli and aglomerular tubules 
persist in this region. The small pronephric kidneys lie in the walls of 
the pericardial cavity, dorsal to the portal heart and along the dorsolateral 
surface of the gut. Each contains a single, very large, elongate Malpighian 
corpuscle, possibly formed by the fusion of two or three glomeruli and 
their capsules (Conel, 1917; Holmgren, 1950); there is also a separate 
tubular portion ( Fig. 1). Bowman’s capsule does not empty directly into 
the tubules and the tubules have no direct connection to any excretory 
canal, since the WolfEan duct, which in young animals connects the 



Fig. 1. ( a )  Schematic longitudinal section through the pronephric portion of 
the kidney of Eptutretw (Bde-mu) stwti. The glomus is supplied by an 
afferent and drains into an efferent arteriole. Bowman’s space is in communication 
with the pericardial cavity. Bowman’s capsule drains into the primary ureter 
( W R )  which also communicates with the pronephric (cardinal) vein (CV). 
Other ductules form open nephrostornes ( N )  which open into the pericardial 
cavity. Adapted from G. C. Price (1910). (b)  Diagram showing relationships of 
glomeruli and neck in Eptutretus. Two types of nephrons are shown showing direct 
commuuications of the neck with the archinephric duct and others in which the 
archinephric duct extends as a diverticulum toward the glomerulus; C, neck; CW, 
archinephric duct. From Grasd (1954). 
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Fig. 2. Mesonephros of Myxine glutinosa; mesenteric vessels are not shown. Note 
the large renal coquscles (RC) along the medial sides of the archinephric ducts 
(AD). The glomeruli are supplied by short branches from the segmental arteries (SA)  
which in turn arise from the dorsal aorta (DA). The right (Rp)  and left (LP) 
postcardinal veins are connected by bulblike anastomoses ( A). PM, parietal muscle. 
From Fange (1963). 

pronephros and mesonephros, degenerates anteriorly to a thin lumenless 
thread in the adult (Muller, 1875). The function of the pronephros is 
not clear. It may serve in some ionic regulatory capacity, but critical 
experiments have never been performed to examine this possibility. 
Holmgren (1950) and Fange (1963) review other possible functions 
(lymphoid, hemopoetic, and endocrine) that have been attributed to the 
pronephric kidney. 

The mesonephros is considered the true functional kidney of the hag- 
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fishes (Fange, 1963). Each side of the paired mesonephros consists of 
30-35 very large, oval Malpighian corpuscles [averaging 0.68 mm in 
length with some as long as 1.02 mm (Nash, 1931)] arranged segmentally 
on the medial side of an archinephric duct (ureter) (Fig. 2). The glo- 
meruli are composed of widely patent capillaries resembling those of 
glomerular freshwater teleosts. Each Bowman’s capsule is connected to 
the archinephric duct by a short neck lined by flattened epithelium. 
Usually this neck is connected to a diverticulum of the archinephric duct. 
The diverticula and the duct are lined by identical epithelium. 

The cells lining the duct have a well-developed brush border com- 
posed of closely packed microvilli. At the base of the microvilli, coated 
pits are abundant, and the apical cytoplasm contains numerous coated 
and uncoated vesicles and many large apical vacuoles, some of which 
contain a finely granular material (Ericsson, 1967; Ericsson and Trump, 
1969). These are similar to the structures observed in the first proximal 
segment in the higher fishes and resemble those observed in the human 
proximal convolution (Trump and Bulger, 1968a). They presumably 
function in the uptake of materials from the lumen. In the midregion of 
the cell, there are abundant cytoplasmic bodies up to 3 p in diameter 
which represent secondary lysosomes involved with processing of ma- 
terial taken in by endocytosis. The secondary lysosomes correspond to 
the numerous pigmented granules observed in these cells by earlier 
authors ( Gerard, 1943; Fange, 1963; Holmgren, 1950). This pigment 
appears similar to lipofuscin; hence, these structures, at least in part, 
represent residual bodies. Holmgren (1950) asserts that these yellow 
pigment bodies are excreted into the lumen of the tubule. If so, this 
process would be analogous to extrusion of lysosomal contents observed 
in mammalian liver (Bradford et at., 1969) and renal tubular cells 
(Ericsson et al., 1965; GrifXth et al., 1967). The Golgi apparatus and 
endoplasmic reticulum are not prominent, and the mitochondria are 
comparatively small but moderately abundant. The lateral and basilar 
plasmalemmas are formed into small interlocking processes which usually 
do not contain mitochondria. At the base of the cell, the plasmalemma 
is deeply invaginated. The epithelium is deeply folded in the empty 
duct, becoming greatly stretched when the duct is filled with urine. Since 
true nephric tubules are virtually absent, the archinephric ducts of the 
hagfish assume whatever regulatory functions the kidney performs. The 
archinephric ducts open separately into a cloaca. 

The morphology of the archinephric duct epithelium suggests a 
homology with the proximal convoluted tubule of mammals and with 
the first proximal segment of higher fishes (see Table XIII). It also fits 
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into the hypothesis that this type of morphology is related to the presence 
of a glomerulus, and presumably to the presence of filtered materials 
within the tubular fluid. 

The glomeruli are supplied by branches of segmental arteries arising 
from the dorsal aorta (Fig. 2 ) .  The capillary network of the ureters is 
served by the postglomerular circulation and by arteries directly from 
the aorta. There is no portal circulation. Juxtaglomerular cells, evidently 
present in all bony fishes, are reported absent from hagfishes (Sutherland, 
1966; Capreol and Sutherland, 1968). 

Small differences in the anatomy of the kidneys of the two species 
studied experimentally, the Atlantic ( Myxine glutinosu) and Pacific 
[ Eptutretus ( = Polistotremu, Bdellostomu) stouti] hagfishes, are proba- 
bly physiologically unimportant. 

B. Kidney Function 

In spite of its relatively simple morphology, the hagfish mesonephric 
kidney forms urine by the familiar sequence of ultrafiltration of the 
plasma, with subsequent modification of the filtrate in the tubules and 
ducts. The total filtering surface of the glomeruli is larger than in most 
marine teleosts and as large as that of many elasmobranchs and fresh- 
water teleosts of equivalent body size (Nash, 1931). However, the glo- 
merular filtration rate (GFR) of Eptutretus, varying between 0.16 and 
0.41 ml/hr/kg (Munz and McFarland, 1964) is much lower than in 
freshwater fish, probably because of the very low blood pressure (3-9 
mm Hg) in the dorsal aorta (Johansen, 1960). The large filtering surface 
may be of survival value, since these animals have been reported from 
waters of varying salinity (Fange, 1963). The urine is isosmotic or 
slightly hypoosmotic to the blood (Munz and McFarland, 1964; Morris, 
1965). Urine/plasma ( U / P )  ratios for inulin are near unity for both the 
Pacific and Atlantic hagfishes, indicating no net water movement across 
the duct epithelium (Munz and McFarland, 1964; Rall and Burger, 1967). 
While hagfishes are very permeable to water, having only a limited ability 
to regulate their body weight when subjected to osmotic variations in 
their environment ( McFarland and Munz, 1965; Robertson, 1963), little 
water enters from their normal environment and urine flow is low (0.1- 
0.4 ml/hr/kg). 

Since the urine remains isosmotic to the blood, there is no net change 
in total concentration of osmolytes in the urine. Yet the kidney does 
modify the filtrate by the reabsorption and secretion of materials, pri- 



Table I 

Renal Excretion of Plasma Solutes by the Pacific H e h ,  Eptutretus stoutii" 
GFR = 0.307 ml/hr/kg; urine flow = 0.293 ml/hr/kg 

Net Net 
Seawater Serum Urine Quantity Quantity quantity quantity Reabsorbed SOlUte / i iU l in  r 

3 

R 
0.36 1.2 5 

Plrrsms conc. conc. conc. Urine/serum f i l t e r e d b  excreted reabsorbed secreted orsecreted Clearance clearance 
solute (mmole/kp) (mmole/kg) (mmole/kg) ratio bmole/hr) (rmole/hr) (wole/hr) bmole/hr) (%) (ml/hr) ratio 

'd 
sodium 496 570 553 0.97 175 162 13 - 7.4 0.28 0.91 x 
Potsssium 10.3 7.0 11 .o 1.57 2.1 3.2 - 1.1 34 0.46 1.5 
Calcium 10.9 4.5 3.6 0.80 1.4 1.1 0.3 - 21 0.24 0.78 
Magnesium 51.5 12.0 14.7 1.23 3.7 4.3 - 0.6 14 
Chloride 543 547 548 1.00 168 161 7 4.2 0.29 0.94 z 
Sulfate 25.7 0.9 7.3 8.59 0.3 2.1 - 1.8 86 2.3 7.5 
Phosphate 0.0 2.3 8.9 3.91 0.7 2.6 - 1.9 73 1.1 3.6 

5.0 8.8 1.76 1.53 2.93 - 1.4 47.7 0.58 1.9 Urea. - " 
Glucosa - 1.75 0.35 0.2 
PH 7.56 7.80 7.55 

- 

cl m 

0.54 0.102 0.44 81.4 0.058 0.19 +- - 
- - - - - - - - 

~~~~~~ 

a From Munz and McFarland (1964) except 88 noted. 
b Uncorrected for plaama protein binding of electrolyte or Donnan effect. 

From Fhm (1963). Lc 
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marily in the archinephric ducts, although the neck may contribute. As 
shown in Table I, all of the divalent ions, with the possible exception of 
calcium, are concentrated in the urine (Fig. 47a). Potassium is secreted 
and sodium is probably reabsorbed. Chloride is about the same concen- 
tration in plasma as in urine. Urea appears to be actively secreted. Munz 
and McFarland (1964) argue that magnesium, sulfate, phosphate, and 
potassium are transported by independent mechanisms because the ratios 
of their concentrations vary in an apparent random fashion between 
individual urine samples. However, tubular function in the hagfish is 
difficult to evaluate owing to the great variation in time that the forma- 
tive urine remains in the ureters. Micturition is associated with vigorous 
body movements; when active the animal may excrete urine virtually 
unmodified by ion transport activity in the archinephric duct. This may 
account for the large variations in urine ionic composition observed 
( M u m  and McFarland, 1964; Morris, 1965; Rall and Burger, 1!367). 

An average of 80% of the filtered glucose is reabsorbed and the urine 
is occasionally glucose free ( Munz and McFarland, 1964). Glucose excre- 
tion is greatly increased in animals made hyperglycemic (Falkmer and 
Matty, 1966). Unlike the gnathostomous fishes, the hagfish kidney is 
incapable of secreting phenol red and fluorescein (Fange and Krog, 1963; 
Rall and Burger, 1967). This inability for organic acid transport may be 
related to the morphology at the base of the cell where the plasma mem- 
brane invaginations are less complex than those of the mammal or of 
proximal segments of higher fishes; furthermore, the compartments 
formed by the invaginations do not contain mitochondria. 

The ultrastructural characteristics of the cell apex with its membrane 
invaginations and vacuoles implies a role in the uptake of filtered macro- 
molecules as suggested earlier by Gerard (1943). It  has been shown in 
the marine flounder, Pu~ophrys vetulus (Bulger and Trump, 1969b), as 
well as in the rat (Ericsson, 1964), that macromolecules introduced into 
the lumen enter via these apical tubules and vesicles. They are then 
presumably transported to the large secondary lysosomes, where diges- 
tion occurs (Ericsson, 1964). This similarity to the apical morphology 
in the proximal tubules of mammals is also compatible with the demon- 
strated resorptive capacity of the hagfish duct for glucose. 

Thus, while the epithelium of the archinephric duct actively secretes 
certain ions such as magnesium, sulfate, and phosphate and reabsorbs 
glucose, the hagfish certainly has the most ineffective of all vertebrate 
kidneys ( Fig. 47a). However, its regulatory task is correspondingly small, 
and other excretory pathways assist the kidney. In Myxine, magnesium, 
calcium, and phenol red are all excreted by the liver. Rall and Burger 
(1967) found that the magnesium concentration in the bile was nearly 
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twice its concentration in seawater and more than four times its concen- 
tration in plasma. In this primitive fish, the liver may be the locus of 
several specific excretory functions later assumed by the kidney tubules 
of more advanced vertebrates. The well-known slime secretion of hag- 
fishes may also be a primitive ion secretory mechanism, especially for 
potassium (Munz and McFarland, 1964). 

111. CLASS PETROMYZONES (LAMPREYS) 

The patterns of body 3uid regulation in hagfishes and lampreys have 
little in common. Lampreys are believed to employ regulatory mecha- 
nisms similar to those of teleost fishes and the ion composition of the 
blood plasma of lampreys living in freshwater is nearly identical to that 
of freshwater teleosts. However, only the migratory European river 
lamprey, Lampetra ( = Petromyzon) fluuiatilis, has been studied in any 
detail, and only during its spawning migration into freshwater. 

A. Kidney Morphology 

In the lamprey the opisthonephroi are paired, elongate structures 
which lie on either side of the midline, suspended from the dorsal body 
wall by mesenterylike membranes. The archinephric duct runs along the 
free, lateral margin of the kidney. In cross section each kidney is tri- 
angular with rather distinct regions formed by the glomus and tubules. 

The nephrons of adult lampreys are composed of the following 
regions: renal corpuscle, ciliated neck segment, a first proximal segment, 
and a convoluted segment without brush border which ends in the 
archinephric duct (Wheeler, 1899; Regaud and Policard, 1902) ( Fig. 3) .  

In at least some species, including L. fluviatilis, the glomeruli are 
fused into a single large glomus measuring 9 cm in length and 0.25 mm 
in width (Fig. 3). The fusion apparently involves both the capillaries and 
the urinary space. Efferent arterioles drain a sinus at the hilus which is 
supplied by branches of the aorta. There is no renal portal system. Indi- 
vidual nephrons leave the common urinary space and a single cross 
section of the glomus may show 2-6 such neck origins (Fig. 3) .  The 
glomerulus (or glomus) contains capillaries that are widely open as in 
freshwater fish (von Mollendorff, 1930). Capreol and Sutherland ( 1968) 
were unable to find juxtaglomerular cells in the lamprey. 
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Fig. 3. Drawing of a glomus and tubules from the kidney of Lampetru fiuuiatilis. 
Note the large glomus with its afferent arteriole (AA) and several efferent arterioles 
(EA). Three necks ( N )  can be seen to arise from the glomus in this picture. Another 
section of the neck ( N )  appears toward the top. The other tubules are first proximal 
segments (PI). At the left a transition between the ciliated neck and the Grst 
proximal segment can be seen. Various features of the glomerulus such as the 
mesangial region (Me), the capillary endothelium (En) ,  Bowman’s capsule (BC) 
with epithelium ( E p  ), Bowman’s space (BS ), and basement membrane ( BM ) are 
shown. P, peritoneal covering of kidney; C, peritubular capillary. From von MGllen- 
dorff ( 1930), after Krause ( 1923). 

The neck segment is short (200 p )  and straight; in cross section it is 
lined on two sides by tall columnar ciliated cells and on the other two 
sides by cuboidal nonciliated epithelium. This produces a slitlike lumen. 
The cilia originate in groups from the apex; each cilium has its own basal 
body as described below for the flounder, Parophys vetulus. 

The first proximal segment, which has numerous diverticula, resembles 
cytologically the archinephric duct of Myxine glutinosa and the proximal 
tubule of the mammalian kidney (Fig. 3) .  The cells contain numerous 
mitochondria that are concentrated in the basilar region and prominent 
secondary lysosomes in the supranuclear region. Schneider ( 1903 ) has 
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demonstrated uptake and storage of intraperitoneally administered col- 
loidal materials in these lysosomes. 

?he convoluted segment without brush border is smaller in diameter 
than the preceding segment and is lined by a cuboidal epithelium pos- 
sessing few mitochondria (Fig. 3). 

B. Kidney Function 

The fragmentary information on renal function in lampreys in sea- 
water has come from the river lamprey, Lampetm fEuviatiZis, studied after 
the beginning of its spawning migration into freshwater, but before it 
completely loses its ability to osmotically and ionically regulate in sea- 
water (Morris, 1956, 1958, 1960). No studies have been published of 
kidney function in the sea lamprey, Petromyzon marinus, in either the 
marine or the freshwater environments, although the composition of the 
serum of this species during the four phases of its life cycle in the Great 
Lakes has been measured (Urist and Van de Putte, 1967). These authors 
also reported that the sea lamprey can maintain body fluid hypoosmolality 
when held in artificial seawater. 

Prespawning adult river lampreys spend their early life history in 
brackish water estuaries and migrate into rivers in the autumn. After a 
4-6 month residence in freshwater, they spawn and die. The Ammocoete 
larvae develop in freshwater and migrate to brackish water estuaries at 
the time of metamorphosis. At the beginning of the upstream spawning 
migration, adult river lampreys are capable of hypoosmotic regulation in 
50% sea water (seawater 523 mOsm/liter, plasma 307 mOsm/liter) but 
not in full strength seawater (Bahr, 1952; Morris, 1958, 1960). Morris 
found that lampreys drank seawater, but that unlike marine teleosts, the 
gut fluid remained hyperosmotic to the plasma and contained a higher 
chloride content than the plasma. Four specimens drank an average 7.04 
ml/hr/kg, of which 764: was absorbed," Although divalent ions were not 
measured by Morris, the high chloride content of the gut fluid indicated 
that it could not be a divalent ion residue as in marine teleost fishes. 
Magnesium and sulfate, as well as monovalent ions, must have been 
absorbed into the plasma, yet were not excreted by the kidney since urine 
flow was absent or immeasurably low. These experiments clearly indicate 
that river lampreys do not hypoosmotically regulate exactly like marine 

'The absorption of hyperosmotic gut fluid appears to indicate absorption of 
water against an osmotic gradient. However, studies are needed to determine 
whether this may indeed occur, as recently demonstrated in the isolated intestine of 
a euryhaline teleost (Skadhauge and Maetz, 1987) or whether the gut fluid is 
hyperosmotic only in the anterior gut, becoming isosmotic or hypoosmotic posteriorly. 
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teleosts, leaving unanswered the question of where the divalent ions are 
removed from the body. 

Bentley and Follett (1963) found that the injection of blood hyper- 
osmotic NaCl into prespawning river lampreys increased the body sodium 
by nearly 40% but had very little effect on renal excretion of sodium; the 
kidneys continued to reabsorb most of the filtered sodium. When lam- 
preys were placed in hypoosmotic (50-100 mmoles/liter) NaCl solutions, 
the renal excretion of sodium actually decreased because of a significant 
drop in the GFR and urine flow. The animals maintained blood sodium 
homeostasis by readjusting sodium exchange across extrarenal pathways. 
These experiments show that after the river lamprey enters freshwater, 
the kidney functions as a volume regulator and loses whatever ability it 
may have had in the sea to regulate the ionic composition of the blood. 
Until experiments are carried out on lampreys fully adapted to seawater, 
it is not possible to decide whether the kidney of marine lampreys func- 
tions like that of a marine teleost or whether it is essentially nonfunctional 
in sea water, acquiring its definitive role of volume regulation once the 
animal has entered freshwater. 

Lampreys in freshwater are considerably more water permeable than 
are teleosts (Bentley, 1962) and accordingly urine flow is very high. 
Reported estimates for the river lamprey range from 6-17 ml/hr/kg 
( Morris, 1956; Hardisty, 1956; Wikgren, 1953). Morris' ( 1956) value of 
6.5 ml/hr/kg (at  16"-18"C) measured by catheterization of the urinary 
duct is lower and probably closer to normal than those collected by the 
"membrane" method (posterior end of body enclosed within a tube or 
bag sealed to the skin with a tight-fitting membrane). By an indirect 
method ( initial weight loss when transferred to seawater from fresh- 
water), Bull and Morris (1967) obtained a urine flow of 8.25 ml/hr/kg 
for the Ammocoete larva of the brook lamprey, Lampetra planeri. Sawyer 
(from Black, 1957) reported a urine flow rate of 6.6 ml/hr/kg for Petro- 
myzon marinas in freshwater. As in teleost fishes, both the permeability 
of the body surface to water and the urine flow rise with increasing tem- 
perature ( Wikgren, 1953). 

Bentley and Follett (1963) found the tubular water reabsorption to 
be relatively constant at 36% over a wide range of filtration rates, induced 
by exposing the lampreys to different concentrations of medium. This 
linear relationship between GFR and urine flow is indirect evidence, but 
certainly not proof, that urine production is controlled by glomerular 
intermittency rather than by graded filtration. Although lampreys possess 
relatively few large glomeruli, constriction of portions of the segmental 
blood supply or of individual neck segments could control flow in each 
nephron independently. 



Table 11 

Renal Excretion of Sodium, Potassium and Chldride by the River Lamprey, Lampetra jluwiatilis, in Freshwater 
GFR = 11.2 ml/hr/kg; urine flow = 6.5 f 0.4 ml/hr/kga 

~~ ~ ~~ ~ 

Net 
Plasma Urine Quantity quantity Quantity 
c0nc.b conc.o U / P  Hteredd reabsorbed Reabsorbed excreted Clearance 

Electrolyte (mmolekg) (mmole/kg) ratio (pmole/hr) (pmole/hr) (%) (pmole/hr) Clearance ratio 

sodium 119.6 18 0.15 1339 1222 91.2 117 0 .98  0.088 
Potassium 3.21 3 . 7  1.15 35.9 11.9 33.1 24 7 .5  0.67 
Chloride 95.9 0 . 7  0.0073 1074 1069 99.5 4 .6  0.048 0.004 

Glomerular filtration rate calculated from urine flow reported by Morris (1956) and average creatinime U / P  ratio of 1.73, relatively 
constant over a wide range of urine flows, reported by Bentley and Follett (1963). 

li Values from Robertson (1954, p. 430). 
Na and K values from Bentley and Follett (1963), Table I; C1 value from Wikgren (1953). 
Uncorrected for Donnan effect or possible binding of electrolytes by plasma proteins. 
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Table I1 is a composite of data from several sources from which values 
for renal filtration, reabsorption, and excretion of Na, K, and C1 have been 
calculated. While the quantities filtered and excreted are considerably 
greater than in freshwater teleosts (see Table V )  owing to the much 
higher GFR and urine flow in lampreys, the percent reabsorption of each 
electrolyte is not greatly different. Thus the tubular ion reabsorptive 
mechanism is about as effective in lampreys as in teleosts, although more 
ions are excreted by lampreys because of their greater urine production 
(Fig. 47a). Read (1968) found that as in most freshwater teleosts, Pacific 
lampreys ( Entosphenus tridentatus) in freshwater excrete nearly all 
nitrogenous wastes as ammonia, predominantly across the gills. The small 
amount of urea formed in lampreys (less than 1% of the total nitrogen 
excreted) appears to be removed in the urine. 

IV. CLASS ELASMOBRANCHII ( SHARKS AND RAYS ) 

All of the sharks, skates, and rays are substantially (50-100 mOsm/ 
liter) hyperosmotic to seawater. The high osmolality is achieved by 
combining a total blood electrolyte concentration about the same as, or 
a little greater than, that of the marine teleost fishes, with the retention 
of urea and trimethylamine oxide (TMAO) in the blood at concentra- 
tions far above those in any other vertebrate group (H. W. Smith, 1929a, 
1931b; Burger, 1967; Forster, 1967b). Consequently, water enters the 
body by osmosis as it does in freshwater teleosts. Electrolytes also tend to 
enter by diffusion because the concentration of salts in the blood, espe- 
cially Na and C1, is less than in seawater. In this respect, the elasmo- 
branchs resemble marine teleosts. Since water enters osmotically, it is 
freely available for the formation of urine, and the cartilaginous fishes, in 
theory at least, need not drink seawater as must marine teleosts. Supple- 
menting the kidney as a pathway for salt removal is the rectal gland, 
which forms a variable and intermittent secretion of colorless fluid, is- 
osmotic to plasma, lacking any significant amount of urea, and containing 
NaCl at nearly twice its plasma concentration (Burger and Hess, 1960; 
Burger, 1962, 1965). In addition, it has recently been shown that sodium 
is extruded from the head, presumably the gills, of the spiny dogfish, and 
that the sum of sodium efflux through the kidney, rectal gland, and head 
of the dogfish is nearly equal to the unidirectional sodium influx through 
the head (Horowicz and Burger, 1968). This again suggests absence of 
seawater ingestion. 

The freshwater and euryhaline elasmobranchs are much more com- 
monly distributed than is generally recognized. Gunter (1942) notes that 
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so many elasmobranchs penetrate into freshwater that they have been 
distinguished in the German literature as a group, the “Siisszuasser 
Ehmobranehier.” H. W. Smith (1938) lists 52 species of sharks and rays 
that have been collected from freshwater, and the list could probably be 
extended today. Most of the species of elasmobranchs that enter or are 
restricted to freshwater have been recorded only from equatorial rivers, 
perhaps, as Smith suggests, because in these regions the salinity gradient 
between the sea and completely freshwater is very gradual or because of 
the small annual temperature variation. Most of the species studied thus 
far have a blood urea and TMAO content approximately 2545% of the 
level in marine elasmobranchs. This, together with a somewhat lower 
electrolyte content, reduces the total osmolality to about 480-540 mOsm/ 
liter (Goldstein et al., 1968; H. W. Smith, 1931b; Thorson, 1987; Urist, 
1982). However, these species were euryhaline and not permanent 
residents of freshwater. Totally landlocked elasmobranchs, such as the 
stingray, Potumotygon sp., may almost completely lack blood urea 
(Thorson et al., 1967). 

A. Kidney Morphology 

1. GROSS Smucru~~ 

Shark kidneys are long, retroperitoneal strap-shaped bodies which lie 
on either side of the aorta against the dorsal body wall. In the female 
skate, Raja sp., the kidneys consist of thick rounded bodies lying along 
the body wall on each side of the cloaca, and anterior degenerate portions 
composed of brownish tissue lying ventral to the dorsal aorta. In the male 
skate the anterior portions are firm cylindrical bodies lying on either side 
of the mid-dorsal line (Hyman, 1942). 

2. ORGANIZATION OF THE NEPHFION 

The nephrons of the elasmobranchs are typically very long and have 
large glomeruli exceeding 10,OOO mma of glomerular volume per square 
meter of body surface (Nash, 1931). Kempton (1943, 1956) studied the 
kidney of the Atlantic dogfish, Squalus acanthias; we have confirmed his 
findings on Squalus suckleyi, the Pacific dogfish. In Squalw suckleyi, the 
glomeruli are composed of tufts of widely patent capillaries with thin 
mesangial areas. Granulated arteriolar cells ( juxtaglomerular cells ) are 
apparently absent ( BohIe and Walvig, 1964). Some open nephrostomes 
reportedly exist (Hyman, 1942) although they communicate with short 
blind tubes. The nephron consists of the neck segment, 6rst and second 
proximal segments, distal segment, and the collecting duct (Fig. 4) .  The 
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Fig. 4. Scheme of the architecture of the nephron of Squulus acanthias: glo- 
merulus ( G ) ,  neck ( N ) ,  first proximal segment (PI), second proximal segment (PII), 
distal segment (DS), collecting tubule (CT), collecting duct (CD), and open 
nephrostome (Ne) .  From von MdlendorfF ( 1930), after Haller (1902). 

neck segment is long and composed of a small thin-walled tubule, lined 
by low cuboidal epithelium, which is ciliated at the proximal and distal 
ends (Figs. 5a and d)  . Three regions can be identified within the proxi- 
mal tubule of Squalus suckkyi. The initial two represent the first proximal 
segment (Figs. 5a and b). The first region of the first proximal segment 
is the same diameter as the neck, and is lined with a tall cuboidal epi- 
thelium which shows a periodic acid-Schifl (PAS) positive brush border 
( Fig. 5a). It contains numerous, closely packed mitochondria. The second 
region shows a greater diameter, a higher epithelium, and is characterized 
by large numbers of lysosomes in the apical cell region. The second 
proximal segment, which constitutes most of the nephron, is much larger 
in diameter, with tall columnar cells showing a striated appearance result- 
ing from the numerous, closely packed, elongate mitochondria (Figs. 
5a and b). 

The distal tubule, which appears to wrap around the neck region, is 
lined by cuboidal, basophilic cells, without brush border (Figs. 5a-d) . 
The larger collecting ducts, lined by tall columnar cells, have a prominent 
zone of apical mucus granules (Trump, 1968). The nephron of the lesser 
electric ray, Narcine brasiliensk, is similar in all respects to that of 
Squalus acanthias ( Kempton, 1962). 

B. Kidney Function in Marine Elasmobranchs 

1. GLOMERULAR FILTRATION AND THE REABSORPTION 
AND EXCRETION OF WATER 

The elasmobranch kidney has been the object of a series of excellent 
investigations beginning at the close of the nineteenth century (H. W. 
Smith, 1936). Several representatives of the sharks, skates, and rays have 
been studied physiologically, but the spiny dogfish, Squalus acanthias, 
has received by far the most attention. This species holds the distinction 
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Fig. 5. ( a )  Photomicrograph of kidney of the Pacific dogfish, Squalus suckleyi, 
showing first and second parts of first proximal segment (PIA and PIB), distal seg- 
ment (DS),  and second proximal segment (PII) . Note the numerous sections of neck 
( N ) .  PC, peritubular capillary. X280. ( b )  A view adjacent to ( a )  showing glomer- 
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of being the first glomerular fish, and very nearly the first vertebrate, to 
have its glomerular filtration rate measured with inulin (Shannon, 
1934b), the polysaccharide that was to become universally accepted for 
this purpose, replacing xylose, sucrose, and creatinine. 

The rates of glomerular filtration in marine elasmobranchs generally, 
as measured with inulin, range from 0.2 to 12 ml/hr/kg, and average 
about 4.0 ml/hr/kg (Shannon, 193413,1940; W. W. Smith, 1939b; Schmidt- 
Nielsen and Rabinowitz, 1964; Kempton, 1966; Burger, 1967). The GFR is 
much higher than in marine teleosts and approaches that of typical fresh- 
water teleosts. The open glomeruli with their very large filtering surface 
suggest that even these observed rates of filtration in marine elasmo- 
branchs are much lower than the potentially maximal rates. The GFR 
varies considerably and may cease altogether for several hours after the 
fish is handled or catheterized (Clarke and Smith, 1932; Clarke, 1935), in 
notable contrast to marine teleosts which typically respond to handling 
with a diuresis. 

The filtration rate is thought to be controlled by intermittent glomeru- 
lar activity, that is, by the number of glomeruli active at any moment. 
The evidence for intermittent filtration is: (1) inulin clearance is linearly 
related to urine flow (Kempton, 1953, 1966); and (2)  inulin clearance is 
directly associated with the maximal rates of phenol red secretion ( W. W. 
Smith, 1939b; Shannon, 1940; Kempton, 1966). It is not known where the 
regulation of glomerular filtration is located ( afferent arterioles, glomer- 
ular capillaries, or neck segment) or what endocrine factors, if any, are 
responsible. 

Most of the filtered water is reabsorbed. Reported inulin VIP ratios 
range from as low as 1.1 (9% water reabsorption) to as high as 15.0 (93% 
water reabsorption), but typically only 1530% of the filtrate escapes 
reabsorption ( Kempton, 1953; Schmidt-Nielsen and Rabinowitz, 1964). 
The tubular reabsorption of water is closely associated with the reabsorp- 

ulus (G)  with well-vascularized tuft and thin capillar walls. Note the visceral epithe- 
lial cells ( E p ) ,  the endothelial cells ( E n ) ,  and the mesangial cells ( Me). The capillary 
lumen (CL)  contain erythrocytes. Also shown in this picture are the two divisions of 
the first proximal segment PIA and PIB, the second proximal segment (PII), and sec- 
tion of distal segment ( DS ). PC, peritubular capillary. X280. ( c )  Photomicrograph of 
kidney of raffish, Hydrolagus colliei, showing two adjacent glomeruli and surrounding 
tubules. Note the poorly vascularized glomeruli (G and G , )  with very prominent 
mesangial regions (Me). The thin-walled neck ( N ) ,  first (PI )  and second (PII)  
proximal segments are shown. Portions of other glomeruli (G and G,) are shown. DS, 
distal segment. X280. ( d  ) Squalus suckleyi kidney showing highly convoluted neck 
segments ( N )  lined by flattened epithelium intermingled with the distal segment 
(DS) which appears to wrap around the neck region. X280. 
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tion of urea, the most abundant single solute in the filtrate (Kempton, 
1953). Although water reabsorption appears to passively follow the 
active reabsorption of urea especially, there is considerable resistance to 
water movement across the tubular epithelium. The urine of marine 
elasmobranchs is always blood hypoosmotic, generally varying between 
50 and 250 mOsm/liter less concentrated than the blood (H. W. Smith, 
1931b; Burger, 1967). In fact the transtubular osmotic gradient established 
in the marine elasmobranch kidney is nearly as great as, and may even 
exceed, the gradient developed across the tubules of the freshwater 
teleost kidney. Marine elasmobranchs exposed briefly to dilute seawater 
(H. W. Smith, 1931b) or to the stress of handling (Burger, 1965) may 
reduce the urine osmolality even further until the transtubular osmotic 
gradient reaches 500 mOsm/liter. Thus the permeability of the tubules 
can be adjusted, and this capability in combination with adjustments in 
filtration rate, make it possible for the marine elasmobranch to compen- 
sate for variations in water influx across the body surface. 

The forces responsible for keeping the formative urine moving 
through the exceedingly long elasmobranch tubule are unknown. Except 
for the neck segment, most of the nephric tubule lacks numerous cilia. It 
is possible that peristaltic-like contractions of the tubular wall, as has 
been observed in isolated teleost nephrons, is the main propelling force. 

2. ELECTROLYTE EXCRETION 

The evolution of the elasmobranch kidney as a water excretory device 
has created the problem of conserving valuable blood solutes, especially 
salts, filtered by the glomeruli, However, unlike the freshwater teleosts 
which are losing salts across the body surface as well as by renal filtra- 
tion, marine elasmobranchs tend to gain salts from their seawater environ- 
ment, because nearly all of the major electrolytes are more concentrated 
in the sea than in their body fluids (Table 111). Consequently the re- 
quirements of the kidney are better expressed as the critical evaluation 
and regulation of blood electrolytes rather than just efficient retention. 
Predictably then, the elasmobranch kidney can regulate each ion species 
independently, Sodium,. chloride, potassium, and calcium are reabsorbed 
from the filtrate (Fig. 47a). Sodium and chloride are usually reabsorbed 
at nearly equivalent rates with VIP ratios close to one. Burger (1967) 
suggests that the tubular reabsorption of sodium is active, and of chloride, 
passive. He noted that the urine chloride drops to as low as 30 mmoles/ 
liter during infusion of magnesium sulfate or phosphate, and may rise 
to 372 mmoles/liter during infusion of magnesium chloride. This suggests 
that chloride is obligatorily paired with magnesium when the latter is 
present in high concentration. 



Table 111 

Mean Renal Excretion of Ions and Other Solutes by the Spiny Dogfish, Squulua aeanthias, in Seawater" 
GFR = 3.50 ml/hr/kgb; V = 1.15 d/hr/kgb 

~ ~ ~~ __ 

Net Net 
Seawater Plasma Urine Quantity quantity quantity Reabsorbed Quantity Solute 

c0nc.c c0nc.c c0nc.c VIP filtered reabsorbed secreted or secreted excreted Solute clearance 
Solute (mmole/kg) (mmole/kg) (mmole/kg) ratio Gmole/hr) (fimole/hr) hmole/hr) (%) (fimole/brl clearance ratio 

W u m  
Potassium 
Calcium 
Magnesium 
Chloride 
Sulfate 
Phosphatef 
Glucosed 
Urea 
TMAO 
Protein 
pIf 
Osmolality 

440 
9 
10 
50 
490 
25 
0 
0 
0 
0 
0 
8.0 

930 

250 
4 
3.5 
1.2 

0.5 
0.97 

240 

14 
350 
70 
8 
7.48 

lo00 

240 0.96 
2 0.5 
3 0.86 
40 33.3 
240 1 .o 
70 140 
33 34 
3 0.21 

100 0.29 
10 0.14 
- - 

- 5.8 
- 800 

875 
14 
12.3 
4.2 

1.8 
3.4 

84a 

49 
1225 
245 - 

599 
11.7 
8.8 
- 

564 

- 
45.5 

233.5 
1110 

- 
41.8 

78.7 
34.6 

- 

- 

68 
83.5 
71.5 
91 
67 
98 
91 
93 
90.6 
95.3 

276 1.10 0.31 
2.3 0.58 0.17 
3.5 1.0 0.29 
46 38.3 10.94 
276 1.15 0.33 
80.5 161 46.0 
38 39.2 11.20 
3.5 0.25 0.07 

115 0.33 0.09 
11.5 0.16 0.05 
- - - 

a The plasma and urine valuea are taken mostly from Burger (1967) who compiled the averages for this species from a number of sources. Average concentrations 

* Average of all valuea from Table I in Shannon (1940). 
c From Burger (1967) except as noted. 

*From Maren (1967). 

of inorganic solutes in the plasma of other elasmobmncha can be found in Bernard et 02. (1966). 

From Kempton (1953). 

From Clarke and Smith (1932). 

c 
c 
I- 
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The discovery that the rectal gland functions efficiently to lower the 
plasma NaCl concentration (Burger and Hess, 1960) raises the question 
of why sodium and chloride also appear as the dominant solutes in the 
urine of sharks. NaCl loading experiments showed that only the rectal 
gland responded by increasing NaCl excretion; the renal excretion of 
chloride and the urine osmolality were unaffected (Burger, 1965). One 
possible explanation for the presence of sodium and chloride in the 
urine is that they serve together simply as osmotic ballast, which, when 
added to the divalent ions, urea, and the other minor urinary osmolytes, 
spare the kidney of the need to form an exceedingly dilute urine. Were 
sodium and chloride absent from urine, the urine would have an os- 
molality of only 200-250 mOsm/liter. 

Magnesium, sulfate, and phosphate are all actively transported from 
the peritubular blood to the tubular lumen by powerful secretory mecha- 
nisms located in the tubular epithelium (Fig. 47a). In the dogfish, for 
example (Table 111), the clearance ratios exceed 10, indicating that 10 
times more of each of the divalent eIectrolytes is secreted than filtered. 
The magnesium secretory mechanism is normally operating at much 
below its potential since it is capable of transporting far greater amounts 
of magnesium if the dogfish is magnesium loaded (Burger, 1967). Simi- 
larly, phosphate excretion can be approximately doubled by phosphate 
loading ( W. W. Smith, 1939a). 

It is especially interesting that the renal excretion of magnesium and 
sulfate by dogfish may exceed that of marine teleosts. In the marine 
teleosts, these ions are believed to be derived entirely from ingested sea- 
water (Hickman, 1968~). The elasmobranchs, however, reportedly do 
not drink seawater (H.  W. Smith, 1931b; Burger, 1962, 1967) although 
the experimental evidence is not conclusive. Burger ( 1967) has calculated 
that most, or even all, of the magnesium appearing in the urine of unfed 
dogfish could come from internal sources such as tissue reserves mobilized 
during starvation. The presence of a high concentration of phosphate in 
the urine of these animals, which is entirely of endogenous origin during 
starvation, lends support to this possibility. The alternatives are that dog- 
fish drink seawater in amounts sufficient to account for urinary and 
enteric excretion of magnesium and sulfate or that the body surface, in 
particular the gills, is highly permeable to magnesium and sulfate. 
Further work is clearly needed in this area. 

In the dogfish, Squalus acanthias, urine is acidified in the proximal 
region of the tubule (Kempton, 1940). It has been estimated that the 
sum of titratable acid and total amine excretion is about 1.4 mEq/day, 
which is close to the maximal rate of renal excretion for these metabolites 
in this species (Murdaugh and Robin, 1967). The injection of acidic or 
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basic solutions into the blood of dogfish produces acute disturbance of 
the arterial pH but almost no change in the urine pH, which remains 
fixed at about 5.7 (5.4-6.0) (W. W. Smith, 1939a; Hodler et al., 1955). 
However, Cohen (1959) showed that the urine pH rose as high as 6.3 
following administration of trimethylamine which was excreted by net 
tubular secretion. Cohen suggests that the fixed pH of dogfish urine 
results from a limiting electrochemical gradient of about 1.7 pH units 
against which the tubular cell can secrete H+. Despite a nearly inalterable 
H+ concentration, the titratable acidity of the urine varies in proportion 
to the excretion of phosphate (W. W. Smith, 1939a; Hodler et al., 1955), 
which buffers the H+ and allows more to be secreted within the limita- 
tions of the maximal transtubular pH gradient. Hodler et al. (1955) 
found that the intravenous administration of the carbonic anhydrase 
inhibitor acetazolamide (Diamox) did not alter the urine pH, indicating 
that the renal excretion of H+ is not dependent on carbonic anhydrase. 
Compensation for acid-base disturbances is accomplished primarily by 
the gills, which a n  probably excrete H+ and HC0,- directly in addition 
to CO, (Robin and Murdaugh, 1967). 

3. EXCRETION OF UREA AND TMAO 

The single most unique aspect of elasmobranch kidney function is 
the large net tubular reabsorption of urea and TMAO (Fig. 47a). The 
blood urea concentration in sharks averages about 350 mmoles/liter 
( Schmidt-Nielsen and Rabinowitz, 1964; Burger, 1967), but may vary 
over a surprisingly wide range [e.g., 260-764 mmoles/liter in the smooth 
dogfish, Mustelus canis ( Kempton, 1953) 3 .  Most marine elasmobranchs 
seem relatively indifferent to variations in both the urea content and the 
total osmolality of the blood, and this wide tolerance may explain why 
so many elasmobranchs are euryhaline. 

Both urea and TMAO are always reabsorbed against their concentra- 
tion gradient, but neither is completely removed from the urine. Urine/ 
plasma ratios for urea average about 0.3 but may range from 0.07 to 0.89 
in different species or in the same species at different times (H.  W. Smith, 
1931; Clarke and Smith, 1932; Kempton, 1953; Schmidt-Nielsen and 
Rabinowitz, 1964). In S .  acanthias, 90-95% of the filtered urea and 95- 
98% of the filtered TMAO are reabsorbed by the tubules (Forster, 
196713). 

Kempton (1953) studied the relationship between the filtered load 
and the tubular reabsorption of urea in the smooth dogfish, Mustelus 
canis. Both the total urea reabsorption and urea reabsorption per milli- 
liter of filtrate rose as a linear function of plasma urea concentration. Re- 
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Fig. 6. Relationship between the tubular reabsorption of urea from the filtrate 
(ordinate) and the plasma urea concentration (abscissa) in normal smooth dogfish, 
MzrsteZUs cunls. Note that a relatively constant residuum of urea was not reabsorbed 
at all levels of plasma urea concentration observed. From Kempton (1953). 

absorption of urea was somewhat more complete at low plasma levels 
(up to 99% of filtered urea reabsorbed) than at the highest plasma levels 
(as little as 70% reabsorbed) but, as a rule, a relatively constant residuum 
of about 1-2 mg (0.35-0.7 mmoles) urea per milliliter of filtrate was not 
reabsorbed (Fig. 6). There was no evidence of a transport maximum 
(Tm), even at the highest filtered loads. The tubular reabsorption of 
filtered water was more closely associated with the amount (concentra- 
tion) of urea remaining in the urine than with either the absolute or 
percentage reabsorption of urea. 

Thus the reabsorptive mechanism is unlike the transport-maximum- 
limited system for glucose and many other organic constituents; instead 
it appears to be limited by the gradient that can be established across the 
tubular epithelium (Pitts, 1963). The carrier mechanism for urea is not 
inhibited by probenecid given at a concentration sufficient to depress the 
secretion of p-amino hippuric acid (PAH) and its acetylated derivative 
PAAH (Forster and Berglund, 1957; Forster, 1967b). The transport 
spec%city and inhibitor sensitivity characteristics of the elasmobranch 
urea reabsorptive system differ from the urea secretory system of the 
bullfrog (Forster, 1954) indicating that the two mechanisms do not 
utilize identical carrier systems rotated 180' (Forster, 1967b). 

Squalus acanthias exposed to dilute seawater shows a progressive 
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increase in GFR and urine flow (Clarke, 1935; Burger, 1965) which leads 
to decreased concentrations of urea, sodium, and chloride in plasma and 
urine (Smith, 1936). Similar decreases in plasma urea and chloride in 
clearnose skates (Raja eglanteria) in reduced salinities have been re- 
ported (Price and Creaser, 1967; Price, 1967). The plasma urea and 
TMAO concentrations of the lemon shark, Negaprion breuirolstris, suc- 
cessfully adapted to half-strength seawater were reduced to 45 and 40%, 
respectively, of their levels in full-strength seawater (Goldstein et al., 
1968). The decline in plasma urea was caused by an approximate three- 
fold increase in total urea production which remained largely unaffected 
by the salinity change. The increased urea clearance could be the result 
of a physiological diuresis, since the gradient-time limited tubular re- 
absorptive mechanism for urea is compatible with this hypothesis. It is 
also possible that gill permeability to urea (and TMAO) was increased 
in the dilute environment. The data of Goldstein et al. did not permit 
them to choose between these possibilities. 

4. EXCRETION OF ORGANIC ACIDS 

The characteristics of the transport mechanisms for phenol red and 
certain other organic compounds appears to be much the same as those 
described for teleost fishes and higher vertebrates (see p. 189). At low 
plasma levels of phenol red (below 1 mg %) the phenol red/inulin clear- 
ance ratios were as much as 22.5 in the spiny dogfish (W. W. Smith, 
193913) and 25 in the smooth dogfish, Mustelus canis (Kempton, 1966). 
Phenol red secretion increased in proportion to the increase in pIasma 
phenol red concentration and became nearly constant and independent 
of the plasma level at concentration above 4 mg %. The maximum rate of 
secretion was about 0.20 mg of phenol red per milliliter of filtrate. As the 
plasma level of phenol red is elevated, secretion accounts for less, and 
filtration for more, of the total phenol red excreted. Predictably, at very 
high plasma levels (ca. 100 mg W )  the phenol red/inulin ratio drops 
below one, since about 15% of the phenol red is bound to the plasma 
proteins and not filtered (W. W. Smith, 1939b). Hippuran and PAH 
compete with phenol red for a common carrier (W. W. Smith, 1939b; 
Forster et al., 1954). 

Creatinine, a natural excretory product derived from muscle creatine 
and phosphocreatine, is secreted by the renal tubules of Spulus 
wanthim. The normal plasma level in the dogfish is 0.1-0.2 mg W, and 
the urine concentration is 1.0-10.0 mg % (Shannon, 1934a). If exogenous 
creatinine is injected into the musculature, the characteristics of the 
transport mechanism can be studied as the plasma level declines over a 
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period of several days. Shannon (1934a,b, 1940) found the Tm for 
creatinine is 84 mg/ 100 ml glomerular filtrate, a value reached at plasma 
creatinine levels of about 7 mg %. The creatinine/inulin clearance ratio 
decline at plasma levels above 7 mg %, because, as with phenol red, the 
filtered moiety of creatinine makes up an increasingly larger proportion 
of the total excreted as the plasma level rises. Thus, both the phenol red 
and creatinine secretory mechanisms are Tm-limited systems. 

C. Kidney Function in Freshwater Elasmobranchs 

The investigation of Homer Smith and his wife (H. W. Smith, 1931a) 
on freshwater elasmobranchs in the Perak River of what is now Malaysia, 
is today nearly as complete a summarization of our meager knowledge of 
renal function in these forms as it was in 1931. Although the paper has 
been reviewed repeatedly (e.g., Krogh, 1939; Black, 1957; Potts and 
Parry, 1964; Thorson, 1967) the main points are again summarized to 
provide a convenient comparison with renal function in the marine 
elasmobranchs. H. W. Smith (1931a) studied four freshwater elasmo- 
branch species in all, but urine was collected and analyzed from a single 
species, the freshwater sawfish, Pristis microdon. The urine flows reported 
by Smith averaged 10.4 (6.3-19.2) ml/hr/kg (see, however, discussion of 
high urine flows on p. 143). These values are much higher than urine 
flows of normal freshwater teleosts of similar size (Table V).  Glomerular 
filtration rate was not measured but is certain to have been greater than 
the urine flow. 

Urine osmolality was 55 mOsm/liter, 10% of the blood osmolality of 
550 mOsm/liter. Urea was the predominant urine osmolyte (average 14 
mmoles/ liter) ; average concentrations of the urine electrolytes measured 
by Smith were, in mmoles/liter: C1-, 6.3; PO,3-, 6.9; SO,”, 0.3; K’, 2.2; 
Caz+, 1.7; and MgZ+, 1.3. Sodium was not measured, but we should expect 
at least as much sodium as chloride in the urine to balance the larger 
anion total. Sodium, chloride, and urea were reabsorbed against large 
concentration gradients. Urine/ plasma ratios for the divalent ions cannot 
be calculated because plasma analyses were incomplete. However, Smith 
observed that the injection of Na,SO, into the circulation produced a 
large increase in sulfate excretion, the urine concentration rising from 
0.3 to 87 mmoles/liter. This indicates that the freshwater sawfish retains 
the tubular capacity to strongly secrete sulfate (and quite probably other 
divalent ions) in the manner of marine elasmobranchs. 

Except that urea is present in plasma and urine, the overall pattern 
of kidney function, judged from these limited data, is not very different 
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from that of freshwater teleosts. Even more striking is the fundamental 
similarity of kidney function in marine and freshwater elasmobranchs. 
Both are hyperosmotic to their environments. In both habitats, the glo- 
merular filtration rate is high, and urea is largely reabsorbed from the 
urine. Both marine elasmobranchs and their freshwater counterparts re- 
absorb Na’ and C1- against concentration gradients, and both form blood 
hypoosmotic urines. Furthermore, the freshwater elasmobranch kidney 
can apparently secrete divalent ions just as effectively as can the marine 
kidney, when the need arises. Differences in kidney function between the 
freshwater and marine habitats seem to be primarily quantitative rather 
than qualitative, and the invasion of freshwater by elasmobranchs has 
probably not necessitated any renal innovations. As would be expected, 
the rectal glands of freshwater elasmobranchs (Lake Nicaragua sharks) 
are nonfunctional, as evidenced by extensive regressive changes in struc- 
ture (Oguri, 1964). 

V. CLASS HOLOCEPHALI ( CHIMAEROIDS ) 

Although the chimaeroids are frequently included with the sharks 
and rays in the class Chondrichthyes, palaentological evidence suggests 
that they may have evolved separately from placoderm ancestors and 
should be recognized as a separate vertebrate class (Romer, 1966). 

The chimaeroids are isosmotic or slightly hyperosmotic to seawater. 
The total ion concentration of the blood is about 10% higher and the 
urea concentration about 10% lower in the ratfish, Hydrolagus colliei, than 
in elasmobranchs (Urist and Van de Putte, 1967). The presence of a 
rectal gland in the chimaeroids, although structurally “more primitive” 
than in elasmobranchs (Fange and Fugelli, 1962), suggests that the 
general pattern of salt and water balance in Holocephali and Elasmo- 
branchii is fundamentally the same. There are no records of chimaeroids 
collected from habitats of low or variable salinity. We have included a 
description of the morphology of the chimaeroid kidney, although no 
studies of kidney function in this group have been reported. 

Structure of the Kidney and Organization of the Nephron 

In the ratfish, Hydrolagus colliei, the kidney extends from the anterior 
pole of the gonad to a point somewhat caudal to the anus. Six archinephric 
ducts leave the dorsal aspect of the kidney, coursing ventrally along the 
lateral surface between kidney substance and body wall, and in the male, 
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usually emptying separately into the urogenital sinus. The absence of 
hematopoietic tissue in the urogenital system distinguishes the kidney 
of the Holocephali from the Elasmobranchii (H. P. Stanley, 1963). 

The glomeruli are large but have few open capillary lumens. Most of 
their volume is occupied by an extensive mesangial region (Fig. 5c). The 
neck is lined by a very low cuboidal epithelium (Fig. 5c). Two segments 
of the proximal tubule are present (Fig. 5c; Table XIII). The first of 
these regions is lined by cuboidal epithelial cells with pale cytoplasm 
and relatively few mitochondria but with numerous very large lysosomes 
in the cell apices. The second segment, which is much longer, appearing 
to constitute most of the tubular length, is greater in diameter and lined 
by tall columnar epithelium. The cells contain numerous, elongate, closely 
packed mitochondria, oriented perpendicular to the basement membrane. 
The distal segment is much smaller in diameter and is lined by cuboidal 
epithelium with numerous mitochondria which reach from the cell apex 
to its base (Trump, 1968; Fig. 5c), thus the kidney of the ratfish re- 
sembles that of Squalus. The glomeruli, however are less vascular, the 
neck shorter, and the initial proximal segment is less complex. 

VI. CLASS TELEOSTOMI (RAY-FINNED BONY FISHES) 

Although the habitat of origin of the earliest vertebrates is contro- 
versial, evidence indicates that it was probably in the sea. Thus the 
jawless hagfish and lamprey are regarded as modem and highly 
specialized descendents of the early Ostracoderms. While the theater 
of early vertebrate evolution is debated, it is generally accepted that 
the Teleostomi evolved in freshwater. Subsequently many returned 
to the sea, where continued evolution of the more highly specialized 
marine teleosts such as the aglomerular forms presumably occurred. 
Thus the most complex nephrons (those of the dipnoans and freshwater 
spiny-rayed teleosts ) originated in freshwater. The potentials of these 
nephrons were apparently retained or discarded according to the de- 
mands of continued existence in freshwater or saltwater, respectively. 

In the kidney of bony fishes are seen both the highest development 
of basic structural and functional patterns introduced during the evolu- 
tion of the early fishes and the greatest degree of secondary degenerative 
specialization. The freshwater habitat of the early Teleostomi neces- 
sitated hyperosmotic regulation. This was associated with the de- 
velopment of a structurally advanced filtration-reabsorption device, 
having no less than six cytologically distinct tubular regions in addition 
to the renal corpuscle, thus enabling the kidney of the advanced Tele- 
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ostomi to produce the most monovalent ion-free urine of any vertebrate. 
The marine teleosts, which represent the vast majority of the 20,000- 
40,000 living Teleostomi species, have modified this versatile filtration- 
reabsorption system into a tubular divalent ion secretory device. With 
the possible exception of the marine lampreys, for which positive evidence 
is lacking, the marine bony fishes were the first vertebrates to evolve 
hypoosmotic body fluid regulation in the sea by drinking seawater and 
physiologically distilling it. The sea salts thus separated were removed 
by the gills and the kidney. The task of excreting the divalent ion com- 
ponent of these unwanted sea salts by tubular secretion logically devolved 
upon the kidney rather than the gills because the necessary carrier 
systems were already present and operative in the proximal segments of 
the kidney nephrons of all the more primitive fishes. Because the marine 
teleosts do not form a dilute urine, nearly all have lost the distal and 
intermediate segments of the nephron present in the freshwater teleost 
kidney. To eliminate the energy requirement of reabsorbing filtered 
monovalent ions and metabolically valuable organic solutes of the plasma, 
many marine teleosts have reduced the filtration area of the glomeruli and 
some have disposed of renal corpuscles altogether. These parsimonious 
modifications would appear to have headed the marine bony fishes into 
“a blind alley which does not admit of any great evolutionary advance” 
(H. W. Smith, 1953). Paradoxically, however, most of the truly eury- 
haline teleosts belong to marine teleost families, suggesting that the de- 
generative changes evident in the marine teleostean kidney may not be 
as limiting to evolutionary exploration as they appear to be. 

In this section, we shall deal separately with the structure and func- 
tion of the kidney of the present-day freshwater, marine, and true eury- 
haline bony fishes. Since there is no sharp dividing line between steno- 
halinity and euryhalinity, it is frequently difficult to decide into which 
of these three groups certain of the primitive teleosts, especially the ana- 
dromous forms, should be placed. Our decisions have been largely in- 
fluenced by the publications of Gunter (1942, 1956) except that we have 
assigned the two Salmo species for which studies of kidney structure 
and function exist to the freshwater euryhaline rather than to the ana- 
dromous group. 

In Berg’s classification (1940), the class Teleostomi ( = most of 
the Osteichthyes ) is divided into the subclasses Crossopterygii and Acti- 
nopterigii. No information on kidney structure or function in the extant 
Coelacanthi is available (see, however, comments in chapter by Forster 
and Goldstein, this volume, regarding high plasma urea concentrations 
in Latimeria), Contrary to Berg’s scheme, the Actinopterygii are usually 
divided into three groups, the Chondrostei ( paddlefishes and sturgeons), 



Fig. 7. ( a )  Photomicrograph of bluegill, Lepomis macrochirus, kidney showing 
glomerulus (G), first proximal segment (PI) ,  second proximal segment (PI I ) ,  and 
peritubular capillary lumen (CL). X280. ( b )  Bluegill kidney showing transition from 
second proximal segment (PII)  to distal segment (DS). X280. ( c )  Second proximal 
segment from bluegill. X560. ( d )  First proximal segment from bluegill. X560. ( e )  
Distal segment from bluegill. X560. ( f )  Portion of kidney from the alligator gar, 
Lepidostew spatula. Note the glomeruli ( G ) ,  first proximal segment ( P I ) ,  second 
proximal segment (PII), and collecting duct (CD) containing abundant apical mucus 
(free arrow). X280. 
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the Holostei (bowfins and gars), and the Teleostei (higher bony fishes). 
We have retained this older, more familiar classification for the orders 
and families of the Teleostei. Unfortunately, no data on the structure or 
function of the chondrostean kidney are available. 

A. Kidney Structure in the Holostei 

In the alligator gar, Lepidosteus spatula, the kidney is tightly adherent 
to the dorsal body wall, dorsal to the air bladder. The kidney is seg- 
mentally arranged. Glomeruli are relatively large and well-vascularized 
(Fig. 7f). The neck region is short and composed of tightly packed low 
to the dorsal body wall, dorsal to the air bladder. The kidney is seg- 
ment is lined by tall columnar cells with centrally or apically placed 
nuclei and a tall, PAS-positive brush border (Fig. 7f). The second proxi- 
mal segment has a less well developed brush border, tall columnar cells 
with basal nuclei, and numerous mitochondria (Fig. 7f). The ter- 
minal portion of the second segment is smaller, but the cells are similar 
in appearance. The collecting tubule cells and collecting ducts are lined 
by a tall cubuidal cell with very prominent, PAS-positive apical mucus 
granules (Trump, 19%) (Fig. 7f). Some open nephrostomes are said to 
be present ( Lagler et  al., 19s2). 

B. Kidney Structure in the Teleostei 

1. GROSS STRUCTURE OF THE KIDNEY 

The marine teleost kidney is generally divided into two portions, 
the head kidney and the trunk kidney, although in many cases these 
regions cannot be distinguished by external examination. Generally 
there are no conspicuous differences in shape between the two sexes. 
Ogawa (1961a) has classified the marine teleostean kidney into five con- 
figurational classes ( Fig. 8) .  

Type I: The two sides of the kidney are completely fused through- 
out; no clear distinction between trunk and head kidney. An example is 
the Clupeidae (herrings ) . 

Type 11: The middle and posterior portions only are fused; clear 
distinction between head and trunk kidney. Examples are the Plotosidae 
(marine catfishes) and Anguillidae (eels). 

Type 111: Posterior portion only is fused; anterior portion represented 
by two slender branches; clear distinction between head and trunk. Most 
marine fishes have this type of kidney, Examples are the Belonidae (bill 
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Fig, 8. Five configurational types of marine teleostean kidneys. See text for 
explanation. From Ogawa (1962). 

fishes), Scopelidae (lantern fishes), Mugilidae (mullets), Scombridae 
(mackerels), Carangidae (pompanos and sacks), Cottidae (sculpins and 
sea ravens ) , and Pleuronectidae ( flounders ) . 

Type IV: Extreme posterior portion only is fused; the head kidney 
is not recognizable. An example is the Synganthidae (sea horses and pipe 
fish). 

Type V: The two kidneys are completely separate. An example is 
the Lophiidae ( anglers ) . 

Ogawa (19f31a) has observed that all of the freshwater teleosts species 
species that he examined can be grouped into the first three of the five 
groups described above (Fig. 8). Examples are as follows: Type I, the 
Salmonidae (salmon and trout); Type 11, Cyprinidae (carps and min- 
nows); and Type 111, Cyprinodontidae (killifishes), Gasterosteidae (stick- 
lebacks), and Cottidae (sculpins). 

Kerr (1919) asserted that since the posterior definitive kidney of all 
gnathostomous fishes is derived from the entire caudal portion of the 
nephrotomic plate, it should be called an opisthonephros, representing 
both the embryonic mesonephros plus the caudal nephrogenic material 
which in higher vertebrates forms the metanephros. 

Generally, the head kidney consists of lymphoid, hematopoietic, inter- 
renal, and chroma5n ( suprarenal) tissue. Variable amounts of hemato- 
poetic and pigment cells are distributed among the tubules and vascular 
spaces in the trunk kidney (Figs. 14 and 28a). The corpuscles of Stannius 
are usually located on the dorsal side of the middle to posterior part of 
the kidney. Scattered throughout the renal parenchyma are many nerves 
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Fig. 9. Various patterns of venous supply in the trunk kidney of teleosts: ( a )  
Barbus fluuiatilis (minnow), ( b )  Squulus cephalus (shark), ( c )  Anguilla anguillu 
(uulgaris) (European eel), and ( d )  Cepola rubescens (marine band fish). Note that 
in the freshwater from Burbus fluviutilis there is no renal portal system. VP, parietal 
vein; RV, renal vein; and VC, caudal vein forming renal portal system in ( b ) ,  ( c ) ,  
and ( d ) .  From Audigh (1910). 

which are largely nonmyelinated; large nerve cell bodies are generally 
scattered alongside the nerve bundles (Bulger and Trump, 1968). 

The two archinephric ducts always fuse; this fusion may occur at the 
posterior end of the kidney or at some point between the kidney and 
the urinary papilla. Dilations of the archinephric duct may form a 
bladderlike enlargement ( “urinary bladder”) where storage and modi- 
fication of the urine can occur. 

Arterial blood to the kidney is supplied by direct renal arteries aris- 
ing from the dorsal aorta or by renal branches from segmental arteries. 
In glomerular forms these give rise to afferent arterioles which supply 
the glomerular capillaries which in turn drain into efferent arterioles; 
these break up into a network of sinusoids and peritubular capillaries. In 
marine, and probably all euryhaline teleosts, the peritubular capillaries 
also receive blood from various combinations of branches from the caudal 
and/or segmental veins, constituting a renal portal system. There are also 
various arrangements of drainage of renal blood into tributaries of the 
posterior cardinal vein (Fig. 9). 



Table IV 

The Nepbon of Teleost Fishes 

Proximal Proximal Intermediate Distal Collecting 
Habitat Glomerulue Neck segment I segment 11 segment 6egment tubule Family and specie@ 

Marine + + + 
+ + + 

Freehwater + + + + + + + Cyprinidae: Carauaius aurutus (goldfish),s~W~*m Danw 
malahariew (great danio),s.%n Centrarchidae: 
Lepomis macrochirua (bluegill)'S 

Platypoecilua maculatw, (red moon platy),4~= 
Xiphophorus helleri (swordtail)'*n 

barbw (skincarp)," Pseudorauhora parua 
(iihioroko) ," Misgurnaus anguillieaudatw (loach) ," 
Ptychocheilus oregowense (squawfish),'o Ictaluridae: 
Zetolurus (Ameiurua) naidis (bullhesd),'g Ophio- 
cephalidae: Ophiocephalus (Channua) wgu8," Cen- 
trarchidae: Microptern salmides (largemouth baea)'g 

Congridae: Anago anago (marine ee lP  

Muraenidae: Gymwthoraz kidado (moray)." Muraena 
helena (moray),aJ Gadidae: Merluccius vulgaria 
(hake),:.' Atherinidae: Alher iw presbyter (silver- 
side),',' Sphyaena  pinguia (red barracuda),*J 
Serranidae: Theropon ozyhynehus (grunt)," 
Sillagimidae: Sillitgo shihama,lS Labwcogloeaidae: 
Labrumglossa argentiventris," Carangidaeu: Caranz 
delicatissirnu (mackeral),u Menidae: Coryphuena 
hippurus (dolphin).*7 Pomadasydae: Parapriatipomo 
trilineatum.17 Lethrimidae: Gymnocranius wiseus (sea 
bream)," Sparidae: Chrysophrgs muior (snapper)," 
Mullidae: U p e w w  bensasi (red mullet).ls Pempher- 
idae: Pempheria macrolepidotua,l' Scorpidse: Ditremu 
temminchii (surffish)," Embiotocidae: Cymatoguster 

+ + + + 0 + + Siluridae: ParasiZuria auotw (mudfish)," Poeciliidae: 

+ + + + ? + + Cyprinidae: Cyyrinus carpi0 (carp).'9 Hemibarbus 

+ + t + Plotosidae: Plotoatu, atlguillaris (ocean catfish).'s 

+ -t I )  + Ophichthyidae: Ophdsurua macrorynchw (snake eel),n 



0 0 0 

035.35 

Catadromous + + + 
Anadromous + + + 
True euryhaline, + + + 

marine 

+ + + 

True euryhaline. + + + 
+ + + 

freshwater 

+ 0 0 

aggregata (shiner seaperch)," Labridae: Semicossy- 
phus reticulatus (cunner or rvrass).'7 Blennidae25: 
Salarias enosimae (pickleback),'j Brotulidae: Brotula 
multibarbata (brotula)," Scombridae: Thynnus 
orientalis (tuna)." Histiophoridae: Makaira marlina 
(marlin)," Gobiidae: Acanthogobzirs fiauimonus 
(gohy),'S Cottidae: Myozocephalus octodecimspinosus 
(longhorn sculpin),'.6 Trachinidae: Trachinus uipera 
(weever fish).2,3 Pleuronectidae: Parophrys uetulas 
(English sole),'.zQ Ostraciidae: Ostracion tuberculatus 
(trunk fish),'5 Tetradontidae: Canthiouster riuulatus 
( ~ u l i e r ) ' ~  

idae23.26: Hippocampus coronatus (sea horse),l5 
Syngnathus schlegeli (pipefi~h).'~ Batrachoididae: 
Opsauus tau (toadfish)." Porichthys notatus (mid- 
shipman),'S Lophiidae: Lophius americauus 
(piscatorius) (goosefish),3,12,27 Antennariidae: Histrio 
(Pterophryne) histrio (mouse fish)? 

Callyonymidaezs: Callyonymous (dragonet),z Cottidae? 
Cottus sp. (sculpin).2 Agonidae25: Aspidophoroides sp. 
(sea poacher),Z Scorpaeuidae: Scorpaena scrofa,3.4 
Tetradontidaezs: Tetrodon (puffer).'o DiodontidaeZB: 
Diodon (porcupine fish),'O Gobiesocidae2s: Lepado- 
gaster sp. (clingfish),J.g Oncocephalidae: Oncocephalus 
(batfish)'g 

Anguilla vulgaris (European ee1)5,3? 

salmon)l3.'J 

Bounder).'* Platichthys stellatus (starry flounder),'%a4 
Cottidae: Leptocottw armatus (armored sculpin)'%a4 + 0 0 + Cyprinodontidae: Fundu lw heteroclitus (killifish),4.5 
Gasterosteidae: Gasterosteus muleatus (threespine 
stickleback)*6.'9 

Salmo trutta (brown trout)'gJ$ 

H 

E 
B 
3 

+ Saccopharyngidae: Gastrostomus bairdi," Synguath- 

+ + + + Anguillidae: Anguilla rostrata (American eel)8,31.32 

+ 0 + + Salmonidae: Oncorhynchus gorbuscha (Pacific pink 

+ 0 + + Pleuronectidae: Paralichthys Zethostigma (southern 

+ + + + Salmonidae: Salmo gairdnerii (rainbow trout)W* 

+ 0 + + Cyprinodontidae: Oryzias latipes (medaka)"JS 
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Referenoes and footnotes. 2- 

Table IV (Continued) 

1. Bulger and Trump (1968). 2. Edwards (1928). 3. Edwards (1930). 4. Edwards (1935). 5. Edwards and Schnitter (1933). 6. Gra& (1937a). 7. Gra& 
(1937b). 8. Gra& (19370). 9. Guitel (1906). 10. Hyrtl (1850) cited by Edwards (1928). 11. Marshall (1929). 12. Marshall and GraBBin (1928). 13. Newatead 
and Ford (1960). 14. Ogawa (1961b). 15. Ogawa (1962). 16. Ogawa (1968b). 17. Ogawa (196Ea). 18. H. W. Smith (1953). 19. Trump (1968). 20. Ogawa states 
that an intermediate segment is absent in the Crucian carp. Carcrsaius auratus, and rare in the goldfish variety of this speciea. 21. Pro- Begment I1 contains 
mucus in cell apex. 23. Nine genera and 18 species of this family have been examined by Marsball and Smith (1930). Ogawa (1962). 
and Ogawa (1968a); all are aglomerular. 25. Although Edwards 
lists species of Cottidae, Gobiidae. Ble~midae, Agonidae, and Callyonymidae as aglomerular and cites Guitel(19oe), this hss not been confirmed by Marshall (1929). 
26. Four other species of this family listed as aglomerular by Guitel (1906). 28. Marshall (1929) states that the aglomerular nature 
of Diodon and Tetradon cannot be documented. 29. In this nephron, the most extensively studied of any marine teleost, a third proximal segment which appears 
to  represent a apeciabation of the terminal second segment was described (Bulger and Trump, 1968). 30. Ogawa (1962) lists additional apeciea from several of 
the familiea listed in this table. 33. 
Preeence or absence of intermediate segment not 8tated by author. 34. Positive proof of p-ce of distal tubule can be determined only by electron microscope 
examination; this hss been done only for PardkIJhys Zethost&na. 35. Fiah in this group are reported aa aglomerular; no information on the structure of the nephric 
tubule is given. 

' 
22. Neck segment lacks cilia. 

24. Five other species of this family studied by Ogawa (1962,1968a) have similar kidney atructuras. 

27. Occaeional glomeruli found. z " 

3 : 31. Double glomeruli sharing common capsular apace often seen. 32. The terminal portion of the proximal segment is ciliatad. 

36. Two freahwater Syngnathidae have been reported: Microphia baja (Grafftin. 1937b) and SylgMLhvs nigrolineatus (Lozovik. 1963). 

Q 
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Most freshwater teleosts appear to lack a true renal portal system 
(Moore, 1933) (Fig. 9). In many, the large caudal vein is continued 
through or above the kidney to become the right posterior cardinal vein. 
This vessel may receive veins from the kidney as it passes through but 
does not itself break up into venous sinusoids. The left posterior cardinal 
is usually much smaller than the right and drains only the left cephalic 
portion of the kidney (von MollendorfF, 1930; Moore, 1933; Gerard, 
1954). In certain freshwater groups, for example, the perches (Percidae) 
and the pikes (Esocidae), some of the segmental veins from the body 
wall drain into the kidney capillary network, giving anatomical evidence 
of the existence of at least a partial renal portal system (Moore, 1933). 

2. STRUCTURE OF THE FRESHWATER GLOMERULAR NEPHRON 

a. Orgunizatim o j  the Nephrm. The typical freshwater teleost neph- 
ron is composed of the following regions: (1)  a renal corpuscle con- 
taining a well-vascularized glomerulus with an inconspicuous mesangium, 
(2) a ciliated neck region of variable length, (3) an initial proximal 
segment with prominent brush border and numerous prominent lyso- 
somes, ( 4 )  a second proximal segment with numerous mitochondria but 
a less well developed brush border, ( 5 )  a narrow ciliated intermediate 
segment which is variably present, (6)  a distal segment with relatively 
clear cells and elongate mitochondria, and (7) a collecting duct system 
(Table IV) . 

b. The Nephron of the Bluegill, L e p o d s  macrochirus. Our original 
observations on the structure of the bluegill kidney are summarized in 
the figure legends: renal corpuscle and neck, Fig. 10; first proximal seg- 
ment, Fig. 11; second proximal segment, Fig. 12; intermediate and distal 
segments, Fig. 13; and collecting tubule, Fig 13. 

c. Original Observations on Other Freshwater Species. The plan of 
the nephron of the carp, Cyprinus carpio (Figs. 14a and b) ,  is very 
similar to that of the bluegill. The relatively avascular gIomeruli are 
smaller and the neck segment is thin and long; fewer lysosomes are pres- 
ent in the tubular cells. The intermediate segment is ciliated and well 
developed. Goblet cells are numerous in the collecting ducts. 

In the yellow bullhead, Zctalurus natalis (Figs. 14c and d) ,  the 
nephrons are characterized by large vascular glomeruli which are at 
least twice the diameter of the largest tubules. The neck is extremely 
long, provided with long cilia, and is lined by columnar epithelium which 
is only faintly eosinophilic. The first proximal segment is characterized 
by extremely large lysosomes consisting of eosinophilic droplets which 
extend to the apical cytoplasm. These were the largest such lysosomes 
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Fig. 10. Part of glomerulus from the bluegill. In this freshwater teleost, the 
glomerular capillary walls are very thin as can be seen in the upper left. It consists 
only of the epithelial cell processes ( Ep), lamina densa ( LD), and the capillary 
endothelium (En) ,  which is quite thin. Mesangial cells (Me) are seen mainly near 
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observed in any of the species examined. The distal segment is also un- 
usual in that it is lined by tall, dome-shaped cells with numerous mito- 
chondria and extremely basophilic intercalated cells of uncertain signifi- 
cance. The second proximal segment and the collecting duct system are 
similar to those described for the bluegill. 

In the largemouth black bass, Micropterms salmoides, the nephrons 
are basically similar to that described for the bluegill. Glomeruli are 
large and vascular, with widely patent capillary lumens. The neck is short, 
and the first part of the proximal tubule has occasional supranuclear lyso- 
somes in a well-developed brush border. The terminal part of the second 
proximal segment has a smaller diameter with a very tiny lumen, and 
probably corresponds to the intermediate segment. There is only a small 
amount of interstitial hematopoietic tissue. 

In  the northern squawfish, Ptychocheilus oregonense, the neck re- 
gion is composed of tightly packed basophilic cells and is short with 
long cilia. The first proximal segment has elongate mitochondria with 
a prominent brush border, and the second segment is similar to those 
described in other freshwater teleosts above. The apical region of the 
neck segment contains numerous PAS-positive granules. The main por- 
tions of the proximal and distal segments appear similar to those described 
in typical freshwater fish. A definite intermedial segment was not ob- 
served. There was a large amount of interstitial hematopoietic tissue. 

Reported studies of kidney structure in freshwater teleosts include 
those of Edwards and Schnitter ( 1933), Edwards (1935), Moore (1933), 
and Ogawa (1961b, 1!362). 

d .  Comparison of Nephrons of Freshwater Fish. The various segments 
that have been reported in the nephrons of freshwater teleosts are sum- 
marized in Table IV. It is apparent from this table that the basic archi- 
tecture of the nephron is similar in all species studied. Measurements 
of glomerular size and total filtration surface (Marshall and Smith, 1930; 
Nash, 1931; Ogawa, 1962) strongly indicate that the filtration surface 
expressed per square meter of body surface is significantly greater in 
freshwater forms (compare Figs. 14c and 26b). There are, however, ex- 
ceptions to this general rule. Some overlap exists at the lower limit of 
freshwater fish and the upper limit of marine teleosts. Examples of 

the hilar region. Erythrocytes ( E  ) are found within the capillary lumen (CL). At 
the hilus of the glomerulus, the afferent arteriole exhibits prominent PAS-positive 
granulated cells. In the neck region the thin parietal epithelium is continuous with 
that of the neck region which is composed of low, ciliated, closely packed cuboidal 
cells (not shown in this micrograph). The neck segment cells are quite basophilic 
and cilia extend well into the initial proximal segment. BS, Bowman’s space; MM, 
mesangial matrix. X6750. 
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Fig. 11. First proximal segment near the neck region in the bluegill. Note the 
numerous cilia in the tubular lumen. Most of them probably extend from the adjacent 
neck region. In this transitional region from the neck, the first segment is low; how- 
ever, the cell apex contains an abundance of apical tubules (AT).  Note also the 
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these include goldfish, Carassius auratus, and Copeina guttata. Moore 
(1933) has made the interesting observation that in the smallmouth bass, 
Micropterus dolomieu, the glomeruli may exist as giant compound 
glomeruli supplying up to 20 nephrons. This situation does not exist in 
the closely related largemouth bass, Micropterus salmoides ( Trump, 
1968). Nash (1931) observed that in both marine and freshwater teleosts 
the size of the glomeruli and the filtration area tend to increase with the 
size of the fish, but not proportionately. 

Because of the variability of the refinement of studies reported in the 
literature, it is difficult to be certain about the precise morphology of 
these various nephrons. The chief points of difference that are reported 
in the literature and that are apparent from our own observations in- 
volve the neck segment, the intermediate segment, and the distal seg- 
ment, Variation in the length of the neck segment and variation in the 
number of cilia in this region are apparent. Some freshwater teleosts have 
very short, inconspicuous necks; in others they are extremely long. Even 
more variation appears to involve the intermediate segment which has 
variously been reported as being present or absent, and in some instances 
no mention of this segment has been made. It seems, however, that the 
intermediate segment can best be regarded in some species as a special- 
ization of the terminal end of the second part of the proximal tubule 
(Fig. 14b). In some species the caliber of the lumen and the diameter of 
the tubule appear to be reduced, whereas in others this is not the case. 
Further detailed studies will be necessary in order to fully assess the 
cytological characteristics and the presence or absence of this segment 
in freshwater teleosts. I t  should also be noted that even in some species 
such as the goldfish, in which the intermediate segment is reported as 
present by some investigators, Ogawa (1962) has stated that it varies in 
different nephrons and that in fact the presence of this segment is rare. 

Other differences among species involve the presence in some species 
such as the minnow, Danio malabaricus, of prominent mucus secretion 
in the cell apices of the second part of the proximal tubule. The kidney 
tubules of sexually mature male sticklebacks, Gasterasteus acuzeatus, se- 
crete a mucus which is used to glue together algal filaments in the con- 
struction of nests. The mucus is probably produced by the cells of the 

complex images formed by the parallel plasmalemma infoldings from the cell base 
(free arrows). Note the well-developed brush border (BB) with numerous cilia. 
The transition from the neck segment is abrupt, and the cells of the first proximal 
segment are moderately eosinophilic with numerous large supranuclear lysosomes. 
The cell apex, with its numerous apical tubules, is similar to that of the proximal 
segments of marine and euryhaline teleosts and the archnephric duct of the hagfish. 
BM, basement membrane. X11,250. 
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Fig. 12. Second proximal segment from the bluegill. The brush border ( B B )  
appears at the top of the picture, the capillary lumen (CL) at the bottom. Note the 
junctional complexes (JC), the Golgi apparatus (Go), lysosomes ( Ly ), nucleus 
( N ) ,  and infoldings from basilar plasmalemma (free arrow). This segment is 
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second proximal segment which increase to three to four times their 
former height and accumulate secretory granules. Distinctive, clear, 
mucus-secreting cells also appear at this time. Female sticklebacks, which 
take no part in the nest building, do not show these changes in kidney 
structure (Courrier, 1922; Wai and Hoar, 1963; Ogawa, 1968b). 

3. STRUCTURF. OF THE FRESHWATER AGLOMERULAR NEPHRON 

Information concerning aglomerular freshwater teleosts is scanty. 
Grafflin (193%) and H. W. Smith (1932) have studied two specimens of 
Microphis boaja Bleeker. The nephron appears to consist of only two 
regions, one which appears to represent the second proximal segment in 
freshwater teleosts, and a collecting duct system. Grafflin (1937b) also 
studied a specimen of an unidentified Microphis species and observed at 
least two segments in addition to the collecting duct. Unfortunately, how- 
ever, his study was incomplete and the significance of this finding is not 
clear. Although Microphis boaja is found in Malaysia, the Syngnathidae 
also have representatives in Panama which occasionally may be found in 
brackish or freshwater streams. Thus the nephron of Microphis boaia 
appears entirely comparable to the marine aglomerular teleost nephron 
described below, Lozovik (1963) states that representatives of the 
Syngnathidae live in low salinities in the Black Sea; one species (Syngna- 
thus nigrulineatus ) reportedly enters fresh water. 

4. STRUCTURE OF THE MARINE GLOMERULAR NEPHRON 

a. Organization of the Nephron. A typical nephron of a marine glo- 
merular teleost consists of the following regions: (1 )  a renal corpuscle 
containing the glomerulus; (2 )  a neck segment of variable length; ( 3 )  
two or three proximal segments which constitute the major portion 
of the nephron (the fist of these is similar at the ultrastructural level 
to the proximal tubules of mammals); (4) a variably present intermediate 
segment between the first and second proximal segments; (5) collect- 
ing tubule; and ( 6 )  collecting duct system (Table IV).  In the older 
literature, the entire brush border region is often referred to as the 
proximal tubule and compared in its entirety with the proximal convolu- 
tion of mammals. We wish to emphasize that this may lead to erroneous 

greater in diameter than the first proximal segment and is intensely eosinophilic as a 
result of the numerous large mitochondria. The apex of the cell is markedly different 
from that of the first segment since it does not contain the typical apical tubules; 
instead the apex contains smooth- and rough-surfaced profiles of endoplasmic re- 
ticulum. X11,250. 
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Fig. 13. Distal segment from the bluegill showing the general intracellular rela- 
tionships. The tubular lumen containing a cluster of cilia (Ci) possibly derived from 
adjacent intermediate segment appear at the top of the picture and the basement 
membrane (BM) toward the bottom. Note the disposition of mitochondria, Colgi 
apparatus (Go),  endoplasmic reticulum (ER),  and nuclei ( N ) .  Lateral cell mem- 
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conclusions since only the &st proximal segment is similar to the mam- 
malian proximal convolution. 

As described above under freshwater teleosts the presence or absence 
of a distal segment is difficult to establish with certainty by light micros- 
copy. Of approximately 100 species reported in the literature and 
studied by us, however, only two, the marine catfish, Pldmus anguilluds 
(Ogawa, 1962), and the marine eel, Anugo anugo (Ogawa, 1968a) , have 
been reported to show a distal segment (Table IV). Plotosus sp., how- 
ever, are reported to enter brackish water (Ong, 1968). Also of interest 
is the description by Edwards (1935) of a ciliated narrow segment be- 
tween the first and second proximal segments in the Moray eel, Muraem 
helena. This, however, appears to represent a specialization of the ter- 
minal end of the first proximal segment and accordingIy differs from the 
so-called intermediate segment described in the freshwater teleosts. The 
frequency of occurrence of such a region among marine teleosts can- 
not be stated presently. 

b. The Nephron of the ,English Sole, Parophys uetulus. A detailed 
analysis has been made of the nephron of Parophys uetulus, the most 
extensively studied of any marine teleost nephron (Trump and Bulger, 
1967; Bulger and Trump, 1968, 1969a). Each segment in the nephron of 
Parophys vetulus is shown in Figs. 16-22, and the characteristics of each 
segment are summarized in the figure legends. A schematic representa- 
tion of a teleost glomerulus is shown in Fig. 15. 

5. STRUCTURE OF THE MARINE AGLOMERULAR NEPHRON 
A review of the literature indicates that aglomerular fish occur in 6 

families, 13 genera, and 23 species of marine teleosts (Table IV). Several 

branes of the central cell can be seen and are somewhat irregular in this plane of 
section. A junctional complex (JC) occurs adjacent to the tubular lumen. This seg- 
ment thus resembles the distal tubule of the amphibian. By light microscopy cells of 
the bluegill distal segment are less eosinophilic than cells of the proximal segment, and 
contain centrally placed nuclei, elongate, large, closely packed mitochondria, and very 
few lysosomes. The cilia seen within the lumen probably are derived in part from the 
preceding intermediate segment which occurs between the second proximal segment 
and the distal segment. The intermediate segment is lined with a low cuboidal 
epithelium and has an inconspicuous brush border. The morphology is otherwise simi- 
lar to that of the second portion of the proximal segment. It presumably corresponds 
to the intermediate segments described by Edwards and Schnitter (1933) and 
Ogawa (1961b) in goldfish. The initial collecting duct, which follows the distal seg- 
ment, is larger and lined by tall columnar cells with basilar nuclei. In the larger 
secondary and tertiary collecting ducts, the cells become taller and eventually, in 
the larger ducts, become pseudostratified. These cells often show prominent apical 
mucous granules and PAS-positive goblet cells. The largest ducts are surrounded by 
one or more complete layers of smooth muscle and show occasional wandering or 
intercalated cells. X8550. 
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Fig. 14. ( a )  Portion of kidney from carp, Cyprinus carpio, showing glomeruli 
( G ) ,  beginning of neck segments ( N ) ,  first proximal segments (PI) ,  second proximal 
segments (PII), and collecting tubules ( C ) .  IH, interstitial hematopoietic tissue. 
X280. (b)  Kidney of carp showing transition between ciliated intermediate segment 
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of these have been studied by electron microscopy. The nephrons of the 
midshipman, Porichthys notatus, and the toadfish, Opsanus tau, consist 
of two regions: an initial segment with brush border and a terminal col- 
lecting duct system (Grafflin, 1931a, 193%; Bulger, 1965; Bulger and 
Trump, 1965). 

In the toadfish and midshipman the proximal portion of the nephron 
is essentially similar to the second proximal segment of glomerular marine 
teleosts (Figs. 23 and 24). 

The collecting duct system in the aglomerular teleost is very similar 
to that described for glomerular marine teleosts. 

Aglomerular S yngnathidae such as Nerophis ophidion, Hippocampus 
sp., and Syngnuthus sp. show relatively similar morphology in the brush 
border segment with extensive interdigitating basilar processes contain- 
ing mitochondria. In Hippocampus the nephrons show extensive arboriza- 
tion; Lophius piscatorius, on the other hand, is somewhat different with 
the absence of basal processes, and shallow interdigitations which are 
not related to mitochondria. It should be noted however that Lophius 
piscatorius is only partly aglomerular, and since complete studies on 
this species have not been performed, it is difficult to assess the signifi- 
cance of this difference. 

6. STRUCTURE OF THE EURYHALINE GLOMERULAR KIDNEY 

a. The Nephron of the Southern Flounder, Paralichthys lethostigma 
(Figs. 2532).  The most extensively studied euryhaline fish is the marine 
pleuronectid, Paralichthys lethostigma. In this species the nephron con- 
sists of the following regions: a small, relatively poorly vascularized glo- 
merulus, a ciliated neck segment of moderate length, a first proximal 
segment, a second proximal segment, a distal tubule, and the collecting 
duct system. The cytological features of the light and electron micro- 
scope levels of this nephron are essentially identical with those described 
above for Parophys vetulus, with the exception of the distal segment. 
The distal segments resembles that observed in freshwater teleosts or in 
higher forms, including amphibians, and is composed of cuboidal or low 
columnar cells having elongate mitochondria arranged in palisade fashion 

( IS )  and second proximal segment (PII) .  Note also the interstitial hematopoietic 
tissue ( IH) .  X280. ( c )  Kidney f,rom yellow bullhead, ZctaZurus nut&, showing 
extremely large, well-vascularized glomeruli ( G ) ,  first proximal segments (PI) with 
numerous large droplets representing secondary lysosomes, and second proximal seg- 
ments (PII). Note also interstitial hernatopoietic tissue. ( d )  Yellow bullhead showing 
first proximal segment (PI) loaded with cytoplasmic droplets representing lysosomes 
and large clear cells lining distal segments (DS) with dark intercalated cells (arrows). 
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Fig. 15. Schematic representation of relationships in marine and freshwater 
glomeruli. The parietal epithelium (PEP) and basement membrane (BM ) form 
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perpendicular to the basement membrane and closely paralleling complex 
invaginations of the basilar membrane (Trump et al., 1968). 

b. Comparison of Nephrons in Euryhaline Fish. The architecture of 
the nephrons in a variety of euryhaline fish that have been studied to 
date is given in Table IV. It is apparent from perusal of Table IV that 
some variation exists in nephron constitution. This variation is most appar- 
ent in the intermediate segments and in the distal segment. Thus far, 
terminal portions of the second proximal segment that might be equated 
with intermediate segments have been described with certainty only in 
the two species of Anguilla (Grafflin, 1937c) and two species of Salmo 
(Fig. 33a and b)  (Trump, 1968). Although these regions might be classi- 
fied as intermediate segments, they appear to consist of ciliated terminal 
portions of the second portion of the proximal segment. In the other 
species, intermediate segments are either absent, or their presence or 
absence cannot be established from the publications cited. Accordingly, 
intermediate segments have been established with certainty only in cata- 
dromous or freshwater euryhaline forms, both of which spend most of 
their adult lives living in freshwater. 

Similar variation exists with respect to the distal segment. Although 
most of the species reported possess distal segments, two of them, 
Fundulus heteroclitus and Gasterosteus aculeatus (Fig. 33c), lack this 
segment (Edwards and Schnitter, 1933; Trump, 1968; Ogawa, 1968). The 
identification of the distal segment is subject to the limitations listed 
above under freshwater fish. However, an examination of these two 
species appears to show nephrons which are typical of marine teleosts. 
It is interesting that distal segments are lacking only in euryhaline 

Bowman’s capsule (BC). The parietal epithelium is continuous with the viscera1 
epithelium (VEp) at  the hilus. The visceral epithelium adjacent to Bowman’s space 
(BS) has complex processes (foot processes or pedicels) which abut on the lamina 
densa ( LD). The lamina densa is continuous with the parietal basement membrane, 
with the basement membrane surrounding the smooth muscle cells of the afferent 
arteriole ( AA), and with the mesangial matrix ( MM). The centrilobular areas of the 
tuft contain mesangial cells (Me) which have processes of variable length. In marine 
teleosts these processes often completely embrace the capillary lumen, whereas in 
freshwater teleosts they generally do not. These relationships result in a much thicker 
capillary wall (CW) in marine as compared with freshwater teleosts. The capillary 
wall is presumed to form the filtration barrier. The endothelial cells ( E n )  are thick 
in the nuclear region, which occurs toward the center of the lobule, and attenuated 
peripherally where they are penetrated by numerous fenestrations. The afferent 
arteriole (AA) has modified smooth muscle cells forming the media. These cells 
contain numerous granules (JG) the so-called juxtagIomerular granules which are 
presumed to contain renin. AL, lumen of afferent arteriole. The efferent arteriole is 
not shown for simplicity. 
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Fig. 16. Part of glomerular lobule from English sole, Parophrys wetulus, show- 
ing Bowman’s space (BS),  visceral epithelial cells (Ep) ,  mesangial cell processes 
and mesangial cells (Me), and capillary lumen (CL) containing an erythrocyte ( E  ). 
Note the lamina densa (LD) and the flocculent basement membrane material or 
mesangial matrix in the space between the lamina densa and the endothelial cell 
(double arrow). Note also numerous mesangial cell processes (free arrows) in this 
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species which spend the predominant portion of their lives in marine 
environments, since typical marine stenohaline teleosts also do not possess 
distal segments. 

C. Kidney Function in Freshwater Teleostei 

The freshwater teleosts, in common with all freshwater animals, are 
hyperosmotic regulators. The sensing and regulation of the ionic com- 
position of the blood is carried out by extrarenal systems, presumably 
located within the gdls (see chapter by Conte, this volume); the kidney 
primarily conserves filtered electrolytes. The urine is dilute, often nearly 
free of sodium and chloride, and its volume must balance the quantity 
of water entering the body from the animal’s dilute environment. TWO 
tubular characteristics are particularly essential to the efficient perfor- 
mance of this function: ( 1) a powerful monovalent ion reabsorptive mech- 
anism which operates in conjunction with (2)  a low tubular permeability 
to filtered plasma water. The addition of the distal and intermediate seg- 
ments to the nephron (Table XIII) is doubtless responsible for the im- 
proved efficiency of the freshwater teleostean kidney as compared to that 
of the most primitive freshwater vertebrates, the lampreys (Petromy- 
zones). In this section we will consider normal kidney function in fresh- 
water teleosts and the functional adjustments possible when “stenohaline” 
freshwater teleosts are subjected to saline environments. 

1. GLOMERULAR FILTRATION AND URINE FLOW 

Reported measurements of inulin clearances and simultaneous urine 
flows in freshwater fish are given in Table V. Urine flow is, of course, 
greater in freshwater teleosts than in marine, but in general, more recent 
measurements have not confirmed the extremely high, “copius” flow rates 
reported by earlier workers. 

space. Note the well-developed foot processes of the visceral epithelium and the 
thin filtration slit membranes which span them. Adjacent visceral epithelial cells 
show desmosomes. Note that the endothelial cell is thick near the mesangial region 
and attenuated peripherally. It is sometimes difficult to appreciate the relation- 
ships of cells within the glomerulus, and for this purpose the diagram shown in 
Fig. 15 is included. Note that the visceral epithelial cells have an extremely complex 
shape as originally described by Zimmermann (1911) for mammalian visceral epithe- 
lium. Note the relationships of the mesangial cells which have long processes, occasion- 
ally embracing the capillary lumen between the epithelial basement membrane and 
the capillary endothelium. The mesangial cells have numerous intracytoplasmic fila- 
ments and are often regarded as modified smooth muscle cells. X17,500. From 
Bulger and Trump (1968). 



CLEVELAND P. HICKMAN, JR., AND BENJAMIN F. TRUMP 

Fig. 17. Neck region from English sole, Parophrys uetulus. Note the numerous 
cilia (Ci) in the tubular lumen (TL). Basal bodies (BB)  appear in the cell apex. 
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The urine flow has often been considered equal to the total perme- 
ability of the body surface to water. However, recent work showing that 
euryhaline fishes in freshwater drink their medium (Potts and Evans, 
1967; Maetz and Skadhauge, 1968) suggests that this is no longer a safe 
assumption. Nevertheless, factors that are expected to modify surface 
water permeability also modify the urine flow. The larger weight-specific 
urine flows for small fish are probably at least partIy associated with 
their relatively larger permeable surface. Surface permeability to water 
is also increased by injury to the integument and rising temperature. 
Mackay and Beatty (1968) report that both the urine flow and GFR 
of the white sucker, Catostomus commersonii, increased with rising tem- 
perature over the range 218°C. The Qlo value for urine flow was about 
2.2 over the entire temperature range. No significant difference in the 
inulin VIP ratio (tubular water reabsorption) was observed over the 
temperature range 2-14°C. The authors conclude that the effects of tem- 
perature is on the permeability of the body surface to water; it has no 
direct effect on GFR or tubular water permeability. Glomerular filtra- 
tion rate and urine flow respond secondarily to the changes in water 
influx. The increased water influx with increasing environmental tem- 
perature is probably the result of greater branchial irrigation and blood 
flow rather than an increase in membrane permeability per se ( Hickman, 
1965; Mackay and 3eatty, 19S8). Handling, anesthetization, surgery, and 
exposure to acute hypoxic stress frequently create a diuresis that can 
last several hours (Fleming and Stanley, 1965; J. G. Stanley and Fleming, 
1966, 1967a; Hunn, 1969; Hunn and Willford, 1968). This probably 
results from a combination of increased surface permeability ( stressing 
procedures create a heightened metabolic rate which subsides gradually, 
the influx of water across the gills rising during the period of increased 
respiration ) and alterations in kidney tubular reabsorption of electrolytes, 
since the urine composition as well as urine flow may be radically altered. 

It is characteristic of freshwater teleosts for both the GFR and urine 
production to vary markedly over extended collection periods (Fig. 34).  
The urine flow and GFR are directly, and usually linearly, related (Fig. 
35), because a nearly constant proportion of the water filtered by the glo- 
meruli is reabsorbed by the tubules. 

Cells in the neck region have numerous mucous granules (Mu) ,  a few mitochondria, 
and a small Golgi apparatus (Go) .  Basement membrane, BM. The neck cells are 
continuous with the parieta1 layer of Bowman’s epithelium at the urinary pole and 
the neck region is usually short. The numerous granules in the apex are PAS positive. 
Cilia emerge in groups of approximately 12 from the cell apex and, in living prepara- 
tions, the cilia are long and show continuous undulating movement. Smooth muscle 
cells surround the basement membrane, X12,950. Courtesy of R. E. Bdger. 
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Fig. 18. First proximal segment of the nephron of the English sole. The tubular 
lumen (TL) and well-developed brush border (BB) are at the upper left; the base- 
ment membrane (BM) surrounded by smooth muscle cells (SM) is at the lower 
right. Numerous junctional complexes (JC) mark sites of intercellular attachment at 
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Unlike higher vertebrates tubular activities of salt and water transfer 
in freshwater teleosts appear to be mostly inflexible mechanisms that 
greatly modify the composition of the filtrate but do not control the final 
urine volume. In these forms, variation in urine flow is achieved by varia- 
tions in GFR. The close association between urine flow and GFR argues 
for glomerular intermittency, since it has been difficult to explain in any 
other way the large changes in GFR and urine flow with little or no 
change in urine salt composition and fractional water reabsorption. Addi- 
tional evidence is provided by an indirect method developed by Forster 
( 1942). The Tm for glucose (maximal amount of tubular reabsorption of 
glucose during glucosuria) will vary in direct proportion to the inulin 
clearance if filtration is intermittent (variation in number of glomeruli 
operating). Such a proportionality has been observed in the white 
sucker, C. commrsonii (Fig. 36), which shows large natural variations 
in GFR with time (Mackay and Beatty, 1968) and in the euryhaline 
flounder, Platichthys flesus, in which the GFR varies in response to salin- 
ity change ( Lahlou, 1966). However, glomerular intermittency, con- 
sidered in its original context as an all-or-none phenomenon, may be a 
hypothetical condition. Hickman ( 1965) suggested that some gradation 
of filtration was superimposed on intermittent control of filtration, and 
Hammond (1969) has questioned the validity of the entire concept of 
glomerular intermittency. Indeed, it should be recognized that the 
evidence presently interpreted to favor glomerular intermittency as an 
explanation for variations in GFR does not exclude the possibility that 
changes in filtration are uniform throughout the nephron population. 
That is, rather than the glomeruli operating in an all-or-none manner, 
filtration may be graded evenly between zero and some maximum. 
Graded changes in filtration may be coupled to proportional changes in 
effective tubular absorptive surface such that fractional fluid reabsorp- 
tion and the ratio T ~ ~ u c o 8 e / C i n u ~ i n  remain unchanged over a wide range 
in filtration rates. Direct observations with isolated flounder tubules 

the apex. The nuclei ( N )  containing nucleoli ( N c )  are in the cell center. Note the 
numerous apical tubules (AT) and large apical vacuoles (AV) in the cell apex. 
Large secondary lysosomes ( L y )  flank the nucleus and are in the vicinity of the 
Golgi apparatus (Go). The cell also contains numerous mitochondrial profiles ( M ) 
and portions of endoplasmic reticulum, both smooth and rough surfaced (ER) .  The 
large lysosomes are PAS positive and acid phosphatase positive. These are correlated 
with the uptake of materials through the apical tubular system which occurs in this 
region. The junctional complexes are composed of tight junctions, intermediate junc- 
tions, and desmosomes and focal tight junctions also are observed along the lateral cell 
borders. Fine filaments from the cell apex extend into the microvilli and may be 
related to movements of these villi. Microbodies (Mb)  are seen near the basement 
membrane. X7600. From Trump and Bulger (1967). 
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Fig. 19. Apical portion of first proximal segment from the English sole. A tubular 
lumen containing cross section of cilia (Ci)  is seen at  the top of the picture. Note 
the closely packed microvilli which compose the brush border (BB ). A junctional 
complex composed of tight junction (TJ ), intermediate junction (IJ ) and desmo- 
some (D)  is seen. The cell apex contains numerous profiles including apical 
vacuoles (AV), apical vesicles (AVe), and apical tubules (AT) .  All of these repre- 
sent sections cut in various planes through tubular invaginations of the apical plas- 
malemma between the bases of the microvilli. The basal body of a cilium is seen 
(free arrow). Xl6,ZOO. Courtesy of R. E. Bulger. 

(Trump, 1968) confirm that all segments of the nephron are highly 
distensible. While the effect on reabsorption of changing cross-sectional 
area of the lumen with different flow rates has not been studied in the 
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fish kidney, numerous studies with tetrapods have established that 
tubular size effects absolute reabsorption (see Windhager, 1969, and 
references cited therein). 

Although control of GFR in fish remains unexplained, some informa- 
tion on renal effects of blood pressure has appeared. Hammond (1969) 
has shown that in lake trout fluctuations in dorsal aortic blood pressure, 
produced by swimming activity, fright, or intravenous injections of 
catecholamines, are correlated positively with changes in GFR. How- 
ever, GFR may vary over wide limits without corresponding changes in 
blood pressure. Chester Jones et al. (1969) present similar data for the 
European eel but do not comment on this observation. The important 
conclusion is that while GFR is responsive to changes in systemic blood 
pressure (autoregulation of the kind present in the mammalian kidney 
is absent), the large fluctuations in GFR and urine flow commonly seen 
in normal, nonstressed fish are determined by mechanisms other than 
systemic blood pressure. This does not exclude the possibility that GFR 
is governed by the afferent arterioles serving the glomeruli. 

2. BLOOD FLOW THROUGH THE KIDNEY 

The glomeruli of freshwater teleosts are supplied by branches of 
segmental arteries arising from the dorsal aorta. The efferent glomeruIar 
arteriole breaks up into a network of sinusoids and capillaries surround- 
ing the tubules. This postglomerular circulation may constitute the sole 
blood supply to the tubule since, according to Moore (1933), most fresh- 
water teleosts lack a true renal portal system (Fig. 9). 

Attempts have been made to estimate blood flow through the fresh- 
water teleostean kidney with PAH and Hippuran. Lavoie et al. (1959) 
obtained a maximum PAH clearance of 193.2 ml/hr/kg in a bullhead, 
Ameiurus nebulosus, having an inulin clearance of 9.7 ml/hr/kg. The 
average PAH and inulin clearance for three bullheads were 139.9 and 
12.9 ml/hr/kg, respectively, providing a CPAH/Cin ratio of 11.8. Hickman 
(1965) noted the absence of any consistent correlation between Hippuran 
and inulin clearances and very low Hippuranlinulin ratios (below 2) in 
the white sucker, C. commersonii. Hippuran extraction was far from 
complete and probably bore no relation to renal plasma flow. Chester 
Jones et al. (1969) amved at similar conclusions about experiments with 
European eels given PAH. The poor extraction of PAH and Hippuran 
by the kidneys of freshwater as compared to marine teleosts (see p. 173) 
is probably related to the small fraction of total tubular mass, estimated 
at 10% in the goldfish, Carassius auratus, showing luminal uptake of dyes 
such as phenol red by secretion (Kinter and Cline, 1961). 
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Fig. 20. Second proximal segment from English sole. The tubular lumen (TL) is 
at the upper left and the basement membrane (BM)  at the lower right. Note the 
widely separated microvilli (Mv) which are in contrast to those in the &st proximal 
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3. TUBULAR FUNCTION 

a. Electrolyte Reabsorption. Once the plasma ultrafiltrate enters the 
capsular portion of the nephron, it begins to move down the tubule, 
driven by the net filtration pressure, the long cilia of the neck segment, 
the single cilia of cells of other nephron segments, and, in those species 
having it, the ciliated intermediate segment. At least some, and perhaps 
all, the Salmonidae lack a ciliated neck segment (Ogawa, 1962). In 
these, the residual filtration pressure is presumably the primary propulsive 
force. The tubules are invested with smooth muscle cells which, by peri- 
staltic-like contractions, may provide some additional propulsion. 

Na+ and C1- are almost completely reabsorbed from the ultrafiltrate. 
As shown in Tables VI and VII the urine Na+ and C1- concentrations of 
freshwater teleosts are usually below 20 mmoleslliter; concentrations 
as low as 0.05 mmole/liter have been measured in northern pike, Esor 
Iucius, and suckers, Catostomus cmmersonii ( Hickman, 1965). At these 
extremely low concentrations, over 99.9% of the filtered sodium and chlo- 
ride has been reabsorbed. 

No experiments have been reported that deal specifically with the 
characteristics of the active ion pumps involved. However, there are 
many morphological and functional similarities between the kidneys of 
freshwater teleosts and amphibians and it is not improbable that the 
characteristics of their ion carrier systems are identical. Should this be 
true, Na+ is actively extracted from the tubular lumen and is passively 
accompanied by C1- (Pitts, 1963). The fact that urine concentration of 
C1- is frequently lower than Na+ does not argue against passive C1- efflux, 

segment. Note also that the apex contains a variety of vesicular profiles but no typical 
apical tubules characteristic of the first proximal segment. The mitochondria ( M )  are 
rather well-developed and extend &oughout the cytoplasm and tend to be larger at 
the base of the cell. Profiles of endoplasmic reticulum (ER)  can be seen throughout 
the cell. The Golgi apparatus (Go) is found near the nucleus and also in this region 
are several secondary lysosomes (Ly). Numerous multivesicular bodies ( MvB) and 
junctional complexes are found in the cell apex. The second segment has cells that 
are taller and more eosinophilic than those of the first segment; however, the PAS- 
positive brush border is much less well developed as are the acid phosphatase-positive 
lysosomes. As shown in this picture, the mitochondria are large and numerous and 
related to the basilar infoldings. The apical region does not possess the apical tubules 
characteristic of the first segment and instead has numerous profiles of endoplasmic 
reticulum. Numerous microbodies (Mb) are also found in this region. The cells 
of this region undergo a transition to the cells of the third segment. The cells 
of the third segment are lower than those of the second, and the brush border is less 
conspicuous but otherwise is similar to the second region. It has a slightly more 
prominent rough-surfaced endoplasmic reticulum, probably related to the increased 
basophilia as seen by light microscopy. Nucleus ( N )  and junctional complexes (JC). 
X7885. From Trump and Bulger (1967). 



Table V 
Glomerular Filtration and Urine Flow Rates in Freshwater Fishes 

Average 
inulin Average No. 

Temp. GFR Urineflow U/P body of 
Species (“C) (Jwwk) (mlb/kg)  ratio weight I5& Notea Rafemca 

b o l t  
Poet-emolt 

S d m  iridare 
Salveinus nnmaynrsh 
Ameiurud nebdoma 

Caraesius aurafua 

Cuprinua carpah 

Eaoz luciua 

“Senaod” 7 .3  f 0 . 4  3 . 8  1.92 182 

“9essod” 3 .8  *0 .3  1.6 2.38 169 
“Senaonal” 7.6 d ~ 0 . 9  4 .7  1.62 169 

10 
6 - 
- - 

18-23 - 
6 

12 
19 
28 

10 
- 

Catoatamus wmmeraonii 4 
2 
6 

10 
14 
18 

AwrUo an&Uaa 18 
AnguiUa anguilloa 12 
Platichthus flew@ - 
Fundulus kan8ae.a 20 

- 
3.73 (2.22-5.91) 

9 . 4  (3.5-24.2) 

17.1 (12.3-21.9) 
14.4 (12.6-17.2) 

20.4 f 0 . 6 5  

- 

- 

- 
4.0 

2.45 (0.2-7.2) 

2.20 (1.03-3.24) 
1.99 
2.56 
3.67 
4.02 
5.96 

4.6 (2.3-7.8) 
1.51 fO.18 
4.91 f 0 . 5 2  

3 .4  (3.1-3.7) 
2.44 (1.51-3.79) 
6 . 4  (1.3-14.2) 
2 .9  (1.7-3.9) 

10.0 (6.4-13.6) 
10.7 (8.2-15.0) 

13.7 f 0 . 4  
1.1 
2 .o 
7 .1  

10.8 
2.8 

0.67 (0.07-1.7) 

1.15 (0.76-1.58) 
1.21 fO.19 
1.83 f 0 . 2 0  
2.45 f0 .24  
3.12 f0 .47  
4.39 f 0 . 4 5  

3 . 5  (1.9-6.7) 
1 .1  f 0 . 2 3  
2.87 f 0 . 2 7  

- 
1.53 
1.47 

(1.7) 
1.34 
1.49 

- 

- - 
- 
- 

1.42 
3.65 

1.91 
1.64 
1.40 
1.50 
1.29 
1.36 

1.31 
1.37 
- 

215 
2700 

354 

155 
127 
540 
560 
245 
380 

1454 

1395 
1300 
1300 
1300 
1300 
1300 

178 
625 

- 
- 

- 

- 

10 

9 
9 

- 
1 

34 
5 

19 
63 
1 
1 
1 
1 
1 
2 

6 
7 

12 
11 
4 
2 

11 
8 

- 

- 

GFR and urine flow detar- 
mined with separate groupe 
of I5& - 

- 
l+Z-year-old fish - 

- 
- 

Xyloee clearance, corrected - 
- 
- - 
- 
- 
- 
- 

Silver eel stage 
- 
- 

~ 

1.58 3 After 7 days’ adaption to 25 8.33 3 .0  
freahwater 

W. N. Holmea and Stainer 
(1966) 

- 
- 

R. M. Holmea (1961) 
Hammond (1969) 
Lavoie et al. (1959) 
Haywood and Clapp (1942) 
Marshall (1934) 
Bourquet et al. (1964) 
Maetr (1963) 
Pora and Prekup (1960) 

- 

- 
Gietainkii et d.. (1961 ) 
Hickman (1965) 

Hickman (1965) 
Mackay (1967) - 

- 
- 

Sharratt et al. (1964) 
Chester Jones et al. (1909) 
Mot& (1967) 
Fleming and Stanley (1965) 

~~ ~ ~ 

a Euryhalinc hhea adapted to freshwater. 



Table M P 

Salmo gairdneri 
Osmolality (mOsm/liter) 
Sodium (mmolefiter) 
Potassium (mmole/liter) 
Calcium (mmole/liter) 
Chloride (mmole/liter) 

Total N (mg %) 
Ammonia N (mg %) 

Salvelinus namaycush 
Osmolality (mOsm/liter) 
Sodium (mmole/liter) 
Potassium (mmole/liter) 
Calcium (mmole/liter) 
Magnesium (mmole/liter) 
Chloride (mmole/liter) 

Osmolality (mOsm/liter) 
Sodium (mmolefliter) 
Potassium (mmole/liter) 
Chloride (mmole/liter) 

Osmolality (mOsm/liter) 
Sodium (mmole/liter) 
Potassium (mmole/liter) 

PH 

Esox lucim 

Esox lucius 

- 
144 

6.0 
2.65 

151 - 
- 
- 

328 
161 

2.8 
2.05 
0.75 

140.6 

264 
114 

102 

290 
139 

2.65 

4.3 

32 * 6 
9.3 f 1.3 
1.3 f 0.13 

0.65 f 0.8 
10.2 f 0.9 
7.23 f 0.05 

11 f 1.2 
6.6 

36.2 (2841) 
17.4 (16-28) 
2.5 (1.9-2.9) 
0.95 (0.8-1.1) 
0.55 (0.2-0.8) 
8.1 (5.4-10.5 

37.7 (37-38.4) 
0.26 (0.13-0.40) 

0.41 
5.58 (5.0-6.17) 

26 
3.6 
5.8 

- 
0.065 
0.22 
0.24 
0.067 
- 
- 
- 

0.11 
0.11 
0.93 
0.46 
0.73 
0.58 

- 
0.002 
0.15 
0.055 

- 
0.025 
1.35 

Composition of Plasma and Urine in Freshwater Teleost Fishes 

V / P  B 
3 Species and plasma solute Plasma Urine ratio Reference 
cc 

Fromm (1963); 1P21 fish, av. weight 
138 f 5 g, 12-14°C; V = 4.2 f 0.33 
ml/Wkg 

Hammond (1969) ; 1 fish, 2700 g, 6"C, GFR = 
3.73 (2.22-5.91) ml/hr/kg; V = 2.44 
(1.51-3.79) ml/hr/kg 

Hickman (1965); 2 fish, av. weight 1716 g, 
4°C; GFR = 2.9 ml/hr/kg, V = 1.6 
~ / w k  

H u m  (1967); 1 fish, 350 g, 12'C, 
V = 1.9 (1.45-2.4) ml/hr/kg 

Y 



Table VI (Continued) 

VIP 
Species and plasma solute Plasma Urine ratio Reference 

Calcium (mmole/liter) 
Magnesium (mmolefiter) 
Chloride (mmolefiter) 
Phosphate (mmole/liter) 

Osmolality (mOsmfiter) 
Sodium (mmolefiter) 
Potassium (mmole/liter) 
Calcium (mmole/liter) 
Magnesium (mmolefiter) 
Glucose (mmolefiter) 
PH 

Osmolality (mOsm/liter) 
Sodium (mmolefiter) 
Potassium (mmole/liter) 
Calcium (mmole/liter) 

Osmolality (mOsm/liter) 
Sodium Immolefiter) 
Potassium (mmolefiter) 
Chloride (mmolefiter) 

Channu argus 

Fundulus kansa@ 

Anguillu anguillaa 

2.55 - 
117 

2.87 

282 f 15.7 
- 
- 

3.06 f 0.63 

4.2 t 0.25 
7.63 f 0.19 

305 f 4.4 
157.8 f 2.5 

3.8 & 0.42 
2.65 0.71 

323 f 1.2 
155 f 3.2 
2.7 f 0.12 
106 f 3.1 

- 

0.14 
0.66 
5.8 
2.26 

49.7 * 22.0 
16.9 f 3.16 
2.75 f 0.28 
0.79 f 0.10 
0.52 f 0.07 

0.73 (0.12-2.7) 
6.28 f 0.28 

82.3 k 8.4 
29.2 f 5.3 

1.48 f 0.2 
0.7 f 0.14 

- 
18.9 f 2.9 
0.65 f 0.16 

Nil 

0.054 

0.049 
0.79 

- 

- 
- 
- 

0.26 

0.17 
- 

- 

- 
0.18 
0.18 
0.56 

- 
0.12 
0.24 
- 

Oguri (1968); Oguri and Takada (1965); 
11-41 fish, av. weight 410 g 

J. G. Stanley and Fleming (196%); 4-11 
fish, body wt. 0.7-2.5 g, 19°C; V = 12.67 
w h r / k g  

Sharratt e i  al. (1964); 6-8 fish, body wt. 
145 f 20 g, 18°C; GFR = 4.6 (2.3-7.8) 
ml/hr/kg; V = 3.5 (1.9-6.7) ml/hr/kg 



Anguillu anguillaa 
Sodium (mmolefliter) 
Potassium (mmole/liter) 
Calcium (mmole/liter) 
Magnesium (mmolefiiter) 
Chloride (mmole/liter) 
Phosphate (mmolefiiter) 

Osmolality (mOsm/liter) 
Sodium (mmole/liter) 
Potassium (mmole/liter) 
Chloride (mmole/liter) 

Sodium (mmolefiter) 
Potassium (mmole/liter) 
Chloride (mmolefliter) 
Bicarbonate (mmolefliter) 
PH 

Osmolali ty  (mOsm/liter) 
Sodium (molefiiter) 
Potassium (mmole/liter) 

Catastomus mmersunii  

Ameiurus nebulosus 

Carassius auratus 

150 k 1.4 
1.81 f 0.3 
2.37 f 0.04 
2.07 k 0.10 

88 f 3.9 
1.75 f 0.12 

233 (208-248) 
97.5 (80-1331 

84.7 (64-98) 
2.15 (1.8-3.8) 

122 

110 
2.7 

3.4 
7.54 

258.8 f 2.65 
115 f 1.15 
3.6 f 0.15 

13.1 f 1. 2 
1.14 f 0.32 
0.63 f 0.11 
0.02 f 0.01 
3.30 f 0.47 
4.47 f 0.55 

33.5 (21.2-54.8) 
4.9 (0.6-8.6) 
5.4 (1.4-9.4) 
2.1 (0.66-3.9) 

12.2 
1.61 

18.0 
0.4 
6.37 

35.9 f 1.85 
11.5 f 0.85 
1.4 f 0.085 

0.087 
0.63 
0.27 
0.097 
0.038 
2.55 

0.15 
0.05 
2.51 
0.024 

0.10 
0.60 
0.16 
0.12 
- 

0.14 
0.10 
0.39 

.N 

Chester Jones et al. (1969); 8 fish, body wt. 
25&1000 g, 12"C, GFR = 1.51 f 0.18 
ml/hr/kg; V = 1.1 f 0.23 ml/hr/kg r4 

8 ec 

Hickman (1965); 4 fish, body wt. 1005-1747 
g, 4"C, GFR = 2.2 (1.03-3.24) ml/hr/kg; 
V = 1.15 (0.76-1.58) ml/hr/kg 

Hodler et al. (1955); 10 fish, wt. not given; 
V = 0.99 ml/hr (kg?) 

Maetz (1963); 63 fish, 56-197 g; GFR = 
20.4 f 0.65 ml/hr/kg; V = 13.7 f 0.4 
wwk 

a Euryhaline teleosts adapted to freshwater. 
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Table W 
Average Renal Excretion of Sodium, Chloride and Potassium by the White Sucker, Chtastomwr unnmersonii* 

GFR = 2.2 (1.03-3.24) ml/hr/kg; urine flow = 1.15 (0.76-1.58) ml/hr/kg 
r 
ti 

Urine Net Reab- %lute/ 'd 

E 

U 

Plasma conc. Net secreted Excreted sorbed or inulin 
Plasma conc. (mole /  VIP Filtered reabsorbed (pmole/ &mole/ secreted Solute clearance 
solute (mmolefliter) liter) ratio bmole/hr) (pmole/hr) hr) hr) (%) clearance ratio 

Sodium 97.5 4 .9  0.05 2 14 208.4 - 5.6 97.3 0.043 0.019 "Z 
Potassium 2.15 5.4 2 .5  4.73 - 1.5 6.2 24.1 2.9 1.32 - 
Chloride 84.7 2.1 0.025 186 183.6 - 2.4 98.7 0.028 0.013 
Osmolality 223 33.5 0.29 

!a 
- - - - - - - 

a From Hickman (1965). 
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Fig. 21. Base of cell from second proximal segment in English sole. This picture 
shows the basement membrane (BM) and the numerous parallel membranes formed 
by infoldings of the basilar plasma membrane. When fixed with potassium permanga- 
nate, the continuity of these membranes with the surface can be readily appreciated 
(free arrows). Note also the unit membrane appearance of these membranes. Mito- 
chondria ( M ) .  X56,700. Courtesy of R. E. Bulger. 

since Na+ may leak back into distal regions of the tubule more rapidly 
than C1-. 

Potassium may undergo either net secretion or net reabsorption against 
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Fig. 22. ( a )  Collecting tubule from English sole. Tubular lumen (TL) is a t  the 
upper left and the basement membrane (BM)  at the lower right. At the apex of the 
cell there is an occasional small microvillus (Mv) and an occasional cilium (Ci)  is 
seen cut in cross section. Cell junctional complexes consist of tight junctions (TJ) ,  
intermediate junctions (IJ) ,  and desmosomes (D) .  Mucous granules (Mu)  are seen 
in the apex and some of them are in the process of discharging to the lumen (free 
arrow). They are PAS-positive. The Golgi apparatus (Go) is well developed, and 
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its concentration gradient. Both of these conditions have been observed 
in northern pike and white suckers (Hickman, 1965). The urine con- 
centrations of K+ and Na' vary inversely in the white sucker over pro- 
longed periods of consecutive urine sample collection (Fig. 37). This 
relationship suggests, but does not prove, the existence of a Na+ for K+ 
exchange pump. An alternate explanation for the interdependence of 
Na+ and K' is that if the permeability of the tubular epithelium were 
higher to K than to certain anions present in the formative urine, K+ 
might replace Na+ to balance the total anionic charge when Na' reabsorp- 
tion is especialIy high. 

The few reported measurements of Mgz+ and CaZ+ in freshwater 
teleost urine (Table VI) indicate that their concentrations are low 
(Fromm, 1963; Oguri, 1968; Hunn, 1967; Hammond, 1969), and that 
Ca2+, at least, is strongly reabsorbed against its concentration gradient 
(Reid et al., 1959; Oguri, 1968). There is evidence that phosphate may 
undergo active tubular secretion in the freshwater-adapted European eel 
(Chester Jones et al., 1969), but the presence or absence of tubular 
secretory mechanisms for divalent ions has not been determined in true 
stenohaline freshwater teleosts. 

The active abstraction of electrolytes from the filtrate occurs, at least 
in part, without the osmotic accompaniment of water. During its travel 
through the tubule, the concentration of the filtrate is reduced from 
220320 mOsm/liter, to 20-80 mOsm/liter (Table VI). Usually less than 
half, and sometimes as little as 5X, of the filtered water is reabsorbed 

numerous secondary Iysosomes (Ly)  are seen in the vicinity of the apparatus. Many 
of the mitochondria1 profiles are above the nucleus (N) .  The lateral plasmalemma 
( L P )  can be seen as well as numerous infoldings ( I )  of the basilar plasmalemma. 
Collecting tubules vary in length depending on the point of junction with collecting 
tubules from other nephrons and occasionally are very long. In  some instances, two or 
more third proximal segments empty into a common collecting tubule. Wandering 
cells are especially numerous in this region. The collecting tubules empty into a 
collecting duct system in which the ducts converge to form larger channels which 
finally empty into the archinephric duct. As the ducts become larger, their cells 
become much higher. The zone of PAS-positive mucous granules is wider, and 
wandering cells are extremely prominent. In addition to a thick basement membrane, 
these larger collecting ducts are surrounded by multiple layers of smooth muscle 
cells. Xll,655. Modified from Bulger and Trump (1968). ( b )  Afferent arteriole 
from the English sole. The arteriolar lumen ( L )  and endothelium ( E n )  can be 
identified. Note the desmosomes and other parts of the junctional complex joining the 
endothelial cells. The endothelial cells also contain moderate numbers of lysosomes 
(Ly ). The smooth muscle cells are highly modified and filled with numerous granules 
( G )  thought to contain renin. Basement membrane material surrounds the periphery 
of the smooth muscle cells and is seen between the endothelium and the modified 
smooth muscle cells. Multivesicular bodies ( MvB). X7875. Modified from Bulger 
and Trump ( 1969a). 
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Fig. 23. Section of kidney of midshipman, Porichthys notatus, showing principal 
tubules (P),  collecting tubules (CT), and collecting ducts (CD). A transition from 
principal to collecting tubules is indicated by the free arrow. X380. 

( Hiclanan, 1965; Mackay, 1967). The distal segment and collecting 
tubule and ducts must be nearly impermeable to water (Fig. 47a). HOW 
much, if any, of the proximal tubule is also impermeable is not known. 
The first segment of the proximal tubule is probably concerned with 
the reabsorption of filtered plasma organic constituents, such as glucose, 
amino acids, and macromolecules (Fig. 47a). The evidence for this 
is that this segment has been discarded by marine aglomerular teleosts 
which do not filter these materials and consequently have no need to 
reabsorb them. Futhermore, this anterior portion degenerates in con- 
junction with the progressive atrophy of the glomerulus in goldfish held 
in one-third seawater (Ogawa, 1961b). If tubular segments are func- 
tionally homologous in freshwater teleosts and amphibians, the reabsorp- 
tion of electrolytes and organic solutes in both portions of the proximal 
tubule is accompanied by an osmotically equivalent quantity of water 
(Fig. 47a) ( Whittembury et al., 1959; Windhager et al., 1959). However, 
the fact that as little as 5% of the filtered water is reabsorbed places a 
restriction on the amount of isosmotic NaCl reabsorption that can take 
place in the proximal segment. NaCl constitutes about 90% of the filtered 
osmolytes. Since nearly all of this is eventually reabsorbed, most must be 
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actively transported across the water impermeable distal regions of the 
nephron. It is to be noted, however, that three species of Salmonidae 
( Oncorhynchus mmou var ishikawae, Saluelinus pluvius, and Plecoglossa 
altivelis) reportedly lack the distal segment ( Ogawa, 1962). However, 
this assessment is subject to the limitations described earlier. It would be 
of particular interest to know if the absence of the distal segment in these 
three species reduces the capacity of the kidney to form a dilute urine. 

b. Urine p H .  The urine of freshwater teleosts is characteristically acid 
as in marine teleosts, although the rainbow trout, S .  gairdmri, reportedly 
excretes a slightly alkaline urine ( Fromm, 1963; Hunn, 1969) (Table VI) . 
Unlike marine teleosts, urine acidification involves a Diamox sensitive 
carbonic anhydrase system which is important in the reabsorption of 
bicarbonate. This circumstance suggests that as in mammals, the Diamox 
sensitive system resides in the distal segment. If carbonic anhydrase is 
inhibited with Diamox, the reabsorption of HC08-, Na+, K+, and C1- is 
depressed (their urine concentrations increase) and the urine is alkalin- 
ized (Hodler et al., 1955; Oguri and Takada, 1965). Hodler et a2. ( 1955) 
noted a 37-fold increase in urine €KO3-, and an 8-fold increase in K’ 
excretion following the administration of Diamox to the freshwater cat- 
fish, A. nebulosus. Urine flow doubled and urine pH rose from 6.37 to 
7.43. These changes are very similar to those observed in mammals fol- 
lowing Diamox administration (Pitts, 1963). 

Hunn ( 1969) found that the normalIy neutral or slightly alkaline urine 
of rainbow trout became acid (to pH 6.55) following acute hypoxic 
stress. The drop in pH was associated with a massive release into the 
circulation of lactic acid and its appearance in the urine, and a rise in 
urinary phosphate, which, if secreted in acid form (H,PO,-) would also 
tend to increase urine acidity, 

c. Glucose Reabsorption. Oguri (1968) reported that glucose is 
largely, but never completely, removed from the filtrate of the freshwater 
teleost, Channa argus. This is possibly related to the short length of the 
first proximal segment in most freshwater teleosts (Fig. 47a). Urine and 
plasma glucose vary over wide ranges in this species (urine glucose 0.11- 
3.03 mmoles/liter; plasma glucose 1.9-7.1 mmoles/liter ) . Usually, the 
highest urine sugar levels were found in fish having the highest blood 
sugar levels (Oguri, 1968). 

It has already been pointed out that the Tm for glucose in fish varies 
linearly with the GFR (Fig. 36), a fact that provides the strongest in- 
direct evidence that glomerular activity is intermittent. consequently, 
the Tm for glucose must be expressed as a ratio of the inulin clearance 
( Tm/Cin). By infusing glucose into the circulation of white suckers, 
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Fig. 24. (a )  Principal segment from the midshipman tubules. Note the similarity 
between this tubule and the second and the third segments in glomerular teleosts. 
Note the mitochondria at the base of the cell. These are in proximity to infoldings 
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C. cmmersonii, to saturate the glucose reabsorptive mechanism, Mackay 
and Beatty (1968) reported that the Tm/CI, ratio increased gradually 
with temperature from 2.31 at 2°C to 3.11 at 19°C ( Qlo = 1.21). Thus, 
contrary to the expected response of an energy-dependent metabolic 
system to temperature change, the glucose reabsorptive mechanism of 
this species became only slightly more efficient at high than at  low 
temperatures. 

High urine sugar levels are associated with increased urine flows; 
this is presumably an osmotic diuresis. Enomoto (1964) noted increased 
urine flows and proteinuria in rainbow trout, S. gairdneri, made glucos- 
uretic with growth hormone. 

d.  Excretion of Nitrogenous Compounds. Of the total organic nitrogen 
excreted by freshwater fish, only a small proportion, estimated at 2.5- 
24.5% for different species, is excreted in the urine (H. W. Smith, 192913; 
Pora and Prekup, 1960; Fromm, 1963) (Fig. 47a). Feeding fish excrete 
far more organic N than fasted fish; in rainbow trout, S .  gairdneri, the 
total N and urinary N drop precipitously and proportionately during the 
first 6 days of starvation (Fromm, 1963). In this species ammonia com- 
prised about 60% of the urinary N. Smith (1929b) gave the distri- 
bution of several different N-containing components in the urine of 8 
species of freshwater fish. These were, in order of decreasing N concen- 
tration: creatine, urea, ammonia, amino acid, uric acid, and creatinine. 
In five fasted species, these identified compounds made up only about 
50% of the total urinary N. Three actively feeding freshwater species had 
more urea and amino acid N, and less creatine, in the urine than the 
five fasted species studied by H. W. Smith (1929b). In the fed species 
only about 25% of the urinary N could not be accounted for. Since Smith 
(1929b) did not compare fed and fasted individuals of the same species, 
it is impossible to know whether the differences are nutritional or species 
specific. Trimethylamine oxide, present in urine of most marine teleosts, 
was reported absent from the urine of the carp, Cypinu-s m r p b  (Hoppe- 
Seyler, 1928, 1930, summarized by GraHin and Gould, 1936). 

The kidney may be an important excretory pathway for the removal 

of the basilar plasmalemma. In the cell apex are clusters of well-developed smooth 
endoplasmic reticulum (SER) and secondary lysosomes ( Ly ). Numerous micro- 
bodies (Mb) are found throughout the cell. Go, Golgi apparatus; CL, capillary lumen; 
BM, basement membrane. X6935. Courtesy of R. E. Bulger. ( b )  Part of a principal 
segment of the midshipman tubule showing the basement membrane (BM),  mito- 
chondria ( M ) ,  and numerous infoldings of the basilar plasma membrane indicated by 
the free arrows. Note that in this tissue fixed in potassium permanganate, the con- 
tinuity of these infolded membranes with the base of the cell can be readily demon- 
strated. X18,250. Courtesy of R. E. Bulger. 
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Fig. 25. Schematic representation of the nephron segments in the southern 
flounder, Parulichthys Zethstigrna. This d,rawing was made to scale from a three- 
dimensional reconstruction such as that shown in Fig. %a. Note the characteristic 
morphology of each region. Renal corpuscle (RC), neck (N) ,  first proximal segment 
(PI), second proximal segment (PII), distal segment (DS), and collecting tubule 
(m). 

of certain minor nitrogenous compounds, such as creatine and uric acid, 
even though the gills are clearly the principal route by which ammonia 
and urea, the major nitrogenous wastes, are removed from the body 
(see chapter by Forster and Goldstein, this volume). 

4. RENAL ADJUSTMENTS IN SALT AND WATER 
EXCRETION IN SALINE MEDIA 

Rarely in nature is the kidney of freshwater fish required to adjust to 
osmotic changes in the environment. Yet many freshwater fish can survive 



Table VIII 

Glomerular Filtration and Urine Flow Rates in Glomerular Teleost Fishes in Seawater 

c 
8 

Average Average 
inulin body No. 

Temp. GFR Urineflow VIP weight of Salinity 
Species (“C) (&wkz) (ml/hr/kg) ratio (9) fish (%) Notes Reference 

M#o.wcephalw ododecimspinaaus - 
(longhorn sculpin) 

Muozocephalus ododecimapinosars - 
(longhorn B C U ~ P ~ )  

Muozacephalw ododecimpinosua 17(?) 

MuoMuphalw acorpiua 17(D 
(longhorn scdpin) 

(daddy sculpin) 
Para&chth#s ~Iesys (flounder)’ 1618  
Paraliehthus lethosliamao 10 

(southern flounder) 

AnguiUa anguilb 
(Europesn eel) 

15.5 
21 
18 

12 

Saho gairdn~~ii5 6 

Fundulua kansaen 20 * 1 (Rainbow trout) 

(Plaina killifish) 

0.70 (0.46-1.16) 

0.68 (0.161.18) 

2.88 (0.5-5.86) 

0.13 (0.7) 

2.4f0.27 
0.5 (0.005-1.34) 

1.38 (1.061.69) 
1.69 (1.41-2.10) 
1.03 (0.56-2.16) 

0.43 f 0.06 

10.1&2.6 

1.35 (0.83-1.88) 

0.13 (0.1-0.18) 5.4 

0.55(0.114.98) 1.2 

1.48 (0.39-3.57) 1.95 

0.88(0.08-1.671 0.15 

0.60f0.05 4.0 
0.36(0.114.85) 1.4 

0.24 (0.214.28) 5.8 
0.22 (0.11-0.31) 7.7 
0.63 (0.3-0.9) 1.6 

0.25f0.04 1.72 

0.52 (0.21-0.83) 2.6 

171 

- 

- 

588 

200 
1452 

1775 
1167 
181 

625 

163.5 

1.6 

9 Atlantic seawater 

- Atlantic -water 

24 Atlantic seawater 

34 Atlantic Seawater 

39 40 
5 2a36 

2 3&32 
4 3&34 
7 Seawater 

13 Seawater 

10 80% seawater 

3 Seawater 

Xyloae clearance corrected 
for xylose/iulin ratio 
(0.81, Clarke, 1936) 

X y b e  clearance corrected 
for xyloae/iulii ratio 
(0.81, Clarke, 1936) 

Many fish diuretic 

Mostly aglomerular 

- 
Seasonal change in G F R  

high in summer, low in 
winter 

- 
Adapted > 10 days in 

Adapted > 2 weeks in 

Adapted 10 days to 80% 

Adapted 7 days to  

seawater 

seawater 

seawater 

seawatet 

Clarke (1934) 

Marshall and Gralllin (1932) 

Forster (1953) 

Forster (1953) 

Lahlou (1967) 
Hickman (1968a) 

- 
- 

Sharratt d al. (1964) 

Chester Jones et al. (1969) 

W. N. Holmes and McBean 

Fleming and Stanley (1965) 
(1963) 

Euryhaline. 
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Fig. 26. (a )  Photograph of a reconstruction from serial sections of the nephron of 
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prolonged periods in dilute saline media (Schwartz, 1984). Goldfish, for 
example, can live in half-strength seawater for several months (Ogawa, 
1961b ) . These environmental conditions are abnormal and might always 
be avoided, were the fish offered a choice of environments. Neverthe- 
less, it comes as no great surprise that even stenohaline species can 
survive in saline conditions, provided the osmotic pressure of the 
environment does not equal or exceed that of its body fluids, and pro- 
vided the medium solute is predominantly NaCl. The fish needs only to 
reduce urine production by the kidney and NaCl influx across the 
gills. It can certainly do this, since it must have the capability of adjust- 
ing both of these functions to meet changing environmental conditions in 
the normal freshwater environment. 

Beyond these primary adjustments, which can be achieved within a 
matter of minutes, or at most an hour or two, most freshwater teleosts 
can improve their pattern of regulation in saline media by allowing the 
urine osmolality to rise. This renal tubular adjustment requires several 
hours to several days, and is not observed in short-term experiments. 

For example, when perch, Perca fluuiatilw, and northern pike, Esor 
lucius, were subjected to a slightly hyperosmotic medium for 3 or 4 hr, 
the blood osmolality increased (becoming once more hyperosmotic to 
the new environment), and the GFR and urine flow dropped markedly 
(Ginetsinkii et al., 1961). If the artificial medium exceeded about 430 
mOsm/liter, the urine 00w stopped. Yet neither the urine sodium con- 
centration nor the total urine osmolality changed appreciably, indicating 
that in these species tubular electrolyte reabsorption was undiminished 
even while the blood NaCl concentration rose to lethal levels. Bourguet 
et al. ( 1964) reported that the intraperitoneal injection of dilute (20-35 
mM) NaCl solutions into goldfish increased the GFR and urine flow 
754.5% after a delay of an hour or so, but it had no effect on sodium 
excretion or tubular water reabsorption. The injection of a hyperosmotic 
(700 mM) NaCl solution effected a parallel drop in GFR and urine flow 
after a 2-hr delay and a relatively small (&XI), paradoxical, decrease in 
renal sodium excretion. This drop resulted from the combined effects of 
decreased urine flow and increased sodium retention. 

If freshwater teleosts are allowed several hours or days to adapt to a 
saline medium, the tubular reabsorption of monovalent ions will gradually 

the southern flounder. Afferent arteriole (AA), renal corpuscles (RC), neck (N) ,  
first proximal segment (PI),  second proximal segment (PII), distal segment (DS), 
and collecting tubule (CT). ( b )  General view of kidney of the southern flounder. 
Note the small poorly vascularized glomeruli ( G ) ,  neck ( N ) ,  and transition to proxi- 
mal segment (PI).  Note also numerous profiles of second proximd segment (PII) 
and small portions of the distal segment (DS).  X380. 
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Fig. 27. (a) Light micrograph of kidney from southern flounder showing renal 
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decrease. Martret (1939) found that when carp, Cyprinus carpw, were 
placed in NaCl solutions more concentrated than the urine but less con- 
centrated than the blood, urine osmolality rose until it nearly equaled 
that of the external environment. Favre and Hourday, quoted in Bour- 
guet et al. (1!364), found that when goldfish were held for a month in 
isosmotic NaCl and then returned to freshwater, the urine remained 
almost isosmotic to plasma until the “excess salt” was eliminated. 

From these different studies, it seems clear that the primary and 
most effective renal adjustment to increased external salinity (or hyper- 
osmotic saline injections) is reduction of the GFR, achieved by progres- 
sively shutting down individual glomeruli or portions thereof. If the 
external salinity approaches body fluid osmolality, glomeruli filtration 
ceases altogether and the glomeruli begin to atrophy. Ogawa (1961b) 
has provided an excellent description of the progressive degeneration of 
the glomeruli and second portion of the proximal tubules and considera- 
ble fluid accumulation within the distal tubule of goldfish surviving in 
one-third strength seawater. Since the goldfish cannot survive in an 
environment more concentrated than its blood, it seems unlikely that 
divalent electrolytes are being actively transported into the tubular 
lumen, as occurs in true hypoosmotic regulation by marine teleosts. 

D. Kidney Function in Marine Teleostei 

The kidney of marine teleosts has become a functional specialist. 
The relatively simple structure of the nephron, lacking the distal segment 
characteristic of many euryhaline and nearly all freshwater species, and 
often with the glomeruli degenerative or absent (Figs. 26b and 27d; 
Table XIII), is largely a consequence of the limited, though essential, 
part that the kidney performs in the animal’s complex pattern of hypo- 

corpuscle (RC), neck region (N ), first proximal segment (PI )  and interstitial hemato- 
poietic tissue (IH). X420. ( b )  Distal segments and collecting tubules from southern 
flounder showing the high activity of DPN diaphorase in the distal segment (DS)  
and the small amount of activity confined to the cell apices in the collecting tubule 
(CT). X140. ( c )  First proximal segment (PI) from the southern flounder. Note 
the brush border and the numerous large secondary lysosomes (arrow) which fill 
most of the cytoplasm. X700. ( d )  Renal corpuscle from southern flounder showing 
the afferent arteriole (AA) and the glomerulus lying within Bowman’s space (BS). 
At the free arrow the continuity between the parietal epithelium, afferent arteriole, 
and visceral epithelium can be seen. Note the prominent mesangial region (Me)  with 
few open capillary lumens. X560. ( e )  Transition between first (PI) and second 
(PII)  proximal segments in the southern flounder. X420. ( f )  Portion of kidney of 
southern flounder showing first proximal segments (PI )  with large supranuclear 
lysosomes, second proximal segments (PII) with transition to the distal segment 
(DS ). X420. 
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Fig. 28. (a )  Survey picture of kidney from southern flounder. This kidney was 
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osmotic regulation. This specific function is the excretion of magnesium 
and sulfate, which are osmoregulatory by-products rather than metabolic 
wastes. They enter the intestine in seawater deliberately swallowed by 
the fish, as the first step in the replacement of water lost exosmotically 
across the body surface. A small fraction of the divalent ions swallowed, 
normally less than 20%, penetrates the intestinal mucosa to enter the 
bloodstream. The available evidence indicates that all of the absorbed 
magnesium and sulfate is excreted exclusively by the kidney ( Hickman, 
1968~).  Other ions, notably sodium, chloride, potassium, and calcium 
are also absorbed from the intestine and appear in the urine, but the 
kidney does not serve as the exclusive pathway for the excretion of any 
of these. 

It would scarcely do the marine teleostean kidney justice to consider 
it purely a magnesium sulfate pump, for it does much more than this, 
yet most of the morphological and functional specializations of the organ 
can be understood by recognizing this to be its dominant role. The 
following discussion deals primarily with kidney function in stenohaline 
marine fishes, of which only two species, the glomenxlar longhorn sculpin, 
M yoxocephalus octodedmspinosus, and the gooseash, Lophius ameri- 
cunus ( = pi.scutorius), have been at all well studied. We have addi- 
tionally included information from renaI function studies of the southern 
flounder, Paralichthys lethostigma, in seawater because in this environ- 
ment the kidney of this euryhaline species appears to function in the 
manner of stenohaline forms (Fig. 4%). 

1. GLOMERULAR FILTRATION 

a. Glomerular Development. Because the dominant activity of the 
marine teleostean kidney is MgS04 secretion, the glomeruli have become 
supeduous structures, at least to those species which never venture into 
reduced salinities. Consequently, all degrees of glomerular degeneration 
are evident among stenohaline marine teleosts, from those having well- 
vascularized glomeruli to those lacking glomeruli altogether ( Marshall 
and Smith, 1930; Nash, 1931). The completely aglomerular teleosts are 

fixed by intravascular perfusion and shows the widely patent peritubular capillaries 
(C)  surrounding the tubules. X225. ( b )  Collecting tubule from southern flounder 
showing apical mucous granules ( M u ) ,  X900. ( c )  Epon section showing appearance 
of mitochondria and organelles in distal segment (DS ), first proximal segment ( P I ) ,  
and second proximal segment (PII) from the southem flounder, X540. ( d )  Second 
proximal segment (PII) from southern flounder showing localization of alkaline phos- 
phatase (black precipitate) along brush border. X720. ( e )  First proximal segment 
from southern flounder showing tubular lumen (TL) and large acid phosphatase 
positive lysosomes (free arrows) in the cytoplasm. X900. 



170 CLEVELAND P. HICKMAN, JR., AM) BENJAMIN F. TRUMP 

Fig. 29. First proximal segment from southern flounder. Tubular lumen (TL) 
is at the upper left and the basement membrane (BM)  is near the lower right. Note 
the closely packed microvilli forming the brush border (BB) .  In the apical zone 
beneath the brush border are numerous images of circular or elongate profiles which 
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scattered rather randomly among many unrelated phyletic groups, al- 
though all the members of certain families of marine teleosts, for ex- 
ample, the Syngnathidae, Gobiesocidae, and Saccopharyngidae ( Smith, 
1931c), may turn out to be entirely aglomerular when all representa- 
tives have been examined (Table IV). About the only generalization 
possible is that many aglomerular species are among the most exotic, 
highly specialized and least active fishes known (Marshall and Smith, 
1930; Marshall, 1934; H. W. Smith, 1931c, 1953; Ogawa, 1962). 

Among the glomerular teleosts, estimates of total filtering surface 
(Nash, 1931) or number and size of glomeruli (Marshall and Smith, 
1930; Ogawa, 1962; Lozovik, 1963) have shown that marine fishes 
generally have less well developed glomeruli than freshwater fishes. It 
has been assumed that glomerular development is correlated with the 
filtration rate, but so few measurements of GFR have been made (Table 
VIII ) that, excepting the congenital aglomerular species and those show- 
ing obvious glomerular degeneration during growth ( pauciglomerular ), 
it is impossible to know if GFR and apparent filtration surface bear any 
consistent relationship to each other. Furthermore the size and number 
of glomeruli and degree of capillary branching may be less important 
in determining filtration rate than several factors which cannot be esti- 
mated from morphological appearance alone. These factors include pa- 
tency of the capillaries, vasoconstrictive ability of the afferent arterioles, 
capillary membrane pore size, filtration pressure, contractility of the 
mesangium, tubular back pressure, and possible contractility of neck 
region or other tubular segments. The best index of glomerular develop- 
ment is the inulin clearance, and it is to be hoped that comparative renal 
physiologists soon will examine some of the many neglected groups of 
glomerular oceanic teleosts as techniques for collection, holding, and 
measurement are improved and simplified. 

b. Relatiomhip between GFR and Urine Flow. Unlike freshwater 
teleosts, urine flow of marine teleosts is usually determined far more 
by tubular activities than by the volume of glomerular filtrate. In 
aglomerular teleosts the urine volume is most probably determined 
solely by the amount of water that diffuses into the tubule secondary to 
the secretion of divalent ions. In such animals, Bieter (1931~) found a 

represent sections in various planes through the apical invaginations of the plasma 
membrane or apical tubules (AT) .  Note the numerous irregular mitochondrial profiles 
throughout the cell. In the midregion of the cell near the nuclei are extremely large 
secondary lysosomes (Ly)  which typify this region. Nucleus ( N )  is seen to the left 
adjacent to these large secondary lysosomes. A wandering cell (WC), probably a 
lymphocyte, is seen between two epithelial cells. X11,OOO. 
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Fig. 30. Base of second proximal segment from southern flounder. Note the 
numerous infoldings of the basilar plasma membrane in this region indicated by the 
free arrows. These are in proximity to the mitochondria1 profiles. One microbody 
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secretion pressure greater than dorsal aortic blood pressure. In glomerular 
species, the contribution that the filtrate makes to urine volume depends 
on glomerular vascular development and glomerular activity. Urine flow 
is independent of, and always exceeds, the GFR in the daddy sculpin, 
M. scorpius, which shows progressive glomerular degeneration during 
the life of the fish (Grafflin, 1933; Forster, 1953). But in marine teleosts 
having relatively high filtration rates [for example, the longhorn sculpin, 
M. octodecimspinosus (Forster, 1953), and the southern flounder P. 
lethostigm (Hickman, 1968a)l the GFR and urine flow are proportional, 
just as in freshwater teleosts. This relationship is not easily explained 
because even at high filtration rates, nearly a11 of the filtered sodium and 
most of the chloride is reabsorbed, leaving a urine composed pre- 
dominantly of secreted divalent ions. Since the tubular epithelium is 
permeable to water, the urine volume is simply a function of solute load. 
Consequently the positive relationship between the separate activities of 
magnesium sulfate secretion and glomerular filtration is unexpected and 
not yet understood. In this connection, it may be significant that PAH 
secretion is also positively related to the GFR, suggesting that tubular 
secretory activities may be governed, or at Ieast affected, by variations 
in renal blood flow (see below). 

2. BLOOD FLOW TO THE KIDNEY 

The blood supply to the kidney of wholly marine teleosts is pre- 
dominantly venous (Fig. 9). The main afferent venous supply is usually 
the caudal vein which enters the posterior end of the kidney, but other 
veins such as the segmental, subcardinal, and epibranchial may con- 
tribute. In at least some aglomerular fishes, the caudal accessory vein is 
larger than the caudal and presumably supplies more blood (Marshall 
and Grafflin, 1928; von Mollendorff, 1930; Gerard, 1954). The kidney is 
drained entirely by a large posterior cardinal vein. 

In juvenile Lophius the arterial supply serves glomeruli distributed 
in the periphery of the kidney but these nearly all degenerate, and in 
adults, arterial blood reaches only the capsules of the few glomeruli re- 
maining (Nizet and Wilsens, 1955). Even in marine teleosts with rela- 
tively well vascularized glomeruli, the arterial supply is meager. The 
anatomical picture is supported by PAH clearance estimates of renal 
plasma flow. Forster (1953) reported that the average PAH clearance of 

(Mb) is seen. The tubule is separated from the interstitium by basement membrane 
(BM).  The interstitium contains scattered collagen fibrils (CF). A peritubular capil- 
lary is seen with a very thin endothelial cytoplasm (En), perforated by thin fenestra- 
tions or pores ( P ) .  An erythrocyte ( E )  is in the capillary lumen (CL).  X17,575. 
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Fig. 31. ( a )  Tubular lumen (TL) from second proximal segment of southern 
flounder, showing cluster of microcrystalline aggregates probably a form of calcium 
phosphate. X27,OOO. ( b )  Portion of cytoplasm from the same cell showing micro- 
crystalline aggregates within the endoplasmic reticulum (free arrows). Xl8,650. ( c )  
Section of urine sediment from southern flounder showing identical-appearing micro- 
crystalline aggregates in urine sediment. Free arrow indicates membranous debris, 
probably resulting from cellular disorganization. X22,500. 
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24 glomerular longhorn sculpins, M. octodecimspinosus, was 108 ml/hr/ 
kg as compared to an average inulin clearance of 2.9 ml/hr/kg, giving a 
CPAH/Cin ratio of 37.2. In the nearly aglomerular shorthorn sculpin, M .  
scorpius, the PAH clearance of two specimens averaged 133 ml/hr/kg 
as compared to the average inulin clearance 0.102 mg/hr/kg ( CpA,/Ci, 
ratio = 1304). These are minimal estimates of the renal plasma flow 
since it is unlikely that PAH extraction by the tubules was complete. Thus 
in both species the fraction of the renal plasma flow supplying the glo- 
meruli is very low, although it is not possible to estimate this fraction 
since PAH from both postglomerular and renal portal blood is secreted 
by the tubules. Forster found that the PAH clearance of the longhorn 
sculpin increased with the GFR and urine flow, indicating that either 
the extraction of PAH or the renal plasma flow varied in proportion to 
the number of nephrons functioning. The arterial supply to the kidney 
of the European eel, Anguilla anguilla, is said to comprise “some 30%” 
of the total vascular supply (Chester Jones et al., 1965), suggesting that 
both the arterial and renal portal components of the euryhaline tele- 
ostean kidney may be well developed. 

As one would expect, significant increases in dorsal aortic blood 
pressure produced by injections of arginine vasotocin had no detectable 
effect on urine flow in the aglomerular toadfish (Lahlou et al., 1969). 
However, aglomerular kidney function may be influenced by changes in 
blood flow through the venous bed surrounding the nephric tubules. 
Brull et al. (1953) found that urine flow from the blood-perfused kidney 
of Lophius americanus rose exponentially with increasing perfusion pres- 
sure and flow (Brull et al., 1953; Brull and Cuypers, 1954b). Although 
the authors interpret this as variable “water secretion,” a more acceptable 
explanation might be that increased blood flow enables greater tubular 
secretion of divalent ions which secondarily determine the output of 
near-isosmotic urine. The exponential leveling of urine flow observed at 
high rates of renal blood flow implies a progressive saturation of the 
divalent ion transport mechanism. 

3. TUBULAR FUNCTION 

a. Urine Composition. In Tables IX and X are given the urine com- 
position and renal excretion values for the southern flounder, Paralichthys 
Zethostigm, in seawater, and the goosefish, Lophius americanus. It is 
unfortunate that the pauciglomerular goosefish, which has received more 
attention by renal physiologists than any other marine teleost, is espe- 
cially prone to the well-known and troublesome phenomenon known as 
osmotic or “laboratory” diuresis after capture, when the renal excretion 
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Fig. 32. Distal segment from southern flounder showing tubular lumen (TL), 
cilium (Ci) with basal body (BB),  and basement membrane (BM) .  Note the elongate 
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of electrolytes and water increases rapidly and the urine composition is 
radically altered. There is so much reported variation in urine composi- 
tion that it is nearly impossible to be certain of the normal pattern for 
this species. Even the composition of residual bladder urine, collected 
immediately upon capture and thought to represent normal urine (Forster 
and Berglund, 19%), is highly variable. Consequently, the values given 
in Table X were selected from the literature subjectively and represent 
what we think come closest to being “normal.” Most are from Brull and 
Nizet (1953). One criterion used in this selection was similarity to the 
urine composition of the relatively unexcitable southern flounder, which, 
unless injured, never experiences more than a transient diuresis after 
capture or operative procedures (Hickman, 1968a,b). To assist those 
wanting information on urine composition for a particular marine teleost 
species, we have also included a source list to references (Table XI) that 
give the analyses of two or more urine constituents. With two exceptions 
(Denis, 1914; Sulze, 1922), we have omitted papers earlier than 1928. 
Reference to the earlier literature is found in H. W. Smith (1932). 
Despite the great range of concentrations that virtually any of the urine 
evident (Tables IX and X and Figs. 38 and 4%). Magnesium is the 
electrolytes can have in different species, a typical pattern is clearly 
dominant cation and chloride the dominant anion in the urine. The 
sulfate concentration is usually less than half that of magnesium (Mar- 
shall and Grafflin, 1928; H. W. Smith, 1930b; Brull and Nizet, 1953; 
Hickman, 1968b) but may occasionally exceed that of magnesium (Pitts, 
1934; Forster and Berglund, 1956). In the southern flounder magnesium 
evidently penetrates the intestinal mucosa more rapidly than sulfate 
because the concentration ratio of magnesium to sulfate in urine (2.4:l) 
is usually greater than their concentration ratio in the ingested seawater 
(1.9:l) (Hickman, 1968b). Except during the diuretic state, or during 
periods of very high phosphate excretion, the sum of the equivalent 
concentrations of sulfate and chloride is usually about equal to the 
equivalent concentration of magnesium (Fig. 38). Chloride is a normal 
constituent of urine, and its presence does not indicate abnormality as 
was once believed (Clarke, 1934; Pitts, 1934; Grafflin and Ennis, 1934; 
Grafflin, 1935; Forster and Berglund, 1956). The abundance and high 
mobility of chloride suggests that it is obligatorily paired with magne- 

mitochondria ( M )  which are perpendicular to the basement membrane and parallel 
to the plasmalemmal infoldings (free arrow). In the upper part of the cell is a 
multivesicular body ( MvB ), a Golgi apparatus (Go),  and an autophagic vacuole 
(AV) .  Near the basement membrane a coated caveolus (CC) is seen. Numerous 
collagen fibrils ( CF) appear in the interstitium. RER, rough-surfaced endoplasmic 
reticulum; JC, junctional complex; N, nucleus. X11,250. 
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Fig. 33. ( a )  and ( b )  These two photomicrographs show the kidney of the 
rainbow trout, Solmo gairdneri. Glomeruli (G),  first proximal segment (PI), second 



2. THE KIDNEY 179 

sium, calcium, and sodium when their cumulative concentration exceeds 
that of sulfate, phosphate, and bicarbonate. Pitts (1934) noted that the 
urine phosphate diminished as the urine chloride rose in concentration. 
The concentrations of sodium and potassium in urine are normally low 
and independent of the GFR. 

Urinary phosphate derives entirely from food since it is virtually 
absent from seawater. Its concentration is highly variable, ranging from 
practically zero to nearly 140 mmoles/liter (Edwards and Condorelli, 
1928; Marshall and Grafflin, 1928, 1933; H. W. Smith, 1930b; Pitts, 1934; 
Grafain and Ennis, 1934; Grafflin, 1936a; Forster and Berglund, 1956; 
Hickman, 1968b; Chester Jones et al., 1969). These great differences pre- 
sumably relate to the amount of dietary phosphorus and overall nutri- 
tional state at the time urine was collected, although this question has not 
been directly studied. 

The U / P  ratio for calcium is always greater than one, but unlike 
magnesium and sulfate, calcium is excreted by other, unknown, routes 
as well as by the kidney. In the southern flounder, an average 70% of the 
calcium swallowed with seawater was absorbed from the intestine, as 
compared to 15.5% of the magnesium and 11.3% of the sulfate, but only 
11.4% of the absorbed calcium was excreted via the kidney (Hickman, 
1968~).  The remainder may be removed across the gills or elsewhere 
across the body surface, especially the fins, as suggested by the experi- 
ments of Mashiko and Jozuka (1964) with the marine teleost Duymaeria 
flagellifera (see chapter by Conte, this volume). 

b. Precipitates in the Urine. An expected consequence of the high 
concentration of divalent ions in the urine of marine teleosts at normal 
ranges of urine pH is the appearance of sediments in the urine and 
urinary passages (Guitel, 1906; Grafain and Ennis, 1934; Grafflin, 1936a; 
Pitts, 1934; Lahlou, 1967; Hickman, 1968b). Many combinations of the 
electrolytes present in urine will yield salts with low solubility products, 
but only two, MgHPO,.3H2O in the longhorn sculpin (Pitts, 1934) and 
CaHPO;2Hz0 in the southern flounder (Hickman, 196813) have been 
positively identified. It is probable that calcium and magnesium car- 
bonates and oxalates also appear as precipitates in marine fish urine. 
Guitel ( 1906) made detailed observations of phosphate-containing calculi 
in the urinary passages (tubules and archinephric ducts) of clingfishes 

proximal segment (PII), distal segment (DS), and collecting tubule (CT).  In ( b )  
a transition between a second proximal segment (PII) and a distal segment ( D S )  is 
shown. X360. ( c )  General view of kidney of the marine stickleback, Gasterosteus 
acukutus, showing cluster of glomeruli ( G ) ,  first proximal segments (PI) ,  second 
proximal segments (PII), and collecting ducts (CD)  . X360. 
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Table IX 

Plasma solute 

&8Wa&S 
conc. 

(mmolefiter) 

0OdiUm 
Potaseium 
Calcium 
Magnesium 
Chloride 

Phcephate 
HIO 
PH 
Oamolality 
Totals (rmole/hr) 

8dfatB 

460.7 
9.8 
10.0 
62.5 
537.3 
27.7 
0.00026 

8.10 
- 

972 - 

Urine 
70 cono. 

Plasma Ultra- (nunole/ U/P 
conc. filterable liter) ratiob 

174.2 78.4 17.1 0.098 
2.86 88.0 1.42 0.49 
2.73 18.6 19.3 7.07 
1.07 54.6 133.4 124.7 

145.9 91.1 120.6 0.83 
0.18 - 68.5 360 
2.73 48.7 9.8 3.62 

937.9 - 937.6 - 
7.82 - 7.40 - 

318 - 304 - 
- - - - 

Net Net 
Filtmed. reatsorbed secreted 

Clearance (#mole/ bmole/ bmole/ 
(ml/hr/kg) hr) hr) hr) 

0,029 83.1 268.0 - 
0.15 5.03 4.61 - 
2.12 1.01 - 4.78 
3.74 1.17 - 38.8 
0.25 265.8 229.6 - 

108.4 0.38 - 20.2 
1.05 2.66 - 0.22 

1.88 1.69 - - 
- - - - 

- - - - 
- 649.2 602.2 64.0 

Escreted 
@mole/ 
w 
5.13 
0.42 
5.79 
40.0 
36.2 
20.6 
2.88 
0.29 
- 
- 

111.0 

a Values from Hiokman (196Bh). 
b Ratio uncorrected for protein hlnding and Donnan effect. 
a Quantity filtered = plasma concentration (mmolefiter) X % ultra6lkrable/100 X in& clearance (ml/hr/kg). 

(family Gobiesocidae), which as adults, have both pronephric and 
mesonephric kidneys. Calculi were always present, were highly variable 
in size, shape, color, and texture, and were occasionally sufficiently large 
to partly block the archinephric duct, causing dilation of the lumen up- 
stream from the occlusion. Trump et al. (1988) have noted dense masses 
of microcrystalline aggregates of precipitated calcium in the endoplasmic 
reticulum of the second proximal segment of the southern flounder kidney 
(Figs. 31a-c). Their presence suggests that at least some of the urine 
sediments are formed intracellularly and are secondarily moved into the 
tubular lumen. The normally acid pH of the urine of marine teleosts does 
not completely prevent the formation of calcium and magnesium precipi- 
tates but undoubtedly does help to reduce their concentration in the 
urine. 

c. Tubular Secretion of Diualent Ions. The urine concentration of 
magnesium sulfate and often, phosphate, are greater than their plasma 
concentrations. The VIP ratios for magnesium and sulfate may reach 
100-300, leaving no doubt that these ion species are actively secreted 
into the tubular urine (Fig. 4%). Most magnesium and sulfate appearing 
in the urine are secreted because the quantity of the digusable form of 
these ions in the filtrate of glomerular marine fishes is very low. In the 
southern flounder, for example, usually less than 3% of the excreted mag- 
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Average Renal Excretion of Ions and Other Solutes by the Southern Flounder, 
Parulachthys lethostigma, at Three Rates of Glomerular Filtration" 

Urine fiow 0.3 d / h r  

Low GFR 
0.3 ml/br/kg 

Zero GFR 
0.0 ml/llr/lg 

Net Net Net Net 
Filtered. reabsorbed semeted Excreted Filtered0 reaborted seoreted Excreted 

bmole/hr) bmole/hr) bmole/hr) bmole/hr) bmole/hr) (.umole/hr) (.umole/hr) (rmole/hr) 

40.97 35.8 - 5.13 0 0 6.13 6.13 
0.75 0.33 - 0.42 0 0 0.42 0.42 
0.15 - 5.64 5.79 0 0 6.7D 6.79 
0.18 - 39.9 40.0 0 0 40.0 40.0 

39.9 3.7 - 36.2 0 0 36.2 36.2 
0,057 - 20.5 20.6 0 0 20.6 20.6 

0.40 - 2.48 2.88 0 0 2.88 2.88 
0.281 - 0.011 0.292 0 0 0.292 0.292 - - - - - - - - 
- - - - - - - - 

82.4 39.8 68.4 111.0 0 0 111.0 111.0 

nesium and sulfate is filtered (Hickman, 1968b), although this fraction 
may rise during an unusual combination of high GFR and very low 
urine flow. 

Experiments by Bieter (1931a, 1933, 1935), Berglund and Forster 
( 1958), and Hickman (1968b) have shown that the tubular electrolyte 
secretory mechanism responds directly and specifically to increases in 
the blood concentration of magnesium, calcium, and sulfate. The injec- 
tion of a saIt containing one of these divalent electrolytes into the circula- 
tion of either the aglomerular toadfish, Opsanus tau (Bieter, 1931a, 
1933 ), or the aglomerular goosefish, Lophius americanus ( Berglund 
and Forster, 195S), caused a significant diuresis. The infusion of MgC1, 
into the circulation of the glomerular southern flounder, Padichthys 
lethostigma, caused an increase in both the urine magnesium concentra- 
tion and the urine flow (Fig. 39). The activity of the divalent ion trans- 
port system appears to be governed directly by the quantity of Mgz+ 
and in the peritubular blood and presumably sensed at the vascular 
surfaces of the tubular cells. Bieter (1935) reported that the injection 
of MgSO, into the toadfish caused an ipsilateral diuresis. The urine 
flow of the opposite kidney increased significantly only if the injected 
dose was so large that some of the salt reached it by recycling through 
the systemic circulation. This experiment appears to rule out the par- 



182 CLEVELAND P. HICKMAN, JR., AND BENJAMIN F. TRUMP 

0 400 800 1200 1600 
Time in minutes after inulin inlection 

Fig. 34. Normal variations in GFR (dashed line) and urine flow (solid line) in 
( a )  northern pike, Esox lucius, and ( b )  white sucker, Catostomus commersonii. The 
fish were held in a flow-through chamber and urine collected by catheter placed in 
the urinary bladder; GFR was determined from the clearance of C-14 inulin. From 
Hiclanan ( 1965 ) . 
ticipation of any systemic hormone which would be expected to affect 
both kidneys alike. 

Efforts to characterize the specificity and capacity limitations of the 
divalent ion secretory mechanism have not been entirely conclusive. The 

Urine f l o w  - ml/hr/kg 
1 2 3 4  

Fig. .35. Relationship between inulin clearance and urine 00w in white sucker 
and northern pike. The near-linear relationship indicates that the percentage tubular 
reahsorption of filtered water is newly constant in individual fish despite wide 
variations in filtration rate. (a)-( c),  Sucker; (a) pike. From Hickman ( 1965). 
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Fig. 36. Relationship between inulin clearance (GFR) and glucose transport 
maximum in the white sucker. The data were obtained at 4°C. The four different 
symbols represent separate experiments on four different fish. From Mackay (1967). 

kidney does not appear to actively transport divalent ions, such as stron- 
tium and mercury, which are not normally excreted by the kidney 
(Bieter, 1933). From their study of tubular secretion in the goosefish, 
Berglund and Forster (1958) concluded that there were at least two 
separate divalent ion transport systems, one for cations and another for 
anions. In this species, the injection of MgCl, depressed the excretion 
of calcium and sodium thiosulfate depressed the excretion of sulfate. 

Urine potassium rnEq/liter 

Fig. 37. Variation in urine sodium concentration as a function of urine potassium 
concentration in the white sucker. From Hickman (1M5). 
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Fig. 38. Ionograms of plasma and urine of the southern flounder, Pamlichthys 
lethstigma. Magnesium, sulfate, and chloride are the major electrolytes in the 
urine of marine fishes. In the southern flounder, sodium was more concentrated in 
the urine of fish having the lowest urine flows (flow rate <0.2 ml/hr/kg). The pro- 
portions of monobasic and dibasic orthophosphate in the urine are determined by the 
p H  which is usually acidic. The unknown anion component of urine is probably 
mostly bicarbonate; organic anions, including protein, and trace quantities of in- 
organic anions comprise the remainder. Nonelectrolytes such as urea are in relatively 
low concentration. The two urine ionograms differ greatly in total equivalent concen- 
tration but not greatly in total osmotic concentration, because the high flow rate urine 
sample to the right contains proportionately more divalent ions. Because of the 
abundance of divalent ions having low activity coefficients, the sum of the molar 
concentrations of urine electrolytes exceeds the total urine osmolality. From Hick- 
man (19eSb). 

However, the infusion of MgCl, into the southern flounder, while causing 
a drop in the urine concentrations of calcium and sulfate, did not reduce 
their excretion because of a compensatory increase in urine flow (Fig. 
39). The capacity limitations of the divalent ion transport system, al- 
though not yet defined, are far in excess of the loads normally transported 
by the kidney. During osmotic diuresis or exposure to concentrated sea- 
water the excretion of magnesium sulfate and calcium may increase 
several fold. 



Hours from stort of experiment 

Fig. 39. Response of the kidney of the southern flounder to intravascular infusion 
of magnesium (as MgCL). Urine composition is shown in the ionograms; samples 
shown were collected at the times indicated by the pointer beneath each ionogram; 
the numbers above indicate urine osmolality. Magnesium infusion, which began at 
hour 117 and ended at  hour 120, promoted a large rise in the excretion of magnesium. 
Since the magnesium filtration declined coincident to a drop in the GFR during in- 
fusion, increased tubular secretion of magnesium entirely accounted for the increased 
magnesium discharge. Note that the urine concentrations of calcium and sulfate were 
depressed during the magnesium diuresis. From Hickman (1988b). 

The VIP ratio for phosphate is usually greater than unity and may 
even exceed 50, indicating that it undergoes net secretion into the tubular 
lumen (Fig. 4%). Phosphate excretion is probably associated with the 
phosphate content of the diet and rate of release from tissue phosphate 
stores, but it is not known whether urinary phosphate is derived directly 
from plasma inorganic phosphate or from some organic phosphate pre- 
cursor. Phosphate excretion in the glomerular longhorn sculpin may 
spontaneously increase several fold following the disturbance of handling; 
this may represent phosphate flushed into the circulation from muscle 
when this usually slugglish species suddenly becomes active ( GrafEin, 
1936a). 

In the aglomerular toadfish, Opsanus tau, and the pauciglomerular 
goosefish, Lophius americanus, phosphate excretion appears to be inde- 
pendent of the blood inorganic phosphate level. Marshall and GraBn 
(1933) found that large intravenous or intramuscular injections of phos- 
phate did not increase renal excretion of phosphate, even though the 
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Table X 
Average Renal Excretion of Ions and Other Solutes by 

Lophius americanus ( = piacatorius) 
Urine flow" = 0.44 (0.35-0.52) ml/hr/kg 

Net 
Seawater Plasma Urine secreted and 

Plasma conc? conc.c c0nc.c U / P  excreted 
solute (mmole/liter) (mmole/liter) (mmole/liter) ratio (pmole/hr) 

Sodium 470.2 185 11 0.059 4 .8  
Potassium 9.96 5 .1  1 .8  0.35 0.79 
Calcium 10.24 3.2 7.2 2.25 3.2 
Magnesium 53.6 2.5 137 54.5 60.3 
Chloride 548.3 153 132 0.86 58.1 
Sulfate 28.2 1.2d 42 35.0 18.5 
Phosphate 0.003 5.36 1.5 0.28 0.66 
Glucose 
Urea - 0.30 0.57 1 .9  0.25 
Ammonia - 0.23 13.7, 59.5 6.0 
TMAO - 8.2 12.5, 1 .5  5 .5  
Creatinine - 0.07 0.33, 4.7 0.15 
Creatine - 0.05 4.7, 93 2.1 
Uric acid - 0.03 0.005 0.16 0.002 
PH 
Osmolality 99 1 452 406 

- - - - - 

- - - 7. 07d 6. 5Bd 
- - 

4 From Shannon (1938b). 

c From Potts and Parry (1964), Table VII. 5, after Brull and Niset (1953), except as 

d From Forster and Berglund (1956). 
a From H. W. Smith (19290). 
I From Brull and Cuypers (1954a). 

From Table 36, Sverdrup et al. (1942). 

noted otherwise. 

blood inorganic phosphate level might be nearly tripled. Yet the tubules 
of aglomerular teleosts unquestionably have the capacity to secrete phos- 
phate because the phosphate VIP ratios may frequently exceed unity, 
although never reaching the ratios observed in glomerular fishes. 

Sodium and potassium appear in the urine of aglomerular and 
pauciglomerular forms but only at VIP ratios less than one (Edwards and 
Condorelli, 1928; Marshall and Grafflin, 1928; Forster and Berglund, 
1956). These ions probably passively leak into the tubular urine from 
the peritubular blood (Fig. 47b). The VIP ratio for chloride frequently 
exceeds one when it is obligatorily paired with magnesium and other 
cations in the urine. There is no evidence of active tubular secretory 
mechanisms for any of the monovalent ions except H+. 

d. Secretion of Hydrogen. Ion. The urine of marine teleosts is usually, 
although not invariably, acid (W. W. Smith, 1W9a; Brull et al., 1953; 
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Table XI 

Source List to Articles Giving Original Analyses of the 
Composition of Urine of Marine Teleost Fishes 

~ 

Species References 

Family Anguillidae 
Anguilla rostrata (American eel) 
Anguilla anguilla (European eel) 

H. W. Smith (1930b) 
Sharratt et al. (1964) ; 

Chester Jones et al. 
(1969) 

Family Muraenidae 
Muraena sp. (moray) Edwards and Condorelli 

(1928) 

Pitts (1934) 
Marshall and Grafflin 

Family Gadidae 
Merluccius bilinearis (silver hake) 
Gadus callorias (cod) 

(1928) ; H. W. Smith 
(192913) 

Family Syngnathidae 
Syngnathus sp. (pipefish) 

Hippocumpus sp. (seahorse) 

Edwards and Condorelli 

Edwards and Condorelli 
(1928) 

(1928) 
Family Blenniidae 

Family Stichaeidae 

Family Cottidae 

Xiphister atropurpureus (blenny) Evans (1967) 

Cryptacunlhodes maculatus (wrymouth) Grafflin (1936b) 

Hemitripterus americanus (sea raven) Grafflin (1936b) 
Myoxocephalus octodecimspinosus (longhorn sculpin) H. W. Smith (1930b) ; 

Marshall (1930) ; GrafRin 
(1931b, 1935, 1936a,b); 
Grafflin and Gould 
(1936) ; Clarke (1934) ; 
Forster (1953) ; Hodler 
el al. (1955) 

(193610); Forster (1953) 
Myoxocephalus scorpius (shorthorn or daddy sculpin) Pitts (1934) ; Grafflin 

Family Pleuronectidae 
Platichthys $ems (flounder) Lahlou (1967) 
Psezldopleuronectes americanus (winter flounder) 

Paralichthys lethostigma (southern flounder) 
Glyptocephalus cynoglossus (witch flounder) 
Limanda ferruginea (yellow tail) 

Sphaeroides macuk~!us (puffer) 

Marshall (1930) ; Grafflin 
(1936a,b) 

Hickman (1968b,c) 
Pitts (1934) 
Pitts (1934) 

H. W. Smith (1929b) 
Family Tetrodontidae 
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Table XI (Continued) 

Species References 

Family Batrachoididae 
Opsanus tau (toadfish) Marshall (1930); Marshall 

and Grafflin (1933) ; 
Grafflin (1931b); 
Shannon (1938a); Lahlou 
et al. (1969) 

Family Lophiidae 
Lophius americanus ( = piscatorius) (goosefish) Denis (1914) ; Sulze (1922) ; 

Edwards and Condorelli 
(1928); Marshall and 
Grafflin (1928) ; Grollman 
(1929); H. W. Smith 
(1929b, 1930b) ; Marshall 
(1930); Pitts (1934); 
Grafflin (1936b) ; Brull 
et al. (1953); Forster 
(1953) ; Berglund and 
Forster (1958); Forster 
and Berglund (1956) 

Hodler et al., 1955; Forster and Berglund, 1956; Fanelli and Nigrelli, 
1963; Hickman, 1968b). The urine pH of marine sculpins is almost com- 
pletely unaffected by injections of inorganic phosphate or bicarbonate 
(H. W. Smith and J. H. Jarofsky, reported by W. W. Smith, 1939a) or 
the carbonic anhydrase inhibitor acetozolamide ( Hodler et al., 1955), sug- 
gesting that similar to the elasmobranchs, but unlike freshwater teleosts, 
the urine pH of marine teleosts is h e d  on the acid side. However, Hick- 
man (1968) observed that the urine pH of the euryhaline southern 
flounder in seawater varied considerably, ranging from 5.68 to 8.24, tend- 
ing to be more alkaline at higher rates of urine flow. In individual fish 
showing substantial variation in urine phosphate excretion, urinary pH 
was lowest during those periods when the urine concentration of phos- 
phate was highest (Hickman, 1969). This suggests that phosphate was 
secreted in the acid form (H,PO,-). This may be a necessary adaptation 
effected to avoid excessive precipitation of insoluble Ca2+ or Mg2+ aggre- 
gates of phosphate or carbonate in the tubuIes. Hydrogen ions and/or 
acid phosphate ions are probably injected in the brush border regions of 
the tubule since studies of phenol red secretion indicate a low intra- 
luminal pH in these regions. 

e. Tubuhr Transport of Organic Anions. Studies of organic acid 
transport systems of the fish nephron have been of great importance in 
the development of our present notions regarding renal function as a 



2. THE KIDNEY 189 

whole. They have also provided several important methods for evalua- 
tion of renal function in intact animals and man. 

The prototype of organic acid transport systems is that which secretes 
phenol red. The observation that Lophius arnericanus and other aglo- 
merular fish could excrete phenol red provided the first firm evidence 
that tubular secretion did, in fact, exist as an excretory mechanism (Mar- 
shall, 1930). Our present knowledge of these transport processes repre- 
sents the direct development of these early observations of Marshall and 
others, Much of the early literature concerning the transport of organic 
compounds appears in the review by Forster (1961). 

The characteristics of transport systems have been studied for organic 
anions, organic cations, and certain other organic compounds. It has been 
suggested, moreover, that close relationships exist between some of these 
transport systems and those for the transport of certain inorganic 
molecules. 

The precise functional significance to the animal of these transport 
systems remains essentially unknown. It  does, however, seem unlikely 
that they were evolved to secrete foreign compounds such as phenol red, 
Diodrast, or PAH. There are data which suggest a role for these systems 
in the excretion of certain organic nitrogenous compounds, for trans- 
cellular substrate transport and a relationship to the divalent ion pumps. 

Of all the transport mechanisms, that for organic anions has been 
most widely studied both in viuo and in vitro. Many of the studies of 
organic anion transport are based upon the observation originally made 
by Forster (1948) that isolated nephrons from the flounder actively 
transport and accumulate intraluminally various organic anions (Fig. 40). 
The most studied ones are chlorphenol red, because of its convenience for 
light microscopic observation, and Diodrast. More recently these studies 
have been extended to include ultrastructural observations of the rela- 
tionship between cellular fine structure and transport mechanisms and to 
study the relationship between cell injury and kidney tubular function 
(Trump and Bulger, 1967, 1968a,b). I t  has now been demonstrated 
that isolated nephrons from the flounder are capable of concentrating 
dye in the lumen several thousand-fold as compared with the incubation 
medium (Enter, 1966) (Figs. 40a and b). The temperature coefficient 
for PAH transport is 2.0 in fishes and the kinetics are characteristic of a 
first-order reaction. 

A variety of studies have suggested that the organic acid transport 
system is energy dependent and probably related to intracellular pro- 
duction or concentration of high energy compounds possibly ATE’. A 
series of investigations in our laboratory (B.F.T.), involving a wide 
spectrum of metabolic inhibitors, indicates that the transport system in 
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Fig. 40. (a) Isolated southern flounder nephron incubated 4 hr in oxygenated 
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the flounder, Pardichth ys lethostigmu, is dependent upon respiration and 
oxidative phosphorylation but is not inhibited by inhibitors of protein 
synthesis, inhibitors of nucleic acid systhesis, or inhibitors or activators 
of lysosomal enzymes. Furthermore, agents such as the polyene anti- 
biotics, that directly modify the structure and function of the plasma- 
lemma, are associated with marked inhibition of dye accumulation. 
Agents that affect dye transport are also associated with marked altera- 
tions in cellular ultrastructure (Fig. 40e). 

It was noted early by Forster and colleagues (Forster, 1948; Forster 
and Hong, 1958; Forster et al., 1954) and by Wasserman et al. (1953) 
that two stages in dye transport could be defined. Step I is from the 
peritubular fluid across the base of the cell and Step I1 is from the intra- 
cellular compartment to the tubular lumen. It was observed that Step I 
was dependent upon potassium and Step I1 on calcium. It appears that 
in isolated tubules, Step I is limiting. When tubules are incubated in 
media devoid of calcium, dye accumulates intracellularly. Under normal 
conditions this was not observed. When potassium is removed from tu- 
bules in media devoid of calcium, intracellular dye accumulation is also 
inhibited, indicating the dependence of Step I on potassium. Recently, 
these steps have been related to changes in cell ultrastructure (Bulger 
and Trump, 1969~).  In tubules incubated in calcium-free media, marked 
alterations of the cell apex occur. These include disorganization and 
disappearance of junctional complexes and marked distortions in the 
contour of the microvillous border (Figs. 41 and 42a). On the other hand, 
tubules incubated in potassium-free media show simplification and dis- 
appearance of the complex basilar cell infoldings (Fig. 42b). It thus 

Forster’s buffer containing chlorphenol red. Observe the intraluminal dye concentra- 
tion. This is the black area occupying the tubular lumen and was magenta in the orig- 
inal preparation. Note the appearance of the epithelial cells lining the tubule. Cell 
junctions and traces of the brush border can be observed. X750. ( b )  Same prepara- 
tion showing that the ends of the dissected nephrons seal off. X750. ( c )  Goldfish, Ca- 
rassius auratus, tubule functioning in vitro and photographed using Nomarski phase-in- 
terference optics. Note the appearance of the nuclei ( N )  and the striations which 
represent mitochondria and infolded plasma membrane along the cell base which is 
viewed in optical tangential section. X750. ( d )  Afferent arteriole from southern 
flounder showing acid phosphatase activity in the juxtaglomerular granules (free 
arrow). This activity is found within the granules and thus they may be inter- 
preted as forms of primary lysosomes. X225. ( e )  Isolated tubule from English sole 
incubated for 4 hr in Forster’s medium containing 3 X lo-’ M potassium cyanide. 
Note the marked changes in ultrastructure. The nuclei ( N )  are very irregular and 
have lost most of their DNA. The mitochondria ( M  ) are extremely swollen and show 
disorganization of internal membranes and flocculent intramatrical deposits prob- 
ably representing denatured protein. The rest of the cytoplasm is filled with vesicular 
profiles that derive from altered endoplasmic reticulum and lysosomes. Basement 
membrane ( B M )  and surrounding smooth muscle cells (SM)  can be seen. X7125. 



Fig. 41. Isolated second proximal segment from English sole incubated for 45 min 
in calcium-free Forster’s medium showing marked changes. The tubular lumen (TL)  
is toward the top of the picture. The basement membrane ( B M )  is toward the bottom. 
Note the disposition of the junctional complex and observe the desmosomes (D) which 
are undergoing wide separation. All of the structures in the cell apex are distorted 
and the microvilli are curved (free arrows) forming flowerlike arrangements. ( N )  
nucleus, (Ly) lysosome, (CL) capillary lumen. X10,250. Courtesy of R. E. Bulger. 
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appears that the two steps, postulated on the basis of transport data, may 
have as their basis ultrastructural alterations in the configuration of these 
two respective regions. 

It was observed very early that various organic anions act as com- 
petitive inhibitors for the transport system, as evidenced by experiments 
in which the sum of two or more maximum transfer rates is less than 
the sum of each when calculated singly. Furthermore, the tubular maxima 
for different compounds are widely different. In the aglomerular goose- 
fish, the TmpAH is 25 pmoleslkglhr and the TmDIoDRAsT is 5 pmoles/ 
kg/hr. Diodrast, however, apparently has the greater &nity for the 
transport system and acts as an effective competitive inhibitor. In general, 
effective competitors have high affinities for the carrier which they 
easily saturate but are only slowly transported themselves. In a series 
of phenosulfonphthaleins, the more effective competitors had slow rates 
of transfer, were characterized by intracellular accumulation, and had a 
great affinity for the carrier. Forster has pointed out that these charac- 
teristics are similar to those of carrier-mediated transport systems in 
erythrocytes under conditions approximating saturation. 

Kinter (1WS) has made detailed studies of the kinetics of chlorphenol 
red transport in isolated flounder tubules and has concluded that the 
influx data are consistent with Michaeh-Menten saturation kinetics. He 
also evaluated separately the influx and efflux processes. Two important 
characteristics of chlorphenol red efflux, which are also observed in other 
vertebrate renal tissue preparations, are (1) movement down the con- 
centration gradient proportional to the intraluminal concentration of 
chlorphenol red with no evidence of competition from the luminal side, 
and (2)  biphasic action of competitor anions present on the medium side. 
The latter is based on the observation of the enhancement of chlorphenol 
red efflux by low concentrations, and depression by high concentration, 
of competitors in the medium. 

These efflux data are of great interest, particularly with respect to 
countertransport phenomena which may provide a partial explanation 
of the significance of these organic anion transport systems in terms of 
coupled transport processes with ions such as sodium or particularly with 
other anions which may eventually provide the basis for greater under- 
standing regarding the control mechanisms involved in secretion vs. re- 
absorption. Unfortunately, however, the presentIy available data have 
not permitted a satisfactory explanation of competitor enhancement of 
anion efflux. Three explanations have been proposed: (1) run-out from 
lumens as leakage by simple back diffusion; (2) displacement from 
postulated intracellular binding or trapping mechanism by competitors 
with greater affinities for the latter; and (3) exchange diffusion. Kinter’s 
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Fig. 42. (a)  First proximal segment of English sole incubated for 1 hr in calcium- 
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data (1966) on isolated flounder tubules could not support any of these 
proposed explanations. 

Kinter’s data do, however, establish that efflux behaves as a first- 
order reaction and that competitors do act from the medium side to 
enhance or depress dye efflux. The work with flounder tubules also 
clearly shows that organic anions almost certainly move back across the 
cells rather than escaping from the ends [which seal off in these tubule 
preparations ( Fig. 40b) 1. 

The nature of the influx process has not been defined although it is 
known that it follows the pattern of classical Michaelis-Menten kinetics. 
Although, as Kinter states, modern membrane carrier theory has evolved 
as the most satisfactory explanation for such transport, conclusive identi- 
fication of the underlying process, e.g., isolation of carrier, has not been 
achieved. Furthermore, the precise mechanism by which metabolic 
energy can be coupled to many specific carriers for transport is not clear. 
Although the suggestion by Crane ( 1965), of a series of mobile double- 
site exchange carriers which bind both the sodium ion and the second 
molecule, is very attractive and, although data suggesting such a propor- 
tionality in frog have been obtained, this has not been confirmed in 
mammal or flounder. Comparisons of in vivo and in uitro data suggest 
that in the flounder influx is the primary determinant of tubular secretion. 

Recent ultrastructural evidence on the isolated flounder nephron in- 
dicates that organic anions enter the cell base, possibly through the 
complex infolded plasma membranes. Work with protein synthesis in- 
hibitors indicates that a carrier protein, if present, must be relatively 
stable, and not synthesized on demand, since the process proceeds un- 
abated in the presence of protein synthesis inhibition. The normal state 
of the basilar plasma membranes evidently is dependent on the presence 
of potassium. The interference with transport induced by modification 
of plasmalemmal composition, as with amphotericin, suggests that the 
binding site may reside within the membrane itself. It is of interest that 
amphotericin does not exert a primary effect on mitochondria1 mem- 

free Forster’s buffer. After this time the relationships of the cell apex have com- 
pletely changed. The junctional complexes have completely dissociated and dis- 
appeared and the lumen is filled with interlocking apical cell processes such as 
those numbered 1-7 in the micrograph. Other apical components such as the apical 
tubules (AT) have moved toward the base of the cell. This type of cell shows marked 
intracellular but no intraluminal dye accumulation. Nucleus ( N ) ,  mitochondria ( M ) ,  
and basal body (BB). X10,OOO. ( b )  Isolated tubule from English sole incubated for 
1 hr in uitro in Forster’s buffer free of potassium. Note the basilar part of the cyto- 
plasm adjacent to the basement membrane (BM) .  In this region, only the lateral 
plasmalemma (LP) can be seen. In contrast to control preparations, this zone is 
largely clear, and the mitochondria and infolded memb,ranes appear to be greatly 
displaced toward the middle of the cell. Rough- and smooth-surfaced endoplasmic 
reticulum are visible. X14,800. Courtesy of R. E. Bulger. 
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branes and, in the toad bladder, appears to facilitate sodium transport 
by increasing sodium influx. The morphology of the base of the tubule 
suggests that mitochondria, which are in proximity to the membrane 
infoldings, are probably strategically located to supply ATP to the basilar 
anion “pump.” The presumed relationship between mitochondria, plasma- 
lemmel infoldings, and Na+ transport in the opposite direction brings 
to mind Crane’s hypothesis mentioned above. 

After entering the cell, the transported anion is evidently transferred 
to the cell apex, either within the cell sap or in channels such as the 
endoplasmic reticulum. At the cell apex the organic anions are trans- 
ferred to the lumen, across the membrane in a calcium-dependent step. 
This step is clearly related to the morphological specializations of the 
apex since incubation in calcium-free medium is associated with pro- 
nounced changes in the morphology of that region. The lysosomes do not 
appear to be involved in active transport of organic anions. They may, 
however, represent the intracellular sites of accumulation of slowly trans- 
ported materials such as neutral red. 

f .  Excretion Olf Nitrogenous End Products. Several nitrogenous wastes 
appear in the urine of both glomerular and aglomerular marine teleosts, 
but these account for only a small percentage of the total nitrogen ex- 
creted by fish. Ammonia, urea, and TMAO, the major nitrogenous end 
products of the teleosts, are excreted largely across the branchial surfaces 
(see chapter by Forster and Goldstein, this volume), It is probable, never- 
theless, that the kidney is essential for the excretion of less difhsable 
materials such as creatine, creatinine, and uric acid. In Lophius the U /  P 
ratios are characteristically above one for all of these materials except 
uric acid (Table X).  However, it is unlikely that all are actively secreted 
by the tubular epithelium (Grollman, 1929; H. W. Smith, 1929b; Grafflin 
and Gould, 1936; Marshall and Grafflin, 1932; Shannon, 1938a; Brull and 
Nizet, 1953; Brull and Cuypers, 1954a). The small concentration gradients 
for urea and creatinine ( U / P  ratios less than five) could result from 
passive inward diffusion in the proximal tubule and subsequent concen- 
tration by removal of salts and water in the distal regions of the nephron 
and in the urinary bladder. MaIvin and Fritz (1962) found no evidences 
of active urea secretion by the kidney of goosefish. Urinelplasma ratios 
for urea in goosefish injected intramuscularly with urea averaged about 
unity, and they attributed the high VIP ratios reported by GrafHin 
( 1936b) to erroneous sampling procedure. 

Creatine and ammonia are so strongly concentrated in the urine 
that they must be either secreted by some carrier-mediated process or 
formed de novo in the tubular epithelium (Fig. 48). There are indica- 
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tions that deamination systems exist in the kidneys of teleosts (see Chapter 
by Forster and Goldstein, this volume) suggesting that ammonia may be 
formed in the tubular cells from amino and amide groups of amino acids. 
Ammonia could then diffuse into the tubular urine and combine with H+ 
to be camed away as ammonium ion (NH,') . Preformed free ammonia in 
the peritubular blood may also enter the urine, its diffusion being fa- 
vored by the continuous combination with H+ and removed in the urine 
as NH,'. Ammonium ion could also be secreted into the lumen in ex- 
change for Na+ by a process similar, if not identical, to that demonstrated 
in the gill (Maetz and Romeu, 1964; see also chapters by Conte and 
Forster and Goldstein, this volume), but this possibility has not been 
examined experimentally. 

g .  Tubular Reabsorption of Electrolytes. Tubular reabsorption of 
sodium, potassium, and chloride which leak or are filtered into the tubule 
occurs in all marine teleosts. In glomerular forms, the quantity of NaCl 
filtered and reabsorbed may greatly exceed the quantity of MgSOa 
secreted. A comparison of the amounts of electrolytes filtered and reab- 
sorbed by southern flounder at three different filtration rates, are shown 
in Table IX. When the GFR is nearly maximal (2  ml/hr), 98% of the 
sodium, 86% of the chloride, and 92% of the potassium are reabsorbed. At 
a lower GFR, the filtration of monovalent ions drops, and their reabsorp- 
tion is decreased accordingly, These figures clearly illustrate why a high 
rate of glomerular filtration is of no evident benefit to marine fish. The 
greater the GFR, the greater must b e  the energy-dependent tubular re- 
absorption of NaCl while Mgz+ and SO,2- secretion proceeds mostly un- 
abated. These facts notwithstanding, a relatively small proportion of 
marine teleosts have disposed of glomeruli (Table IV) . Consequently, the 
majority must have the tubular capability to actively reabsorb filtered 
NaCl to a greater or lesser degree. To this must be added the unknown 
amount of sodium that leaks into the tubule (Fig. 4%). The urine of 
aglomerular fish always contains sodium, not infrequently at concen- 
trations in excess of 100 mmoleslliter (Marshall and Grafain, 1928; Ed- 
wards and Condorelli, 1928; Forster and Berglund, 1956). Thus, while 
the urine is largely a product of tubular divalent ion secretion, the re- 
absorption of monovalent ions originating from the filtrate and/or tubular 
leak may be quantitatively much greater and require the expenditure 
of substantially more energy than the secretion of divalent ions. This 
certainly is true if the GFR exceeds the urine flow, and it may also be 
true in completely aglomerular forms. This fact becomes important 
when one attempts to assign specific functions to the different regions 
of the nephron. 
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It is especially interesting that the urine of both glomerular and aglo- 
merular marine teleosts is. nearly always a few mOsm/ liter hypoosmotic 
to plasma, although exceptions have been reported in euryhaline teleosts 
(see below). In aglomerular fish the primary secretion of divalent ions, 
together with the inward leakage of NaCl, should produce a hyperos- 
motic urine, because water is drawn into the tubular lumen secondary 
to the establishment of a transtubular osmotic gradient. If there were 
absolutely no resistance to water movement, the formative urine under 
these conditions would at best be blood isosmotic. Since in fact, the urine 
is hypoosmotic, the reversal of the osmotic pressure gradient must occur 
in the distal regions of the nephron. Here, the final abstraction of sodium, 
chloride, and potassium would create an outwardly directed net ionic 
flux favorable to the withdrawal of water. The magnitude of the final 
drop in urine osmolality would be determined by the transepithelial re- 
sistance to water movement. 

If divalent ion secretion and monovalent ion reabsorption are region- 
ally separated as suggested, any condition that severely mitigates or 
abolishes distal ion reabsorption should permit the excretion of a hyper- 
osmotic urine. Such instances have been reported. Hickman (1968b) 
noted that the urine of the southern flounder was often !5-40 mOsm/liter 
hyperosmotic to the blood for several hours after handling and catheter- 
ization. Urine flow and urine sodium concentration increased markedly 
during this interval, suggesting that distal sodium reabsorption was in- 
terrupted. Especially noteworthy is the report that the plains killifish, 
Fundulus kunsae, produces a urine more than 100 mOsm/liter more 
concentrated than the plasma during the first few days following transfer 
to seawater from freshwater (J. G. Stanley and Fleming, 1964). Con- 
sistent with the hypothesis above, urinary sodium and potassium were 
especially elevated during this interval, Other changes are probably as- 
sociated with the production of a hyperosmotic urine in this species and 
discussed in the section on euryhaline teleosts. 

It must be admitted, however, that while these explanations can 
explain observations of ‘both blood hyperosmotic and blood hypoosmotic 
urine in marine fish without the need to postulate active transport of 
water, one can scarceIy remain satisfied until the structural and func- 
tional relationships within the cell are understood. In particular, the func- 
tion of the complex infoldings of the basilar plasmalemma of both proxi- 
mal and distal regions of the tubule (e.g., Figs. 21 and 22a) has yet to 
be satisfactorily established. Their compartmentalized kind of organiza- 
tion into deep basilar plates in proximity to mitochondria strongly sug- 
gests that the active transport of electrolytes occurs across their surfaces. 
Furthermore, it is possible that a hyperosmotic urine could be formed 
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by the passive movement of water from luminal fluid to the peritubular 
blood in a sequence as postulated for certain vertebrates and inverte- 
brates (Diamond, 1965; Berridge and Gupta, 1967). In this system, sep- 
arated as it is from immediate contact with the extracellular fluid, extru- 
sion of sodium and chloride into the folded plasmalemma compartments 
would create local osmotic gradients down which water would obligato- 
rily follow. 

Finally, to these proposed explanations of hyperosmotic urine forma- 
tion must be added the presently unpopular possibility that water is ac- 
tively transported in one or both directions across the tubular epithelium, 
since there are indications that pure water pumps exist in the animal 
kingdom (Beament, 1965; Potts and Parry, 1964). 

h. Tubular Reabsorption of Glucose. Glucose normally is absent from 
the urine of both glomerular and aglomerular marine teleosts, or appears 
in trace amounts only (Marshall, 1930; Marshall and Gra%, 1928, 
1932; Lahlou, 1966; Malvin and Fritz, 1962; Malvin et al., 1965). Lahlou 
(1966) reported that the blood glucose concentration of fed flounder, 
Platichthys flews, was 44 k 3.7 mg % (2.44 mmoles/liter) and that the 
urine was free of glucose. The Tm for glucose was found to vary with the 
GFR as a proportional relationship which could be expressed by the 
equation: Tqluoose = 2.34 Ci, + 0.04. The proportionality was offered 
as evidence that the GFR of this species was determined by intermittent 
glomerular activity. 

Contrary to the reports of earlier workers (Marshall and Grafflin, 
1928; Marshall, 1930), glucose does appear in small amounts as a normal 
constituent of the urine of the aglomerular goosefish, Lophim umericanus 
(Table X ) .  Malvin et al. ( 1965) found that both glucose loading and 
phlorizin administration increased the renal excretion of glucose, in- 
dicating that glucose normally enters the tubule by diffusion and is 
actively reabsorbed. In this species, the total reducing substance greatly 
exceeds the glucose concentration in plasma by a factor of 3.5 and in 
urine by a factor of about 16 (Malvin et al., 1965). 

C. Uptake of Macromolecular Materials. The luminal surfaces of the 
tubular epithelial cells are constantly exposed to plasma proteins and 
other macromolecular materials that pass through the glomerular filter 
in glomerular forms (Bieter, 1931b). Recent evidence indicates that 
different mechanisms for handling this material have evolved in the 
various regions of the nephron. 

In the first proximal segment, present only in glomerular forms, the 
macromolecules in the tubule lumen pass into the apical tubular in- 
vaginations at the base of the microvilli (Bulger and Trump, 1969b) 
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Fig. 43. Second proximal segment from English sole, taken a few minutes after 
retrograde injection of India ink into the archinephric duct. In this segment such 
particles (free arrow) as well as protein molecules are taken up from the tubular 
lumen (TL) in massive invaginations of the plasma membrane ( I )  which rapidly 
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(Figs. 11, 18, 19, and 29). From there the particles gain access to the 
large apical vacuoles, either through direct continuity of vacuoles and 
tubules or via membrane fusions. The apical vacuoles probably move 
into the cell center where they fuse with primary or preexisting second- 
ary lysosomes (Figs. 11,18, 28e, and 29). This fusion brings the contents 
of the vacuoles into contact with acid hydrolases such as acid phos- 
phatase (Fig. 28e), cathepsin c, DNase, RNase, and polysaccharidases 
such as p-glucuronidase or glucosidase. These enzymes are capable of 
rapidly splitting most biologically occurring substances to their subunits 
such as amino acids, monosaccharides, and nucleotides. These can pre- 
sumably enter the cellular pool for reutilization. This mechanism there- 
fore potentially protects the animal against excessive loss of amino acids 
from filtered proteins. Essentially similar mechanisms exist in the mam- 
malian proximal tubule ( Ericsson, 1964). 

It is of great interest that fish have evolved a second type of mech- 
anism for handling macromolecular materials that is thus far not known 
in mammals. This mechanism, well developed in the second proximal 
segments in marine forms, but also present in other segments, constitutes 
a rapid, bulk transport system which permits rapid translocation of 
quanta of particles from the tubular lumen to the lateral intercellular 
spaces (Bulger and Trump, 1969b). Within minutes after the introduc- 
tion of particles to the tubular lumen, enormous invaginations of the 
apical plasmalemma engulf the particles and transfer them, via fusion, to 
the lateral intercellular spaces where they accumulate (Fig. 43). In this 
system the particles are not brought into contact with the lysosomal 
enzymes, and thus digestion of particles such as proteins does not occur. 
Such a mechanism might serve to conserve biologically useful molecules 
such as antibodies or enzymes that find their way, through glomerular 
filtration or transtubular leak, into the filtrate. Indeed, Maack and Kinter 
(1969) observed rapid transport of active lysozymes from flounder 
tubule masses to incubation medium in oitro. 

i. Urine Modijkation in the Urinary “Bludder.” The terminal expan- 
sion of the archinephric duct (urinary “bladder”) of fish may function 
to modify the kidney urine by moving electrolytes and water across the 

fuse with the lateral membrane below the junctional complex (JC) releasing the 
particles into the lateral intercellular spaces (IS ). This appears to constitute a rapid 
transport system for bulk transfer of macromolecular materials from the lumen to the 
extracellular space (Bulger and Trump, 1969b). Note also that the multivesicular 
bodies (Mv) and the lysosomes (Ly) are free of particles, In the first proximal seg- 
ment particles are taken into the cell by pinocytosis and moved to the secondary 
lysosomes. First segment cells also show the rapid transport system. N, nucleus; M, 
mitochondria. X13,505. Courtesy R. E. Bulger. 
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bladder wall. Inulin and bicarbonate have been shown to move bidirec- 
tionally across the bladder of the goosefish, Lophius americanus (Mur- 
daugh et al., 1963). In the euryhaline European flounder, PIatichthys 
@w, the urine concentration of sodium and potassium, and the urine 
osmolality, are significantly reduced in the urinary bladder (Lahlou, 
1967). Urine chloride may be reduced to nondetectable levels in the 
bladder of the toadfish, Opsunus tau (Lahlou et al., 1969). These reports 
emphasize the importance of understanding the extent of bladder modi- 
fication of urine composition in renal function studies with marine 
teleosts. The bladder certainly serves more than the storage function 
previously assigned it. It may be responsible for concentrating certain 
materials such as urea and creatinine (Table X) which may not be 
actively secreted by the tubular epithelium. 

E. Kidney Function in Euryhaline Teleostei 

Euryhaline teleosts can survive a wide range of salinities by maintain- 
ing steady state body fluid regulation when adapted to either hyper- 
osmotic or hypoosmotic environments. Gunter, who has compiled a list 
of euryhaline fishes of North and Middle America (Gunter, 1942, 1956), 
has defined a euryhaline fish as “one which had been recorded from both 
fresh-water and sea water by competent observers” ( Gunter, 1956). 
This definition includes anadromous and catadromous forms but excludes 
those species that enter bays of low salinities. Several points of interest 
emerge from Gunter’s lists. A much greater percentage of primitive tele- 
osts ( Clupeiformes =Isospondyli ) than higher spiny-rayed teleosts are 
euryhaline. On the North American continent all but two of the anadro- 
mous species belong to the primitive Clupeiformes (e.g., shad, alewives, 
salmon, trout, and smelt), Most of the northern euryhaline species belong 
to the Clupeiformes, while in more tropical waters the majority belong 
to more advanced teleost orders. According to Gunter (1956), there are 
more than 10 times as many marine species that enter freshwater as 
there are freshwater species that enter seawater. This suggests that the 
kidney of marine fishes has wider adaptive capabilities than the kidney 
of freshwater fishes. Unfortunately, kidney function has been studied 
in only a very few of the 150 euryhaline species Iisted by Gunter. Many 
of the marine species recorded from freshwater are infrequent, and per- 
haps even accidental, visitors to the freshwater habitat. To what extent 
these species survive the dilute environment by tolerating internal change 
or by actively regulating against internal change cannot, in most cases, 
be answered at the present time. The many factors that determine or 
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modify tolerance of fish to salinity change are reviewed by Parry (19s6) 
(see also chapter by Conte, this volume), 

There is a tendency for the nephron of the euryhaline fish to resemble 
that of stenohaline fish of the primary environment. Since most euryhaline 
fish are members of marine families, most would be expected to have 
kidneys with typical marine teleost glomerular nephrons, consisting of 
a proximal segment subdivided into two or three brush border segments, 
a collecting tubule and duct, but to lack the type of distal segment found 
in nearly all freshwater species (Table XIII). It must be emphasized, 
however, that kidney structure in only a few euryhaline fishes has been 
examined in detail (Table IV). One of these, the pleuronectid southern 
flounder, Paratichthys lethostigmu, possesses a cytologically distinct distal 
segment which is absent from the nephron of the stenohaline pleuronectid, 
Parophys vetulus. Since the Pleuronectidae are unquestionably a pri- 
marily marine family, these differences in tubular structure suggest that 
the distal segment may have arisen as a secondary adaptation consequent 
to the animals’ tendency to invade freshwater and functions specifically 
to form a dilute urine. Nevertheless, the distal segment clearly is not 
essential for this function since it is absent from at least two euryhaline 
species (Table IV). In this section we will consider some of the functional 
attributes of the kidneys of euryhaline forms associated with the transi- 
tion from the seawater to the freshwater habitat and vice versa. 

1. GLOMERULAR DEVELOPMENT 

Euryhaline teleosts in general have well-developed glomeruli, yet 
there are several significant exceptions, For example, the glomeruli appear 
somewhat better developed in the marine stenohaline English sole, Paro- 
phys uetulus, than in the euryhaline southern flounder, Paralichthys 
Zethostigma (Bulger and Trump, 1968; Trump et aZ., 1968). The extreme 
exception is seen in the aglomerular teleosts that have either permanently 
reinvaded freshwater [ e.g., the Thai freshwater pipefish, Microphis boaia, 
and other representatives of the Syngnathidae in Panama (Marshall and 
Smith, 1930; GraHin, 193%; Gunter, 1942, 1956; H. W. Smith, 1953)l or 
make occasional invasions into fresh or brackish water [the toadfish, 
Opstznus tau (Marshall and Smith, 1930; Lahlou et al., 196Q)l. Thus 
poor glomerular development, or even the absence of glomeruli, clearly 
does not preclude euryhalinity. 

Despite these, and other, exceptions, there is a definite correlation 
between glomerular development and habitat. Lozovik ( 1963) found 
that euryhaline and stenohaline marine teleosts living in the Black Sea 
(salinity 17-18%,,) had, on the average, larger and more numerous 
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glomeruli than did marine teleosts living in the more saline Mediterranean 
Sea, Barents Sea, and Khadzhibeiskii Bay ( salinity 33389&). Certain 
species of the families Gobiidae and Pleuronectidae living in both the 
Black Sea and Khadzhibeiskii Bay showed signs of “glomerular degenera- 
tion” in the latter, more saline, environment. This presumably occurred 
during the life of these fish and was caused by continued glomerular in- 
activity. 

Euryhaline species typically have significantly higher filtration rates 
in freshwater than in seawater and continuous exposure to one habitat 
or the other may be morphologically imprinted on the glomeruli. For 
example, Ford (1958) reported that pink salmon fry, Oncmhpchus gor- 
busch, raised in freshwater had significantly more glomeruli than those 
raised in seawater. Conversely, guppies, Lebistes reticulutus, reared for 
218 years in seawater had 408 fewer glomeruli than their controls in fresh- 
water, and the renal corpuscles tended to be smaller in the seawater 
group (Daikoku, 1985). It is not unlikely that pronounced morphological 
variations in the nephron can be induced during the life of individual 
euryhaline fish by constant exposure to one salinity, since the kidney 
tissue of fish retains the ability to renew morphogenetic processes 
throughout life. It is noteworthy that Olivereau and Lemoine (1968) 
could induce pronounced structural changes in the kidney tubules of the 
European eel with injections of ovine prolactin. These included increased 
mitotic activity in all regions of the nephric tubule, marked nuclear 
changes and increased diameter of the collecting tubules, and the appear- 
ance of numerous buds which rapidly differentiated into new, functional 
kidney tubules. The morphogenetic responsiveness of the fish kidney to 
changed conditions of the environment may explain the variable presence 
of the distal segment among euryhaline species (Table IV). 

2. PHYSIOLOGICAL ADJUSTMENTS TO SALINITY CHANGE 

The extension in recent years of functional studies of the fish kidney 
to include several euryhaline species has been of great importance in 
developing our present understanding of adaptive capabilities of the 
nephron. Although observations have in general been restricted to the 
more readily quantified parameters of glomerular filtration, urine flow, 
and tubular reabsorption of water and monovalent ions, these have none- 
theless served to establish guidelines defining adaptive limits and 
temporal responsiveness of the whole organ, and to some extent, of 
nephron components, to salinity change. Most, if not all, the structural 
components of the nephron appear to be active in the adaptive adjust- 
ments of the whole organ. Glomerular and tubular adjustments do not 
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necessarily occur simultaneously or in the same sequence during bidirec- 
tional salinity changes, although the two almost certainly are coordi- 
nated by a presently undefined regulatory system. There is considerable 
pharmacological evidence indicating that renal water and electrolyte 
excretion is responsive to a variety of hormones and gland extracts, but 
at present no single hormone has been firmIy established to regulate 
any specific aspect of kidney function (Bern, 1967; Maetz, 1968). The 
subject of endocrine control of renal function is discussed in other 
chapters. 

a. Glomerular Filtration. It has been demonstrated repeatedly that 
the GFR and urine 00w decline when freshwater-adapted euryhaline 
fish are introduced into seawater, although the magnitude of these 
changes is highly variable between different species studied thus far 
(Table XII; Fig. 47b). After transfer to seawater, the GFR and urine 
00w may drop to 14% of their rates in freshwater in Salmo gairdneri (W. 
N. Holmes and McBean, 1963), Salmo irideus (R. M. Holmes, 196l), and 
Fundulus kansae (J. G. Stanley and Fleming, 1964; Fleming and Stanley, 
1965). In other species, such as the European eel and the European 
flounder, the reduction in GFR and urine flow is less pronounced (Table 
XII). In the Japanese eel, Anguilla japonicu, and in certain euryhaline 
flounders of the United States east coast, renal adaptation to seawater 
is a biphasic process. When freshwater Japanese eels are transferred into 
seawater, the GFR and urine flow drop within 6 hr to about 3W of their 
rates in freshwater. Later, as the eel becomes fuIly adapted to seawater, 
the GFR recovers and may equal or even exceed the average GFR of 
freshwater-adapted eels. At the same time, tubular water permeability in- 
creases. consequently, the urine flow continues to fall while the GFR 
rises, since increased tubular reabsorption of filtered water more than 
offsets the increased filtration rate (Oide and Utida, 1968). Similar 
results have been obtained with the euryhaline southern flounder, P. 
lethostigmu, and summer flounder, P .  dentatus (Hiclanan, 1969). Thus, 
in all of these species, the rapid reduction in glomerular filtration appears 
to be a transient adaptation which serves to reduce water loss in the 
seawater environment, during the period that the permeability of the 
tubular epithelium to water gradually increases. 

The recent observation that the GFR of the euryhaline southern 
flounder varies seasonally, suggests that environmental salinity is not 
the only factor governing glomerular activity. Adult southern dounder of 
the southeastern United States migrate seaward in the fall, spawn during 
the winter on the continental shelf, and return in the spring to the dilute 
waters of sounds and estuaries. Experiments with female flounder which 
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Table XI1 

OFR Urine Bow Oamolality Na+ c1- 
8peoias Habitatn (d/lu/ks) (ml/br/kg) (mOem/liter) (mmolefiter) (mmolefiter) 

~~ 

Salnw itMbw 

Anguilh anguW 
(European eel) 

AnguiUa anguilla 

Fundulw katuos 
@lains killifish) 

Phiichthua $mka 
(flOUndar) 

Paralichthue blhostigma 
(southern floundar) 

Aruilb japoniea 
(Japanma eel) 

- FW 
sw 
F W  4.60f0.53 
S W  1.03f0.21 
F W  1.61f0.18 
S W  0.43 f O . 0 6  
FW 25 
8W 1.35 
FW 4.16f0.22 
sw 2.4 f 0.27 
F W  3.88 (3.4-4.1) 
S W  1.69 (1.4-2.l)o 
F W  2.80f0.26 
S W  3.13f0.78 

- 3.44 
0.031 

3.62f0.41 
0.63 zto.09 
1.1fO.23 
0.25 f 0.04 

8.33 
0.62 

1.78f0.08 
0.60 0.05 

2.9 (2.6-3.0) 
0.22 (0.11-0.31) 
2.26 f 0.17 
0.38f0.04 

- 
- 

14.1 f0.7 
184 f 5 
48.64=9.5 
283.1f8.3 
66.7 (51-64) 
304 (275-333) - 

- 

- 
- 

18.9 f3 
6.5 f 1 
13.1 f 1.2 
64.4 f 5.4 
12.8 f 0.7 
140 f 16 
16.4f3.6b 
36.8 f 8.Qb 
27.9 (23-31) 
17.1 (0.1-32) 
7.46f1.16 
20.6 f 4.86 

612 
200-220 

Nil 
119 f5.7 
3.3 f 0.47 

123.0 f 8.1 
- 
- 

16.3 fl.1 
103.0 *13.0 
6.4 (32-7.4) 

120.6 (51-148) 
2.68f0.65 
41.3f1.47 

0 Hew F W  stands for freuhwater and S W  stands for seawater. 
Concentrations are for oonntituenta of bladder urine; “free” urine, which had not remained in bladder. bad higher Concentrations 

of Na and CI. 
0 Qhmular  filtration rate varies seasonally in t b i  apeciea in mawater. Averwe of summer OFR given. 
d In a separate Btudy with thia species, Butler (1966) found similar urine sodium and potassium valuas but obtained much lower urine 

flown @W = 2.03 ml/lu/lsg: SW - 0.17 ml/hr/ke). 

were captured and held throughout the year in an estuarine pond re- 
vealed that the GFR was typically high in the summer and very low, 
even zero, in the winter ( Hickman, 1968a). This pattern would appear 
to be a useful adaptation to the flounder in its chosen summer and winter 
habitats because of the salinity differences between these habitats. How- 
ever, the absence of any significant seasonal variation in salinity within 
the ponds containing the experimental flounder indicates that salinity was 
not the factor governing seasonal changes in GFR. Some other environ- 
mental factor, such as temperature or photoperiod, or endogenous factor 
such as gonad maturation, is implied; but a satisfactory explanation must 
await more explicit data on the effects of these variables on renal func- 
tion and the pathways over which the effects are conveyed to the kidney. 
Of interest in this respect is the observation that the increase in size of 
renal corpuscles of the three-spine stickleback, Gasterosteus aculeatus, 
transferred to freshwater, is greater in late spring than in early winter 
fish (Ogawa, 1968). This species normally migrates into freshwater in 
the spring to spawn and is able to hyperosmotically regulate much more 
perfectly at this time than in the winter. Lam and Hoar (1967) and Lam 
and Leatherland ( 1969) have presented evidence showing that injection 
of prolactin, a pituitary hormone which promotes survival of euryhaline 
fishes in freshwater (Bern, 1967; Maetz, 1968), causes an increase in 
glomerular size and enables winter sticklebacks to hyperregulate in fresh- 
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Euryhaline Teleosts in Freshwater and Seawater, Comparing GFR, Urine Flow, and 
Urine Composition after Adaptation to Freshwater or Seawater 

I(+ Ca2+ Mg2+ sod2- p01- 
(mmole/liter) (mmole/liter) (mmolefiter) (mmole/liter) (mmolefiter) pH Reference 

- 
0.65f0.16 
2.08 f0.9 
1.14 f 0.32 
1.58f0.33 
0.17 &0.01 
2.0f0.1 
1.55 f0.88 
2.82 f 0.47 

2.1 (1.9-2.2) 
1.42 (0.47-3.6) - 

- 
0.63f0.11 
8.20f0.52 
0.4f0.1 
19.9f2.4 
6.5f1.7 
18.5f2.5 
1.1 (l.H.2) 
19.3 (10.6-25) 

- 

- 
0.02f0.01 
28.7 f2.8 

- 

- 
0.42 (0.3H.55) 
133 (116-148) - 

- 
4.47 f 0.55 
0.62f0.14 

- 

- 
2.8 (2.6-3.1) 
9.6 (0.2-19.2) 

- 

R. M. Holm- (1961) 

Sharratt ~t 02. (1964) 

Chester Jonw d nl. (1969) 

J. 0. Stanley and Fleming (19134) 
Fleming and Stanley (1966) 

- 

- 

L8hlOU (1967) 
- 

Hickman (1969) 
Hickman (19688,b) 

Oide and Utida (1968) 
- 

water as effectively as the late spring fish. This again suggests that the 
kidney of fish is responsive to seasonally changing patterns of hormonal 
balance. 

b. Tubular Function. Two tubular adjustments are enacted during 
adaptation to freshwater: ( 1 )  nearly complete cessation of tubular secre- 
tion of magnesium and sulfate, and (2) reduction of tubular water per- 
meability (Fig. 4%). The first of these changes happens almost as soon 
as the fish stops drinking seawater. Much more time is required for the 
development of tubular water impermeability; this vanes with different 
species, and probably with other, less well defined factors such as body 
size and environmental temperature, Very small euryhaline species such 
as Fundulus heteroclitus, Fundulus kunsae, and Perio phthalmus sp. seem 
especially tolerant of abrupt salinity change. In small (100300 g)  speci- 
mens of the flounder, Platichthys flesus, transferred rapidly from seawater 
to freshwater, the urine osmolality declines slowly at first, then drops 
rapidly at about 6 hr after transfer. Complete adjustment requires 3-4 
days in this species (Lahlou, 1967). During this period of adjustment 
the urine sodium rises considerably. In large (ca. 1 kg) specimens of 
the euryhaline southern flounder, P ~ ~ u l ~ h t h ~ ~  Eethostigmu, 12-24 hr 
are required for the kidney to begin forming a dilute urine, If the trans- 
fer to freshwater is abrupt, magnesium and sulfate virtually disappear 
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Fig. 44. Kidney function in the euryhaline southern flounder during exposure to 
salinity variation. Urine was collected by bladder catheter led to a fraction collector 
changing at  hourly intervals. Blood samples were withdrawn at  irregular intervals 
by caudal vein cannula. Note the sudden decrease in urine magnesium concentration 
coincident with the salinity drop from 390 to 55 mOsm/liter and note further the 
absence of any detectable change in the plasma magnesium concentration at  this 
time. The activity of the magnesium pump must be governed by minute changes in 
the blood magnesium concentration by responding directly to its level in the peri- 
tubular blood or indirectly through an unknown hormonal intermediate. As the urine 
magnesium fell, it was replaced as the dominant cation by sodium. As the kidney 
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from the urine and are replaced by sodium and chloride (Fig. 44). The 
high concentrations of sodium and chloride gradually decline as the 
kidney tubules develop sufficient impermeability to water to enable the 
reabsorption of monovalent ions without the accompaniment of water 
( Hickman, 1969) (Fig. 4%). 

Considerable interest has attached to the hdings of Stanley and 
Fleming (1964; Fleming and Stanley, 1965) who studied the eury- 
haline plains killifish, Fundulus kansae. During the first few days of 
adaptation to seawater following direct transfer from freshwater, these 
animals produced a strongly blood hyperosmotic urine: Average urine 
osmolality was 362 f 28 mOsm/Iiter compared to a serum value of 242 
k 16 mOsm/liter. Although urine sodium and potassium were much 
higher during this transient period than before transfer or after com- 
plete adaptation to seawater at 20 days, it does not seem possible to 
explain these results solely on the basis of a simple abrogation of distal 
sodium reabsorption because the fish were nut diuretic during the period 
of adaptation. Leakage or osmosis through the papilla would also appear 
to be ruled out (J. G. Stanley, 1968). It is significant that hypophy- 
sectomized fish did not form a hyperosmotic urine even though urine 
flows were similar to those of intact fish (J. G. Stanley and Fleming, 
1966). Furthermore, once the fish was fully adapted to seawater, blood 
hyperosmotic urine was never observed, even at  low urine flows. Although 
decisive interpretation is not possible because of the absence of Mgz+ and 
SO," determinations, the explanation is probably related to the initiation 
of divalent ion secretion which is superimposed on a reduced volume 
of filtrate and high tubular impermeability to water. It is additionally 
possible that sodium is secreted into the tubules to assist in the removal 
of some of the sodium load which rapidly accumulates during the initial 
period of adaptation to seawater. 

Students of comparative renal physiology have long speculated over 
how the freshwater aglomerular pipefish, Mimophis boaia, and other 
freshwater Syngnathidae in Thailand, Panama, and the Black Sea main- 
tain salt and water balance (Marshall and Smith, 1930; H. W. Smith, 
1932, 1953; Grafflin, 193%; Lozovik, 1963). Some insight into this ques- 
tion has been provided by recent observations of Lahlou et u2. (1969) on 
the aglomerular toadfish, Opsunus tau, which has long been known to 
survive dilute salinities. Lahlou et al. found that the toadfish could 

tubules gradually developed water impermeability, sodium ( and chloride, not shown 
in the figure) were reabsorbed more completely, thus reducing the urine osmolality. 
Magnesium reappeared in quantity in the urine when the salinity was restored 
to that of full strength seawater. The changes during the first six hours occurred 
during the equilibration time in the chamber following anesthesia. 
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Fig. 45. Urine flow, free water clearance, and sodium excretion in the toadfish, 
Opsanus tau. Urine flow is read from the base of the bar. From Lahlou et al. ( 1969). 

survive up to 3 weeks in freshwater if adapted gradually to this medium 
from seawater, Urine flow was low in seawater (about 0.2 ml/hr/kg) 
and increased to about 0.9 ml/hr/kg in freshwater (Fig. 45). In fresh- 
water the kidney was unable to form a significantly dilute urine, urinary 
sodium was high, and the free water clearance was not much greater 
than in seawater. Thus, the kidney is evidently capable of excreting 
all of the water that enters osmotically from the animal's dilute en- 
vironment, but it is unable to do so efficiently since it cannot conserve 
monovalent ions. The poor performance of the kidney is, however, offset 
by especially effective branchial adjustments to salinity change. Lahlou 
and Sawyer (1969) found that this species shows an immediate reduction 
in sodium outflux across the gills when transferred to freshwater. This 
change was identical in pattern to that observed in the euryhaline 
flounder, Phtichthys fEesus (Motais et al., l986), postulated to be an 
exchange diffusion effect. 

The question of how water is made to enter the aglomerular nephron 
remains unstudied. Presumably it follows the secretion of electrolytes, 
perhaps sodium and chloride, which, in freshwater, might substitute for 
the primary tubular secretion of divalent ions in the marine habitat. The 
availability of sufficient Na+ and C1- is provided by efficient branchial 
absorption. While the toadfish kidney lacks the capacity to withdraw 
monovalent ions from the tubule without the accompaniment of water, 
the freshwater Syngnathidae may well have improved upon this scheme 
by reducing the water permeability of the distal regions of the nephron. 
Grafain (193%) commented upon the presence of cytologically dis- 
tinctive areas of the nephron of an unnamed species of Microphis that 
could be associated with this provision. 
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VII. CLASS DIPNOI (LUNGFISHES) 

This class contains three extant species of lungfishes included in two 
families. A discussion of the habits of these animals as they relate to 
nitrogen metabolism is found in the chapter by Forster and Goldstein, 
this volume. 

A. Structure of the Nephron 

Rather extensive studies of the nephron of Protopterus aethiopicus and 
Lepidosiren paradoxa have been made by Edwards (1935), Grafflin 
(1937d), and Guyton (1935). The nephrons in both fish appear to be 
quite similar, consisting of the following regions: 

(1)  A renal corpuscle containing a glomerulus with capillaries and 
inconspicuous mesangial regions. 

(2)  A ciliated neck segment. 
(3 )  A proximal tubule containing first and second segments, both 

of which resemble the corresponding portions in freshwater 
teleosts. The first segment, as in all teleosts that have been 
studied, contains conspicuous cytoplasmic droplets which cor- 
respond to lysosomes. 

(4) A ciliated intermediate segment which is lined by low cuboidal 
ciliated cells. 

(5) A distal segment with a striated cytoplasm formed by the 
elongate perpendicular mitochondria. 

( 6 )  A collecting duct system. 

The cytological features of the nephron in this group are thus similar 
in all aspects to certain of the typical freshwater teleosts which have 
been described in more detail above ( pp. 127-133). 

B. Kidney Function 

Kidney function has been studied only in the African lungfish, Protop- 
terus aethiopicus, by H. W. Smith (1930a), who measured the concen- 
tration of nitrogenous end products in the urine from a single animal, 
and by Sawyer (1966), who studied the renal response to injections of 
neurohypophysial octapeptides. Lungfish are freshwater forms that are 
completely anuric during estivation. After awakening and breaking out 
of its cocoon, the lungfish begins to excrete a urine which is most respects 
differs little from that of freshwater teleosts. The urine is very dilute 
(16.618.8 mOsm/liter) and contains about 5 mEq/liter of sodium and 
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about 3.5 mEq/liter of ammonium, which together probably constitute 
most of the cation present. Inulin clearances and urine flows of five 
cannulated lungfish, weighing 98-250 g, averaged 11.0 and 5.9 ml/kg/hr, 
respectively (Sawyer, 1966). Sawyer reported that in this species argi- 
nine vasotocin in doses as low as 0.5 pg/ kg produced significant increases 
in GFR, free water clearance, and sodium excretion. Components of 
these responses were similar to those reported by Maetz et al. (1964) 
for the goldfish, Curassius uumtus, and by Bentley and Follett (1963) 
for the lamprey, Lampetra fluviutilus. This reinforces the indication of 
the fundamental similarity of renal function in all fishes living in fresh- 
water. 

VIII. SYNTHESIS: FUNCTIONAL AND EVOLUTIONARY SIGNIFICANCE 

OF HOMOLOGOUS REGIONS IN THE FISH NEPHRON 

In Table XI11 the structure of the fish nephron, phylogenetically ar- 
ranged in representative species, is compared with habitat and type of 
osmotic regulation. It is apparent from the table that in the most primi- 
tive fish shown, the hagfish, the nephron consists of a renal corpuscle, a 
neck, and a first proximal segment which, in this species, forms the archi- 
nephric duct. This animal is an ionic regulator but is nearly in osmotic 
equilibrium with its environment, 

In all the other species listed, beginning with the lamprey, the 
animals do regulate osmotically, It is apparent that the addition of an- 
other portion of the nephron, the collecting tubule, is essential for osmotic 
regulation. It is also evident that the nephron reaches its greatest com- 
plexity in the Iungfishes and freshwater teleosts. Moreover, an essentially 
identical pattern exists in amphibians and, with modification, in mammals. 
In these freshwater forms three segments are added: a second portion 
of the proximal tubule, a variable present intermediate segment, and 
a distal tubule. It would appear that these additional specializations, al- 
though not essential for primitive osmotic regulation, may be of signifi- 
cance for the more sophisticated regulatory physiology of higher forms 
by improving the efficiency of specific excretory or regulatory activities. 
In the marine glomerular teleosts the distal and intermediate segments 
appear to have been discarded. In some pauciglomerular teleosts such 
as the shorthorn sculpin, Myorocephulus scorpius, and the moray eel, 
Mumena helenu, the glomeruli become degenerate and the neck segments 
begin to disappear. This parsimony is most extreme in the marine aglo- 
merular teleosts, exemplified by the midshipman, Pom'chthys notutus, in 
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Fig. 46. Schematic representation of our interpretation of the evolutionary de- 
velopment of the vertebrate nephron. This diagram shows the early development 
in the sea ( a  d ) ,  the invasion of freshwater ( d  + f ) ,  evolution in freshwater 
( f -+ g ) ,  evolution of land vertebrates including amphibians (k) and mammals ( I ) ,  
reinvasion of the sea ( g +  h ) ,  later evolution of marine teleosts (h-+ j ) ,  and the 
alternative pathway leading to the elasmobranchs ( d -+ e )  . For complete description, 
see text. ( a )  and ( b )  Hypothetical early protovertebrates; (c )  Myxini such as 
Myxine glutinosa (hagfish); ( d )  Petromyzones such as Lampetra fluviatilvs (lam- 
prey); ( e ) ,  Elasmobranchii such as Sqwlus suckleyi (Pacific dogfish); ( f )  Holostei 
such as LepidDsteus spatula (alligator gar); (g) freshwater Teleostei such as Lepomis 
macrochirus macrochirus (bluegill); ( h )  marine Teleostei such as Parophrys vetulus 
(English sole); ( i )  pauciglomerular marine Teleostei such as Lophius americanus 
(goosefish); ( j ) aglomerular marine Teleostei such as Porichthys notatus (midship- 
man); ( k )  Amphibia such as Rana esculenta (European frog); and ( 1) Mammalia 
such as man. AL, ascending limb of Henle’s loop; BS, Bowman’s space; BV, blood 
vessel; BW, body wall; C, coelom; CT, collecting tubule; DS, distal segment (distal 
convoluted tubule in Amphibia and Mammalia); G, glomerulus; ED, excretory duct; 
EP, excretory pore; IS, intermediate segment; N, neck; Ne, nephrostome; PC, pars 
convoluta of proximal tubule; PG, primitive glomerulus; PR, pars recta of proximal 
tubule; PSI, first proximal segment; PSIa and PSIb, first and second regions of 
elasmobranch first proximal segment; PSII, second proximal segment; PSIII, third 
proximal segment; and TL, thin limb of Henle’s loop. 



Table XI I I 

Phylogenetic Comparisons of Nephron Morphology in Fishes 



Myxini 

Petmm yzoner 
Myxine glutimsa (hagfish) Marine Isxmotic 

Lamperm fluviatilus (lamprey) Anadromous Hyperosmotic (F.W.) 
Elarmobranchii 

Squalus acanthi= (dogfish) Euryhaline 

Holocephali 
Hydrolagus colliei (ratfish) Marine 

Teleostomi 
Holostei 
Lepidosteus spatula (alligator Euryhaline 

gar) 
Teleostei 

Lepornis rnacmhirus (bluegill) Freshwater 
Salmo gaifdneri (rainbow trout) Euryhaline 

Paralkhthys Iethostigtna Euryhaline 

Parwhrys venrlus (English Marine 

Porichthys notatus (midshipman) Marine 

Lepidosim paradoxa (lungfish) Freshwater 

(southern flounder) 

solel 

Dipnoi 

Hyperosmotic (F.W. 
and S.W.) 

Hyperosmotic 

Hyperosmotic (F.W.) 

Hyperosmotic 
Hyperosmotic (F.W.1 
Hypoosmotic (S.W.) 
Hypoosmotic (S.W.) 
Hyperosmotic (F.W.) 
Hypoosmotic 

Hypoosmotic 

Hyperosmotic 

+ + 

+ + 
+ + 

+ + 

+ + 

+ + 
+ + 

+ + 
+ + 

0 0 

+ + 

+a 0 

t 0 

+b + 

+ + 

+ + 

+ + 
+ + 

+ + 
+ +c 

0 + 
+ + 

aArchinephric duct in this species. 
bKempton (1943) has described a "fine" segment in the proximal tubule but its position and cytology have not been 

'The terminal portion of the proximal tubule is different in Parophrys; this may eventually be classified as a unique 
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which only two segments have been retained, the second proximal seg- 
ment and the collecting duct system (Fig. 23). With only these two seg- 
ments, such animals are able to carry out the essential excretory activities 
of marine teleosts. 

In Fig. 46, this evidence is summarized in an interpretation of nephron 
evolution based on comparative morphology and embryology. The most 
primitive form of kidney (Fig. 46a right) is envisioned as a blood vessel 
(BV) separated from the coelomic cavity ( C)  by a layer of mesenchyme 
and the mesothelial lining. In this form, excretion would occur by low 
pressure filtration across the coelomic surface to its cavity with excre- 
tion through a simple pore (EP) to the outside. In the next stage (Fig. 
46a left), the efficiency of filtration is improved by making the glomerulus 
(PG) a simple recess of the coelomic cavity in proximity to blood 
vessels. The next stage (Fig. 46b) would involve partial separation of 
the duct portion (ED) of the coelomic cavity with retention of the con- 
nection to the general cavity in the form of so-called open nephrostomes 
(Ne). Bowman’s space (BS) is thus a diverticulum of the coelom. It 
should be noted that invertebrates appear to have evolved analogous 
types of excretory systems such as the antenna1 gland in crayfish, which 
are based upon filtration to provide a medium containing materials 
which can then be modified by other portions of the nephron. 

The next stage (Fig. 46c) in the proposed evolutionary sequence is 
represented by the hagfish, in which separation of the nephron from the 
coelomic cavity is virtually complete. In this form, the glomerulus is com- 
posed of a capillary tuft, followed by a long ciliated neck segment ( N )  
which presumably evolved to improve the efficiency of flow in these low 
pressure systems. The neck in turn drains into a specialized portion which 
appears for the first time in this form. This specialized terminal portion, 
often termed the “archinephric duct” (PSI), is, in fact, homologous with 
the first proximal segment of higher fish species as well as that of higher 
vertebrates, including man, In the &st vertebrates to enter freshwater, 
as exemplified by the present-day anadromous lamprey (Fig. 46d), a 
collecting duct portion (CT) was added which, we propose, was essen- 
tial to permit the formation of a dilute urine. It appears that the first 
permanent residents of freshwater represented by the present-day alliga- 
tor gar (Fig. 46f) added a second proximal segment (PSII) which goes 
on to become the longest part of the nephron in later forms. The dominant 
role assumed by this segment attests to its metabolic versatility. As dis- 
cussed below it is evidently involved in divalent cation excretion, sodium 
reabsorption, organic anion and cation secretion, and hydrogen ion ejec- 
tion. Since the hagfish does not possess the organic anion secretory system, 
it is tempting to speculate that the addition of this segment is related 
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to the acquisition of this function which, as discussed below, is almost 
certainly related to more important functions. These might include Na+-K+ 
exchange or substrate transport, rather than the mere excretion of com- 
pounds such as phenol red which are foreign to the animal. Moreover, 
with the appearance of this segment, the capability for the extensive ex- 
cretion of divalent cations, so essential to hypoosmotic regulation in the 
marine environment, was manifest. 

The highest degree of nephron development is found in the fresh- 
water Teleostomi and Dipnoi (Fig. 46g) which added a variably present 
ciliated intermediate segment (IS), and a distal tubule (DT) between 
the proximal segment and the collecting tubule. We suspect that these 
segments improved hyperosmotic regulation and served as useful pre- 
adaptations which presaged the movement to land as shown by the essen- 
tial similarity of these nephrons to those of modern amphibians (Fig. 
46k). The apparent homologies between the amphibian and the mamma- 
lian nephron are diagrammed in Fig. 461. 

Another evolutionary pattern evidently occurred when the fresh- 
water teleosts reinvaded the sea. These later marine teleosts exhibit a 
regression of nephron complexity presumably associated with greater 
specialization of function. In marine glomerular teleosts (Fig. 46h) the 
intermediate segments and distal tubule are lost; however, there is 
evidence of further development of the terminus of the second proximal 
segment forming a third such segment. Further regression occurs in 
pauciglomerular forms such as the goosefish (Fig. 46i) in which glomeruli 
and neck segments are degenerate. This disappearance apparently lessens 
the need for the first proximal segment which is specialized for uptake 
of macromolecular materials that pass the glomerular filter. The greatest 
parsimony in these marine forms is exemplified by modem aglomerular 
marine teleosts (Fig. 46j) in which the nephrons consist only of second 
proximal segments and collecting tubules. 

Present-day elasmobranchs ( Fig. 46e), which are generally considered 
as representatives of a parallel evolutionary development to the bony 
fishes from an early vertebrate ancestor, have evolved a nephron which 
vies with that of the freshwater teleosts for complexity. Though Squalus 
is primariIy a marine form, its kidney has many of the functional and 
morphological attributes associated with freshwater fish. These include 
a high glomerular filtration rate, high urine flow, and reabsorption of 
monovalent ions. This necessitates an extensive first proximal segment 
which is composed of two subdivisions ( PSIa and PSIb ) . The great length 
of the nephron, mainly in the second proximal segment (PSII), is prob- 
ably related to the unique requirement of elasmobranchs for conservation 
of urea and TMAO. The euryhaline propensities of these fish are pre- 
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sumably reflected by the distal tubule (DT) which probably functions 
to conserve sodium in freshwater. This function, though redundant in a 
marine environment, is compensated in that situation by the rectal gland. 

In Figs. 47a and b, schematic representations of the nephron of 
the major groups of fishes are given, showing the probable movements 
of materials across the different tubular regions. These speculations are 
based on: (1)  the calculations given earlier of the amounts of solutes 
and water added to or subtracted from the plasma filtrate, (2)  compari- 
sons with amphibian micropuncture data, (3)  changes in urine composi- 
tion following alterations in plasma electrolyte composition, and (4)  
electron microscopic and cytochemical observations. The functions of 
each region of the nephron are discussed below and are related to ultra- 
structure in Fig. 48 and its legend. 

Glomerulus (Figs. 10, 15, and 16). It has been asserted that the glo- 
merulus evolved as a device to rid the animal of excess water (Marshall 
and Smith, 1930; Marshall, 1934; H. W. Smith, 1932), and that this was 
related to the proposed evolution of protovertebrates in freshwater. This 
idea has been challenged by Robertson (1957) who argues that the glo- 
merulus 'must have originated for some other reason because it is found 
in myxinoids which are nearly isosmotic with their marine environment, 
and because marine invertebrates, especially the decapod Crustacea, 
often have filtration devices of a similar type. Furthermore, careful studies 
of the paleontological evidence supports the theory that the earliest ver- 
tebrates evoIved in a marine environment ( Denison, 1956; Robertson, 
1957) although the matter is still debated (Romer, 1968). Based on 
Robertson's evidence and on our own comparative studies of fish neph- 
rons, it would appear much more likely that the glomerulus evoIved 
not as a device to rid the animal of excess water, but as a device to 

Fig. 47. Schematic representation of nephron structure and function: ( a )  Hagfish, 
freshwater lamprey, marine elasmobranch, and freshwater teleost; ( b ) marine glomer- 
ular teleost, marine aglomerular teleost, and euryhaline teleost. These diagrams show the 
activities of morphological regions identifiable within the nephron of fishes. The shading 
of each segment is the same in all pictures. Solid arrows indicate active, and open arrows 
passive, movements. The width of the arrows is proportional to the rate of move- 
ment of substances across the tubular epithelium. The presence of a solid line along 
the luminal surface of distal segments and collecting tubules indicates relative im- 
permeability to water. The enzyme profiles shown for the euryhaline teleost consist 
of histograms showing relative activity as estimated from histochemical preparations. 
AIPase, alkaline phosphatase; APase, acid phosphatase; ATPase, adenosinetriphos- 
phatase; CD, collecting duct; COxase, cytochrome oxidase; CT, collecting tubule; 
DS, distal segment; GGPase, glucose-6 phosphatase; IS, intermediate segment; P, all 
oxidation states of orthophosphate ( HZPOa-, HPOIZ-, PO,'-); PSI, first proximal 
segment; PSII, second proximal segment; PSIII, third proximal segment; SDase, 
succinic dehydrogenase. 
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initiate regulatory functions by providing a filtrate which could then 
be modified selectively. This would be consistent with the paleontological 
evidence reviewed by Denison (1956). While the glomerulus can indeed 
assist materially in the removal of water from the body, we view it rather 
as a useful preadaptation which was retained when the early Teleostomi 
moved into freshwater. Significantly, it is not an essential device for life 
in freshwater, evidenced by the presence of several freshwater aglo- 
merular Syngnathids and by the demonstrated survival of aglomerular 
toadfish held in freshwater. I t  is also apparent that the presence of glo- 
meruli is compatible with life in the marine environment. Reduced glo- 
merular filtration rates, however, are more efficient for marine forms; in 
this regard it is interesting that in general the glomeruli of marine teleosts 
are relatively avascular as a result of the marked development of mesan- 
gial cells which produce additional basement membrane material (Fig. 
15). Certain marine forms thrive with no glomeruli at all, e.g., the toad- 
fish, Opsanus tau, and midshipman, Porichth ys notatus; moreover, there 
are intermediate, pauciglomerular fish, such as the daddy sculpin, Myoxo- 
cephalas scorpius, which have degenerating glomeruli and neck segments 
(GraBn, 1935). The glomeruli of freshwater fish and elasmobranchs on 
the other hand have widely patent capillary lumens with very thin 
capillary walls and high rates of filtration. It is of interest that the 
pattern of degeneration in the daddy sculpin, obliteration of capillary 
lumens, and thickening of filtration barrier by extension of the mesangium 
is a sequence that is retained in the mammal where it becomes apparent 
in the type of glomerular degeneration that commonly accompanies 
human kidney disease (Faith and Trump, 1966). Changes in glomerular 
filtration rate in euryhaline forms also occur on a seasonal basis and 
provide an adaptation related to freshwater or marine migrations. 

From the standpoint of comparative morphology it is extremely 
interesting to note that the basic pattern of glomerular ultrastructure with 
complex foot processes of the visceral epithelial cells, the appearance of 
the lamina densa, and the relationships of the endothelium and mesangial 
cells are retained throughout the animal kingdom. 

Neck Region (Fig. 17). The neck region is a very primitive portion of 
the nephron, being present in all forms except marine aglomerular tele- 
osts. Although the function of the neck has not been established, it seems 
most likely that the ciliary activity in this region is of importance in the 
movement of materials from Bowman’s space into the tubular lumen. It 
would appear that this is especially important in low pressure filtration 
systems such as exist in all fish. The neck region disappears in higher 
vertebrates, but is retained in amphibians. 

First Prmimal Segment (Figs. 11, 18, 19, and 29). This is another 
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Fig, 48. Composite representation of tubular epithelial cell of fish nephron show- 
ing relationship between ultrastructure and functional activities. Only certain of the 
numerous activities of the tubular epithelial cells are depicted in this diagram. The 
cell shown is a composite of all segments in virtually all types of fish with differences 
as noted below. 

A. Divalent ion transport system. Ca" and Mg" enter the cell base (2), prob- 
ably in closely related, if not identical, ATP-requiring systems. Sulfate and orthophos- 
phate appear to enter by a related but different system (1) .  The cations may enter the 
endoplasmic reticulum (RER) (3,3') where precipitation of complex minerals such 
as apatites occurs, probably dependent on other factors such as relative amounts of 
anion and cation and pH. These microconcretions are excreted by reverse pinocytosis 
(4 and 5) into the tubular lumen. An alternative pathway would involve passage of 
cation and anion into the cell sap (6  and 7)  with again active extrusion into the 
lumen at the cell apex. 

B. Na+ and K+ transport system. Sodium probably enters the cell apex from the 
lumen by passive diffusion ( 8 ) ,  passes through the cell and is actively extruded at  
the base (10) into narrow compartments formed by the infolded basilar plasmalemma. 
This active sodium extrusion (net reabsorption) is believed to be coupled to inward 
movement of potassium (111, is ATP-requiring and involves a Na-K dependent, 
ouabain-sensitive ATPase which is probably located in these complex basilar in- 
foldings. Potassium must have some active step at the cell apex as well since net 
secretion can occur in some regions (9).  The Na-K pump at the cell base appears to 
be related in some way to the uptake and transport of organic anions (11). The 
extrusion of sodium into the long, narrow compartments formed between the complex 
basilar plasmalemmal infoldings may create local osmotic gradients which promote 
the passive efflux of water from the cell compartment into the extracellular space 
( 12'). The relationship between the plasmalemmal infoldings and elongate mito- 
chondria are especially evident in the distal segments of fish and higher forms. 

C. Organic anion transport system. The organic anions ( A-) enter the base of the 
cell in a potassium dependent, ATP-requiring step (11) which may interdigitate with 
that of the Na+ extrusion system. Organic anions pass through the cell in unknown 
compartment( s ) to the apex where active, ATP- and calcium-dependent, extrusion 
occurs ( l l a ) .  

D. Organic bases. Systems somewhat analogous to those for organic anions exist 
for certain organic bases (C+).  The most important of these are probably TMAO 
and creatine (41 and 24). Creatine, however, seems to possess a slightly different 
system from that of the other organic bases (44 and 23). 

E. Nitrogen metabolism. Amino acids, ammonia, urea, and uric acid enter the 
cell base via poorly understood transport mechanisms (13, 40, 42, and 43). Some 
ammonia, urea, and uric acid probably pass through the tubule to the lumen unaltered 
(21, 22, 23, and 25); other portions take part in the following pathways. Amino acids 
may be  deaminated in several ways including mitochondria1 reactions ( 15) (glutamic 
dehydrogenase) and oxidation via amino acid oxidases in microbodies (16 and 18). 
The resultant ammonia enters the cellular pool and some of it can be utilized to 
form urea (21 ) via the ornithine cycle. Amino acids in the cell can also result from 
autophagic or heterophagic digestion within the lysosome system. Ammonia can 
combine with H' to form NHa+. 

Purines, produced from cellular turnover, at least some of which is lysosomal, can 
also result from synthesis involving glutamate metabolism, Purine catabolism results 
in the formation of uric acid which is oxidized by urate oxidase, found in the 
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microbody, to allantoin ( 19) which in turn is converted to allantoic acid (20).  In 
some forms allantoic acid is excreted intact ( AZ); in others, further conversion to urea, 
which enters the cellular urea pool (21), occurs. It is also evident that some of the 
entering amino acids or amino acids derived from intra- or extralysosomal protein 
turnover participate in polypeptide synthesis (17) on free- or membrane-associated 
polysomes. 

These considerations emphasize the complex interrelationships of nitrogen 
metabolism in the tubular cell and also focus on the microbody (found also in the 
liver) in purine metabolism, urea formation and gluconeogenesis. 

F. Glucose reabsorption. Glucose is actively reabsorbed from the tubular lumen 
by a phlorizin-sensitive carrier possibly related to the brush-border-associated alkaline 
phosphatase. Some glucose probably enters via pinocytosis (26).  

G. Lysosome system, In the first proximal segment the macromolecules such as 
proteins are taken into the apical tubules (26) then find their way into the apical 
vacuoles (27) which initially are free of acid hydrolases. These apical vacuoles then 
move into the cell and acquire acid hydrolase activity by fusion with primary lyso- 
somes (Golgi vesicles) (29) or with preexisting secondary auto- or heterolysosomes 
(32). After acquisition of hydrolase activity the phagosome (apical vacuole) is called 
a secondary heterolysosome (28).  Digestion of pinocytosed material then occurs with 
release of intermediates to the cell sap. In other regions rapid transport systems 
appear to exist in which large apical invaginations (35) discharge directly to the 
lateral intercellular space below the junctional complex (45). 

The primary Iysosomes (29) are believed to be elaborated as vesicles from the 
maturing surface of the Golgi apparatus. The hydrolases are assumed to be syn- 
thesized on polysomes of the rough ER under the influence of mRNA from the 
nucleus and injected into the lumen of the ER in which they are transported to the 
forming face of the Golgi apparatus. 

The lysosome also participates in the digestion or turnover of the cell's own 
organelles such as ER, glycogen, and microbodies which are enclosed in a double- 
walled sac formed in an ATP-requiring step from ER cisternae (31) (Arstila and 
Trump, 1968). The inner membrane disintegrates and the outer membrane thickens. 
These autophagosomes (devoid of acid hydrolase activity) acquire the latter by 
fusion with primary (30) or secondary (28) lysosomes. Digestion of material within 
secondary auto- or heterolysosomes msults in the intralysosomal accumulation of 
indigestible debris, much of it lipid in nature. The debris-filled residual bodies are 
autofluorescent, contain lipid, and are usually yellow-brown in color ( lipofuscin or 
aging pigment). At least some release their content to the tubular lumen by migra- 
tion to the cell apex followed by reverse pinocytosis (33). 

H. Water permeability. There are indications that the distal regions of the 
nephron in euryhaline and freshwater fishes have the capacity to control or limit 
the water permeability of the apical surface (12).  We speculate that this is related 
in some way to the mucopolysaccharide coating of the surface plasmalemma, the 
so-called glycocalyx. The apical mucous granules found in these latter regions may 
contribute to the elaboration, possibly under hormonal control, of a water-tight 
external coating for the apical plasmalemma (34). We do not presently know the 
relationships of the junctional complexes to water impermeability. The tight junc- 
tions, in which the plasmalemmas are fused, seem to be relatively water tight; in the 
intermediate junction the cells are closely apposed and acid mucopolysaccharide fills 
the interstices. It is possible that hormonal factors may influence the water perme- 
ability of this junction. 
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primitive region of the nephron, constituting, as it does, the principal 
portion of the kidney in hagfish. Its morphology even at the ultrastruc- 
tural level is retained throughout all of the more advanced forms, with 
the exception of the marine aglomerular teleosts. It should also be noted 
that the proximal convoluted tubule in higher vertebrates, including 
mammals, is of essentially identical morphology with this first proximal 
segment. 

From the evidence given above, it appears that this region has several 
functions. Its well-developed lysosome system, the high content of acid 
phosphatase, and the apical tubular system which has been shown to be 
involved in pinocytic uptake of particles are probably related to the 
resorption of filtered proteins and other macromolecules ( Bieter, 1931b). 
This function would evidently be unnecessary in aglomerular fish in 
which this segment is absent. Such considerations lead to the notion that 
some of the specialization within the fish nephron may be induced by 
characteristics of the environment or characteristics of the tubular fluid. 
Other probable functions of this region include reabsorption of glucose 
and amino acids, isosmotic reabsorption of sodium and chloride, and 
secretion of organic molecules such as phenol red. These functional 
assignments are made largely on the basis of the similarity with the 
proximal convolution of amphibians and mammals, but in some, such as 
macromolecular reabsorption and organic acid transport, direct evidence 
has been obtained in fish. I t  is likely that at least some divalent ion 
secretion occurs in this segment, since it is the only functional segment 
in the hagfish. On the other hand, its presence is not essential for divalent 
ion excretion since this segment is absent in aglomerular marine teleosts. 

Second Proximal Segment (Figs, 12, 20, 21, and 30). This constitutes 
the largest region of the nephron of both marine and freshwater Tele- 
ostomi. It probably is a metabolically active region being filled with 
numerous mitochondria. Its lysosome and pinocytic vesicle systems are 
poorly developed, suggesting that its role in macromolecular uptake is 
minimal. On the other hand, it has been demonstrated to participate in 
organic acid secretion. Since it constitutes the longest portion of the 
nephron, and is the only portion of the proximal tubule in aglomerular 

I.  Acidification. One mechanism for acidification is the combination of COZ and 
water to form carbonic acid (38)  in a reaction catalyzed by carbonic anhydrase. 
This ionizes to form HC0,- and H'; excretion of the proton occurs at the plasmalemma 
through the action of proton pumps (39) or exchange mechanisms of unknown type. 
The CO, is in part derived from mitochondria1 oxidations (36) which also form 
ATF', some of which is required for ciliary movements (37).  The latter are evidently 
of importance in propulsion of urine in the tubule in these low pressure filtration 
systems. 
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marine teleosts, it seems that this region is responsible for the principal 
part of the divalent ion secretion. The participation of the second proxi- 
mal segment in divalent ion excretion is strengthened by the observation 
of similar-appearing microcrystalline aggregates within the urine sedi- 
ment and within the endoplasmic reticulum of this region. I t  may also 
participate in isosmotic sodium reabsorption and hydrogen ion secretion, 
although its role in these processes has not as yet been defined. 

Intermediate Segment (Fig. 14b). This is a somewhat controversial 
segment that has been described in certain freshwater teleosts. Typically, 
it is a highly ciliated region and may constitute a specialized portion of 
the second proximal segment. The functional significance of this region, 
which is absent in many freshwater teleosts, cannot be assessed. It may 
be a secondary pump to assist in the propulsion of fluid along the neph- 
ron. This would be advantageous in freshwater forms because it would 
minimize water reabsorption. 

Distal Segment (Figs. 13 and 32). The distal segment appears in 
freshwater and some euryhaline teleosts, elasmobranchs, and dipnoans. 
Its morphology with the elongate mitochondria and numerous infoldings 
of the basilar plasmalemma is strikingly similar to the distal segment of 
the amphibian and to the ascending limb of Henle and parts of the distal 
tubule in the mammal (Trump and Bulger, 1968a) (Fig. 46). In these 
areas it has fairly clearly been shown to participate in active sodium 
resorption. This sodium resorption is not isosmotic, and it appears that 
in euryhaline forms the water permeability of this region can be varied. 
It would appear, then, that the distal segment may be important in 
improving the efficiency of monovalent ion retention and urinary dilu- 
tion in freshwater and euryhaline forms. 

CoWecting Tubule and Ducts (Fig. 22a). The collecting tubule and 
duct system appear to be essential for the formation of a dilute urine by 
reabsorbing monovalent ions from the filtrate. The hagfish, which does 
not possess this region, is incapable of hyperosmotic regulation. It is 
present, however, from the lamprey to the higher forms. The collecting 
tubule has been retained in all marine forms, in which it probably func- 
tions to remove sodium that filters or leaks into the tubular fluid. The 
large number of mitochondria and the high activity of mitochondria1 
enzymes in this region, coupled with structural similarities to known 
water-impermeable ion-reabsorption systems such as the amphibian 
bladder, suggest that it is in this terminal region that controlled water 
permeability may occur. It is also possible that the archinephric duct 
system and the so-called urinary bladder may function in this regard in 
higher fish. 
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I . INTRODUCTION 

Certain ancestral vertebrates. when faced with a diversity of environ- 
ments. have selectively evolved a modulating system that can control 
both the volume of water and the concentration of electrolytes of the 
internal body fluids to within very narrow limits . This type of homeostasis 
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is termed “osmoregulation.” Reviews by Potts (l%S>, Parry (1966), 
Prosser and Brown (1962), Potts and Parry ( 1964), and Shaw (1980) 
have summarized our present knowledge on the physiology of osmotic 
and ionic regulation in animals. For the sake of clarity of presentation, it 
will be diBcult to avoid repetition of certain aspects. However, the 
present chapter will attempt to describe the role that salt-secreting organs 
play in those fishes which are living in a hyperosmotic medium. Hypo- 
osmoregulation is evidenced by those animals which can maintain the 
salt concentration of their extracellular fluid below that of the environ- 
ment in which they live. Many hypoosmoregulating species inhabit 
marine or brackish waters, whereas others are located inland in saline 
lakes. Hyperosmoregulators on the other hand occupy terrestrial and/ or 
freshwater, habitats. The development of diverse anatomical structures 
within the various vertebrate classes that deal with salt and water 
balance suggest that at least two, and possibly more, independent solu- 
tions to the problem of osmoregulation have arisen. The evolution and 
development of the mammalian renal system appears to be an example 
of a system which couples the mechanism of regulating deviations of the 
extracellular solutes and excess solvent within the same structure. The 
development of extrarenal organs, such as the salt secretory glands of 
marine birds and reptiles, represents an entirely different approach to the 
problem of maintaining hydromineral balance. This system appears to 
have focused on the problem of eliminating the excess inorganic salts 
which accumulate in the extracellular fluids by developing an inter- 
cellular sequestration mechanism. Comparison of the histology of several 
types of salt-secreting glands discloses that the cellular organization of 
the secretory epithelium is quite similar. The discriminating evidence 
comes from ultrastructural investigations that show the trademark of 
cells which are involved in the active transport of salts to be an abun- 
dance of mitochondria and a highly developed labyrinth of agranular 
membranes. If differences in fine structure are noted between types of 
ion secretory cells, it appears to be restricted to the form and shape of 
the membranous labyrinth which serves as an extension of cellular 
surface. This distinctive cytological design is definitely evidenced in the 
secretory cells of the nasal gland of marine birds (Doyle, 196Ob; Kom- 
nick, 1963), the lachrymal gland of the turtle (Ellis and Abel, 1964), the 
filamenta1 cells of the crustacean gill epithelium (Copeland, 1964b, 
1967), and the cells of the anal papillae of mosquito larvae (Copeland, 
1964a). The epithelial cells of the gill filaments of fishes and the rectal 
gland of selachians offer no exception to this rule. 

This chapter will consider recent studies on the cellular differentiation 
and its related biochemical changes in regard to the development of 
extrarenal osmoregulation. 
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II. AGNATHA 

A. PhysioIogical Studies of HypoosmoreguIation in Myxinoids 

Recent studies on electrolyte and water balance in myxinoids (McFar- 
land and Munz, 1958, 1965; Morris, 1965; Rall and Burger, 1967; review 
by Robertson, 1963) have shown that body fluids of hagfish, Myxine 
glutinosa and Poli.vtotremu stouti, are isosmotic with the external environ- 
ment (see Table I). Earlier work ( Dekhuyzen, 1904; Greene, 1904; H. 
Smith, 1932) suggested that a slight degree of hyperosmotic regulation 
was achieved by myxinoids, but according to McFarland and Munz 
(1958) this is probably a result of handling effects that cause enhanced 
slime production which concomitantly elevates the ionic concentration of 
the blood. Rather complete analyses of the ionic composition of body 
fluids have been reported (Robertson, 1963). Interestingly, there is little 
difference between the environmental concentrations of sodium and 
chloride and the values found in blood serum and urine. Munz and 
McFarland (1964) have shown that water is not reabsorbed from the 
glomerular atrate and support the concept that there is no apparent 
mechanism in the mesonephric duct cells which can actively reabsorb 
sodium, a lack which is unique among vertebrates. However, divalent 
ions such as Mg2+, Ca2+, Sod2-, and the monovalent ion, K+, are maintained 
at significantly different concentrations between blood and urine, which 
suggests that there is a renal mechanism for regulation of these ions. 
Moms ( 1965) , investigating the relationship between the external 
medium and the gut fluid, showed that the majority of the experimental 
animals did not swallow seawater. Therefore, swallowing is not a regular 
and integral part of the water balance mechanism. Thus, there is little 
evidence to indicate that myxinoids hypoosmoregulate. 

B. Morphological Studies of Salt Secretion in Myxinoids 

1. SKIN 

The morphology of the skin and its derivatives has been reviewed 
by Blackstad (1963). The slime glands have attracted much attention 
because of their great capacity for slime production. Munz and McFar- 
land (1964), investigating the cationic composition of slime, found the 
material is rich in Mg2+, Caz+, and K+ (see Table 11). They postulate that 
the thin layer of slime which the skin is constantly producing may serve 
as a pathway for the elimination of these cations. Therefore, the slime 
gland may represent a very primitive mechanism for salt secretion. 
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Table I 
Osmotic Concentration of Body Fluids of Myxinoids Relative 

to the External Environmento*b 

External Plasma Urine 
Genus-Specie conc. ("C) conc. ("C) conc. ("C) Reference 

Myzine glutinosa 1.90 2.00 1.87 Morris (1965) 
1.84 1.88 1.84 
1.89 1.81 1.82 
1.88 1.85 - H. Smith (1932) 
- 1.93 - 
- 1.98 - 

1.26 1.40 - Schmidt-Nielsen and Schmidt- 
1.85 1.85 - Nielsen (1923) 
2.32 2.32 - 
1.73 1.74 - Dekhuyzen (1904) 
- 1.83 - 

Eptatretusc stouti 1029 f 4d 1031 f 4d 10514 Munz and McFarland (1964) 
1.86 1.89 - McFarland and Munr (1958) 
- 1.94 - 
- 1.89 - 

1.88 1.89 - 
1.88 1.89 - 
1.92 1.97 - Greene (1904) 

6 Modification from McFarland and Munz (1958). 
* External environment wm normal seawater. 
c Eptatretus (= Bdelloatm, Polistotrema). 
d Concentration in mOsm/kg (see review by Robertson, 1903). 

Recently, Wilson and Arnheim (1968) have found a small organic 
molecule in hagfish tissues, possibly related to the cardiac agent, epta- 
tretin, that could act as an osmotic agent. Permeability studies have not 
been made in hagfish skin. 

Table I1 
Comparison of Slime to Intracellular Cation Concentrationso 

Total 
Na+ K+ CaZ+ Mgn+ TMAW cation 

"Tongue" muscle celb 132d 144 2.6 17.5 211 507 
Liver cellsc 110 161 1.3 9.8 234 516 

(351) Slime* 95 207 10.7 38.5 - 
a Reproduced from Munz and McFarland (1964). 
b TMAO stands for trimethylamine oxide. 
$Data from Bellamy and Chester Jones (1961). 
d Concentrations are in milliioles per kilogram of water. 
'Data from Muna and McFarland (1964). 
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2. GILL 

The histology of the gill epithelium of hagfish shows that it does not 
possess a population of mitochondria-rich cells. Morris ( 1965) observed 
that the only cells which contained mitochondria in quantity in hagfish 
gill were in an unsuitable position for contributing to salt transport since 
they lie within the gill epithelium and rarely have a free border. Most of 
these cells were destined to become mucous secreting cells. 

C. Physiological Studies of Hypoosmoregulation in Petromyzonids 

Regulation of water and inorganic salts in a freshwater environment 
primarily involves the kidney (see chapter by Hickman and Trump, 
this volume). Burian (1910) found that the blood serum osmotic con- 
centration of P .  marknus was hypoosmotic ( A  - 0.59%) to seawater 
( A  - 2.3"C), which certainly indicates that water and electrolyte bal- 
ance in petromyzonids might be regulated in a manner similar to marine 
teleosts. Attempts to return migrating lampreys, which have been cap- 
tured in freshwater, into full strength seawater have failed (Fontaine, 
1930; Galloway, 1933; Wikgren, 1953). Morris ( 1956, 1958), utilizing 
diluted seawater ( A  - 0.66 to - 0.97"C), found that a few fresh run 
lampreys, L. fluviatiZis, could regulate hypoosmotically for only a short 
period of time. Salt-loading experiments by Bentley and Follett (1963) 
showed, following intraperitoneal injection of hypertonic salt solutions 
into animals being maintained in tap water, that they neither expressed 
an increase or decrease in volume of urine nor net gain in body weight. 
Measurements of the total excretion of electrolytes indicated that only 
13% of injected salt was attributable to loss via the kidney. However, 39% 
was attributed to leakage by sites which were anatomically outside the 
renal system. Morris (1958), attempting to delineate the possible extra- 
renal mechanisms involved in hypoosmoregulation, assessed the swallow- 
ing capacities of lampreys. The results show that the lampreys which 
were hypoosmotically regulating had swallowed between 10 and 22 ml 
of seawater per 100 g of body weight per day. Calculations indicated 
that more than 75% of the swallowed water was absorbed through the 
intestine and that 85% or more of the intestinal chloride had entered into 
the extracellular fluid compartment. Since these animaIs showed very 
little net change in body weight and blood chloride concentration, plus 
a negligible urinary output of water or chloride, it was concluded that 
chloride must have been excreted via an extrarenal system. Since Na+ 
was not assessed, it was assumed that this ion accompanied the chloride 
ion, The route of excretion of other ions, mainly the divalent ions ( Ca2+, 
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Mg2+, and So,"-) was uncertain but was thought to be similar to the 
pathway found in marine teleosts. Failure to osmoregulate in seawater 
was thought to result from (1) increased water permeability of external 
surface, (2)  decrease in swallowing capacity, and (3) decrease in extra- 
renal excretion. 

D. Morphological Studies of Salt Secretion in Petromyzonids 

1. GILL 

Morris (1957) has described the gross and microscopic anatomy of 
the lamprey gill. The gill epithelium contains six cytologically distinct 
types of epithelial cells which were classified as the platelet cell, the 
chloride excretory cell, the basal cell, the mucous cell, the chloride 
uptake cell, and the glandular cell. Morris (1958) attempted to quantify 
the numbers of chloride excretory cells by serial sectioning the gill 
pouches and correlating their concentration with plasma osmotic values. 
Individual animals were exposed to diluted seawater ( A  - 0.97 + - 
1.00) and following exposure were sacrificed. He showed that the num- 
ber of chloride excretory cells appears to increase with salinity (Fig. 1). 
It can be seen that the correlation between the hypoosmoregulatory 
capabilities and the number of chloride excretory cells is variable. This 
is probably because of the inability to precisely quantify the cell popula- 
tion of a large surface area of the gills. 

A plasma (TI 

Fig. 1. The relationship between swallowing capacity, chloride excretory cell 
assessment, and plasma freezing-point depression ( A )  in fresh-run lampreys immersed 
in 50% seawater. Chloride excretory cell assessment: (A) many, ( 0 )  few, ( A ) very 
few, and (0) nil. Reproduced from Morris (1958). 
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2. SKIN 

Bentley (1962)-investigating the permeability of the skin of the 
freshwater petromyzonid, L. fluoiatilis, to water and electrolytes in hypo- 
osmotic solutions-found that the skin was highly permeable to water 
when compared to teleosts. The estimated time for 1 ml of water to pass 
1 cm2 of skin at a pressure difference of 1 atm was 91 days for Lumpetru 
and 5 years for Anguilla. No measurements were made using hyperos- 
motic solutions. 

3. INTESTINE 

The intestinal wall offers little resistance to the diffusion of salts and 
water into the extracellular fluid compartment. However, during the 
spawning migration, the gut undergoes degeneration and this probably 
contributes a great deal to the inability of mature animals to restore 
hypoosmoregulation once they have entered freshwater ( Morris, 1958 ) . 

E. Summary 

(1) Myxinoids do not hypoosmoregulate. There is some evidence that 
the slime gland may represent a very primitive mechanism for salt secre- 
tion. They do not possess a mitochondria-rich cell in the gill epithelium. 

(2) Petromyzonids are capable of hypoosmoregulation. The animals 
ingest seawater to offset the water loss resulting from the diffusion 
gradient of the external medium. The intestinal mucosa absorbs the mono- 
valent ions and water. Urinary output is reduced. Excess salts are elimi- 
nated extrarenally, apparently through the gill or skin. 

(3 ) Petromyzonids have a population of mitochondria-rich cells in 
the gill epithelium. They appear to increase in number following sea- 
water immersion, but quantitation of the cell population remains incon- 
clusive. 

III. CHONDRICHTHYES 

A. Physiological Studies of Hypoosmoregulation in Selachians 

H. Smith ( 1931 ) was intrigued by the ratio of Mg2+ : C1- found in the 
urinary fluid of sharks when compared to the ratio of the concentrations 
of these ions in the plasma and seawater. From this observation, he 
suggested that elasmobranchs, in addition to the regulation of these ions 
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carried out by the kidneys, can probably excrete either one or both of 
these ions extrarenally. Hodler et al. (1955) sought to explain this 
irregularity in chloride concentrations by investigating the mechanism of 
acid-base balance in the dogfish, Squulus ucanthius. He found that the 
carbonic anhydrase enzyme system was not involved in the acidification 
of the urine by the kidney but that it played a major role in the branchial 
excretion of sodium bicarbonate. However, it was not shown if the 
HC0,- elimination was coupled with C1- secretion. Thus, these experi- 
ments did not yield any definitive information as to the existence of an 
extrarenal salt-secreting system. 

Rather unexpectedly, Burger and Hess (1980) established the role of 
the rectal gland as being a salt-secreting organ. Their experiments showed 
that the fluid secreted by the gland was essentially a hypertonic sodium 
chloride solution with a salt concentration twice that of the plasma (Table 
111). The volume of fluid secreted by the gland was large enough to 
convince these investigators that it could play a significant role in the 
mineral economy of the elasmobranchs. Burger (1962, 1965) has evalu- 
ated several aspects of the problem. A comparison was made of the 
effects of salt-loading fish which had intact glands to those which were 
glandless. It was found that the rate of secretion increased under a salt 
load and was proportional to the amount of salt injected. Other substances 
such as sucrose, urea, KCl, NaHCOs, Na,S04, and antipyrine were effec- 
tive in evoking a response, but less so than NaCl. Therefore, the response 
appears to be dependent upon an osmotic component, a volume com- 
ponent, and a sodium chloride component. 

Piperocaine applied to the structure leading to the gland did not 
suppress the response to NaCI. Unlike the nasal gland of birds (Fange 
et al., 1958) secretion was not stimulated by acetylcholine, metacholine, 
pilocarpine, eserine, epinephrine, or pitressin. From this evidence Burger 
(1982) concluded that the control of the gland does not involve the 
nervous system. Secretory rates were not inhibited by atropine, tetra- 
ethylammonium bromide, dibenamine, L-8 vasopressin. 

Comparison between the volume of rectal gland fluid secreted to urine 
produced over long periods of time ( >lo0 hr)  showed that the two fluids 
were nearly equal in volume in the intact animal. However, Mg2+ was lost 
exclusively through the urine. Even so, there is a difference in urinary 
flow between glandless and control fish. Glandless fish had twice the rate 
as compared to the controls. Comparison of the effect varying external 
salinities upon glandless and intact fish showed that regardless of being 
in dilute or full strength seawater, the glandless fish have greater urine 
volumes than do intact fish. Injection of hypertonic salt solution into 
glandless fish did not invoke a renal response to concentrate chloride 



Table 111 
w 
cn s Comparison of the Composition of Fluid from the Rectal Gland, Plasma, and Urinea 

Concentration (mmolefliter) 
Fish Wt Osmolarity Flow 1 
(No.) (kg) Fluid pH (mOsm) Na K c1  Ca Mg Urea COe (ml/kg/hr) s 

1 4.3 

2 3.1 

3 4.7 

4 5.0 

5 4.8 

8 6.4 

9 3.1 

Average of 

Rectal gland 
Plasma 
Rectal gland 
Plasma 
Rectal gland 
Plasma 
Urine 
Rectal gland 
Plasma 
Rectal gland 
Plasma 
Urine 
Rectal gland 
Plasma 
Urine 
Rectal gland 
Plasma. 
Urine 

Rectal gland 
Plasma 
Urine 
Seawater 

1011 
1011 
1018 
1018 
1036 
1036 
754 

1020 
1020 
1001 
1001 
806 

1020 
1020 
780 
- 
- 
- 

1018 
1018 
780 

925-935 

522 

535 
320 
580 
300 
352 
542 

502 
254 
339 
560 
283 
327 

- 

- 

- 
- 
- 

540 
286 
337 
440 

5.6 

6.8 
7.0 
8.4 
4.4 
2.0 

- 

- 
- 
- 
- 
- 

7.5 
- 
- 
- 
- 
- 

7.1 
- 
- 

9.1 

510 

549 
250 
562 
247 
170 
552 

490 
252 
286 
549 
242 
174 
521 
239 
182 

533 
246 
203 

492-500 

- 

- 

2 - 0.051 
- 

20 
349 
11 

347 

14 

28 
356 

13 
352 

- 

- 

- 

- 
- 
- 
- 

14.5 
351 
- 
- 

- 
0.320 

0.850 

0.820 
0.012 

0.012 

- 

- 

- 

- 
- 

1.300 

0.810 
- 

- 
- 
- 
- 
- 
- 
- 

Reproduced from Burger and Hess (1960). E! 
cc, 
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Fig. 2. Diagram showing the location of the rectal gland in the spiny dogfish, 
Squalus acanthias. Reproduced from Bulger ( 1963). 

above plasma levels. Hence, it was concluded that the kidneys could 
not serve as a substitute rectal gland, but the absence of a rectal gland, 
however, does not prevent the elasmobranchs from maintaining salt 
balance. Presumably the response is to reduce the uptake of salt so that 
the influxing solution is nearly equal to or slightly below plasma concen- 
tration. The gill epithelium may be involved in the uptake of salt (Burger 
and Tosteson, 1M).  

B. Morphological Studies of Salt Secretion 

1. REcrAL GLAND 

Several studies dealing with the macroscopic anatomy of the rectal 
gland have been published ( Crofts, 1925; Hoskins, 1917; Sullivan, 1908). 
The rectal gland has been described as a compound tubular gland with 
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a central canal that continues as a duct which emerges from the posterior 
ventral part of the gland and curves forward before it drains into the 
intestinal canal posterior to the spiral valve. Figure 2 is a schematic 
diagram showing the location of the rectal gland in the spiny dogfish, 
Squalus acanthb. If microscopic sections were made of the glandular 
portion, it would show three concentric layers: (1)  an outer capsule 
containing small arteries plus a peripheral connective and muscle tissue 
layer (Fig. 3) ,  (2) an inner layer consisting of veins and ducts arranged 
around a central canal that terminates in a central duct (Fig. 4) , and 
(3) a middle glandular layer consisting of a zone of secretory tubules 
(Figs. 5 and 6). 

Electron microscopic studies by Doyle (lssOa, 1962) of the rectal 
gland of the round stingray, Urobphus, and by Bulger (1963, 1965) of 
the dogfish, S q d u s  suckleyi, and Komnick and Wohlfarth-Bottermann 
(1966) in several species have revealed some interesting facets with 
regard to cell boundaries of the tubular cell. Figure 7 shows the complex 
infoldings and interdigitations of the basal and lateral plasmalemma 
which separate groups of mitochondria. As can be seen, mitochondria are 
abundant and appear spherical or rod-shaped. The distribution of mito- 
chondria in the cell shows a basal-apical orientation with the basal 
compartment filled so tightly that little cytoplasm appears. Small amounts 
of rough and smooth endoplasmic reticulum do occur as either small 
cisternal tubules, irregular profiles or as vesicular elements. Other struc- 
tures such as surface microvilli, golgi apparatus, multivesicular bodies 
and dense composite bodies are frequently found. Nearly identical ultra- 
structural features are observed in the salt-secreting lachrymal gland of 
the turtle (Ellis and Abel, 1964). 

2. GILL 

Doyle and Gorecki (1961) have reported the existence of mitochon- 
dria-rich cells in the gill epithelium of the elasmobranch, Urobatis, which 
also have a tubular endoplasmic reticulum characteristic of salt secretory 
cells. Chan et a2. (1967), studying the hormonally induced electrolyte 
changes in the lip-shark, Hemiscyllium plagiosum, shows that the gill 
does participate in the elimination of Na+ from the animal, but it is less 
important than the contributions made by the rectal gland or the kidney. 
This confirms the earlier work on the elasmobranch gill reported by 
Maetz and Lahlou (1966). 

3. SKIN 

salt secretion in elasmobranchs. 
Information is lacking on the role that the skin epithelium plays in 
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Fig. 3. A section ( 1 p )  showing the capsule ( C )  and the outer part of the tubular 
layer (T) .  The capsule shows the peripheral connective tissue layer (CT) and the 
inner muscle layer (ML).  X530. Reproduced from Bulger (1963). 

Fig. 4. A section ( 1 c )  taken near the central lumen (C)  to show the transitional 
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C. Biochemical Studies of Salt Secretion 

The biochemical knowledge of the selachian rectal gland is very 
limited. Recent cytochemical studies of the rectal gland by Chan and 
Phillips (1967), Bonting ( lW), and Bernard and Hartmann (1960) 
have found similar enzymic patterns for the glandular parenchyma in 
several species of sharks. Such enzymes as adenosinetriphosphatase, car- 
bonic anhydrase, acid phosphatase, alkaline phosphatase, and succinic 
dehydrogenase were reported as being present in high concentrations. 
No evidence for the presence of cholinesterase was found, which supports 
the idea that the gland is not under direct nervous control. The tubular 
cells are reported to be rich in phospholipids and contain an acid- 
mucopolysaccharide substance which coats the cell membrane surfaces. 
Oguri ( 1964), comparing the histological appearance of rectal glands 
from marine and freshwater sharks, found that the freshwater environ- 
ment produced a regressive change in the staining properties of the 
tubular cells. Bonting (1966) expanded the enzyme study of the rectal 
gland by investigating the physicochemical characteristics of the adeno- 
sinetriphosphatases. Table IV compares the mean enzymic activity for 
the Na-K activated adenosinetriphosphatase and Mg-activated adenosine- 
triphosphatase per kilogram body weight that was isolated from nine 
species of elasmobranchs. It appears that the spiny dogfish, Squalus 
ucunthias, has the highest Na-K ATPase activity. Interestingly, it was 
shown that species with radially arranged tubules have higher Na-K 
ATPase than those with a lobular arrangement of the glandular paren- 
chyma. The significance of this finding is not clear. Skou (1957, 1960) 
first implicated the Na-K ATPase activity with the monovalent ion 
transport system in salt-secreting tissues. Bonting (1966) found that 

epithelium (TE) found lining the lumen. A venous sinus (VS) can also be seen. 
X530. Reproduced from Bulger (1963). 

Fig. 5. A section (1 a )  of the inner region of the tubular layer. The tubules are 
loosely packed in this region. The tubular lumina ( L )  are of variable but often large 
size. The connective tissue (CT) is more abundant. Venous sinuses (VS) often appear 
large and may contain red and white blood cells. The cytoplasm of some tubular cells 
appears darker ( DC). Atypical nuclei are seen in some tubules and probably belong 
to wandering cells ( WC). Arrow indicates wandering leucocytes with ovoid eosino- 
philic granules. X530. Reproduced from Bulger (1963). 

Fig. 6. A section (1 p )  showing the tubules in the outer region of the tubular 
layer. It can be seen that they are closely packed and the tubular lumina (L)  are 
generally small in size. Basal striations are seen in region 1. Interdigitating lamellae 
are probably located in region 2. Basal compartments (BC) can be seen in several 
places. X530. Reproduced from Bulger (1963). 
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Fig. 7. An electron micrograph of tubular cells from the outer part of the tubular 
layer near the lumen ( L )  to demonstrate cellular form. The lateral cell membrane 
(LCM) demonstrates repeated Moldings. The basal cell membrane (BCM) under- 
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Table IV 
ATPase Activities in Rectal Gland of Nine Elasmobranch Species 

Na-K ATPase 

No. m o l e s  
of Body Gland MgATPase 

ani- wt wt body 
Species mals (kg) (g) Wet" D V  Wet" D@ wtc 

Spiny dogfish 32 
Sand shark 10 
Sickle-shaped shark 1 
Smooth dogfish 6 
Clear-nosed skate 5 
Eagle ray 6 
Butterfly ray 1 
Stingray 4 
Monkfish 4 

2.27-4.54 
9.1-18.2 
6.80 

1.36-1.70 

0.79-g. 80 
36.3 

10.0-15.4 

0.57-1.81 

- 

0.97-2.09 0.69 2.90 
1.69-3.33 0.59 2.56 
1.29 0.79 3.08 
0.27-0.39 0.81 3.51 
0.12-0.35 0.67 2.80 

3.13 0.67 2.61 
0.11-1.28 0.67 2.62 

0.94-2.05 0.92 4.42 
0.88-1.68 0.36 1.62 

1.32 
0.75 
0.54 
0.36 
0.32 
0.33 
0.43 
0.39 
0.36 

5.68 
3.25 
2.13 
1.57 
1.31 
1.31 
1.65 
1.88 
1.56 

0.60 
0.12 
0.10 
0.079 
0.059 
0.051 
0.037 

0.032 
- 

~ 

0 Enzymic activities in moles per kilogram wet weight of gland per hour, 
* Enzymic activities in moles per kilogram dry weight of gland per hour. 
 average of individual values, calculated with the appropriate values of body 

weight and gland weight. For stingray no individual body weighta were available, 
hence the activity per kilogram body weight could not be calculated. Reproduced from 
Bonting (1966). 

50-8Ox, of the total ATPase activity is Na-K dependent, whereas the 
remainder is Mg-dependent. Also, the Na-K ATPase system was ouabain- 
sensitive. Ouabain is a cardiac glycoside which specifically inhibits sodium 
transport. The pH optima for the Na-K ATPase was much more acidic 
(Fig. 8 )  and is significantly lower than those found in other vertebrate 
species. Otherwise, in all of its characteristics, the Na-K ATPase system 
of the selachians is very similar to systems described for a variety of 
species and organs. Comparison between the rectal gland Na-K ATPase 
activity with the Na excretion rate gives a ratio of 2.2 mEq Na excreted 
per millimole of ATP hydrolyzed, which is well within the range of Na-K 
ATPase ratios previously determined ( 1.8 +'3.1) Palmer ( 1966) reported 
to Bonting (1966) that perfusion of ouabain inhibited sodium secre- 
tion in a functional, arterially perfused rectal gland. Apparently the 
Na-K ATPase system has the roIe of being the primary and rate-limiting 
system for regulating salt secretion in the rectal gland of elasmobranchs. 

goes a process of infoldings and then secondary infolding and interdigitation. The 
apical cell membrane ( ACM) is specialized to surround interdigitating compartment, 
alternate ones connecting to the cytoplasm of the cell beneath. Numerous large 
mitochondria and a large oval nucleus ( N )  are present. Fixed with osmium tetroxide, 
stained with Millonig's lead stain. X7,220. Reproduced from Bulger ( 1963). 
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Fig. 8. Effect of pH on Mg ATPase and Na-K ATPase activities in elasmobranch 
rectal gland homogenates. Reproduced from Bonting ( 1W6). 

D. Summary 

(1)  The rectal gland of selachians functions as an auxillary excretory 
organ and is used to remove excess salt from the body fluids. Salt loads 
probably occur intermittently at times of feeding because of the seawater 
ingested with the food. Indirect evidence for this hypothesis is afforded 
by Chan and Phillips’s study (1966) on the embryology of the rectal 
glands where at the time of the opening of the uterus, in which the body 
fluids are mixed with freshwater, there is a significant increased rate of 
growth for the rectal gland above the overall body growth rate of the 
developing fish. 

(2) The anatomy and ultrastructure of the shark rectal gland is 
quite similar to other salt-secreting organs of birds and reptiles. 

(3 )  The gill contains secretory cells but plays a much smaller role 
in mineral regulation than does the kidney or rectal gland. 

(4) The contribution of the skin is unknown at this time. 
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IV. OSTEICHTHYES 

A. Physiological Studies of Hypoosmoregulation in Teleosts 

Most of the experimental studies of extrarenal osmoregulation in 
teleosts can be arbitrarily classified into one of the following categories: 
( a )  phylogenetic relationship of euryhaline species in the evolution and 
development of hypoosmoregulation, ( b) maintenance of the nutritional 
balance of water andlor electrolytes during steady and nonsteady state, 
and (c )  kinetic relationships which exist between certain ionic constitu- 
ents of the external environment and various internal fluid compartments. 

1. PHYLOGENETIC RELATIONSHIP IN CERTAIN EURYHALINE SPECIES WITH 

REGARD TO THE DEVELOPMENT OF SALTWATER ADAPTATION 

a. Development of Hypoosmoregulation in Isolated Subpoputations. 
Studies by Gordon (1959a) have been shown that different populations 
of brown trout and sea trout, Salmo trutta, although isolated genetically 
for many generations, are quite similar in osmotic and ionic regulation 
when stressed over a wide range of salinities (0  + 32%,). Conte and 
Wagner (1965) in their investigation of steelhead and rainbow trout, 
S a l m  gairdnem', found these two populations to be quite homoiosmotic. 
Wagner et al. ( 1969), investigating the onset of the osmoregulatory mech- 
anism in the embryonic and postembryonic stages of two populations of 
chinook salmon, Oncmhynchus tshuwytscha, have found the two groups 
to be identical. Thus, it appears that several species of salmonids may 
have undergone many generations of genetic isolation, but they have 
not altered the basic pattern in the development of hypoosmoregulation. 

b. Species Diferentiation in Regard to Seawater Tolerance. Investiga- 
tions by Parry (1960) on the development of salinity tolerance in juvenile 
Salmo salar, Salmo trutta, and Salmo gairdneri, showed that young fish 
were not completely homoiosmotic in full strength seawater and that 
osmoregulation in different salinities was dependent upon the size and 
age of the fish as well as upon the species. Conte and Wagner (1965) 
separated these two factors (age and size) by observing the salinity 
tolerance of a slow-growing and a fast-growing population of steelhead 
trout. Experimental fish, because of the differential in growth rate, would 
reach certain selected size groups at different times of the year. Com- 
parison of identical size groups revealed that salinity tolerance was the 
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same for individuals within each size group and was independent of the 
time of year the assay was made. Therefore, the chronological age of the 
animals did not enhance the adaptive mechanism unless there was an 
alteration in growth, These results support the concept that growth 
regulating factors must control the maturation of the hypoosmoregulatory 
system (Elson, 1957; Evropietseva, 1957; Houston and Threadgold, 1963; 
Parry, 1960). In Table V are listed the survival times for several species 

Table V 
Comparative Survival for Certain Species of Salmonids 

at DilTerent Salinities for Various Sizes 

Median survival time of exposed population (hr) 
Stage 

in Siee Con- 
life range trol 

Species history (cm) 30% 28% 26% 24% 22% 20% (0-5s&o) 

0. nerkao 
0. tshawytecha* 
0. kisutch 
S .  gairdnerio 
5. clarki 
0. nerka 
0. tshawytschu 
S .  salard 
0. kisutch 
S .  gairdneri 
8. clarki 
S. ealar 
s. trutta 
0. nerka 
0. tshawytscha 
0. keutch 
5. gairdneri 
S .  salar 
s. trutta 

Fry 3-4 72 
Fry 3-4 60 
Fry 3 4  44 
Fry 3-4 24 
Fry 3-4 24 
Parr 5-6 720 
Parr 5-6 720 
Parr 3-4 4 
Parr 7-8 720 
Parr 7-8 36 
Parr 7-8 24 
Parr 7-10 19 
Parr 8-10 22 
Smolt 6-8 720 
Smolt 7-15 720 
Smolt 9-15 720 
Smolt 9-15 216 
Smolt 12-15 100 
Smolt 12-15 25 

150 720 720 720 720 
720 720 720 720 720 
48 720 720 720 720 
48 48 144 576 720 
24 48 96 268 720 

720 720 720 720 720 
720 720 720 720 720 

720 720 720 720 720 
72 336 720 720 720 
Data not available a t  this time 

30 72 m m W 

36 50 72 100 200 
720 720 720 720 720 
720 720 720 720 720 
720 720 720 720 720 

Data not available at this time 

48 75 150 00 W 

7 10 22 50 

m m m W m 

m 

m 

m 

m 
m 

m 

m 
m 

m 

m 

m 

m 

W 

m 

m 

m 

m 
m 

m 

0 Conte and Bailey (1968). 
b Wagner et al. (1969). 

d Data calculated from Parry (1960). 
Accumulated data for both sea-run and resident form. 

of salmonids at various sizes and salinities. Since several size groups may 
exist in any one juvenile stage of the life cycle, it is thought convenient 
to indicate what stage of the life history that each group was in with 
respect to the time of the assay. The data indicates that for fry (3-4 
cm), parr (7-10 cm), and smolts (9-15 cm) the survival order of the 
species is as follows: 
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0. tshuwytscha 2 0. kisutch 2 0. nerka > S .  gairdneri > 
s. sakr 2 s. trutta 

Generally speaking, these findings show that significant differences 
exist between species and is further amplified when comparisons are made 
between different genera. 

c. Intergeneric Differences Possibly Related to the Parr-Smolt Meta- 
morphosis. It has been reported many times that during the development 
of hypoosmoregulation in migratory fishes such as Anguilla, Salmo, and 
Oncorhynchw there is a temporal parameter which appears to influence 
the response of the osmoregulatory system to electrolyte stress, especially 
so in those juvenile fish which are undergoing a maturation of the tissues 
of the body termed the “parr-smolt” transformation (see reviews by 
Black, 1957, and Parry, 1966). The parr-smolt transformation has been 
correlated with changes in tissue organic compounds (Lovern, 1934) and 
tissue salts ( Chartier-Baraduc, 1960; Houston and Threadgold, 1963), 
plasma organic concentrations ( Fontaine, 1960; Zaks and Sokolova, 1962), 
and nonorganic composition (Conte et al., 1966; Conte and Wagner, 
1965; Fontaine, 1960; Houston, 1959, 1960; Houston and Threadgold, 
1963; Koch et at., 1959; Kubo, 1953,1954,1955; Parry, 1958,1961; Wagner 
et at., 1969), purine metabolism (Johnston and Eales, 1966), and protein 
and fat metabolism ( Malikova, 1957). 

However, it must be pointed out that many juvenile fish from species 
which exhibit the parr-smolt transformation can be transferred from 
freshwater to full strength seawater ( > 309b0) several months prior to 
the transformation (Conte et al., 1966; Conte and Wagner, 1965). These 
animals can hypoosmoregulate for long periods of time and do not need 
the parr-smolt transformation to trigger or maintain the regulatory mech- 
anism. It has been observed that variations occur in the hypoosmoregula- 
tory powers which seem to coincide with seasonal changes (Gordon, 
1959a; D. Smith, 1956). The greatest degree of variability appears in the 
late spring and early summer months when the juvenile fish are at the 
postsmolt stage. The interesting point of the temporal pattern in migrat- 
ing species of salmonids is not the fact that development of hypoosmo- 
regulation precedes the parr-smolt transformation, it is the deactivation 
of the mechanism when it is at its peak. 

The purpose for the regression must be of ecological importance to 
the species. One could surmise that its usefulness lies in preventing 
animals from pursuing seaward movement during unfavorable condi- 
tions. The recent findings of McInerney (1963), who described a tempo- 
ral sequence in the development of salinity preference for five species of 
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Pacific salmon, support this concept. Similarly, Baggerman (1960), in- 
vestigating certain species of Oncorhynchus for voluntary salinity prefer- 
ence, found that two of the four species which did not exhibit parr-smolt 
transformations (0. keta and 0. gorbuscha) did not show temporal re- 
gression, whereas 0. k h t c h  and 0. nerka, like S .  trutta and S .  gairdneri, 
did effect a temporal regression. Conte et al. (1966) and Wagner et al. 
(1969) in their studies did not find this to be the case for 0. kisutch or 0. 
tshawytscha. The deactivation of hypoosmoregulation mechanism may 
be partly responsible for stream residualism or ‘land-locked” forms. If 
such were true, then comparison between 0. nerka in which there are 
land-locked races (kokanee trout) to other species of Salmo would be 
most helpful in understanding this relationship. Zaks and Sokolova 
(1966), investigating 0. nerka, found that regression does occur for this 
specie. 

In summary, it appears that the parr-smolt transformation is associ- 
ated with a type of biological clock which informs those smolting species 
of the precise time for them to seek a marine environment. 

2. NWIWITONAL BALANCE OF WATER AND ELECTROLYTES DURING 

TRANSITIONS FROM FRESHWATER TO SEAWATER 

a. Water Loss Resulting from the Zonic Gradient. The marine en- 
vironment causes an obligatory water loss from the body fiuids owing to 
the differential in osmotic concentrations. This loss occurs through the 
body surfaces such as the skin and gill. The kidney, to a very minor ex- 
tent, loses some water because of the need to produce sufficient urine to 
rid the body of metabolic wastes, The urine is usually scanty and hypo- 
tonic to blood, but an exception occurs in the euryhaline plains killifish, 
Fundulus kamm, where it has been reported that the kidney produces a 
hypertonic urine relative to the blood during adaptation to seawater 
( Stanley and Fleming, 1966; Fleming and Stanley, 1965). Further details 
are given in the chapter by Hickman and Trump, this volume. Skin per- 
meability is of little importance in controlling hypoosmoregulation, except 
when damage allows an uncontrolled 3ux of water and ions to occur 
(Parry, 1966). 

b. Replacement of Water Loss by Ingestion of Environmental Sea- 
water. H. Smith (1930) first demonstrated that marine fish ingest sea- 
water to replace the water loss resulting from dehydration. Since that 
time, the amount and rate of water ingested in several species of teleosts 
have been reported. Table VI summarizes these findings and shows that 
for most species the rate of drinking is between 0.3-1.5% body weight per 
hour. 
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Table VI 

Measurement of the Ingestion Rate of Seawater 
by Teleosts Living in a Marine Environment 
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Ingestion rate 
Species (ml/hr/kg) Reference 

American eel 

European eel 

Rainbow trout 

Southern flounder 

Euryhaline flounder 

Sea perch 

Killifish 

Blenny 

Stickleback 

Cichlid 

Blenny 

Blenny 

Anguilla rostraia 

Anguilla anguilla 

Salmo gairdneri 

Paralichthys lethostigma 

Platichthys jlesus 

Serranus scriba 

Fundulus heteroclitus 

Blennius pholis 

Gasterosteus aculeatus 

Tilapia mossambica 

Pholius gunnellus 

Xiphister atropurpureus 

2.77 

3.25 

5.37 

4.57 

10.00 

5.00 

15.4-23.0 

60.0 

40.0 

234.00 

266.00 

8.14 

H. Smith (1930) 

Maeta and Skadhauge (1968) 

Shehadeh and Gordon (1969) 

Hickman (1968) 

Motais and Maetz (1965) 

Motais and Maetz (1965) 

Potts and Evans (1967) 

Mullins (1950) 

Mullins (1950) 

Evans (1968) 

Potts el al. (1967) 

Evans (1967) 

c. Composition of Intes t id  Fluid following Drinking of Seawater. 
After swallowing sea water, the fish needs to extract water from the in- 
ternal brine solution in order to maintain its hemodynamic balance. 
Shehadeh and Gordon (1969) have measured the changes in ionic com- 
position of the fluid in different segments of the intestinal tract of rain- 
bow trout, s. gairdneri, by means of in situ catheters. Changes in concen- 
trations of Na+, MgZ+, SOa2-, Caz+ and K+ in the ingested medium were 
followed during passage through the intestine. Fish was acclimated at 
various salinities, and the ionic composition of the intestinal fluids in- 
vestigated are shown in Table VII. It can be seen that monovalent ions 
(Na+, K+, and CI-) were absorbed with the water. Calculations indicate 
that between 60 and 80% of the water in the ingested salt solution was 
absorbed and that 95% of the salt that was absorbed was in the form of 
NaCl. The residue which remained in the lumen was made up of free 
Mgz+ and SO,2- plus an accumulation of insoluble mixed carbonate salts. 



Table M 
Inorganic Composition, pH, and Osmolaritiea of Intestinal Fluid Collected from Cathetern, X f S.E.O 

Intestinal fluid (mmolesfiter) 
State of Osmolarity 

acclimatization Na K Ca MI3 so4 C1 (mOsm/liter) PH 

Freshwater 170 f 3 (4)b 4 f 0.3 (4) 2 f 0 (4) 0 0 70 f 5 (4) 300 f 3 (4) 8.5 f l (4 )  + Seawater 140 f 6 (11) 4 f 0.4 (11) 3 * 0.3 (11) 50 f 4 (11) 30 f 4 (8) 80 f 5 (9) 310 f 6 (10) 8.4 f 0.1 (6) 
4 Seawater 80 f 7 (13) 3 f 0.2 (13) 3 f 0.2 (13) 90 f 5 (11) 60 f 6 (11) 70 f 3 (13) 320 f 6 (13) 8.4 f 0.1 (7) 
Seawater 20 f 3 (4) 1 f 0.1 (4) 2 f 0 (4) 120 f 2 (4) 110 f l ( 4 )  50 f 2 (4) 300 f 9 (4) 8 .1  f 0.1 (4) 

Medium + Seawater 146 3 3 17 10 170 330 7.8 
4 Seawater 220 5 5 25 15 267 480 7.8 
Seawater 450 10 9 50 30 530 960 8.1 

4 Reproduced from Shehsdeh and Gordon (1969). 
( ) = number of animsla in experimental group. 

PI 
'd 
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Fig. 9. Ionograms of rectal fluid and urine of five southern flounders, Paralichthgs 
lethostigmu. Courtesy of C.  P. Hickman, Jr. 

Hiclanan (1968) has found similar evidence for the southern flounder, 
Paralichthys lethostigma as shown in the inonograms for rectal fluid and 
urine (Fig. 9). These experiments are consistent with earlier work in 
other species. 

d. Possible Pathways for the Elimination of Excess Divalent Salts. 
i. Storage reseruairs. The removal of monovalent ions by storing them in 
some innocuous manner within soft tissues such as muscle has been ruled 
out by Gordon (1959b). However, Houston (1964) maintains that at- 
tention must be given the alterations in “volume” resulting from the ionic 
shifts he observed between intracellular and extracellular compartments. 
Investigations which would measure body fluid compartments during 
freshwater to seawater transitions would help to clarify this point. L. 
Smith (1966) has made preliminary measurements of blood volume for 
steelhead trout, S. gairdneri, in both seawater (6.N) and freshwater 
(0 .B)  and suggests that blood volumes may be larger in seawater, rather 
than smaller as suggested by changes in osmolarity. Hard tissue (bone) 
has been shown to be a calcium reservoir, but its importance as a mono- 
valent ion sink has not been determined (Boroughs et al., 1957; Mashiko 
and Jozuka, 1964; Rosenthal, 1961). 

ii. Intestinal mucous tubes. It has been shown that insoluble carbon- 
ates of Mgz+ and CaZ+ are trapped in mucous tubes and could lead to 
alterations of the bicarbonate-carbonate ratio ( Shehadeh and Gordon, 
1969). This alteration of the HC0,-:C0,2- would affect the pH of the 
intestinal fluid and could markedly change the rate of entry of sodium 
and chloride. This aspect requires further investigation to clarify how 
it relates to the total acid-base balance of the body fluids ( Busnel, 1943). 
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iii. Intestinal wall. Several in dtro studies on isolated segments of in- 
testine have shown that a larger amount of water passes through the in- 
testine of seawater (SW) adapted fish than freshwater (FW) fish (Utida 
et al., 1967; Oide and Utida, 1967). This phenomenon can be affected 
by metabolic inhibitors (Oide, 1967), hormones (Hirano, 1967), and the 
stage of the life cycle of the animal (Utida et al., 1967). Significance of 
these findings is dif6cult to correlate with the information on the gill, 
but it appears likely that regulation of salt uptake at the intestinal wall 
can be an important aspect of hypoosmoregulation. 

iu. Kidney. See chapter by Hickman and Trump, this volume, for 
the role of the kidney in regulating divalent ions. 

e. GilGHead Region as Principal Site for Elimination of Monovalent 
Ions. Classic studies by Keys (1931a,b) and Krogh (1939) identified the 
gill-buccal region as the probable site for extrarenal secretion in eury- 
haline fishes. Tosteson (1962a,b) and Tosteson et al. (1962a-d), study- 
ing the net chloride transport out of the gill epithelium in an eel heart- 
gill preparation, found that the electrical potential difference between 
the fluid surrounding the gill epithelium and the heart ranged between 
15 and 30 mV with heart positive to the mouth. Thus, the electrical po- 
tential difference is directed against the chloride transport, indicating 
that chloride transport is an active process. Preliminary attempts to 
characterize the electrical potential difference across the intracellular 
boundaries proved very interesting. When 0.15 M NaCl bathed the out- 
side of the gills, the average cell potential was -15 mV to the outside 
solution and -17 mV to the blood. When the concentration of NaCl was 
reduced (0.005 M )  the cell potential was -30 mV to the outside solution 
and -50 mV to the blood. Hence, the net negative potential was at the 
basal cell boundary. Increasing the salt concentration of the outside fluid 
(seawater) reversed the net negative potential, - 10 mV to the outside 
and -5 mV to the blood, it now being at the apical cell surface. Marked 
variations in recorded cell potentials in successive punctures suggest that 
the potential is not the same in all cells of the gill epithelium. 

3. K ~ T I C  STUDIES ON THE ACTIVE ION TRANSPORT ACROSS 

THE GILL EPITHELIUM 

Major advances in the understanding of the dynamics of active 
ion transport across the gill epithelial surface in fishes have been 
made by Maetz and his colleagues (Maetz and Romeu, 1964; Motais, 
1961a,b, 1967; Motais et al., 1965, 1966; Motais and Maetz, 1965; Romeu 
and Maetz, 1964). Utilizing radioactive tracer techniques, these in- 
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vestigators have been able to determine the quantity and rate of individ- 
ual ions which enter and exit the extracellular fluid compartment from 
the external medium for the stenohaline seawater perch, Semanus scriba, 
the European eel, Anguilla anguilla, and the euryhaline %ounder, Platichc 
thys f l e a .  Table VIII shows the sodium turnover rate, sodium outflux, 
sodium influx, and net flux for Platichthys adapted to various salinities. 
The net sodium loss through the gills is approximately equal to the net 
sodium uptake across the intestine (Tables VI, VII, and VIII). The 
sodium permeability of the gills is, however, 5-10 times that of the in- 
testinal wall such that a much larger total flux occurs across the gill 
epithelium. The external permeability rates are dependent upon the con- 
centration of each specific monovalent ion that exists in the external 
medium ( Gordon, 1959b, 1963). Thus sodium transport is independent 
of chloride transport and precludes the need for a coupled mechanism. 

It can be seen that when the steady state animal (SW + SW or FW 3 

FW) is contrasted to the nonsteady state animal (SW 3 FW or FW + 
SW) two significant situations become apparent (Motais et al., 1966): 

(1) When FW-adapted fish are transferred to higher salinities, Na 
influxes are significantly higher than Na outfluxes (Table VIII). Th' is re- 
lationship can now explain the immediate excursion of plasma sodium 
concentrations which appear in animals following rapid transfer between 
FW+ SW (Conte, 1965; Parry 19W) and is responsible for what 
Houston ( 1959) terms the "adjustive" phase in osmoregulation. This 

Table VIII 
Sodium Turnover Rates, Outflux, Influx, and Net Flux 

of Platichthys Adapted to Various Salinities0 
~ 

Turnover Type Media in which fluxes are measured 
Adaption rate at of 

media steady state* fluxc sw +sw tsw FW 

sw X i  = 46.9 Outflux 
Influx 
Net flux 

tsw X i  = 17.3 Outflux 
Influx 
Net flux 

FW Xi = 0 . 4  Outflux 
Influx 
Net flux 

2.600 2.08 
2.250 2.00 

4-0.35 +0.08 

1.10 0.97 
0.93 0.69 

+0.17 +0.28 

0.083 0.047 
0.430 0.475 

-0.349 -0.428 

1.20 
1.36 

-0.16 

0.60 
0.31 
0.29 

0.040 
0.310 
0.270 

0.310 
0.000 

+0.310 

0.240 
0.00 
0.240 

0.022 
0.014 
+ .008 

a Reproduced from Motais et a2. (1966). 
b Xi is given in per cent per hour. 
c Flux value in mEq/hr/100 g body weight. 



Fig. 10. Sagittal view of an isolated gill arch taken from an Atlantic salmon, 
Salmo salur. Reproduced from Van Dyck, 1967. 
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cellular component appears to be rapidly assembled and must be re- 
sponsible for controlling the inward “leakiness” of the gill epithelium. 
It is dependent upon the sodium concentration in the external media and 
can account for nearly 85% of the total exchangeable sodium. 

(2) When SW-adapted fish which have already been tightened to 
sodium entrance are transferred to lower salinities, about 15% of the 
turnover ouiflux remains unaffected. The net outward directed flux (0.35 
mEq/hr) represents the active ion secretion by the gill epithelium. Recall 
that the amount of seawater swallowed (+ 5.0 ml/hr/kg) provides for 
water balance and the excess salt (+ 0.3 mEq/hr) accumulates in the 
extracellular fluid, This salt buildup is offset by the amount that is being 
secreted and hydromineral balance can be maintained. This second com- 
ponent is termed by Houston (1959) as the “regulatory” phase. It is not 
responsive to the sodium concentration in the external media but appears 
to respond to excursions of sodium in the extracellular fluids (plasma, 
etc) . The cellular machinery of the gill epithelium appears to initiate 
de nouo synthesis immediately, but it requires at least several days to 
complete. 

B. Morphological Studies of Salt Secretion 

1. ANATOMY OF THE GILL 

The gross morphology of the gills from many species of fishes is quite 
similar. Lying beneath an opercular cover are found four branchial 
arches, which extend from either side of the pharynx. Each branchial 
arch bears two hemibranchs consisting of two rows of tapered and flat- 
tened gill filaments which lie parallel to one another and are perpen- 
dicular to the arch (Figs. 10, 11, and 12). A lamellar system, which is 
comprised of flattened, leaWe structures which extend above and below 
the axial plane of the gill filament exists and is referred to either as the 
respiratory lamellae or secondary lamellae (Hughes and Grimstone, 1965; 
Newstead, 1967). The upper and lower rows of lamellae are axially offset 

Fig. 11. Dorsal surface of isolated gill hemibranchs showing openings of the 
blood vessels. 

Fig. 12. Sagittal plane of an isolated gill filament showing numerous respiratory 
lamellae. Reproduced from Van Dyck ( 1966). 

Fig. 13. Transverse section (1 p )  of an isolated gill filament showing an afferent 
artery ( A )  which lies close to the eccentrically placed cartilage ( C ) .  An efferent 
artery ( E  ) is located at a distance from the support structure. Pillar cells (P),  
mucous goblet cell ( G )  and mitochondria-rich cell (MR) are showing. X200. 
Reproduced from Newstead ( 1967 ) . 
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from one another and curve toward the distal extremity of the filament. 
Therefore, histological sections often contain lamellae which are cut 
normal to their flattened aspect on one side of the filament (transversely 
sectioned) but parallel to their flattened aspect (frontally sectioned) on 
the other side (Fig. 13). An eccentrically placed cartilaginous rod, which 
lies near the afferent artery, extends from the main gill arch well into 
the body of the gill filament. This rod serves as the primary supporting 
structure of the filament. 

The vascular anatomy of the filament has been recently investigated 
by Steen and Kruysse (1964) in several species of teleosts. They found 
that the filament has a double circulation. Blood can enter into the effer- 
ent Hamental artery from the afferent vessels by several routes. Since 
the efferent blood vessel lies at the opposite side of the support rod, the 
blood from the afferent filamental artery can pass (1) through the flat 
lacunar blood channels within the respiratory lamellae; (2)  through 
the peripheral vessels at the tip of the filaments, thus bypassing the sur- 
faces of the respiratory lamellae; and (3)  through a network of capillaries 
and sinuses that lie within the connective tissue compartment which is 
beneath the epithelial surface of the filament. This epithelial surface 
lies between the respiratory lamellae and should be termed “inter- 
lamellae filamental epithelium.” Newstead (1967) could not find any 
structural specialization in the walls of the afferent and efferent vessels 
which would account for shunting of the blood. 0stlund and Fange 
( 1962) have shown that blood ff ow within an isolated gill perfusion ap- 
paratus can be altered by the addition of adrenaline or acetylcholine to 
the perfusate. These two hormones have different effects on the fila- 
ments. Adrenalin causes an increase in blood flow via the respiratory 
lamellae, whereas acetylcholine causes blood flow to decrease, apparently 
by the shunting, of blood through the central compartment. Keys and 
Bateman (1932) showed that adrenalin causes an increase in the ionic 
exchange of the gills. However, a detailed stildy is lacking on the hemo- 
dynamics of this double circulation during periods of salt secretion by the 
gill. 

2. HISTOLOGY OF THE GILL FILAMENT 

a. Respiratory Epithelium. This is the structural barrier that lies be- 
tween the oxygen-bearing water and the blood sinus connecting the af- 
ferent and efferent filamental arteries and consists of a layer of epithelial 
cells (one or two), a basal lamina, and a thin layer of connective tissue 
(see Figs. 13 and 14). In some species, the separation between basal 
surface of epithelial cells and the basal lamina is large enough to accom- 
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Table IX 
Structure of the Blood-Water Barrier in Some Teleostean Species E 

8 Thickness of barrier structures (p)" 

Species Reference Basal lamina Connective t h e  Epithelium Cytoplasm flange Total 

0. maeulosus 
G. meandrim 

A .  PUTpUTeSWT&S 
P .  notatus 
P .  vetulus 
0. kisutch 
G. pollachius (pollock) 

C. carassius (goldfih) 
T. trichopterus 

(labyrinthine organ) 
Lebistes (guppy) 

Callionymus 

Newstead (1967) 
Newstead (1967) 

(one animal) 
Newstead (1967) 
Newstead (1967) 
Newstead (1967) 
Newstead (1967) 
Hughes and 

Schulz (1960) 
Schulz (1960) 

Hughes and 

Hughes and 

Grimstone (1965) 

Shelton (1962) 

Shelton (1962) 

0.19-1.3 (0.75) 0.1-1.5 (0.9) 0.3-2.6 (2.26) 
0.04-0.05 Absent No data 

0.04-0.75 (0.26) 
0.04-0.08 

3.6 
- 

0.2-0.25 (0.21) Absent No data 
0.04-0.11 (0.07) 0.13-0.84 (0.25) 1.3-3.4 (118) 
0.2-0.7(0.38) 0.1-0.45(0.28) 1.1-2.4(1.6) 

0.044.25 (0.1) Absent 0.5-2.9 (1.7) 
0.05 0.3 0.4-2.5 

400-665 A No information No inf:rmation 
Endothelium only present in some sites 600 A/min 

- Present - 

- Present - 

0.2-0.4 (0.33) 
0.1-0.7 (0.21) 

0.05-0.35 (0.19) 
0.10-0.34 (0.19) 
0.1-0.3 

800-1150 A 

- 
3.15 
2.62 
2.0 
- 

0.5-0.6 min 

a As far as possible, measurements were made at or near the central region of the blood channels and were made only on lamellae in 
which membranes of epithelial and endothelid cells were sharply defined. 
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Fig. 14. A light micrograph of a gill filament cut in cross section. The central 
portion of a filament is composed of connective tissue, including a cartilaginous shaft, 
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modate wandering leukocytes. Newstead (1967) has reported on the 
thiclrness of the barrier structure in those species in which it has been 
measured (Table IX).  

b. Salt Secretory Epithelium. This is the structural barrier which lies 
between the salt-bearing water and the central compartment of the gdl 
filament and is comprised of from two to eight layers of cells (see Figs. 
13 and 14). This cell population has been described in detail for many 
species of fishes. In general, the four principal types of cells cited are: 
(1) the squamous-type surface epithelial cell, (2) a nondserentiated 
cell, (3) the mucous goblet cell, and (4 )  the mitochondria-rich cell (re- 
ferred to as “chloride” cell). 

Each of these cell types has, at one time or another, been postulated 
as being the site of ionic secretion (Bevelander, 1935; Datta-Munshi, 
1964; Keys and Willmer, 1932; Vickers, 1961). Numerous histological in- 
vestigations have been undertaken in various laboratories with the goal 
of identifying either the intracellular ion secretory apparatus or the 
changes of intracellular morphology that could be traced to the transi- 
tional manifestations caused by going from salt extrusion to salt uptake 
activity. Cytological and cytochemical studies ( Bergeron, 1956; Columbo, 
1961; Copeland, 1947, 1950; Getman, 1950; Liu, 1942; Natochin and 
Bocharov, 1962; Ogawa, 1962; Pettengill and Copeland, 1948; Van 
Dyck, 1966) have shown a few specific changes in the cytoplasm, such as 
a qualitative increase in certain intracellular enzymes (i.e., succinic dehy- 
drogenase, alkaline phosphatase) but no definitive evidence for an ion 
secretory apparatus. However, the name “chloride” cell is a physiological 
misnomer because this cell may be involved in the transportation of more 
than one species of ion. It has been found that the “chloride” cell does 
have a unique ultrastructure. 

c. Ultrastructural Dktinctiveness of Epithelial Cells during Ion Secre- 
tion uersus Zon Uptake. Numerous electron microscopic investigations 

and, at opposite edges, an afferent arteriole and an efferent arteriole. Only the edge 
possessing the afferent arteriole (A) is shown here. Chloride cells predominate in the 
epithelium in the region around this arteriole. Arrows point to apical crypts. Phos- 
phate-buffered glutarddehyde-osmium tetraoxide fixation. X427.5. Micrograph by 
Karl J. Karnacky, Jr., Rice University. 

Fig. 15. From saltwater-adapted specimen of the euryhaline minnow, Cyprinodon 
oarlegatus. The hallmark of the saltwater-adapted chloride cell is an apical crypt 
which contains a polyanionic mucus. The subjacent region contains numerous droplets, 
also filled with an anionic substance, and these are presumably derived from the Golgi 
complex (G).  The anastomosing tubular system is best seen in the lower right side 
of the micrograph. The chloride cell is flanked by pavement epithelial cells, mucous 
cells, and other chloride cells. Phosphate-buffered osmium tetroxide fixation. N = 
nucleus. X14,725. Micrograph by Karl J. Kamacky, Jr., Rice University. 
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Fig. 16. A small field of the chloride cell cytoplasm showing the extensive smooth- 
surfaced tubular reticulum. This system is intimately associated with a rather uniform 
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(Doyle, 198ob; Doyle and Gorecki, 1961; Kessel and Beams, 1980, 1962; 
Newstead and Conte, 1969; Philpott and Copeland, 1963; Threadgold 
and Houston, 1964); have shown that the ultrastructural uniqueness lies 
in the fact that the cell possesses a very dense population of mitochondria 
and a well-developed agranular endoplasmic reticulum (Figs. 15 and 
16). However, this information by itself constitutes only circumstantial 
evidence in support of its ion secretory function and some investigators 
have taken issue with this interpretation ( Datta-Munshi, 1964; Doyle 
and Gorecki, 1961; Holliday and Parry, 1962; Parry et al. 1959; Straus, 
1963). Comparisons have been made on the fine structure of the cyto- 
plasm of mitochondria-rich cells in three species of Funddus: F. sirnilis, 
a marine form; F. heteroclitus, a euryhaline form; and F. chysotus, a 
freshwater form (Philpott and Copeland, 1963). The change in ultra- 
structure which was observed and thought to be consistent with ion 
secretory activity was a swelling of the tubular elements of the smooth 
endoplasmic reticulum as they converged toward the region of the apical 
cavities. A polyanionic substance was found to be enclosed in both the 
tubular elements and the apical cavity. Philpott (1966) has found a large 
concentration of chloride in these apical cavities and suggests that this 
polyanionic material is a type of acid mucopolysaccharide which serves as 
the electrolyte carrier acting similar to an “ion exchanger.” If the tubular 
labyrinth is the transporting system, then differences in electron density 
patterns observed would suggest that the polyanionic material and ions 
are combined in the basal region of the cytoplasm and then concentrated 
during transportation to the apical cavities where release to the environ- 
ment occurs. Demonstration that physical continuities exist between the 
intracellular membranes of the tubular labyrinth and the lateral and 
basal cell membranes (Newstead and Conte, 1969; Philpott, 1966; Straus, 
1963) reinforces the idea that the role of the tubular labyrinth is to allow 
electrolytes, which accumulate in the extracellular fluids trapped in the 
intercellular space, to gain entrance and be guided through the cyto- 
plasmic matrix. Philpott (1966) has extended these findings to show 
that large molecules (MW = 40,OOO) are able to penetrate the mito- 
chondria-rich cell from the blood side by way of the tubular system 
(Fig. 17). 

population of mitochondria and is directly continuous with the plasmalemma. Dense 
glycogen granules are peppered throughout the continuous phase of the cytoplasmic 
ground substance. Mitochondria and glycogen reflect a high metabolic potential for 
this cell, and their close association with the extended cell surface as represented by 
the tubular reticulum is consistent with the presumed role of the chloride cell in high 
level electrolyte transport. Seawater adapted Fundulus. X20,425. Courtesy of Dr. 
C. W. Philpott, Rice University. 
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Fig. 17. Horseradish peroxidase, used here as an electron opaque marker of about 
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d. Cellular Dynamics of the Transcellular Epithelium during Zon 
Secretion. Doyle and Gorecki ( 196l), investigating the ultrastructure 
of gills from several species of fish, found that in Fundulus there appeared 
two types of mitochondria-rich cells which were distinguishable by their 
electron density. One type was referred to as a “dense” form and the 
other as a “light” form. It was found that in those specimens kept in 
seawater, the “dense” form appeared to be more abundant. Threadgold 
and Houston (1961, 1964), studying the fine structure of the mitochon- 
dria-rich cell in four classes of juvenile Atlantic salmon, Sulmo suhr, re- 
ported similar results. Newstead and Conte (1969) found similar effects 
in juvenile coho salmon, 0. khtch ,  but these changes did not appear to 
be a result of a particular stage of the life history but rather of the accom- 
panying shifts of the internal environment. Apical crypts which are a 
unique feature of the mitochondria-rich cells of Fundulus are not appar- 
ent in either 0. k h t c h  or S .  salar. These observations suggested that the 
renewal rate of the mitochondria-rich cells in transcellular epithelium 
might be changing during transitions from one environment into another. 
Conte (1965) showed that inhibition of cell division by exposure to X 
radiation would result in a loss of hypoosmotic regulation. Pursuing the 
problem further, Conte and Lin (1967), utilizing radioautographic tech- 
niques, showed that the site of cellular renewal in the gill filament in 
0. k h t c h  is principally in the interlamellar region of the gill filament 
(Figs. 18 and 19). Attempts were made to measure the turnover rate 
of the population of cells in the gill epithelium. Following injection of 
tritium-labeled thymidine ( 3H-TdR), the kinetic relationships of the de 
nouo synthesis of DNA are shown in Figs. 20 and 21. The turnover rate 
of labeled DNA yields a very rough index of the total transit time from 
cell formation to the extrusion from the cell compartments. The TI,, of 
labeled DNA for the gill epithelium in the freshwater animal was 15.8 * 
1 day, whereas in the seawater animal, the cell population had a TlIz of 
5.8 * 1 day. Other tissues such as the heart and pseudobranch did not 
reflect similar rate changes in labeled DNA. 

40,000 MW, was injected directly into the bulbus arteriosus of a living Fundulus. After 
15 min, the animal was sacrificed and the branchial epithelium processed to show sites 
of peroxidase activity. Images such as this convincingly demonstrate that the extensive 
tubular system of the chloride cell is continuous with the plasmalemma at sites along 
the basal and lateral cell surfaces. These results support the view of an unrestricted 
passage of rather large molecules from the blood to the epithelial intercellular spaces, 
and from there into the extensive tubular system of the chloride cell. It is likely that 
electrolytes follow a similar path in saltwater-adapted animals such as this example. 
Unstained except for peroxidase activity. X35,245. Courtesy of Dr. C. W. Philpott, 
Rice University. 
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Fig. 18. Longitudinal section of gill filament 1 day postinjection showing the 
major site of the replacement cells ( R )  as being within the interlamellae epithelium. 
Note the absence of labeled cells occurring in the respiratory lamellae (RL).  X576. 

Fig. 19. Transverse section of gill filament 1 day postinjection cut obliquely to 
the cartilaginous-supporting spine (C) showing many replacement cells in the inter- 
lamellae epithelium (IL). Very few labeled cells appear in the mucoid cell ( M ) 
region. R is replacement cells. X576. 
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Fig. u). Incorporation of tritiated thymidine into DNA of the gill tissue isolated 
from FW-adapted juvenile salmon. (X) ,  individual animal; and ( O ) ,  mean value for 
a group. Lines connecting the individual points ( X )  represent the maximum and 
minimum values for the entire group for that time interval. 

C. Biochemical Studies of Salt Secretion 

1. CYTODIFFERENTIATION OF THE SALT SECRETORY E P I T ~ I U M  

Maetz (1968) has shown in preliminary experiments with actinomycin 
D that injection of this material into seawater-adapted eel, Anguilla 
anguilla, will cause a decrease in the sodium turnover rate from 30Xlhr 
to 1-2%/hr within 4-5 days with the treated fish dying on the sixth day 
with abnormally high plasma sodium and chloride levels (Fig. 22). In- 
jection into freshwater eels has no measurabIe effect upon the sodium 
infIux after the same dosage, but the sodium outflux goes up by a large 
factor (5-10). The fishes appear to survive longer in freshwater after 
the treatment. During transfer of FW-adapted eels to saltwater, treated 
fishes do not show any instantaneous regulation; that is, the sodium efflux 
remains nearly constant, while in normal animals the sodium outflux 
soars up after a 1-2-hr lag period to reach a very high efflux value char- 
acteristic of the SW-adapted animal (Fig. 23). If the injection of actino- 
mycin D is made 2 hr prior to FW + SW transfer, the animal appears 
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Fig. 21. Incorporation of tritiated thymidine into DNA of the gill tissue isolated 
from SW-adapted juvenile salmon: (X), individual animal; and ( 0 ), mean value for 
a group. Lines connecting the individual points ( X )  represent the maximum and 
minimum vaIues for the entire group of animals for that time interval. 

normal for at least 24 hr. Since the known biological action of actinomycin 
D is to chemically enucleate the cell by eliminating the synthesis of DNA- 
dependent RNA, it appears that the ion secretory mechanism is de- 
pendent upon synthesis of messenger RNA. Experiments utilizing puro- 
mycin caused the injected fish to have an immediate increase in the 
sodium renewal rate of approximately 10% (30+ 40%) followed by slight 
decrease and then a return to normal within 8-10 hr. Apparently rapid 
release of protein from ribsosomes augments the sodium turnover rate. 

Conte and Morita (1968) have reported the existence of specific salt- 
inducible molecular complexes in the cells of the gill filaments of eury- 
haline chinook salmon, 0. tshawytscha. Utilizing immunochemical tech- 
niques, they found that in a comparison of ring precipitin titers from 
homologous antigen-antisera reactions the SW-gill filament epithelium 
gave a 44-fold greater response than that of the FW-gill fiIament. Im- 
munodiffusion assays of the various cell fractions indicated that the micro- 
soma1 fraction had at least three distinct and specific antigenic groups. 
The biochemical nature of the antigens was investigated by pretreatment 
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Fig. 22. Inhibition of sodium renewal rate of seawater-adapted eel, A. anguilla, 
following intraperitoneal injection of actinomycin D. Experiment 1: (V ) repeated 
injection of 10 pg/lOO g/day. Experiment 2: (V) single injection of 50 pg/lOO g. 
Abscissa in days. Ordinate in per cent per hour. Maetz (1968). 
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Fig. 23. Inhibition of the instantaneous regulation characteristics of the sodium 
outflux by actinomycin D. (0) Freshwater-adapted eel returned to seawater (con- 
trols). (.) Freshwater-adapted eel which received an intraperitoneal injection 3 
days prior to immersion in seawater. Abscissa in hours. (kdinate in pEq Na/hr/100 g. 
Maetz (1968). 



280 FRANK P. CON= 

of the antigen with certain enzymes, i.e., trypsin ribonuclease A and a- 
amylase, Trypsinizing the antigens prior to assaying resulted in complete 
loss of antigenicity, whereas the other enzymes were without effect. Thus, 
most of the antigens were thought to be protein in nature or carry a 
substantial protein moiety. All of the evidence so far suggests that the 
mechanism of the salt inducible differentiation occurs in the soluble phase 
of the cytoplasm. Presumably this cytodiff erentiation involves develop- 
ment of the ion efflux apparatus and is dependent upon the biosynthesis 
of proteins necessary for the formation of either the tubular labyrinth 
and/ or the ancillary enzymes required to manufacture the polyanionic 
substance. In contrast, the ion influx apparatus appears to be preassem- 
bled and is activated without the need of a genetic transcription process. 

2. ADAFTWE ENZYME FORMATION 

Earlier cytochemical findings showed qualitative increases in alkaline 
phosphatases ( Pettengill and Copeland, 1948) and succinic dehydrogen- 
ase ( Natochin and Bocharov, 1962). However, quantitative studies which 
involved the isolation and assay of enzymes following saltwater adapta- 
tion have provided conflicting evidence. No changes in succinate-cyto- 
chrome c reductase, NADH-cytochrome c reductase, p-hydroxybutyrate 
dehydrogenase, glutaminase, and residual adenosinetriphosphatase activi- 
ties were reported in the studies of Oncorhynchus (Tripp, 1967) and of 
Fundulus (Epstein et al., 1967). However, increased Na-K ATPase has 
been reported in F .  heteroclitus (Epstein et al., 1967). 

D. Endocrinological Studies of Hypoosmoregulation in Teleosts 

The role of the adrenal cortical hormones, the caudal neurosecretory 
system, the urophysis, and other possible endocrine factors in osmoregula- 
tion in fishes is reviewed by Bern (1967) and in the chapters by Foster 
and Coldstein, Hochacka, and Phillips, this volume. Neurohypophyseal 
hormones have been shown to be involved in the mineral regulation of 
teleost fishes in several investigations ( Acher et al., 1962; Dodd and Perks, 
1964; Heller, 1063; Heller and Bentley, 1965; Maetz and Juien, 1961; Ras- 
mussen and Craig, 1961). In viuo studies on hypophysectomized fish by 
Burden (1956), Pickford (1953), Pickford et al. (1965), and Maetz et al. 
(1967) have shown that survival in the euryhaline killifish, F .  heteroclitus, 
can be achieved for long periods of time in seawater following removal of 
the pituitary, but death will occur within 6-14 days from a progressive 
fall in plasma osmolality when fish are transferred into freshwater. Other 
euryhaline teleosts which appear to require an intact pituitary for fresh- 
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water survival are Poecilia latipinno and P. formosa (Ball, 1962; Ball and 
Kallman, 1962; Ball and Olivereau, 1964), Xiphophorus muculatus and 
X .  helleri ( Schreibman and Kallman, 1963), Tilupia mossarnbica (Handin 
et al., 1964; Dharmamba et ul., 1967), and Gumbusia ( Chambolle, 1966). 
However, other teleosts which can survive indefinitely in freshwater 
without a pituitary are the European eel, A. anguillu (Fontaine et al., 
1949), and the trout, Salmo guirdneri ( Donaldson and McBride, 1967). 
Replacement therapy (Ball et al., 1965; Pickford et al., 1965; Pickford and 
Phillips, 1959) has shown that the ability of pituitary preparations to 
protect hypophysectomized fish from failure in freshwater appears to be 
related to their prolactin activity and not to their content of neuro- 
hypophysial peptides. 

Maetz et al. (1987), pursuing the problem of maintaining mineral 
balance in the hypophysectomized F .  heteroclitus, found that operated 
fish are in a negative sodium balance in which the sodium outflux is 
greater than sodium idux.  Injection of prolactin appears to prevent this 
imbalance by limiting the sodium outflux. The site (or sites) at which 
this hormone acts to limit the sodium loss is apparently the gill epithelium 
and not the glomerulus or renal tubule. This has been confirmed by Potts 
and Evans (1W6) and Fleming and Kamemoto (1963). Stanley and 
Fleming ( 1966), investigating the euryhaline plains killifish, Fundulus 
kansae, found that hypophysectomy impairs freshwater survival, but 
these animals showed an increased renal sodium loss rather than an 
increased extrarenal sodium outflux. Prolactin injections in hypophysec- 
tomized fish caused a significant reduction in urine electrolyte concen- 
trations. Therefore, there appears to be different modes of action for 
this hormone in these two species, In vitro studies on isolated gill fila- 
ments by Bellamy (1961) and Kamiya (1967) have shown that in eels, 
A. anguilla and A. japonica, which are adapted to freshwater, the sodium 
content of the filaments increased following incubation in seawater. The 
sodium concentration was maintained at a level much lower than the 
incubation medium. Gills removed from seawater-adapted fish did not 
show a similar increase in sodium content, but when metabolic inhibitors 
were added to the incubation medium a rise in sodium concentration 
occurred. Hirano et al, (1967), utilizing the identical technique but in 
animals which had been hypophysectomized and/or urophysectomized, 
found that the gill filaments did not salt load from animals which had 
been exposed to seawater 24 hr prior to the isolation (Table X). How- 
ever, gill filaments isolated from FW-adapted fish, which had either the 
pituitary or urophysis extirpated were not assayed. Therefore, it is 
difficult at this time to state whether prolactin and/or other neurohypo- 
physial hormones have a direct action upon the cells of the epithelium. 



282 FRANK P. CONTE 

Table X 

Effect of Hypophysectomy and/or Urophysectomy on Sodium Transport 
of Eel Gills Incubated in Seawater(i.* 

Sodium content Net sodium 

No. during 1 hr 

Treatment eels incubation incubation incubation 

(mEq/lOO mg dry wt) influx 

of Before 1 hr after of 

Intact (freshwater) 
Intact (seawater) 
Hypophysectomy 
Sham-hypophysectomy 
H ypo-urophysectomy 
Sham-hypourophysectomy 
Urophysectomy 
Sham-uroph ysectomy 

5 31.4 f 1.24c 49.7 f 0.85 18.3 f 2.06 
5 38.7 f 1.41 44.5 f 2.64 5.82 f 1.35d 
3 34.9 f 2.76 39.2 f 2.69 4.33 f 2.82 
3 40.8 f 0.87 47.1 f 1.64 6.30 f 1.79 
5 33.4 f 0.49 38.8 f 2.58 5.50 f 2.52 
4 39.2 f 1.50 45.9 f 1.76 6.65 f 0.34 
5 38.8 f 1.31 42.7 f 1.98 3.92 f 2.13 
5 36.4 f 2.02 44.7 f 0.32 8.32 f 1.62 

0 Reproduced from Hirano et al. (1967). 
a Transferred to SW for 24 hr prior to isolation. 
c Mean f standard error. 
* Significant compared to intact freshwater value ( p  = 0.001). 

It appears from this preliminary evidence that induction of salt secre- 
tion in the cells can be achieved in the absence of neurohypophysial 
hormones. Much more information is needed before definitive conclusions 
can be drawn. 

For a discussion of embryological studies of hypoosmoregulation in 
teleosts, see chapter by Blaxter, Volume 111. 

E. Summary 

(1) Most species of marine teleosts, as we11 as the migratory forms, 
exhibit hypoosmoregulation when living in seawater under steady state 
conditions. 

(2)  Water loss occurs as a result of the dehydration of body tissues 
effected by the external salt gradient. To offset water loss, decreased 
formation of urine occurs primarily through a reduction of glomerular 
filtration rate. Urine usually remains hypotonic to blood. 

(3) Hydromineral balance is maintained by replenishing the body 
water loss by the ingestion of seawater. The amount swallowed, depend- 
ing upon the species, is approximately 0.2-0,5% of the body weight per 
hour. 

(4 )  The composition of the intestinal fluid following the drinking of 
seawater changes during its passage through the gastrointestinal tract. 
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Approximately 70430% of the water in the ingested salt solution is ab- 
sorbed. Monovalent ions readily pass through the intestinal wall and 
enter the extracellular fluid compartment. Most of the divalent ions re- 
main behind and are lost via the mucous tubes, feces, and, to a lesser 
extent, by the kidney. 

(5) Transitions from the steady state marine environment into en- 
vironments of lower salinities (or the reverse) provide for marked 
changes in permeability of the epithelial membranes with regard to 
electrolytes, especially so for the gill epithelium. Rapid increases or de- 
creases of the blood electrolytes will accompany these transitions until 
renal and extrarenal regulatory mechanisms are balanced. 

( 6 )  An extrarenal mechanism for the regulation of electrolytes does 
exist in the gill epithelium. Cells with an ultrastructure similar to the 
secretory cells of salt glands of other animals are found in the filamental 
epithelium. Inhibition of the cellular regeneration of the gill epithelium 
destroys the extrarenal mechanism. The major site of cell replication is 
found in the basal cells which lie under the mitochondria-rich cells which 
are considered to be the ion secretory cell. 

(7) Differentiation of the replacement cell appears to be directly 
salt inducible and the formation of the ion secretory apparatus is 
thought to be dependent upon the formation of messenger RNA. Proteins 
or protein synthesis appears involved in the biosynthesis of the ion 
efflux system. A polyanionic substance has been suggested as being the 
electrolyte carrier. 

(8) Hormones are involved in hypoosmoregulation, but the exact 
site of action in regard to the extrarenal mechanism is not known at this 
time. 
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I. INTRODUCTION 

Salinity is an important factor in the survival, metabolism, and distri- 
bution of many fish. The eggs of some marine teleosts are often spawned 
close inshore, near large estuaries where fluctuations of salinity are likely 
to occur, and the larvae of some species of fish that spawn in freshwater 
migrate relatively early in their life histories to marine or estuarine condi- 
tions. Recently there has been an increased amount of work on the effects 
of salinity on these early stages of the life history. I t  is useful physiologi- 
cal material for an experimental analysis of the mechanisms of regulation, 
and work on the culture and general exploitation of teleost species that 
spend all or part of their lives in saltwater has demanded a great amount 
of information on the effects of such an important environmental variable 
as salinity. 

The effects of water of a particular salinity on eggs and larvae may 
be the result of one or more of a number of factors. There are the effects 
of the total osmotic concentration, the incidence and concentration of 
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particular ions, the availability of oxygen (the higher the salinity the 
lower the oxygen content of the water, other factors being equal), and the 
specific gravities of different salinities may exert an effect through the 
different buoyancies that the organisms will show. A further factor which 
needs to be taken into consideration is the effect that different salinities 
have on the competitors, diseases, and predators of the eggs and larvae; 
for example, the effect of saltwater on certain freshwater bacteria and 
fungi may well mean that a slightly enhanced salinity is favorable to the 
developing egg of the freshwater spawning fish. It is impossible to con- 
sider any one of these effects of salinity in isolation. Indeed, as will be 
seen, it is only by considering the combination of salinity with, for ex- 
ample, temperature, that a full understanding of a particular situation 
may be arrived at. 

It is not intended to present a compendium of all the observed effects 
of salinity on eggs and larvae; but by reference to selected works it is 
intended to indicate some of the more significant structural and functional 
responses and their ecological significance. The word “larva” will be used 
to include stages from hatching up to and including metamorphosis (see 
chapter by Blaxter, Volume 111). The physiological and structural adapta- 
tions that constitute metamorphosis are often of great significance in 
relation to salinity responses. Some long-term experiments will be referred 
to in which the environment of the embryo produced effects in the pre- 
adult or adult fish. 

11. THE GAMETES AND FERTILIZATION 

Before spawning the gametes are generally isosmotic with, or slightly 
hypoosmotic to, the body fluids of the parent fish (Hayes, 1949; Holliday, 
1965). However, it has recently been shown that the eggs, even at this 
stage, can be affected by the salinity of the water. Solemdal (1967) found 
that the eggs of Plewonectus flew were larger and had a lower osmotic 
pressure if the females were transferred to water of low salinity some 
weeks prior to spawning. The low osmotic pressure of the parent blood 
had probably contributed to an increased water content of the eggs by 
way of the ovarian fluids. This is an important finding indicating that 
parental responses to salinity may result in an altered specific gravity of 
the eggs, which may influence their chances of survival in brackish waters. 

At spawning the gametes are often subjected to an abrupt salinity 
shock which might be expected to result in death, or at least considerable 
impairment of the ability to produce fertile eggs, but in fact the gametes 
are in many species remarkably tolerant to salinity change. 
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Yanagimachi (1953) found that the sperm of Clupea pulhii, which 
normally spawns close inshore (Schaeffer, 1937), will remain fertile to 
some extent after 12 hr in full strength seawater, and in 50% seawater 
retain a level of fertility for at least 24 hr. Helle et al. (1964) showed that 
Oncorhyncus gorbuscha and Oncorhyncus keta frequently spawn in the 
gravel of the intertidal zone, even when freshwater spawning grounds are 
available; and Rockwell (1956) showed that provided the salinity of the 
water during the process of fertilization did not exceed 18%0, then normal 
fertilization and development of the egg would occur. Salinities above 
24%, did inhibit fertilization in Oncorhyncus, but some eggs were fertil- 
ized at 3Wh0, showing that at least some of the gametes produced by 
some of the fish were very tolerant. This general finding has also been 
shown, for example, by Rutter ( 1902), Ellis and Jones ( 1939), and 
Rukker (1949). 

Work by Holliday and Blaxter (1960) and Holliday (1965) showed 
that the gametes of the herring, Clupea harengus, and the plaice, Pleuro- 
nectes platessa, were especially tolerant to high salinities. The gametes 
were placed in a range of salinities and mixed after 1-2 min. The per- 
centage fertilization was used as the criterion of tolerance, and the results 
are summarized in Fig. 1. 

It has been suggested that certain salinities will act as a stimulus to 
the development of the unfertilized egg and hence the parthenogenetic 
production of larvae. Volodin ( 1956) reported parthenogenesis induced 
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Fig. 1. Percentage fertilization of herring, Clupea harengus, and plaice, Pleuro- 
nates platessa, eggs. From Holliday, 1965; data for herring from Holliday and 
Blaxter, 1980. 



296 F. G. T. HOLLIDAY 

in Clupea harmgu by water of low salinity, and Galkina (1957) found 
that parthenogenesis and low salinity were associated in Clupea p a k i i .  

III. EARLY DEVELOPMENT AND HATCHING 

There have been a number of works describing the effects of salinity 
on the general rate of development and success of hatching of teleost 
eggs; fewer workers have attempted a causal analysis of the effects. Kinne 
and Kinne (1982) and Kinne (1964) found that in Cyprimdon m c u -  
larius there was a progressive retardation of development as the salinity 
increased. However, in this case the effect was not directly resulting from 
the ionic and osmotic strength of the water but the amount of dissolved 
oxygen present, which was less in the higher salinities. When the oxygen 
available was artiscially raised for each salinity, the effect was no longer 
apparent. There are reports of development taking less time in high 
salinities, e.g., Holliday and Blaxter (1960) in Clupea hurengw and 
Forrester and Alderdice (1966) in Gadus rnacrocephatis. Heuts (1947) 
found that the rate of development of the eggs of GmteTosteus acuteatus 
in different salinities was dependent (among other things) on the race 
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Fig. 2. Osmotic concentration of the yolk of developing herring, Clupeu harengus, 
eggs which had been fertilized and incubated in the given salinity; E stands for eyed 
stage and H for hatching. Salinities in NaCl. From Holliday and Jones ( 1965). 
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Fig. 3. Osmotic concentration of the yolk of the eggs of the plaice, Pkuronectes 
platessu, fertilized and incubated in given salinities. From Holliday and Jones ( 1967 ). 

of the fish. This was a genotypic effect; in some cases development was 
faster in high salinities, in other cases it was slower. Cross fertilization 
between the races indicated that the response to salinity was charac- 
teristic of the race of the female parent. He also found that the effects of 
salinity on development and hatching could be profoundly modi6ed by 
the temperature during incubation. Alderdice and Forrester ( 1968) 
showed how salinity and temperature acting together produced the most 
rapid rate of development to hatching in Parophrys uetulus, at a salinity 
of about 25%, with temperatures between 6 and 12°C. 

The chorion of teleost eggs appears to be freely permeable to water, 
and changes in the salinity of the water are followed by changes in the 
perivitelline fluid in 4-6 hr (Shanklin, 1954; Lasker and Theilacker, 1962; 
Holliday, 1963; Weisbart, 1968). In consequence the embryonic tissues 
are in direct contact with a perivitelline fluid very similar to the medium 
in which the eggs are being incubated. The perivitelline space is formed 
by the imbibition of water through the chorion (Hayes and Armstrong, 
1942; Zotin, 1965), and this space is not formed in many freshwater 
spawning species if the imbibing process is inhibited by the presence of 
relatively small amounts of NaCl (Zotin, 1965). The process of “harden- 
ing’’ of the chorion of Oncorhyncus is also inhibited in water of a salinity 
above 3%, (Moore, in Black, 1951). Despite the permeability of the 
chorion to the medium, its presence does afford significant resistance both 
to increased salinity, demonstrated by decreased survival time of de- 
chorionated embryos in Oncmhyncus sp. by Weisbart (1968), and to 
reduced salinity in which the dechorionated eggs of Sardinops caerulea 
showed rapid swelling and bursting (Lasker and Theilacker, 1962). 

Eggs tend to be larger in low saIinities and this is almost certainly a 
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Fig. 4. The effects of salinity on the osmotic concentration of the yolk of un- 
fertilized and fertilized eggs of the plaice, Pleuronectes platessa, after ( a )  1 hr and 
( b )  !?A hr. From Holliday and Jones ( 1967). 

result of increased water content ( Holliday, 1965; Solemdal, 1967). The 
cells of the blastula cap of Gadus callurius and Pleuronectes platessa 
respond rapidly to changes in salinity of the medium, swelling by up to 
20% in low salinities and shrinking by about 8% in high salinities (Holli- 
day, 1965; Holliday and Jones, 19f37). Changes are also evident in the 
yolk; these changes are very marked in some species, e.g., in C2upu 
harengus (Fig. 2 )  where the ability to regulate the yolk appears to be 
closely linked with the overgrowth of the cells of the blastodisc, and full 
regulation is not achieved until the blastopore is closed. In contrast to 
this, the fertilized eggs of PZeuronectes platessa (Fig. 3) show dEerences 
in the osmotic pressure of the yolk between salinities, but they show 
little or no change from the time of fertilization to the time of hatching in 
any single salinity, indicating that the power of regulation is present from 
the time of fertilization; unfertilized eggs do show changes. (Figs. 4a 
and b.) Weisbart (1968) showed that changes in serum osmotic con- 
centration occurred in the embryo of five species of Oncorhyncus kept in 
seawater, and that 0. gorbuscha and 0. keta had a greater ability to 
regulate in the embryonic stage than 0. kisutch, 0. tshaqtscha, and 
0. nerka. The greater regulatory ability resulted in a higher resistance to 
and better survival in seawater. 

The response to salinity of the most susceptible stage of development 
will determine the survival of the embryo up to hatching, and high 
mortalities at specific stages of development have been recorded by a 
number of workers, for example, at gastrulation ( McMynn and Hoar, 
1953; Holliday, 1963; Alderdice and Forrester, 1MS) and at hatching 
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(Ford, 1929; Battle, 1930; McMynn and Hoar, 1953; Alderdice and 
Forrester, 1968). It is difficult to be certain as to the cause of death at 
particular stages; the overgrowth of cells that accompanies gastdation 
may result in a less vulnerable embryo after this process is complete, 
especially when the regulatory function of these cells is recalled. Battle 
(1930) thought that the increased mortality at hatching in Enchelyopus 
dmbrius reared in low salinities resulted from poorly developed tail 
musculature; however, it may be that the low specific gravity of such 
salinities makes it more difficult for the larvae to free themselves from 
the chorion, and larvae are often found dead in a partly emerged state. 
Forrester and Alderdice (1966) found that in Gadus macrocephalus the 
duration of the hatching period was greater in lower salinities. 

The effect of salinity on the percentage hatching of eggs has been 
recorded by a number of workers, and while it is not surprising that 
successful hatching has been found in salinities up to 7oo,’oO in Cyprino- 
don macularius (Kinne, 1962), which normally inhabits highly saline 
desert springs and creeks, it is more surprising to find successful develop- 
ment and hatching in salinities as high as 70%* in Enchelyopus cimbrius 
(Battle, 1930), in Pleuronectes f i s u s  (Zaitsev, 1955), and 60%0 in 
Clupea harengus, Pleuronectes platessa, and Gadus callarim, ( Holliday 
and Blaxter, 1960; Holliday, 1965). It is also surprising to find that fresh- 
water spawning species such as Abramis brama, Lucioperca lucioperca, 
and Caspiolosa volgensis will hatch in salinities of 10-20%0 and that 
survival and hatching are better in 2.5 and 59b0 than in freshwater 
(Oliphan, 1940,1941). 

IV. THE LARVAE 

At hatching the skin of the teleost larva is a thin two-layered epi- 
thelium the outer surface of which is increased by a series of ridges (Jones 
et al., 1966; Threadgold and Lasker, 1967; Lasker and Threadgold, 1968; 
Fig, 5 ) .  Osmotic and ionic movement takes place through this surface 
to an extent that depends on the salinity of the water. The newly hatched 
larva may have no gill filaments, the kidney represented only by a 
pronephric glomerulus, and the gut may not be open. Clearly the regula- 
tory mechanisms of the adult are not available to it. 

A. Survival 

The ability of the larvae to survive changes of salinity will depend on 
either or both of two factors, &st, the ability of the body fluids to function 
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at least for a short time in an abnormal range of internal osmotic and 
ionic concentrations, and, second, the ability of the larvae to regulate 
the body fluids in order to restore the levels of osmotic pressure to near 
normal. 

The yolk-sac larvae of many teleost species can survive in a very wide 
range of salinities, perhaps the most extreme example is that newly 
hatched Cyprinodon uariegatus can live in a salinity of l lO%o (Renfro, 
1960). Kurata (1959), Holliday and Blaxter (1960), and Holliday (1965) 
studied the survival of the larvae of Clupea palhi i ,  Cbpea hurengus, 
Pleuronectes platessa, and Gadus calarias and showed that they would 
tolerate salinities of 60 to 659b0. (In most of these experiments, tolerance 
was defined as 50% of the larvae tested remaining active for at least 24 hr 
after abrupt transfer from seawater.) Clupea hurengus and Clupea 
palhi i  would also tolerate salinities as low as 1-2?&,; in Pleuronectes 
platessa the lower limit was 59b0 and in Gadus ca larb  Kurata 
(1959) and Holliday (1965) showed that with increasing age there was 
a gradual change in tolerance to extremes of salinity in Clupea pullasii, 
Clupea harengus, and Pleuronectes platessa so that at metamorphosis 
tolerance levels were the same as in the adult (see Section V ) .  Conte 
et al. (1966) showed that there were age-linked changes in the ability to 
survive water of high salinity in Oncorhyncw kisutch. The eggs hatch 
in freshwater, and the ability to tolerate high salinities begins soon after 
the yolk sac has been absorbed. The increased ability to survive precedes 
the seaward migration of the juvenile stages by about 6 months. A change 
with age of salinity preference by the fry and under-yearlings species of 
Oncorhyncus has been found by Baggermann (1960) and correlated with 
survival data. Oncorhyncus keta fry cannot live for long periods in fresh- 
water, for example, the larvae hatched in freshwater in March started to 
die in June and were a11 dead by November. When presented with a 
salinity choice situation, the larvae at the end of the yolk sac period 
(April) in general preferred freshwater, within about 4 weeks, however, 
there had been a change to a saltwater preference. The yolk sac stage of 
0. gorbuscha also showed a freshwater preference, but soon after the 

Fig. 5. ( A )  Transverse section of epidermis from herring larva in seawater (35%) 
( X20,OOO). Arrow l-ridge on surface of outer cell; arrow h e l l  from inner layer 
appearing at the surface. The letter “A” is on the boundary membrane of the inner 
cell, which is in contact with the yolk. ( B )  Carbon replica of surface of epidermis 
( Xl6,OOO). (C)  Section cut almost parallel to and obliquely through the epidermis 
(Xl6,OOO). Arrows 1, 2, and 3-granular osmiophilic substance; arrows 4 and 5- 
longitudinal sections through the surface ridges. ( D )  and ( E )  Sections through the 
junctions of two epidermal cells ( Xl6,OOO). ( F )  Carbon replica of surface showing 
the junctions of epidermal cells (Xl6,OOO). From Jones et al. (1966); reproduced 
with the permission of 1. Marine Biol. Assoc. U.K. 
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yolk sac was absorbed this changed to a seawater preference. In contrast 
to these results Oncorhyncus kisutch showed an almost entire preference 
for freshwater throughout the test situation, and it is difficult to correlate 
this with the findings of Conte et al. (1966) described earlier. It is clear 
that many species possess powers of regulation and survival that are not 
exploited in nature. 

B. Physiological Effects 

There are a number of aspects of the physiology of teleost larvae 
which are influenced by salinity, the most obvious being the osmotic and 
ionic concentrations of the body fluids. As already discussed, survival is 
based on a combination of tissue tolerance and regulation, and Weisbart 
(1968) showed that the alevins of Oncorhyncus t s c w s c h a  survived 
longer in seawater than the alevins of 0. kisutch and 0. nerka by virtue 
of a high tissue tolerance but that 0. gorbuscha and 0. keta survived 
longer because of a higher ability to regulate serum sodium and chloride 
concentrations, and blood osmotic pressure (see Figs. 6a and b)  . 

Holliday and Blaxter (1960) showed that the yolk-sac larvae of 
Clupea harengus living in seawater of salinity 34%, have body fluids of 
a concentration equivalent to about 12%, NaCl. Following abrupt transfer 
to water of so%,, the osmotic concentration of the body fluids was equal 
to an internal salinity of about 22.59h0, and this level is tolerated by the 
tissues for 3-6 hr. Regulation then commences and, after 24 hr, returns 
the fluids to a level equivalent to approximately 15%0. Holliday ( 1965) 
and Holliday and Jones (1967) found that the yolk sac larvae of Pleuro- 
nectes platessa when similarly transferred to water of Who showed a 
change in body fluids that resulted in a concentration equivalent to 35%,. 
This was again followed by regulation, restoring the level to near its 
normal (seawater) value. When transferred to low salinities body fluid 
concentrations fell, but again some form of regulatory process operated 
to maintain a level of concentration close to normal. Lasker and Thei- 
lacker (1962) obtained similar results for Sardinops caeruba. These 
changes in the osmotic concentration of the body fluids were reflected in 
changes in body weight of the larvae. In salinities greater than seawater 
the larvae of Clupea harengus and Pleuronectes platessa could lose up 
to 25% of their weight. In low salinities they would gain up to 30%. These 
changes were at least partially reversible and probably indicated the 
amount of water movement into and out of the larvae. 

Some attempts have been made to measure the metabolic cost of 
this regulatory ability. Lasker and Theilacker (1962) measured the 
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oxygen uptake of Sardinops caerulea in seawater, half seawater, and 
double strength seawater. Holliday et al. (1964) measured the oxygen 
uptake of the larvae of Clupea harengus in 5, 15, 35, and 509(,,. All of 
these workers concluded that fully adapted larvae showed no differences 
of oxygen uptake in the salinities tested, but some differences of an 
irregular nature were present during the period immediately after the 
transfer when osmotic changes were taking place in the body fluids; after 
regulation was complete oxygen uptake levels returned to normal. Shank- 
lin (1954) showed that if the glycolytic pathways of metabolism were 
inhibited, then the embryonic stages of Fundulus could not osmoregulate 
and died in salinities from tap water to double strength seawater in 
which they normally survived. 

Some measurements have also been made on the rate of heartbeat in 
teleost embryos and larvae subjected to a range of salinities; for example, 
Kryzhanovsky (1956) found that heartbeat of Clupea harengus membras 
was less rapid (86 beats/min) in salinities of 4-5%, than in %%, (90 
beats/min). Holliday and Blaxter (1960) recorded a reduced rate of 
heartbeat (from 66 to 42 beats/min) in larvae of Clupea hrengus suf- 
fering osmotic death in distilled water. Helle and Holliday (1965) found 
heartbeat to be more rapid in low salinities in the alevins of Salmo salar 
which normally hatch and live in freshwater (see Table I ) .  The effects 
possibly result from a combination of the direct response of heart muscle 
to unfavorable conditions and the changes in viscosity of the blood owing 
to osmotic effects. 

Kinne (1962) recorded the effects of salinity on growth and food 
intake of larval Cyprinodon mcularius that had been incubated in dif- 
ferent salinities (freshwater, and 35%, ) . He found that if the eggs 
were allowed to remain in the salinity of spawning throughout develop- 
ment then the larvae exhibited higher growth rates and greater efficiency 
of food conversion than larvae hatching from eggs that were transferred 
3-6 hr after fertilization to another salinity. He concluded that the 

Table I 

Salmo salur Larvae Held in Salinities for 1 Week after Hatching in Freshwater 

Salinity Heartbeat per minute 

0.0 
2.5 
5.0 
10.0 
17.5 
24.0 

98 
92 
87 
76 
58 
31 
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water in which the parent fish lived, and to which the eggs were 
exposed during the first 3-6 hr after oviposition, caused adjustments 
that persisted throughout the lives of fish hatched from the eggs, and 
that these were irreversible adjustments by the developing organism to 
the salinity of the environment. The adjustments were not transmitted 
to the next generation, i.e., they were nongenetic. In considering how the 
adaptations came about, Kinne (1962) reviews the literature on the 
structure and function of the egg membranes of euryhaline fish and con- 
ciudes that the spawning medium affects the physical properties of the 
perivitelline fluid and hence the embryo. 

Kinne (1960) also has shown that young Cypinodon macularius ex- 
hibited differences in food intake at different salinities; for example, at a 
temperature of 30°C most food was eaten in 359(),, less in and 
55%,, and least in freshwater. Growth was similarly affected. However, 
conversion efficiency of the food was at a maximum in 150/,,, less in 
35%,, and less still in freshwater. Kinne clearly demonstrated that salinity 
and temperature were interrelated in their effects on growth and me- 
tabolism and could not easily be considered separately. 

C. Structural Effects 

There are a number of accounts of salinity influencing the structure of 
teleost larvae, and many are descriptions of abnormalities induced as a 
result of the effects of the salinity in which the eggs were incubated and 
the larvae hatched. Battle (1930) reported deformities of the tail and 
cardiac regions in Enchelyops cimbrius hatching in salinities up to 
70%0. Kryzhanovsky (1956) incubated the eggs of the Baltic herring, 
Clupea harengus rnembrm, in water of up to 25%, (the eggs normally 
develop in salinities of p5%,), and he reported abnormalities of the 
cardiac region, otic region, yolk sac, alimentary canal, and associated 
organs such as the liver. Alderdice and Forrester (1968) studied the 
early development and hatching of Purophrys vetulus in a range of 
salinities and temperatures and related various abnormalities of develop- 
ment to approximate areas of the salinity-temperature range; this is 
illustrated in Fig. 7. 

Other differences in body structure often difficult to define as deformi- 
ties are also associated with salinity. For example, Holliday and Blaxter 
(19f30) and Holliday (1W) reported that the larvae of Clupea harengus 
and Pkuronectes platessa hatching in salinities of 5-25%, were up to 
23% longer and 33% heavier than those hatching in salinities of 35- 
55%,, and that the yolk sacs of the larvae of Clupea harengus hatching in 
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Fig. 7. Approximate areas over the salinity-temperature range examined, in 
which various qualitative differences in development were observed. Early cell 
deuelopment irregular-usually a gross irregularity of cell sizes in the bIastoderma1 
cap. At salinities below !XI% for all temperatures from 2 to 12"C, and at all salinities 
at temperatures below 6°C. Collapsing eggs-invagination of the chorion. At salinities 
above 30% predominately at 6 and 12"C, and below 20% S at 4°C. Death of 
embryo at earlg developmental stage-generally at the stage of blastodermal cap 
formation. At all salinities (10, 20, 30% ) at 2°C. Death at aduanced stage of egg 
deuelopment-from the stage of blastopore closure to near full term. At salinities from 
15 to 35% at 4"C, at 10% at 6°C. Weak larvae-larvae hatching either head- or 
tail-first but unable to shed chorion, inactive. Generally below 20% S from 4 to 10°C. 
Pronounced curvature of body-At salinities below 20% and above 30%. Most 
prominent below 20% at 8-12"C and above 30% at 4 4 ° C .  Normal lanme-Highest 
numbers obtained at W O %  S and 8-10°C. From Alderdice and Forrester, 1968, 
reproduced with the permission of the I. Fisheries Res. Board Can. 

low salinities were turgid and pale yellow in color compared with the 
firm and bright yellow yolk sacs of those hatching in salinities above 
35%,. A size difference in larvae related to salinity has been reported by 
many other workers (Forrester and Alderdice, 1966; Alderdice and For- 
rester, 1968; Kinne and Kinne, 1962). 

Some studies have been made on cell size in larvae reared in different 
salinities. Jones et al. (1966) could find no differences in either size or 
dtrastructure of the epidermal cells of the larvae of Clupea harengus 
that had been incubated and hatched in salinities of 5, 17.5, 35, and 
50%,. However, Lasker and Threadgold ( l W ) ,  in a study of the cells 
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of the skin of the larvae of Sardinops caerulea, found that there was an 
initial swelling of epidermal cells when larvae were transferred from 
water of 35%, to 5 and 50%,; most of the skin cells returned to near 
normal within 6 hr of the transfer, but some of the cells (designated 
“chloride cells” by these authors) continued to swell even after the 
epidermal cells returned to normal. The “chloride cells” did not return 
to near normal dimensions until between 6 and 24 hr after transfer. The 
“chloride cells” also showed digerences in ultrastructure after 24 hr in 
50%,,; the cell was packed with microtubules which increased in diameter, 
and the cytoplasm of the cell appeared crammed. In larvae subjected to 
low salinities the tubules became thinner in diameter but after 24 hr 
returned to the same size as in the larvae living in normal seawater. These 
observations on changes in size and structure of larval epidermal tissues, 
with a change in salinity, agree well with the observations discussed 
earlier of the effects of salinity on the size and shape of cells of the blas- 
tula cap of the embryo. It would appear that in the early stages of de- 
velopment at least, regdation is a property of all the cells. 

Sweet and Kinne (1964), in a series of carefully designed experiments 
on Cyprinodon macularius, described some of the effects of various com- 
binations of salinity and temperature on the length, depth, and width of 
the whole body and various regions of the body. By using salinities of 
freshwater, 35 and 75%, at temperatures within the range 2fX36”C, it 
was found that in general body lengths decreased with increase in sa- 
linity, and body depths and widths increased with decreasing salinity. 
Hempel and Blaxter (1961) showed that the mean myotome counts of 
the larvae of Clupea harengus hatched from eggs incubated in salinities 
ranging from 5 to So%, were highest in higher salinities. 

It is clear that salinity often in combination with other factors has 
marked reversible and irreversible effects on the structure of teleost 
larvae. Most of these changes are adaptive in nature, but some are gross 
abnormalities resulting from the influence of the salinity on develop- 
mental processes. 

V. METAMORPHOSIS 

It is not intended to discuss in detaiI the general effects of salinity 
upon metamorphosis, which has been defined as the rapid and striking 
physiological and morphological changes that develop as part of the 
adaptive processes of the young fish to its environment. Barrington 
(1961) has reviewed the subject and pointed out the significance of the 
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link between metamorphosis, thyroid gland activity, salinity preference, 
and osmoregulatory ability in fish at this stage. It would appear that in 
some species, at least, changes of both behavior and physiology in 
response to salinity are a part of the process of metamorphosis, Special 
attention has been paid to Salmo sp. and Oncorhyncus sp. where the 
transformation from parr to smolt occurs close to the time when there is 
a change in environment from freshwater to saltwater. Houston and 
Threadgold (1963) conclude that some of the physiological changes at 
this time are preadaptations to a saltwater existence, but other workers 
(Conte and Wagner, 1965; Conte et al., 1966) suggest that the mecha- 
nisms involved in adaptation to seawater are independent of the parr- 
smolt transformation. Holliday and Jones (1967) discussed the changes 
in the regulatory ability that occur at metamorphosis in Pleuronectes 
plutessa reared in seawater. At this time there is an increased ability to 
survive in low salinities (down to l%o), and survival in high salinities is 
reduced from SO%, to an upper tolerance level of 4550%o. There is a 
pronounced change in body form at metamorphosis, the larva becomes 
laterally flattened and adopts a benthic way of life. The epidermis 
thickens as connective tissue is laid down and the skin becomes pig- 
mented. This thickening renders the skin unsuitable for the functions 
of ionic and gaseous exchange that it possessed in the early larva. These 
functions are confined to the gills and if they provide a relatively less 
extensive regulatory surface this may well determine the upper salinity 
limit of survival. The change in the ability to tolerate low salinities would 
appear to be related to the increased development of the kidney at this 
stage, certainly metamorphosed Plewonectes platessa living in low 
salinities are able to maintain the body fluids at a higher relative concen- 
tration than the body fluids of the yolk-sac larvae in the same salinities. 

VI. DISTRIBUTION 

In the egg and early larval stages most teleosts are at the mercy of 
the environment, either drifting in the plankton or being attached or 
buried in the substrate of a spawning bed. For most species there has 
been little experimental work on the salinity optima of these early stages, 
although some ecological studies have correlated the distribution of eggs 
and larvae with particular hydrographic conditions; only a few, e.g., 
Alderdice and Forrester (1968), have attempted to correlate laboratory 
and field data, and Bishai (1961) gives an extensive bibliography. Cer- 
tainly passive factors such as differences in specific gravity may infiuence 
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the vertical distribution of eggs and larvae, especially in areas such as 
the Baltic, where marine fish often spawn in water of low salinities; and 
Shelbourne (1956) discusses the link between buoyancy, body fluid 
distribution, and embryonic osmoregulation in marine fish. 

Bishai (1961) found that the larva of Claupea harengus survived 
longer in salinities of 1&15%o than in higher or lower salinities, and this 
has also been found in Pleuronectes platessa (Holliday, 1965) and 
Brevoortia tyrannus (Lewis, 1966); McMynn and Hoar (1953) showed 
that the optimum salinity for rearing the eggs of Clupea pallasii was 
between 11.53 and 16.24%0. These salinities are approximately isosmotic 
with the body fluids. 

The beneficial effects of isosmotic salinities may derive at least as 
much from the aid that their specific gravity gives to swimming activity 
as to the saving in energy by reducing the osmotic and ionic effects. 
Activity levels are often lower in low salinities (Holliday, l965), and 
energy expenditure is therefore less and the ability to survive and achieve 
rapid growth rates may thus be increased. Considerations such as these 
have important economic implications to the fish culturist. 
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I. INTRODUCTION* 

Excretory patterns of nitrogen excretion in fishes have been explored 
in considerable detail, and the partitioning of the separate roles of the 
gills and kidneys in various environmental situations is fairly well estab- 
lished. However, only quite recently with the deveIopment of isotopic 
labeling and other biochemical enzymic techniques has it been possible 
to evaluate the relative importance of specific synthetic pathways impli- 
cated in the formation of excretory products. The conversion from 

* Abbreviations used in this chapter include: ATP, adenosine triphosphate; ADP, 
adenosine diphosphate; AMP, adenosine monophosphate; NAD+, oxidized nicotin- 
amide-adenine dinucleotide; NADP, oxidized nicotinamide-adenine dinucleotide 
phosphate; NADH, reduced nicotinamide-adenine dinucleotide; NADPH, reduced 
nicotinamide-adenine dinucleotide phosphate; and DDT, I,l,l,-trichloro-2,2-bis ( p- 
chlorophenyl )ethane. 
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ammoniotelism to ureotelism when certain lungfishes estivate, and the 
role of urea and trimethylamine oxide retention in cartilaginous fishes as 
a means of attaining osmotic balance in an otherwise hypertonic seawater 
environment, for example, constitute some of the most fascinating adap- 
tive devices in comparative physiology. Exploration of the means by 
which these biochemical shifts are accomplished is equally interesting, 
and, in addition, these may lead to an explanation of how metabolic 
events generally are controlled and modified in response to environmental 
stimuli, This chapter will consider recent studies which have contributed 
to an understanding of biochemical sources, especially of nitrogenous end 
products, and emphasize particularly their adaptive and evolutionary 
significance. 

11. PATTERNS OF EXCRETORY END PRODUCTS 

Values for urinary nonprotein nitrogen appearing as amino N, am- 
monia, creatine, creatinine, urea, and uric acid in a wide variety of marine 
and freshwater fishes can be found in “Blood and Other Body Fluids” in 
the Biological Handbook series (Altman, 1961) and in Prosser and 
Brown (1961). In considering patterns of nitrogen excretion we will be 
concerned mainly with ammonia, urea, and trimethylamine oxide; and 
the participation of liver, gills, kidneys, and certain other tissues in their 
synthesis and selective handling. 

A. Ammonia 

Only a small fraction of the total nitrogen excreted by fishes appears 
in the urine. Early studies by Denis (1913-1914), Marshall and Grafflin 
(1928), Grollman (1929), and Edwards and Condorelli (1928) all 
showed that urine of freshwater and marine fish, both fasted and fed, had 
very low nitrogen values. Urinary nitrogen is lower in freshwater than in 
marine fish, and, additionally in both, there is a peculiar distribution of 
nitrogen, with the principal constituent being creatine, not because of 
its unusually high values but because the total nitrogen content is so very 
low. These observations led Homer Smith to suspect that nitrogen, 
possibly as ammonia or urea, was being excreted by some route other 
than the kidneys, and the gills appeared to him to offer the most likely 
avenue for this escape. Smith‘s classic divided box experiments on the 
carp and goldfish disclosed within minutes the presence of ammonia in 
the front chamber around the gills, where the ammonia concentration 
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steadily increased, while no trace of ammonia appeared in the back 
chamber around the body of the fish for several hours. Comparison of 
the branchial and urinary excretion showed that 6 1 0  times as much 
nitrogen was excreted in ammonia by the gills as in all the nitrogenous 
compounds together by the kidneys. The branchial excretion consisted 
also of some other highly diffusible substances such as urea and amine 
or amine oxide derivatives, whereas the less diffusible nitrogenous end 
products, creatine, creatinine, and uric acid, were excreted solely by the 
kidneys. 

Delaunay (1931), in his review of patterns of excretion of nitrogenous 
compounds in invertebrates, showed that ammonia is the chief end 
product of nitrogen metabolism in all aquatic animals, freshwater and 
marine, from protozoa to the most complexly organized. Of the main 
forms of nitrogenous compounds excreted by aquatic organisms-am- 
monia, urea, amino acids, creatine, creatinine, uric acid, and purine 
bases-ammonia is the smallest and simplest. I t  is extremely soluble in 
water. With a pK, of approximately 9.24 at 25°C ammonia is about 99% 
dissociated at  neutrality, and as a weak base this means that in blood and 
most other body fluids the ratio of ionized to the nonionized form is about 
100/ 1. Weak acids and bases diffuse across biological membranes mainly 
in their lipid soluble nonionized forms which accounts for their ready 
movement into and out of all cells, plant and animal alike (Jacobs, 1940). 

With fish gills and other excretory surfaces the pH difference that 
exists between the internal and external environment of aquatic animals 
may be a significant factor in determining rates of ammonia elimination. 
Alkaline seawater would tend to retard and acidic freshwater would 
accelerate diffusion of the free base into the external aqueous environ- 
ment. Euryhaline forms that can withstand wide ranges of salinity, either 
by conformity or regulation, would have the excretion of ammonia 
accelerated by the transition from the characteristically alkaline seawater 
to neutral or acidic freshwater. 

Except for its relative toxicity, ammonia has many advantages over 
urea and uric acid as the chief end product of nitrogen metabolism. In 
contrast to the latter, no expenditure of energy is required for the con- 
version of protein nitrogen to ammonia, Actually some of the reactions 
involved in the production of ammonia, such as the deamination of 
glutamate, ultimately lead to the production and capture of free energy 
(Fig. 1) .  Coupling of the glutamic acid dehydrogenase reaction with 
transamination systems is of considerable importance in generating A”. 
Glutamic acid dehydrogenase requires NAD’ or NADP’, which in the 
reduced form can enter the chain of oxidative phosphorylation (Braun- 
stein, 1951; Krebs and Kornberg, 1957; P. P. Cohen and Brown, 1960). 
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a-KetoglutarateY "/' NADPH NADH , 
ADP + Pi 

glutamate cytochrome system 
dehydrogenase (oxidative phosphorylation) 

5-Amino acid 

\ATP 
a-Keto acid 

Fig. 1. Deahination of amino acids and production of ATP via coupled trans- 
amination and glutamate dehydrogenase. 

Another advantage derived from excreting nitrogen in the form of 
ammonia lies in the small size and highly lipid soluble nature of the free 
base which permits its easy elimination by diffusion without an accom- 
panying obligatory loss of water from the fish or other aquatic organism. 
At the pH of body fluids only 1% of the compound is in the form of free 
base, but the conversion of N H 4 + 4  NH, is instantaneous and hence 
probably not a rate-limiting step in its elimination. 

Maetz and Garcia Romeu ( 19f34), in following up a suggestion made 
earlier by Krogh (1939), demonstrated the ability of NH,+ to exchange 
with Na+ absorption by the gills of freshwater fish. Thus a further 
advantage of excreting nitrogen in the form of ammonia lies in this 
exchange of cations where the active absorption of Na+ is critically 
important in maintaining salt and water balance. Hence, in these fresh- 
water species the exchange of NH,+ for Na+ serves the dual purpose of 
eliminating the nitrogenous end product and in facilitating the accumula- 
tion of Na+. Injection of ammonium sulfate into goldfish doubled the rate 
of Na+ uptake from the external freshwater environment without simul- 
taneously affecting the rate of Na+ loss, and the addition of ammonium 
ions to the external medium inhibited sodium influx and net uptake. A 
separate exchange process across the gill involving bicarbonate and 
chloride ions was also demonstrated. The tentative scheme representing 
these ionic absorption mechanisms in the branchial cell of freshwater 
teleosts is shown in Fig. 2. Confirmation of the Na+/NH,+ exchange 
process was obtained in the freshwater eel where it was shown that in- 
jection of ammonium sulfate increased sodium influx sixfold without 
affecting sodium efflux (Garcia Romeu and Motais, 1966). 

Whereas ammonia may be the ideal end product of nitrogen me- 
tabolism for purely aquatic organisms, for animals living in more limited 
environments its toxicity may become a critical disadvantage. It some- 
times appears in rivers as a pollutant, and elevated levels of ammonia in 
well-aereated water have been shown to be acutely toxic to bream, 
perch, roach, rudd, and rainbow trout, for example (Ball, 1967). Certain 
fish that leave the water for extended periods of time, as during estiva- 
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tion, or that rear their young in the limited environments of protective 
self-containing egg cases must somehow provide for the detoxication of 
ammonia, and adaptive alternatives in synthetic pathways have provided 
for the conversion of toxic ammonia to other nontoxic nitrogenous end 
products. 

B. Urea 

The shift from ammoniotelism to ureotelism and uricotelism among 
both the invertebrates and vertebrates in response to water deprivation 
and the need to carry on developmental metabolic processes in a cleidoic 
environment is one of the most interesting and widely applicable generali- 
zations in biochemical evolution (Needham, 1938). There is no simple 
biochemical method known for the detoxication of ammonia; only by 
complex energy demanding synthetic pathways can ammonia nitrogen 
be incorporated into such less toxic end products as urea. The urea 
molecule is a dipole which in aqueous solution behaves in many ways as 
do the water molecules themselves. It has a low oil-water partition 

Ext. Blood 

Fig. 2. Schematic representation of ionic exchanges in the branchial cell of 
CQTU-SS~US. Deamidation and deamination enzymes ( Dase) and carbonic anhy&ase 
(CA).  Reproduced from Maetz and Garcia Romeu (1964) by permission of Rocke- 
feller University Press. 
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coefficient and penetrates cell membranes through aqueous pores rather 
than through the lipid-protein component. In a very few instances in fish, 
most notably the elasmobranchs, urea may be actively transported against 
a chemical gradient by a carrier-mediated reabsorptive process which is 
presumably dependent upon the availability of free energy, as is urea 
secretion in proximal renal tubules of the frog (Forster, 1954), and is 
likewise subject to competitive inhibition, in this case, by such analogous 
compounds as acetamide and methylurea ( Schmidt-Nielsen and Rabino- 
witz, 1964). Despite the similarity in diffusion coefficients of ammonia 
and urea, the former passes through most biological membranes faster 
than urea, probably because of the high lipoid solubility of the NH,O 
form of ammonia and the low oil-water partition coefficient of urea. In 
the fish gill of the shorthorn sculpin, Myoxocephalus scorpius, for ex- 
ample, where afferent and efferent gill blood was simultaneously sampled, 
more than two-thirds of the blood ammonia was lost in passing through 
the branchial circulation whereas no detectable drop in urea concentra- 
tions could be discerned ( Goldstein et al., 1964). 

Conversion to urea as the predominant nitrogenous end product has 
been of adaptive value in at least two groups of fishes. First, cartilaginous 
sharks, skates, rays, and chimaeroids since very early in their evolution 
seem all to have shared the internal fertilization feature, and paleonto- 
logical evidence has disclosed that male fossils always possessed claspers. 
As with present forms of the Chondrichthyes, this suggests that through- 
out their entire evolutionary history a protected embryonic environment 
was obtained either by ovoviviparity or by the intrauterine deposition of 
leatherlike protective egg cases. In these encapsulated environments 
during the characteristically long periods of embryonic development 
typical of cartilaginous fishes (the longest of any of the vertebrates, 
sometimes with gestation periods up to 2 years), it would be necessary 
to obviate the accumulation of toxic ammonia and converting it to urea 
could provide this protection. In the elasmobranch, Squalus, for example, 
during the first year of the almost 2-year pregnancy, the embroys develop 
in the cleidoic environment of egg cases bathed by a few milliliters of 
intrauterine fluid similar in composition to a plasma exudate. During this 
period the sparsely vascularized uteri are sealed off from the exterior, and 
only after the egg cases break, and the pups are capable of living essen- 
tially independently, does the seal break. Seawater is then periodically 
flushed into and out of the uteri in volumes up to several hundred milli- 
liters per female (Burger and Loo, 1959; Forster, 1967a; Price and 
Daiber, 1967). The presence of urea-synthesizing enzymes in early em- 
bryos of Squalus and the skate, Raja (Read, 1968), can be correlated with 
the need to detoxicate ammonia during the intrauterine period or while 
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encapsulated in the characteristically tough keratinized egg cases, re- 
spectively. 

The relatively naked egg of ammoniotelic teleosts, on the other hand, 
can readily dispose of ammonia by diffusing it into their aqueous environ- 
ment, or, as in the relatively few viviparous teleosts, pass it across elabo- 
rate fetal membranes into the maternal circulation for its eventual dis- 
posal by her gills. In all of the latter, the young develop not in the uterus 
but in the ovary, and here nourishment is supplied for the embryos. Even 
in those teleost eggs with enough yolk to sustain embryological develop- 
ment ammonia can readily be disposed of through the ovarian follicular 
sac which is highly vascularized and brought into intimate association 
with expanded and equally well-vascularized embryonic pericardial, peri- 
toneal, intestinal, or urinary bladder membranes, Hence, with these 
adaptations, which establish close relationships between the maternal 
and fetal circulations, the elimination of embryonic ammonia via the 
mother’s gills is just about as efficient as the excretion of preformed am- 
monia of maternal origin, In the elasmobranchs retention of urea has also 
provided them with a method of maintaining osmotic balance with the 
otherwise hypertonic seawater environment (Smith, 1936). Chimaeroids, 
the other surviving group of cartilaginous fishes, also retain urea as an 
osmoregulatory device, and the ratfish, Chimaera monstrosa, takes a 
position between that of the typical elasmobranch and the cyclostomes 
(e.g., Myxine glutinosa), however, more closely resembling the former. 
Hence, plasma urea levels are not quite as high as in the elasmobranch, 
and the sodium chloride levels are correspondingly higher, but they 
do not rely entirely on salt retention to maintain approximate isotonicity 
with seawater as do the purely ammoniotelic cyclostomes (Fange and 
Fugelli, 1962). The relatively higher salt levels in chimaeroid body fluids 
might reflect an inability to excrete salt efficiently via rectal glands or 
some other extrarenal route. Varying degrees of development of extra- 
renal salt glands among the cartilaginous fishes might be related to the 
availability of estuarial waters or possibly to their freshwater phylogene- 
tic ancestry. Modem elasmobranchs occurring in freshwater but with 
access to the sea have significantly lower urea concentrations in their body 
fluids than do the purely marine forms (Smith, 1931; Price and Creaser, 
1967; Price, 1967), and purely freshwater elasmobranchs such as the 
South American stingrays of the Orinoco and Amazon drainage systems 
(e.g., Potamotygm) appear to have abandoned urea retention entireIy 
(Thorson et al., 1967). 

Estivating lungfish such as the African Protopterms provide another 
example of fish deriving an advantage from converting ammonia pro- 
duction to ureotelism during water deprivation that enables them to esti- 
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vate for long periods during which the relatively inert urea accumulates 
in body fluids to very high levels (Smith, 1930; Janssens, 1964; Forster 
and Goldstein, 1968). Members of the two surviving families of lungfishes, 
Lepidosirenidae and Ceratodontidae, differ from one another in ecologi- 
cal behavior. The African Protopterus and the South American Lepi- 
dosiren, belonging to the former family, must breathe air at rather fre- 
quent intervals, and they estivate in burrows out of water during dry 
seasons. The sole surviving member of the latter family, the Australian 
Neoceratodus forsteri uses its lung as an accessory respiratory organ when 
its poorly developed gills are inadequate to sustain gas exchange during 
periods of high activity; however, it does not estivate and it cannot sur- 
vive out of water as can the African and South American dipnoans. In 
contrast to Protopterm which eliminates up to 50% of its nitrogenous end 
products as urea when in water, little or no urea is excreted by the Aus- 
tralian lungfish which, with its totally aquatic existence, has no need to 
obviate the production of toxic ammonia (Goldstein et al., 196%). Details 
of the biosynthetic pathways will be presented later in this chapter. 

It has recently been shown that urea occurs in the blood of the marine 
coelacanth, Latimeria chalumnue, at a concentration comparable with that 
of elasmobranches ( Pickford and Grant, 1967), and enzymes have been 
id'entsed in its liver which suggest that urea is synthesized here via the 
same ornithine-urea cycle that occurs in all the predominantly ureotelic 
vertebrates (Brown and Brown, 1967). In referring to the origin and 
evolution of fishes, Smith pointed out soon after the living coelacanths 
were first discovered that if these primitive fish closely related to the 
Devonian crossopterygians had originated in freshwater, in accordance 
with a hypothesis he favored, analysis of their body fluids would reveal 
whether the mechanism of osmotic regulation were that of retaining urea 
or some other osmotically active organic solute, as with the cartilaginous 
fishes, or by the typically teleost method of drinking and then subse- 
quently desalinating seawater at the gills and kidney. Disclosure of a 
well-developed glomerular kidney induced Smith to suggest that the 
former mechanism was more likely (Smith, 1953), and, of course, these 
results bear out his prediction. 

Mud skippers, such as the amphibious goboid, Periophthalmus sp., 
are interesting teleosts that have developed respiratory adaptations that 
enable them to spend most of their time out of water, darting about in 
the intertidal zone of the hot tropical mangrove areas in which they thrive. 
In addition, they seem to have adjusted to a euryhaline existence, and 
Gordon et al. (1965) showed that Periophthalmus sobrinus could tolerate 
direct transfers successively from 100% seawater to 80, 60, 40, and 20% 
with survival in good condition for extended periods of time. While in 
1001% seawater Gordon found that they excreted almost as much urea 
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(0.36) as ammonia (0.49 mmole/kg/hr), and then they exhibited a shift 
toward ammoniotelism in lower salinities. In 40% seawater, for example, 
urea excretion amounted only to 0.06 mmole/kg/hr, whereas ammonia 
production was 0.77 mmole/kg/hr. The higher fraction of ammonia 
excretion when favorable gradients for water influx are established in a 
dilute environment does not necessarily mean that a biochemical sup- 
pression of ureogenesis, as such, occurs. As in the lungfish, Protoptews 
(Forster and Goldstein, 1966; Janssens and Cohen, 1968a), the activity 
of the ornithine-urea cycle or purine pathway enzymes may be unaltered 
whether or not the fish are experiencing water deprivation, be it osmotic 
or evaporative. With high water influx and a correspondingly vigorous 
branchial circulation, ammonia could be extracted from blood and elim- 
inated into the aqueous environment so efficiently that there would 
be relatively little available in plasma for capture by the ureosynthetic 
systems in liver, kidney, or other body tissues. 

C. Trimethylamine Oxide 

Another nitrogenous compound that occurs generally in fish is tri- 
methylamine oxide ( TMAO ) ( Groniger, 1959). A relatively large frac- 
tion of the total nitrogen excreted by marine fish is in the form of this 
slightly basic, soluble and nontoxic trimethylamine oxide, (CH,),N + 0. 
Freshwater teleosts have characteristically low levels of TMAO in their 
urine and body fluids, and euryhaline forms such as young salmon excrete 
very little nitrogen in this form until they are transferred to a marine 
environment. Marine teleosts such as the aglomeruler goosefish, Lophius, 
may excrete up to 50% of their total nitrogen in the form of TMAO (Groll- 
man, 1929). The renal tubules of elasmobranchs actively reabsorb filtered 
TMAO, as they do urea, and its accumulation contributes approximately 
one-third of the total organic osmolarity of body fluids (J. J. Cohen et al., 
1958; Forster et a,?., 1958). In contrast to the elasmobranchs where TMAO 
is avidly retained by the kidney, the renal tubules of certain marine tele- 
osts such as Lophius americanus actively secrete TMAO into urine via 
an energy-dependent organic base-secreting mechanism that occurs 
generally in nephrons throughout the vertebrates ( Forster et al., 1958). 

Trimethylamine oxide may also play a role in intracellular regulation 
in euryhaline teleosts where cell volumes are maintained constant in both 
seawater- and freshwater-adapted fishes, respectively, despite the fact 
that the freezing point of serum is consistently lower when the fish lives 
in seawater than when it lives in freshwater. Lange and Fugelli (1965) 
have emphasized the active roles trimethylamine oxide and free nin- 
hydrin-positive substances play in attaining this kind of isosmotic intra- 
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cellular regulation. Thus, TMAO may participate actively in regulating 
the volume and composition of the fish‘s extracellular fluids by means 
of the kidneys, as with the cartilaginous fishes, and also in this intra- 
cellular system. In the flounder, for example, there is a linear correlation 
between the total activity of intracellular solutes and the osmolarity of 
the blood resulting in a drop of TMAO content in muscle tissue water 
from 30 mmoles/kg to 20 when the fish is transferred from seawater 
(-1.88”C) and then subsequently adapted to freshwater (-0.0lOC). 

The TMAO contents in blood and tissues of various marine fishes 
have been compiled by Nicol (1960). Presence of the noxious free amine 
in spoiled fish food and in the feces of birds and other animals that 
prey on fish results from the action of bacteria capable of reducing the 
oxide to the volatile form of trimethylamine. Endogenous volatile amines 
detected by diffusion analyses are present in small amounts in the urine 
of some marine fishes, but these have not been definitely identified as 
trimethylamine. 

D. Other Nonprotein Nitrogenous End Products 

Specific pathways of nitrogen metabolism in fishes have not been 
systematically explored, but available information suggests that the meta- 
bolic pathways occurring here are similar to those in higher vertebrates. 
This is indicated by the occurrence of the usual main forms of nonprotein 
nitrogen constituents in urine (Altman, 1961). As pointed out earlier, 
relatively low urinary nitrogen excretion rates prevail in teleosts because 
of the importance of the branchial route of ammonia elimination, the 
nitrogen levels being generally lower in the urines of freshwater fish 
than of marine forms. Also, compared with the more familiar terrestrial 
species, there is an unusual distribution of nitrogen with the principal 
nitrogenous constituent usually being the organic base creatine. A large 
fraction of that usually designated “undetermined nonprotein nitrogen, 
at least in marine species, is TMAO. Both of these weak bases are actively 
secreted by renal tubules of marine teleosts, and this is reflected in their 
characteristically high urine/plasma concentration ratios ( Forster et al., 
1958). The uric acid present is excreted in traces, presumably resulting 
from the oxidative deamination of purines. 

E. Inorganic Excretory Products 

Urinary electrolytes in marine teleosts reflect the separate roles of 
the kidneys and gills in desalinating seawater subsequent to its alimentary 
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ingestion and absorption. High concentrations of urinary magnesium, sul- 
fate, and phosphate are accounted for by secretory mechanisms in renal 
tubules that actively remove these divalent ions from blood. As in all 
vertebrates, the renal tubules of both marine and freshwater fishes play 
a salt-saving role with respect to sodium and chloride ions which accounts 
for the very low concentrations of these univalent ions in urine of freshly 
captured and nontraumatized fish (Forster, 1953; Forster and Berglund, 
1956; Berglund and Forster, 1958). Extrarenal routes, including the rectal 
gland in cartilaginous fish (Burger, 1967) and the gills of all fishes, are 
involved in regulating the univalent ion composition of body fluids 
( Krogh, 1939). 

111. CON JUGATION AND DETOXICATION 

Fish may be expected to differ from terrestrial animals with respect 
to the formation of detoxified end products of drugs and other foreign 
compounds that find their way into the organisms. In mammals certain 
specific biochemical transformations including conjugation, N-dealkyla- 
tion, deamination, aromatic hydroxylation, ether cleavage, sulfoxide 
formation, alkyl chain oxidation, nitro-group reduction, azo-link cleavage, 
and glucuronide formation result in more rapid excretion of the foreign 
agent because of its conversion to a less lipid soluble and, hence, more 
readily excretable form. This could be accomplished either by enabling 
it to be actively secreted by the renal tubules or by making it less likely 
to diffuse back into plasma for recycling subsequent to glomerular filtra- 
tion. Brodie and his co-workers (1955, 1958) showed that biogenesis of 
these products in higher forms occurred largely by enzymically con- 
trolled reactions localized in liver microsomes. Maickel et al. (1958) ob- 
served, however, that fish (goldfish and perch) did not have the ability 
to detoxicate phenols by the otherwise ubiquitous formation of conjuga- 
tion derivatives with glucuronides and sulfates. Doses of these phenols 
as low as 0.5 mg/kg were often fatal, and fish placed in solutions of 10 
ppm of phenols absorbed enough through their gills to be toxic in 4-8 
hr. Also, tadpoles of both frogs and toads were unable to conjugate 
phenols, whereas the adults were capable of forming the usual glucuro- 
nide and sulfate conjugates. 

Brodie and Maickel (1962) extended their observations on the com- 
parative biochemistry of drug metabolism and speculated further that, 
as with the evolutionary development of mechanisms to convert ammonia 
to the less toxic urea and uric acid, the development of adaptive detoxica- 
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tion processes might be considered similarly. It was postulated that lipid- 
soluble organic compounds not readily excretable by the kidneys of ter- 
restrial forms may be no problem to the fish because here they could be 
rapidly eliminated through the lipoidal gill epithelial membranes into 
the effectively limitless aqueous external environment. They considered 
also the possibility of evolutionary regression in that enzymic functions 
might disappear, presumably because genes are lost, when they no longer 
confer an advantage in natural selection. Aquatic turtles were cited as a 
possible example where such a regression might have taken place accom- 
panying their migration back to the sea. When underwater they use their 
highly vascularized pharyngeal cavity as a sort of accessory branchial 
structure to facilitate respiratory gas exchange, and this might obviate 
previous needs for detoxication reactions. 

Studies on the biogenesis of conjugation and detoxication products 
in a wide variety of fish, however, have revealed many exceptions to this 
provocative hypothesis. For example, trout, salmon, and cod contain 
uridine diphosphate-glucuronic acid, and glucuronide formation can 
be demonstrated in homogenates of trout liver. Sulfate esters have been 
identified in the bile of carp and hagfish, and elasmobranch bile contains 
a sulfate ester derivative of a steroid alcohol (Williams, 19f33). Trout 
can hydroxylate biphenyl (Creaven et al., 1965). 

Buhler (1968) suggests that differences in pesticide toxicity among 
various species of fishes may result from differences in their hepatic drug- 
metabolizing activity. Furthermore, he showed that pretreatment of rain- 
bow trout with DDT or phenylbutazone resulted in a selective induction 
of the drug-metabolizing enzymes. Studies on shad, perch, carp, sucker, 
steelhead trout, rainbow trout, sockeye salmon, chinook salmon, and silver 
salmon disclosed NADPH-dependent hepatic hydroxylation of aniline, 
reduction of nitrobenzoic acid, and N-dealkylation of aminopyrine. The 
more primitive lamprey eel and sturgeon showed only nitroreductase ac- 
tivity. 

Acetylation of the p-amino group of p-aminohippuric acid (PAH) by 
kidney tissue occurs in varying degrees among fishes, and this has prac- 
tical significance in doing renal function studies because, although the 
acetylated form is secreted as avidly as free PAH, this will give false 
‘klearance” values and spurious measurements of minimal effective renal 
plasma flow unless in the Bratton-Marshall procedure the amino group is 
uncovered by acid hydrolysis before diazotization (Taggart et aL, 1953; 
Forster, 196%). Phenol red in the uterus of the pregnant dogfish, 
Squalus acanthias, can be converted in an utterly unique biological halo- 
genation to bromophenol blue by a process which may be analogous to 
the biogenesis of thyroxin where tyrosine residues undergo iodination 
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(Burger and Loo, 1959). Huang and Collins (1962) showed that three 
types of marine fishes-the elasmobranch Squalus, the aglomular teleost 
Lophius, and the glomerular flounder Pseudopleuronectes-all were ca- 
pable of conjugating p-, m-, and o-aminobenzoic acid isomers with glycine 
and glucuronic acid. Acetylation of the m- and p-isomers occurred in all 
three fishes, but only Lwhius was found capable of acetylatihg o-amino- 
benzoic acid. 

Conversion of the highly volatile base trimethylamine to TMAO is an 
oxidation detoxication, and Baker et al. (1963) have shown in an ex- 
haustive study including representatives of marine elasmobranchs and 
teleosts, as well as anadromous and freshwater fishes, that the enzyme 
catalyzing the conversion of trimethylamine to the oxide is present in the 
livers of some but not in others, and with no apparent relation to the 
presence or absence of osmoregulatory or any other physiological feature 
of adaptive significance. Trimethylamine, as such, is rapidly eliminated 
by the elasmobranch, Squulus (Goldstein et al., 1967a), and presumably 
by all the fishes. This would not support the hypothesis that a relationship 
exists between the metabolic fate of foreign compounds and the degree 
to which they are readily excreted by the organism. 

Dixon et al. (1967) have recently extended the list of exceptions to 
the hypothesis that animals living in water environments do not need 
special detoxication mechanisms to aid in the disposal of lipid-soluble 
substances because of the availability of gill surfaces for elimination by 
dialysis into their aqueous environment. They reported on azo- and nitro- 
reductase activity in liver of Squalus, the lemon shark Negaprion, the 
stingray Dasyatis, the skate, barracuda, and yellow tail snapper Ocyumcs. 
In agreement with Brodie and Maickel (1962) they showed that liver 
homogenates of Squalus fortified with a proven NADPH-generating sys- 
tem were unable to oxidize hexobarbital (side-chain oxidation) or chlor- 
promazine ( sulfoxide formation), and also incapable of converting amino- 
pyrine to 4-aminoantipyrine ( N-demethylation) . However, all of the 
elasmobranch and teleost fishes studied were able to reduce the azo- 
linkage of neoprontosil ( azoreductase ) to form sulfamilamide. Sharks 
and rays lacked nitroreductase, but the skate and the two teleosts studied 
were able to reduce p-nitrobenzoic acid to p-aminobenzoic acid (nitro- 
reductase). These aromatic azo- and nitro-compounds are used as drugs, 
food additives, and pesticides; some of the azo-compounds are potent 
carcinogens. Their metabolic fate in fishes and various other species that 
might be exposed to them by way of industrial waste or other contami- 
nants entering the environments warrants continued investigation. 

Direct studies on half-times in plasma by Dixon et al. (1967) of lipid- 
soluble and readily diffusible drugs such as 4-aminoantipyrine and sul- 
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fanilamide do not suggest an extremely rapid diffusion from plasma to 
seawater in the dogfish, SqwlZus, for example. Thus although it may ap- 
pear to be reasonable that in fish, with the wide avenues of an extensive 
branchial circulation available for the elimination of drugs and other 
foreign compounds by diffusion, no need may exist for their detoxication 
or conversion to more excretable forms, such does not appear to be the 
case. Conjugation and detoxication mechanisms in fishes generally re- 
semble those of terrestrial forms, and indeed the gill does not seem to 
provide a very efficient method even of eliminating many of the more 
readily diffusible foreign substances tested to date. The kidneys of both 
marine and freshwater fishes generally share with vertebrate kidneys the 
ability to actively excrete by specific tubular transport mechanisms many 
of the conjugated and detoxicated derivatives of drugs and foreign com- 
pounds ( Forster, 1961, 196%). 

IV. SOURCES OF NITROGENOUS END PRODUCTS 

Proteins within all living organisms are in a constant state of turn- 
over, continuously being synthesized and degraded, and the metabolic 
pathways in fish are probably similar to those of mammals and other 
vertebrates. However, the terminal production of specific nitrogenous 
end products varies widely from species to species and according to the 
environmental status of the organism. The various fishes have two main 
pathways of nitrogen elimination leading to the production of ammonia, 
on the one hand, and to the synthesis of urea, on the other. The ultimate 
source of nitrogen in both cases is presumably the amino and amide 
groups of amino acids. Other minor end products of nitrogen metabolism 
include creatine and TMAO. Metabolic pathways involving the former 
are apparently similar to those occurring in higher vertebrates, although 
the predominance of creatine in fishes over that of its internal anhydride, 
creatinine, is of interest since the latter is the main form in blood and 
urine of the higher vertebrates. As will be pointed out later, despite 
many recent attempts to ascertain the source of TMAO in fishes, the 
problem still is unsolved, even with respect to determining whether the 
compound is synthesized endogenously or originates exogenously in the 
diet. 

A. Deamination and Transamination 

Speculations concerning the source of branchially excreted ammonia, 
which comprises from 60 to 90% of the nitrogen excreted by fish (Smith, 
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1929; Wood, 1958; Fromm, 1963), began with Smith's suggestion that 
branchially excreted ammonia was derived by diffusion directly from 
blood ammonia preformed in other tissues of the body and delivered, 
as such, to the gills. Later he abandoned this view in favor of its forma- 
tion de nmo at the gill rather than at some central site, such as the liver 
or kidney, as in most vertebrates. Evidence favoring the peripheral origin 
of ammonia came from his observation that in the estivating lungfish, 
Protopterus, when there was a complete cessation of branchial excretion 
ammonia did not accumulate in blood or other body fluids ( Smith, 1930). 
Subsequently, in his studies on the freshwater elasmobranch, PrWk 
microdon, evidence was obtained that suggested to him that the excretion 
of ammonia at the gills was under physiological control (Smith, 1931, 

More recently it was shown that branchially excreted ammonia may 
be derived both from preformed sources and from the extraction of 
plasma a-amino acid N at the gill, with most of it coming from ammonia 
delivered, as such, to the gills after having been formed in the liver and 
perhaps to some extent in other central organs (Goldstein et al., 19e4). 
Ammonia may diffuse across the branchial epitheIium as free base or, as 
cited previously, by an exchange of NH,' in blood for Na+ in the external 
environment of freshwater fishes. The amount of ammonia excreted by the 
kidneys is very small compared to that eliminated at the gills (Smith, 
1929), even when the urine is highly acidic. Hence, it does not appear 
that the renal production of ammonia participates in acid-base regula- 
tion as it does in mammals. 

The main route for the formation of ammonia by the deamination of 
amino acids proceeds via the system of transamination first proposed by 
Braunstein ( 1939) and Braunstein and Byechkov (1939). This pathway 
couples the transamination of various L-amino acids with a-ketoglutarate 
to form L-glutamate which is subsequently deaminated by L-glutamate 
dehydrogenase ( Fig. 1).  

Indirect evidence favoring the source of branchially excreted am- 
monia as the result of the enzymically controlled deamination of gluta- 
mine and other amino acids in the gill was found in studies that showed 
significant glutaminase I and glutamic acid dehydrogenase activities in 
the gill tissue of the shorthorn sculpin, Myoxochephalus scorpius, and 
other representative teleosts (Goldstein and Forster, 1961). The rate of 
branchial ammonia excretion by sculpins in oxygenated seawater was 
measured directly and found to be 260 pmoles/kg body weight per hour. 
The maximal glutaminase I and glutamic acid dehydrogenase activities 
as assayed in gill homogenates and calculated by summing the activity 
per gram of both gills, and multiplying this figure by the average gill 
weight (5.0 g/kg body weight), was 355 pmoles NHJkg body weight 

1936). 
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per hour; more than that needed to account for the measured rate of 
ammonia production by gills in intact sculpins. However, the activity of 
an enzyme as measured in uitro does not necessarily correspond with its 
activity in duo; substrate availability and other environmental factors can 
modify rates, and its localization in situ as part of an integrated bio- 
chemical system modifies its kinetics. Pequin’s observations (1962) on 
the carp in which measurements were made of the ammonia content in 
venous blood entering the heart and in the ventricle itself, and simultan- 
eously in blood leaving the gill circulation via the dorsal aorta, showed 
that, in this instance at least, branchial extraction of preformed ammonia 
at the gills could account for all of the ammonia excreted. Cardiac output 
(gill blood flow) was measured as the rate determined by electrocardiog- 
raphy multiplied by the estimated ventricular volume. It was also 
noticed that ammonia concentrations were highest in venous blood drain- 
ing the liver. Later Pequin and Serfaty (1963) showed that the liver 
plays the essential role in the formation of ammonia, but that the kidney’s 
participation was not negligible, being approximately one-third that 
produced by the liver. Mixed blood taken from the ventricle contained 
2.89 pg NH,-N per milliliter and blood sampled in the three main veins 
delivering blood back to the heart in the carp contained 6.96, 4.60, and 
1.04 pg/ml in the hepatic vein, posterior cardinals, and caudal vein, re- 
spectively. Significant branchial extraction of this preformed ammonia 
was indicated by the relatively low level of ammonia in dorsal aorta blood 
leaving the gill circulation, 0.68 pglml, compared with 2.89 pg/ml in ven- 
tricular blood on its way to the branchial circulation. 

Furthermore, Pequin and Serfaty (1936) devised a method for per- 
fusing the liver and gut which demonstrated that L-asparagine, L-gluta- 
mine, and some purines could act as substrates for hepatic ammoniogene- 
sis in the freshwater carp. Perfusion with hydroxylamine also led to an 
increase in ammonia production, although the biological significance of 
this source was questioned. They also noted seasonal differences in blood 
ammonia levels that corresponded with variations in the amounts of 
ammonia excreted via the gills. 

To evaluate the relative importance of branchial extraction of pre- 
formed ammonia, on the one hand, and its formation de nouo at the gill 
on the other, Goldstein et al. (1964) used the Fick principle to measure 
rates of gill blood flow while simultaneously determining branchial 
ammonia excretion. Total oxygen consumption in milliliter 0, per kilo- 
gram per hour by the marine teleost, Myoxocephalus scorpius, was meas- 
ured with an oxygen electrode while the fish were maintained in a 
specially designed sealed container. The amount of oxygen taken up per 
milliliter of blood as it traversed the gill circulation (milliliter 0, per 



5. FORMATION OF EXCRETORY PRODUCTS 329 

milliter) was taken as the difference in oxygen content of efferent and 
afferent samples taken from the dorsal aorta and the bulbus arteriosus, 
respectively. Ammonia excretion was measured simultaneously under 
conditions identical with those used in determining oxygen consumption 
by the fish. Under these circumstances gd1 blood flow (cardiac output) 
ranged from 1100 to 2200 ml/kg/hr, with an average flow of 1665 ml/ 
kg/hr. Extraction of preformed ammonia from blood flowing through 
the gills accounted for about 60% of the ammonia excreted, and the re- 
mainder could be accounted for by the extraction of a-amino acid N in 
plasma. The lack of a net extraction of glutamine from plasma observed 
in these experiments indicates that unlike the mammalian kidney gluta- 
minase does not play a major role in ammonia formation by the gills. Thus, 
it appears that in this marine teleost branchially excreted ammonia has 
its source both in that delivered in blood to the gill after being derived 
from transamination and deamination steps going on centrally in the liver 
and to a lesser extent in kidneys and other tissues, and also in that formed 
peripherally at the gills by the enzymic extraction of a-amino acid N. The 
relative importance of these two sources probably varies between species 
and with the physiological or environmental status of the fish. 

Another possible pathway of amino acid deamination (Fig. 3) origin- 
ally proposed by Braunstein (1957) has been suggested as a source of 
ammonia in the gills of carp and other freshwater fishes by Zydowo 
(1960), Makarewicz and Zydowo (1962), and Makarewicz (1963). 
Branchial tissues were found to have much higher activities of adenosine 
monophosphate aminohydrolase than of glutaminase, and it was sug- 
gested that this route might be the major source of ammonia excreted by 
intact lower aquatic vertebrates generally. This pathway involves the 
amination of inosine monphosphate by aspartate and then the subsequent 
deamination of the product, adenosine monophosphate, by AMP-deamin- 
ase. The importance of this system as an actual producer of ammonia 
in uiuo must be questioned on the basis of the observation made by 
Pequin (1962) on the carp that extraction of preformed blood ammonia 
can account for all the ammonia excreted by the gills. In gill homogenates 
of the marine teleost, Myoxocephalus scorpius, adenylic acid deaminase 
activity is approximately twice that of glutaminase (Goldstein et d., 
1964). However, glutamine is not extracted as blood traverses the bran- 
chial circulation, and again it must be kept in mind that the activity of 
an enzyme measured in uitro does not necessarily reflect its normal kine- 
tics in a structurally and functionally integrated cell. 

Concerning the central formation of ammonia, Pequin and Serfaty 
(1963) showed a low rate of deamination of adenosine monophosphate 
by perfused carp livers, but adenosine and adenosine triphosphate were 
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quickly deaminated. The suggestion that adenosine nucleotides can be 
deaminated by fish liver supports the possibility that amino acids could 
be deaminated by transamination to aspartate which could subsequently 
be deaminated via the purine cycle. 

There are other specialized deamination pathways present in higher 
animals that may occur in fishes. Homogenates of fish liver, kidney, and 
brain can deaminate aspartate, cysteine, and histidine (Salvatore et al., 
1965). Deaminases for cysteine and histidine are known to occur in higher 
vertebrates. The presence of aspartase has not been reported, but if it is 
found in fish tissues, then a fourth pathway may exist in which amino 
acids are transaminated to aspartate and subsequently deaminated by 
aspartase. 

The importance of extrabranchial sites of ammonia formation was 
again shown in the study of McBean et al. (1966) concerned with the 
assay and characterization of glutamate dehydrogenase in various fish 
tissues. The finding that glutamate dehydrogenase activity was lower in 
the gills than in the liver and kidney of eels agrees with observations on 
the site of formation of branchially excreted ammonia by Pequin (1962) 
on the freshwater carp and by Goldstein et al. (1964) on the marine 
sculpin. The occurrence of glutamate dehydrogenase was demonstrated 
in the livers of five species, including two marine teleosts, two elasmo- 
branchs, and a freshwater teleost. L-Alanine, a major amino acid in fish 
plasma, was not deaminated directly by the eel enzyme but was trans- 
aminated to glutamate before deamination. 

Crystalline glutamate dehydrogenase prepared from Squatus Ever has 
a molecular weight of 330,000 zk 20,000, and an electrophoretic pattern 
that differs significantly from the chicken and beef enzyme (Corman 
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et al., 1967). Nucleotides such as adenosine diphosphate and guanosine 
triphosphate activated the dogfish enzyme, and excess nicotinamide- 
adenine dinucleotide inhibited it without altering its molecular weight. 
This is of general significance because it indicates that in contrast to the 
enzyme of higher vertebrates nucleotide can affect the reaction kinetics 
without altering the aggregation state of the enzyme. Hagfish, Myxine 
glutinosa, liver enzymic activity is stimulated by adenosine diphosphate 
and diethylstilbesterol without changing its affinity for oxidized nicotina- 
mide-adenine dinucleotide or for glutamate when assayed in tris buffer, 
but not when tested in physiological saline. 

Indirect evidence for the presence of glutamine synthetase in carp 
was provided by Pequin and Serfaty's observation (1966) that prolonged 
intravenous injections of L-glutamate decreased the branchial excretion 
of ammonia and simultaneously increased amino acid excretion, while 
raising the levels of L-glutamic acid in blood, liver, and kidney. Concen- 
trations of glycine, alanine, serine, and histidine also increased in blood, 
liver, and kidney, presumably as a result of transamination occurring on 
a massive scale. Glutamine synthetase could account for diminished am- 
monia excretion because of its combination with the massive levels of 
administered L-glutamate to form the amide. The authors do not in- 
terpret their observations as supporting the role of L-glutamate dehydro- 
genase in forming ammonia de nmo in the gills. They noted that the con- 
tent of amino acids in gill tissue did not vary during and after glutamate 
injection, and the excess glutamate in blood was excreted without de- 
amination. However, since glutamate levels were not measured, it is not 
possible to separate the direct effect glutamate may have had on 
glutamine synthesis from other effects indirectly affecting the excretion 
of ammonia. Pequin (1967) has recently found that elevation of blood 
ammonia leads to increase in plasma glutamine and decrease in hepatic 
glutamate levels in the carp, suggesting the presence of glutamine syn- 
thetase in the liver of this species. Wu (1963) had previously failed 
to find glutamine synthetase activity in homogenates of liver from the blue 
giI1, Lepomis macrochirus, and the black crappie, Pornoxis nigromcula- 
tus. 

B. Biosynthesis of Urea 

Protein metabolism is purely ammoniotelic in the protochordate an- 
cestors of the fishes. Even the uricolytic enzymes are missing in modern 
ascidian sea squirts, for example, and purine metabolism stops with the 
formation of urates and xanthine which are disposed of by storage in the 
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form of concretions in special excretory vesicles or renal sacs (Good- 
body, 1965). Similarly, the uricolytic enzymes ( urate oxidase, allanto- 
inase, and allantoicase) are absent in the cyclostome fishes (Florkin and 
Duchateau, 1943), and there is also no evidence for the presence of the 
ornithine-urea cycle in these primitive forms. The small amount of urea 
in their body fluids might be accounted for by the hydrolysis of arginine 
by arginase, and accumulation may result from their characteristically 
low excretion rates. By the time amphibians arose from the crossoptery- 
gian stem of ancient fishes, complex mechanisms of urea synthesis 
presumably had evolved which helped prepare them and the higher verte- 
brates for terrestrial life. Modem frogs in the course of their meta- 
morphosis undergo a sudden switch from ammoniotelism to the produc- 
tion of urea, and simultaneously to its active renal tubular excretion when 
the fishlike tadpole acquires the structural and functional changes charac- 
teristic of the amphibious adult (Brown and Cohen, 1958; Forster et al., 
1983). Increased biosynthesis of urea at this time is by some type of in- 
duction resulting in enhancement of all enzymic activities of the ornithine 
cycle. A similar induction of function might account for the simultaneous 
activation of the carrier-mediated urea transport process in the renal 
tubule. 

1. ORNITHINOUREA CYCLE AND THE PURINE PATHWAY 

The classification of animals as ammoniotelic, ureotelic, or uricotelic 
according to the major end product of protein catabolism is somewhat 
arbitrary because the body fluids and excretory products of most animals 
contain a mixture of ammonia, urea, and uric acid in varying proportions. 
Teleost fishes, of course, are primarily ammoniotelic but their blood con- 
tains significant amounts of urea (Denis, 1913-1914), and indeed, in 
some teleosts, it may account for 20% or more of the total nitrogen ex- 
creted (Wood, 1958). In the freshwater carp there is an increase in the 
excretion of urea during prolonged fasting, but the origin of this supple- 
mentary urea is difficult to explain (Vellas and Serfaty, 1967). 

Urea cannot be synthesized in teleosts via the Krebs ornithine-citrul- 
line-arginine cycle (Krebs and Henseleit, 1932) which is the main route 
of ureogenesis in mammals and all the other nonuricotelic higher verte- 
brates. Arginase is present in the livers of teleost fishes (Hunter and 
Dauphinee, 1924-1925; Hunter, 1929) , but early studies by Manderscheid 
(1933) suggested that the rest of the ornithine cycle mechanism was in- 
complete or lacking. Brown and Cohen (1960) have shown that two en- 
zymes involved in the first two steps of the ornithine cycle, carbamoyl 
phosphate synthetase and ornithine transcarbamylase ( Fig. 4),  are not 
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present in teleost livers. Dietary arginine potentially could be a source 
of urea, but it is unlikely that the degradation of an essential amino acid 
which cannot be synthesized by teleosts could provide more than a very 
minor fraction of the nitrogen excreted as urea. Purines, however, are a 
likely source of urea in fish. The early studies on the degradation of uric 
acid by Przylecki (1925), Stansky ( 1933), Brunel ( 1937a,b), and Florkin 
and Duchateau (1943) revealed the presence of urate oxidase, allan- 
toinase, and alIantoicase in the livers of the many fish and amphibians, 
and Brunel (1937a) proposed that urea was produced in a three-step 
process: urate + allantoin 9 allantoicate + urea. More recently, it has 
been proposed that amino acids could be funneled into the pathway 
during formation of the purine ring and then converted to uric acid 
eventually to be transformed into urea (Fig. 5). 

2. TELEOSTS 

The activity of the uricolytic pathway (Fig. 5 )  was assayed in liver 
slices of five representative species of marine and freshwater teleost fishes 
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by Goldstein and Forster (1965) to evaluate the role this route might 
play in the production of urea. The fact that urate, allantoin, and allantoi- 
cate were all readily converted to urea confirmed Brunel’s proposed path- 
way for the conversion of urate to urea (1937a). Rates of conversion of 
urate to urea in liver slices ranged from 5 pmoles urea per gram per hour 
in the goosefish, Lsphius americanus, up to 23 umolesfgfhr in the winter 
flounder, Pseudopkuronectes americanus. Assays of kidney slices showed 
that the rates of conversion of urate to urea were only 10% or less that 
observed in liver slices. Rates of uricolytic urea production in vitro cor- 
responded generally with actual rates of urea excretion by the intact fish. 

No evidence was found to support Brunel’s classification of teleost 
fishes into two groups (193%)) based on those which degrade uric 
acid to urea and those which supposedly lack allantoicase and in- 
stead convert urate to allantoicate as the end product of purine catabolism. 
To determine whether the conversion of urate to urea takes place only 
in certain families of teleosts or whether this pathway is more widespread, 
allantoicase activity was assayed in liver homogenates prepared from 18 
species of teleosts, including eel, cod, and flatfishes which had previously 
been reported as lacking the enzyme. Allantoicase activity was present 
in the livers of all 18 species of fish assayed, and the relative rates are 
shown in Fig. 6. 

Since urea is produced and excreted, although at a relatively low 
rate, in tadpoles (Munro, 1953; Brown and Cohen, 1958) and Necturus 
(Walker and Hudson, 1937; Fanelli and Goldstein, 1964) in which rela- 
tively low activities of ornithine-urea cycle enzymes prevail (Brown and 
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Cohen, 1960), it is of interest to note that liver slices of these aquatic am- 
phibians showed significant rates of urea production from urate. In con- 
trast, there was no detectable conversion of urate to urea by liver slices 
of large adult frogs. Thus, it appears that uricolysis is the major source of 
urea produced by teleosts and other primariIy “ammoniotelic” verte- 
brates generally. Inasmuch as nitrogens in the purine ring may come 
from the amide N of glutamine and the a-amino groups of aspartate and 
glycine (Buchanan and Hartman, 1959), a pathway may exist also for 
the synthesis of purine that may provide a route for the disposal of a- 
amino acid N via transamination, formation of urate, and then the subse- 
quent production of urea via the uricolytic pathway (Goldstein and 
Forster, 1965). 

3. CARTILAGINOUS FISHES 

The very high concentration of urea and its osmoregulatory role in 
the body fluids of marine elasmobranchs and holocephaleans makes the 
search for possible pathways of ureogenesis here of special interest 
(Smith, 1953). All the enzymes necessary for urea synthesis via the 
ornithine cycle have been demonstrated in elasmobranchs ( Baldwin, 
1960; Brown and Cohen, 1960; Campbell, 1961; Brown, 1964; Schooler, 
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Fig. 6. Allantoicase activity of teleost fish livers. Activities were assayed in homog- 
enates of either fresh or frozen ( f )  livers. Values are the average of 26 assays per- 
formed on 1-3 individuals of each species. Reproduced from Goldstein and Forster 
(1965) by permission of Pergamon Press. 
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1964; Read, 1968) and in the chimaeroid, Hydrolagus colliei (Read, 
1967). Arginase occurs in various tissues of elasmobranchs (Hunter and 
Dauphinee, 1924-1925; Campbell, 1961) and in chimaeroids (Hunter, 
1929) but, again, as in teleosts the production of urea from dietary 
arginine here is probably of little quantitative significance. Elasmo- 
branchs also have the enzymes needed to convert uric acid to urea-urate 
oxidase, allantoinase, and allantoicase (Brunel, 1947a). Thus, all the en- 
zymes needed for operation of both the ornithine cycle and the purine 
pathway in ureogenesis are present in elasmobranchs. 

Schooler et al. ( 1966) used isotopic labeling techniques in the dogfish, 
Squalus acanthim, to assess the relative importance of the two major 
routes known for urea synthesis. These studies were carried out both 
in vivcl with sodium bicarbonate-14C and uric acid-2-l4C, and in vitro 
with isolated liver slices using these substrates and also ~erine-3-~*C. 
Earlier studies on other vertebrates had shown that COz is incorporated 
into urea via the ornithine cycle (Brown and Cohen, 1960) and that the 
3-carbon of serine is a precursor for the ureido-carbons (2  and 8) of uric 
acid (Elwyn and Sprinson, 1950). The 3-carbon of serine is transferred to 
tetrahydrofolic acid by serine hydroxymethyltransferase to form N 6 ,  N’O- 
methylenyltetrahydrofolate and is subsequently incorporated in a series 
of steps into the purine ring (Buchanan and Hartman, 1959). In these in 
uitro experiments with a large pool of serine available in the flasks 
(2  mM) it was assumed that most of the 2- and 8-carbons of purine came 
from serine and, hence, that the conversion rate of serine-3-14C to urea- 
14C approximated the rate of urea production via urate synthesis and 
then its subsequent degradation in the uricolytic pathway. 

These studies on Squalw (Schooler et al., 1966) showed that the rate 
of urea formation via the ornithine cycle was approximately 50-100 
times faster than that produced in the purine pathway. Isolated liver 
slices synthesized urea from urate-2-14C substrate at the rate of 0.023 
pmole/ g/hr and incorporated isotopically labeled serine as a precursor 
into the purine pathway to produce urea at the rate of 0.040 pmole/g/hr, 
whereas the synthesis of urea-14C from bicarbonate-“C via the ornithine 
cycle proceeded at the rate of 2.25 pmoles/g/hr. The addition of “cold 
ornithine increased urea synthesis 23%, whereas the addition of citrulline 
reduced the synthesis of urea-14C to 65% of control values by diluting the 
fraction of isotopically labeled urea (see Fig. 5 ) ,  thus confirming the 
specific involvement of the ornithine cycle as the pathway of urea syn- 
thesis via incorporation of bicarbonate-14C. 

In the intact dogfish also, Schooler et al. found the ornithine cycle 
to be much more active in forming urea than was the purine pathway. The 
rate of urea synthesis from either bicarbonate or uric acid was calculated 
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by dividing the total counts of urea produced during a 30-minute period 
following the intravenous injection of either bicarbonate-14C and urate- 
P4C,  by the mean specsc activity of the respective precursor in the 
plasma. Total counts in urea were obtained from the distribution of 
urea-l*C in blood, liver, and other body fluids. Urea was found to be 
synthesized by the purine pathway at a rate of 7.0 pmoleslkg body weight 
per hour and via the much faster ornithine cycle at the rate of 135 
pmoles/kg per body weight per hour. 

4. THE LUNGFISHES 

Biochemical sources of nitrogenous end products in the Dipmi are of 
unusual interest because lungfish such as the African form, Protopterus, 
shifts from a primarily ammoniotelic status to a completely ureotelic 
habitus while undergoing estivation ( Smith, 1930). During its aquatic 
phase Protopterus has urine flows and glomerular filtration rates that are 
quite comparable with those of freshwater teleosts. It then obtains about 
half of its total metabolic energy from protein, and, resembling some 
aquatic amphibians, the nitrogenous end products are excreted both as 
ammonia and urea (Smith, 1930; Sawyer, 1966). During estivation when 
the fish is enveloped in a leathery protective cocoon with a small aperture 
to aIIow breathing it may survive for years without food or water while 
urine formation is completely suspended and the metabolic rate drops to 
very low levels. During this period when the metabolism of endogenous 
protein is the main source of energy, ammonia does not accumulate in 
body fluids and nitrogen is almost entirely incorporated into urea, which 
within a year may amount to as much as 1% of the animal’s total body 
weight ( Smith, 1930; Janssens, 1964). 

All of the enzymes of the ornithine-urea cycle are present in P T O ~ O ~ -  
term livers (Janssens and Cohen, 1966) and, in addition, all of the 
enzymes of the uricolytic pathway (Florkin and Duchateau, 1943; Brown 
et al., 1966) that in teleosts appears to be solely responsible for the rela- 
tively small amounts of urea synthesized (Goldstein and Forster, 1965). 

Forster and Goldstein (1966) evaluated the relative importance of 
the purine pathway and the ornithine cycle by determining actual rates 
of urea synthesis via these routes in livers taken from Protopterus dolloi, 
both while in their aquatic phase and during estivation. Rates of urea 
formation via the ornithine cycle were determined by incubating liver 
slices in balanced isotonic media containing ammonium ion, bicarbonate- 
14C, ornithine, and an energy source. To evaluate rates of ureogenesis via 
the purine pathway a similar in oitro preparation contained L-serine 
labeled with 14C in the third position as the source of the “formate” carbon 
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atoms 2 and 8 in uric acid according to the method described above for 
similar studies with SquaZus by Schooler et al. ( 1966). To ascertain 
specificity unlabeled citrulline, one of the intermediates in the ornithine 
cycle was added to note its damping effect on the rate of production of 
I4C-labeled urea. Similarly, “cold uric acid was used to observe its 
damping effect on the incorporation of 14C into urea derived from serine- 
I4C via the purine pathway. Both routes of ureogenesis were found to be 
operating in Protoptern livers, but the rate of urea synthesis by the 
ornithine cycle was at least 100 times greater than that of the purine 
pathway under the conditions of these experiments. These observations 
on the African lungfish correspond with the results of similar comparisons 
made by Carlisky et d. (1966) in the frog kidney and by Schooler et al. 
(1966) in the elasmobranch, Squalus, liver, 

Radical alterations in biochemical pathways during estivation may 
not be needed to account for the shift from ammonia to urea production. 
Ammonia which normally escapes rapidIy from lungfish by branchial 
diffusion might instead be captured during estivation by carbamoyl 
phosphate synthetase to be incorporated into carbamoyl phosphate along 
with carbon dioxide and then fed into the cycle, which was found to be 
operative in both the aquatic and estivating livers of Protoptern. Forster 
and Goldstein (1966) calculated that, at the rate of urea synthesis ob- 
served in nonestivating lungfish livers ( approximately 1 ,pmole/ g/ hr) , a 
typical 100-g fish whose liver weighs about 1 g could form approximately 
0.5 g of urea in a year, a value for urea accumulation within the range 
actually found in the tissues of African lungfish estivating for this period 
of time (Smith, 1930). 

The Australian lungfish, Neoceratodus forsteri, the only surviving 
member of the family Ceratodontidae, differs from the African dipnoan 
Protopterms and the South American Lepidosiren in its ecological be- 
havior. The latter, sole survivors of the family Lepidosirinidae, must 
breathe air at rather frequent intervals and they estivate in burrows out 
of water during dry seasons in their tropical environment. On the other 
hand, the nontropical Australian lungfish uses its single lung only as an 
accessory respiratory organ during periods when it is very active (Grigg, 
1965). In contrast to the African and South American dipnoans, it dies 
if removed from water, and it has no adaptive provisions for entering a 
state of estivation by burrowing and breathing air. Having no need to 
detoxify ammonia because of its purely aquatic status it was of interest to 
determine whether the Australian form had the capability of synthesizing 
urea via the ornithine cycle as had previously been demonstrated in livers 
of the African lungfish, Protoptems. Goldstein et al. (196713) compared 
actual rates of incorporation of bicarbonate-14C into urea in the Australian 
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and African forms and evaluated relative activities of enzymes of the 
ornithine-urea cycle. Studies on two adult Neoceratodus shipped to 
Boston from Australia showed them to be much more “ammoniotelic” 
than Protoptern which eliminates up to 50% of its nitrogenous end 
products as urea when in water ( Smith, 1930). Rates of ammonia produc- 
tion in the two fish were 98 and 156 pmoles/kg/hr when simultaneous 
rates of urea excretion were 5.5 and zero, respectively. 

The percentage incorporation of bicarbonate-14C into urea-”(= by 
Neoceratodus liver slices was very low, being only 0.01-0.02% of the radio- 
activity present in the in vitro medium, (about 100 counts/min above 
background). Addition of unlabeled citrulline, which in similar studies on 
Protopterus reduced the 14C incorporated into urea by competing with 
citrulline-“C formed from bicarbonate-14C, had little effect on the rate 
of 14C-urea formation. The addition of unlabeled arginine, however, sig- 
nificantly reduced the rate of synthesis of urea-14C by about one-third. 
Hence, it appears likely that bicarbonate-14C was incorporated to urea 
via the ornithine cycle, but the actual rate of synthesis was only about a 
hundredth of that observed in liver slices of the African Protoptms. 
This finding is consistent with the low rate of excretion (production) of 
urea in the totally aquatic Neoceratodus. 

Activities of all the enzymes involved in the ornithine cycle were also 
assayed by Goldstein et aE. Carbamoyl phosphate synthetase, ornithine 
carbamoyltransferase, argininosuccinate synthetase, argininosuccinate ly- 
ase and arginase all had activities much lower in Neoceratodus than in 
Protopterus, a finding consistent with the low rates of excretion, the low 
level of incorporation of bicarbonate into urea by liver slices in uitro, and 
with the exclusively aquatic nature of the Australian lungfish. 

C. Sources of Trimethylamine Oxide 

The origin of trimethylamine oxide, a weakly basic nontoxic end 
product of nitrogen metabolism found in blood and body fluids of fish 
and other aquatic animals, has been a matter of dispute ever since the 
early investigations of Hoppe-Seyler ( 1930). He demonstrated its occur- 
rence in various fishes and also suggested an osmoregulatory role along 
with that of urea in marine elasmobranchs. The hypothesis that these 
organic solutes were actively retained was based upon observed plasma 
concentrations of TMAO of from 100 to 120 mmoles/liter when urine 
concentrations were only about one-tenth this amount. The TMAO 
content of tissues of freshwater teleosts is generally quite low compared 
with that of marine forms, and it fluctuates correspondingly in euryhaline 
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forms such as the salmon when they migrate between fresh- and salt- 
water. The increased TMAO in tissues during the marine phase may be 
of endogenous origin and associated somehow with biochemical or 
physiological osmoregulatory adaptations, or it might be derived from 
exogenous dietary sources in the marine environment. 

Benoit and Norris (1945) based their experiments concerning sources 
of TMAO on the reasoning that if it originates exogenously, then trans- 
ferring young salmon which have been maintained on a TMAO-free diet 
from fresh- to saltwater should raise the levels of the base in their muscle 
tissues. However, young salmon maintained in excellent condition on a 
TMAO-free liver diet during a period of increasing salinity showed no 
significant variation in TMAO content; and even after 5 weeks in full 
strength seawater there was no increase. Young control salmon fed 
TMAO-containing food such as salmon meal and ground scallop muscle 
rapidly accumulated the compound and within 3 weeks on the diet 
reached levels characteristic of normal marine adults. These results 
strongly suggest that, in salmon at least, high levels of TMAO in muscle 
result from the accumulation of ingested TMAO rather than from an 
endogenous metabolic source. 

Bilinski (19f34) used isotopic labeling techniques to identify precur- 
sors of TMAO in marine teleosts (lemon sole, Parophgs uetuZus, and 
starry flounder, Phtichthys stellutus) . 14C-labeled compounds were ad- 
ministered mainly intraperitoneally, and incorporation of tracer into 
TMAO was determined using the whole body of the fish as starting 
material. Of the compounds tested the free amine, trimethy1amine-l4C, 
was found to be the best precursor of the oxide. Limited labeling of 
TMAO occurred after administration of y-b~tyrobetaine-methyl-l~C, be- 
taine-methyl-'*C, and methi~nine-methyl-~~C. Little or no incorporation 
of 14C into TMAO occurred after administration of methylamine-14C, 
carnitine-methyl-l4C, glycine-2-14C, sodium formate-14C, sodium acetate- 
l-14C, sodium acetate-2-14C, and NaHC03-14C. Intraperitoneal injections 
of ~holine-methyl-'~C gave higher conversion rates to TMAO than the 
intramuscular route, and only trace amounts of radioactivity were de- 
tected after intravenous injection of precursor. Dependence of conver- 
sion to TMAO on the route of administration of the precursor might be 
because choline given intravenously or intramuscularly is rapidly excreted 
in the characteristically acid urine of marine teleosts, and thus unavailable 
for conversion to TMAO, whereas when administered by the intra- 
peritoneal route the slower rate of precursor uptake would result in a 
more complete conversion to TMAO. However, in the dogfish, Squalus 
acunthb, when choline was administered by the intravenous route only 
about 1% of the base was excreted in 23 hr (Goldstein et al., 1967a). The 



5. FORMATION OF EXCRETORY PRODUCTS 341 

slow rates of conversion of the methyl donors to TMAO in teleosts and 
elasmobranchs as compared with the lobster and other marine crusta- 
ceans, for example (Bilinski, 1960, 1961, 1962), raise some doubts as to 
the relative importance of endogenous synthesis by fish tissues as the 
source of TMAO. Also, the possibility of synthesis by microbial activity 
in the digestive tract has not been ruled out as a source of this limited 
conversion of choline and other precursors, especially when administered 
intraperitoneally . 

The fact that plasma levels of TMAO remain relatively constant in 
dogfish, Squalus acanthias, that were maintained without feeding for as 
long as 40 days suggested an endogenous source of the base (J. J. Cohen 
et al., 1958). Goldstein et al. ( 1967a) used isotopically labeled precursors 
to test the ability of intact dogfish and in vitro liver preparations to syn- 
thesize TMAO. There was no incorporation of trimeth~larnine-~~c or 
~holine-methyl-’~C into TMAO in viuo or in vitro. A test of possible 
incorporation of ~-methionine-rnethyl-’~C by liver slices was also nega- 
tive. Sustained maintenance of relatively steady plasma levels of TMAO 
may be achieved by drawing on the large store of the oxide in the muscles 
of these elasmobranchs and then minimizing loss by its active tubular 
reabsorption in thc kidneys. Trimethylamine oxide levels in muscle are 
higher than in other tissues of these cartilaginous fishes, and there is no 
indication of any particular role the compound might play in muscle 
contraction or metabolism. 

The problem of the biochemical origin of TMAO in fishes is still 
unresolved. The osmoregulatory advantage in its presence in the body 
fluids of marine forms is clear. Possible explanations for the difference 
in TMAO levels between marine and freshwater species could include 
higher TMAO content in the diets of marine fishes, the contributions by 
intestinal microorganisms, differences in retention capabilities of gills 
and kidneys, as well as the possibility of some endogenous synthesis of 
TMAO. 

V. EVOLUTIONARY CONSIDERATIONS 

The recent disclosure that the coelacanth, Latimeria, uses high con- 
centrations of urea to maintain a serum osmolarity approximately equal 
to that of its marine environment raises fresh speculations concerning the 
evolutionary origin of the “ureotelic” habitus in amphibians and other 
terrestrial vertebrates. Pickford and Grant (1967) showed that the urea 
concentration in serum was 355 mmoles/liter when the mean value for 
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total osmolarity was 1181 mOsm/liter. This urea level is comparable to 
that in the elasmobranch, Squalus, for example (322-364 mmoleslliter), 
where 81-94% of the urea in the glomerular filtrate is actively reabsorbed 
by the renal tubuIes (Forster and Berglund, 1957) and then retained in 
body fluids as part of the osmoregulatory device used by all marine 
cartilaginous fishes to maintain approximate isosmolarity with their en- 
vironment. Arginase and ornithine carbamoyltransferase have been identi- 
fied in homogenates of coelacanth liver (Brown and Brown, 1967); hence, 
it appears quite likely that the ornithine cycle plays a predominant role 
in urea synthesis in this ancient representative of the proto-amphibian 
crossopterygian fishes that were the evolutionary progenitors of land 
vertebrates. 

Fossils of primitive coelacanths are present in Devonian deposits, and 
all indications are that early members of the group were, in general, 
freshwater types. As Romer (1966) points out, by the Triassic they had 
already invaded the sea, and were common and varied. No fossil records 
of coelacanths were found beyond the cretaceous, and until living Lati- 
meria were discovered in 1938, it was generally assumed that they and 
the Crossopteygii as a whole had become extinct at the end of the 
Mesozoic. The longfishes of the order Dipnoi in the late Paleozoic and 
Triassic were abundant in the freshwater environment in which they 
arose and had adapted themselves, The third group of “ureotelic” fishes, 
the Chondrichthyes, appear to have been ocean dwellers since their first 
appearance in the Devonian. Romer (1966) states, “Possibly their remote 
ancestors may have dwelt in inland waters; but the advent of sharklike 
fishes into the sea was certainly early, and was accomplished by special 
structural and functional adaptations to a saline environment quite dif- 
ferent from those evolved (presumably at a later date) by marine bony 
fishes.” Possession of the ornithine-urea cycle by both the chimaeras and 
the elasmobranchs suggests that these two main groups of cartilaginous 
fishes shared a marine environment at the time their separate evolutionary 
lines were established. It seems more plausible that absence of the urea- 
retention habitus in freshwater riverrays of the genus Potamotrygon 
(Thorson et al., 1967) represents the deletion or repression of the orni- 
thine-urea cycle apparatus rather than that those forms descended from 
ancient Chondrichthyes that had never developed urea retention as an 
osmoregulatory device. 

Individual enzymes involved in the ornithine-urea cycle and the 
purine pathway are widely distributed in microorganisms, plants, and 
animals, and here, as in most fishes with the ammonia-producing habitus, 
they may serve a variety of nonureogeneic functions. As Ratner (1954) 
pointed out, linked enzymically controlled reactions in the ornithine-urea 
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cycle may be regarded as a diversion of more general mechanisms that 
provide the arginine and other amino acids of cellular protein. Microbial 
and other enzyme systems are also known that can degrade arginine and 
citrulline by routes that do not result in urea formation. Similarly, indi- 
vidual enzymes of the purine pathway, that incorporated amino acid 
nitrogen into uric acid resulting eventually in the production of urea, 
have widespread functions related to the general biosynthesis and me- 
tabolism of purines quite apart from ureogenesis. As a requisite for the 
development of the ureotelic habitus by cartilaginous fishes, the African 
and South American lungfishes, and by ancestral crossopterygians on 
their way to acquiring terrestrial status as amphibians, new genetically 
transmittable patterns of enzymic organization had to be assembled. 
What specific inductions, mutations or other genetic processes brought 
this about is, of course, unknown. 

VI. CONTROL MECHANISMS 

The transition to terrestrial life demands either suppression of am- 
monia production or its incorporation into urea. The rate of urea synthesis 
in African lungfish, Protoptern, is similar in estivating and nonestivating 
fish (Janssens and Cohen, 1968a). Furthermore, there are no differences 
in the activities of the ornithine-urea cycle enzymes in isolated slices 
and homogenates of livers taken from fish in both conditions (Forster 
and Goldstein, 1966; Janssens and Cohen, 1968a). These observations 
suggest that there is no adaptive increase in urea synthesis during estiva- 
tion in Protopterus; rates of urea synthesis normally are high enough to 
account for the actual amount of urea accumulated during estivation. 
In contrast the switch from ammoniotelism to ureotelism in the African 
frog, Xenopus Zaevb, during water deprivation (owing to estivation or 
osmotic stress) is accompanied by an increase in urea production and 
adaptation of ornithine-urea cycle enzymes ( McBean and Goldstein, 
1967; Janssens and Cohen, 1968b). It is probable that ammonia produc- 
tion is suppressed during estivation in lungfish. Conversion of ammonia 
to some nitrogenous compound other than urea appears unlikely in view 
of Smith's observation (1930) that the accumulation of other nitrogenous 
compounds accounts for less than 30% of the nonprotein nitrogen in 
muscle of estivating Protopterus. Furthermore, Janssens and Cohen 
(1968a) found no significant changes in the levels of the major amino 
acids in the livers of estivating Protopterus ( Janssens and Cohen, 1968b). 

More information is needed concerning the specific pathways of 
ammonia synthesis in lungfish before an explanation is forthcoming about 
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the nature of the control mechanism which shuts off ammonia synthesis 
during estivation. If the pathway is transdeamination via glutamate de- 
hydrogenase then there are several possible control sites. Ammonia could 
block its own synthesis from glutamate by some sort of feedback inhibi- 
tion. For example, McBean et al. (1966) found that ammonia was a com- 
petitive inhibitor of glutamate dehydrogenase in eel liver homogenates. 
A tenfold increase in ammonia concentration was needed, however, to 
produce a 50% inhibition in enzymic activity, and inasmuch as the lung- 
fish does not accumulate detectable amounts of ammonia during estiva- 
tion, it does not appear that ammonia is controlling its own rate of pro- 
duction in this instance. 

Janssens ( 1964) found that glutamic-alanine transaminase levels 
during estivation were one-tenth those in the nonestivating lungfish, 
Protopterus. If alanine is the predominant amino acid of extracellular 
fluid in lungfish, as it is in teleosts and elasmobranchs, then reducing the 
conversion rate of alanine to glutamate could significantly lower the rate 
of glutamate formation and, thus, ammonia production. The relative 
rates of glutamate deamination vs its synthesis via glutamate dehydro- 
genase is partially dependent on the ratio of NAD+/NADH in cells. Tissues 
may be somewhat hypoxic during estivation, thereby increasing the frac- 
tion of reduced nucleotide. This would result in depressing deamination 
and favoring the formation of glutamate. The a-amino group of gluta- 
mate, in turn, could be transaminated to aspartate via glutamate-aspartate 
transaminase (Janssens, 1964) and then into the ornithine-urea cycle. 

In both invertebrate and vertebrate preparations glutamate dehy- 
drogenase is sensitive to NaCl concentrations in the assay medium 
(Chaplin et at., 1965). Although both the forward and reverse reactions: 
a-oxoglutarate + NADHz + N W  k glutamate + NAD+ + H,O were ac- 
celerated by increasing the ionic concentrations particularly of C1-, the 
reaction rate in the direction toward glutamate synthesis was affected 
more. The hypothesis is worth tesing that it may not be water deprivation 
per se that is the effective stimulus in suppressing ammonia production 
by fishes as they assume a semiterrestrial habitus, but rather correspond- 
ing increases in concentrations of inorganic ions in liver and other tissues 
involved in ammonio- and ureogenesis. The fact that osmotic stress 
(hypertonic saline) is as effective as estivation in inducing a switch from 
ammoniotelism to ureotelism in Xenopus and the amphibious mud- 
skippers supports this hypothesis. Certainly one of the most challenging 
problems in relation to the biochemical sources of nitrogenous excretory 
products concerns the identification of environmentally influenced con- 
trol mechanisms that bring about reciprocal alterations in ammonia 
production and ureogenesis as fish adapt to varying degrees of water 
deprivation in a hyperosmotic or semiterrestrial environment. 
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The metabolism of a cell or organism may be defined as the totality of 
chemical processes that it is capable of performing, It is evident that all 
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aspects of the metabolism of even simple organisms will not be expressed 
at any instant in time. Those aspects which are expressed, and these need 
not be the same in different organisms, are determined by a delicate set 
of interrelated checks and balances which have both intrinsic (i.e,, 
genetic) and extrinsic ( i.e., physiological or environmental) components. 
These effects must be kept in mind since it will be convenient in this 
review to focus on particular reactions and their participating com- 
ponents, i.e., on highly dissected, rather than on integrated, biochemical 
systems. 

Classically, metabolic pathways have been divided into two types- 
catabolic and anabolic. The former define essentially degradative proc- 
esses in which large organic molecules are broken down to simple cellular 
constituents with the release of chemical free energy, The latter define 
synthetic processes that produce complex organic cellular components 
from simpler precursors and frequently involve reductive energy-requir- 
ing reactions. Research into the metabolism of a wide variety of organisms 
has shown that a remarkable diversity or individuality of metabolites 
handled is balanced by an equally remarkable order and simplicity in 
metabolic patterns. Of these patterns, none is more significant than the 
elucidation of a central area of metabolism that provides a link with 
catabolic and anabolic routes. 

During initial phases of catabolism, large molecules are broken down 
to yield, apart from CO, and H20, a quite restricted group of small 
organic molecules, liberating about one-third of the available free energy 
in the process. For carbohydrates these product molecules are triose 
phosphates and/or pyruvate; for fats, they are acetyl CoA, propionyl 
CoA, and glycerol; for proteins, acetyl CoA, oxalacetate, a-ketoglutarate, 
fumarate, and succinate. 

A major and unifying theme in biochemistry is the finding that the 
same set of reactions are involved in three crucial phases of metabolism: 
(1) the interconversion of various products of catabolism mentioned 
above; (2)  their complete combustion to CO, and HzO, which releases to 
the organism the remaining two-thirds of its available free energy supply; 
and (3) the supply of crucial intermediates for biosynthetic, anabolic 
processes. These central pathways are composed of relatively few reac- 
tions. In essence, they consist of these steps: triose phosphate e pyruvate; 
pyruvate + acetyl CoA; oxalacetate + aspartate; a-ketoglutarate + glu- 
tamate and the citric acid cycle reactions designed to catalyze the com- 
plete combustion of acetyl CoA to CO, and HzO. 

An important distinction between anabolic and catabolic routes is 
that they rarely follow the same enzyme pathways in detail. This is readily 
apparent when the product of catabolism is not identical with the carbon 
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source in anabolism, as is the case with many amino acids. In the case of 
fatty acids, catabolism leads to acetyl CoA as the end product, and bio- 
synthesis commences with the same intermediate. However, the enzyme 
reactions involved are different and also are located in different cellular 
compartments. Even in the case of the biosynthesis of glucose, which 
proceeds in large part by a reversal of a number of glycolytic reactions, 
biosynthesis and degradation differ at the two most critical points in the 
enzyme sequence, that is, at either end. Thus, glucose is converted to 
G6P during catabolism in an ATP requiring reaction, but it is formed in 
anabolism by simple hydrolysis of the phosphate ester. Pyruvate is pro- 
duced in catabolism from PEP by a transphosphorylation to ADP; it is 
utilized in gluconeogenesis in most organisms by two linked reactions, 
which first carboxylate pyruvate to oxalacetate and then transform the 
latter to PEP. Two important implications arise: (1)  The two pathways 
cannot be maximally active simultaneously for this would lead to a kind 
of short circuit in metabolism, and (2)  controls on the two pathways to 
some extent must be integrated. 

This connection between anabolism and catabolism is a very close one 
and is absolutely requisite for maintenance of metabolic control. It is 
manifest on at least three levels: 

(1) On the level of carbon sources: As discussed above, the products 
of catabolism, through interconversions in the central routes, become the 
substrates of anabolism. 

(2) On the level of energy supply exchange and demand: Catabolism 
produces useful energy in the form of ATP (or compounds easily con- 
vertible to ATP), while anabolism requires energy and consumes ATP. 

(3)  On the level of reducing power: Catabolism, being essentially 
oxidative, consumes oxidizing power and produces reducing power. The 
reverse is true for anabolism, Much of the reducing power generated in 
catabolism and consumed in anabolism is provided by the pyridine 
( nicotinamide) nucleotides, NAD/ NADH' and NADP/NADPH; catab- 
olism produces both NADH' and NADPH', while anabolism requires 
and consumes the latter almost exclusively. 

11. GLUCOSE METABOLISM 

A. Studies of Multienzyme Systems 

The major route of glucose catabolism in most systems including fish 
tissues is encompassed by the series of reactions, termed the Embden- 
Meyerhof-Parnas (EMP) pathway, that convert glucose to pyruvate. A 
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second pathway of glucose catabolism, the HMP shunt, diverges from 
glycolysis at the level of G6P. Since any cell, in theory, can oxidize the 
NADPH produced by the first two steps of the shunt and can thus re- 
generate the NADP, the shunt provides for the complete oxidation of 
G6P to COz and H,O. This entails the catalytic intervention of five addi- 
tional molecules of G6P and a cyclic set of reactions and intermediates. 
Significantly, the molecules of CO, produced have their origin in C-1 of 
glucose (Katz and Wood, 1960). One way of testing the occurrence of 
this metabolic sequence consists of comparing the rate of appearance of 
label in the respired CO, derived from C-1-labeled glucose with labeled 
CO, produced from other positions. The rate of G6-14C oxidation fre- 
quently has been used as a standard for comparison with G1-*'C 
oxidation since in glycolysis, followed by oxidation of pyruvate, the C-1 
and C-6 carbons appear in CO, at equal rates. Any deviation of the 
C-6/C-1 ratio from unity, then, indicates some participation of the 
nonglycolytic pathway. 

The fh t  report of this approach to ascertain the relative contributions 
of these two pathways of glucose metabolism in fishes is that of Hoskin 
(1959). In in vitro studies of electric eel, the radiochemical yield of 
14C0, from G6-14C compared to Gl-I4C (C-6/C-l ratio) shows pro- 
nounced tissue specificity. The ratios for electric tissues and muscle, both 
highly anaerobic tissues in these species (Williamson et al., 1967a), are 
about 0.1-0.3 and suggest an important HMP contribution to metabolism. 
Glucose oxidation rates by brain preparations are about 50-fold higher 
than that of the electric organ and the C-6/C-1 ratio approaches one, 
indicating that initial phases of glucose dissimilation in this tissue occur 
through the EMP pathway alone. 

Brown (1960) arrived at similar interpretations of in uiwo tests with 
carp. In this species, initial rates of glu~ose-'~C oxidation (after intra- 
peritoneal injections of the labeled substrate) are about the same regard- 
less of whether the C-1 or the C-6 position is labeled. In 2-hr experiments, 
C-6 incorporation into liver fatty acids and glycerol is greater than that 
of C-1, but after 48 hr C-6 and C-1 incorporation into fatty acids, glycerol, 
glutamate, and alanine are virtually identical, These results were taken to 
indicate that glucose dissimilation occurs primarily by the EMP pathway 
with only a minor contribution of the shunt. Low, but demonstrable, 
levels of G6P dehydrogenase and 6-phosphogluconate dehydrogenase 
support this interpretation (Brown, 1960). Using comparable techniques 
in tests with liver and muscle slices of the brook trout, SaZueZinus fonti- 
nalis, Hochachka ( 1961) observed an exclusive EMP participation during 
anoxia; during aerobic metabolism, both the EMP and the HMP path- 
ways were operative. 
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The above criteria for estimating the participation of these two path- 
ways are open to serious question (Katz and Wood, 1960). A more 
quantitative and theoretically acceptable method for evaluating the 
degree of HMP participation is based upon the 14C distribution in glucose 
following administration of such components as 14C0,, acetate-l-14C, or 
pr~prionate-l-'~C. The view is that 14C is introduced into C-3,4 of glucose 
by effective reversal of the EMP pathway. Recycling through the shunt 
introduces label into C-1,2; equilibration of triose phosphates produced 
by both pathways introduces label into C-5,6. A preponderance of I4C 
in C-3,4 indicates a predominant EMP participation, and the activity 
spread into the C-1,2 positions can be used as a measure of shunt activity. 
This approach was utilized in examining glucose metabolism in the brook 
trout (Hochachka and Hayes, 1962), but since we were looking for large 
changes, we did not separate the C-1,2 and the C-5,6 carbons in these 
studies. In liver slices with acetate-l-l*C only one-tenth to one-thirtieth 
as much 14C appeared in the C-1,2 positions of glucose (glycogen) as 
appeared in the C-3,4 positions (Hochachka, 1%2) indicating a relatively 
minor participation of the shunt. However, the relative activity of the 
shunt apparently increases during cold acclimation ( Hochachka and 
Hayes, 1962) or following treatment with high ( pharmocological) doses 
of thyroid hormones (Hochachka, 1962). 

Recently, Liu (1968) studied the in uiuo metabolism of C-1, C-2, 
C-3,4, and C-6 labeled glucose in the cichlid, Cichlasom bimaculatum, 
using a modified radiorespirometric method. His data likewise are ex- 
plicable on the basis of a major EMP contribution to glucose metabolism, 
with minor participation of the HMP shunt and the glucuronate pathway. 

A detailed kinetic analysis of the changes of glycolytic intermediates 
has been made in the main electric organ of Electrophorus during 
periods of discharge and recovery ( Williamson et al., 1967a,b). 

The electric organ of Electrophorus offers unique advantages for the 
study of metabolic regulation in an electrically excitable tissue, since it is 
available in bulk, and metabolic changes can be measured readily during 
and after the rapid performance of relatively large amounts of electrical 
work. The homogeneity of the tissue makes it ideally suitable for kinetic 
experiments, where emphasis is placed on the transient state rather than 
the steady state levels of metabolites. On the other hand, differences 
between organ sections from either the same or different eels resulting 
from unavoidable variations in the condition of the eel and preparation 
of the tissue make it unsuitable for evaluating data on a statistical basis. 

Previous studies with the electrical organ of Electrophorus electricus 
have indicated that electrical discharge of the organ is associated with an 
entry of Na' ions into the electroplates and an exit of K+ ions. The ionic 
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gradients inside and outside the electroplates are restored by increased 
activity of the sodium pump, Expenditure of high energy phosphate (as 
ATP and creatine phosphate) is involved in this process, and the tissue 
levels of ADP and inorganic phosphate rise. The energy stores are re- 
plenished during recovery, principally by increased glycolytic activity, 
which is indicated by the substantial formation of lactate and the poor 
capability of the organ for oxidative phosphorylation. 

Aubert et at. (1964) studied the changes of fluorescence emission in 
slices of the electric organ after periods of discharge and recovery and 
observed a cyclic increase and decrease of fluorescence. These results 
were interpreted as indicating an increased reduction of N A D  by glyc- 
eraldehyde-3-P dehydrogenase, caused by an activation of glycolysis. 
Maitra et al. (1964) observed large increases in the tissue levels of FDP 
and triose phosphates at the end of a 30-sec discharge period, which 
supported this interpretation of the fluorescence changes, and showed 
that PFK activity was enhanced following the increased electrical ac- 
tivity. By analogy with studies on brain PFK (Passoneau and Lowry, 
1962), control of PFK in eel was presumed due to relief of ATP inhibition 
by the elevated levels of ADP and inorganic phosphate, although other 
control substances were also thought to be involved, The kinetics of the 
DPN' reduction, as measured fluorometrically, and the results of me- 
tabolite assays in the organ showed, in addition, a delayed onset of 
glycolytic activity. However, the cause of this induction period in the 
metabolic response was not ascertained. 

Williamson et al. ( 1967a,b) identified the principal sites of control in 
glycolysis of the electric organ at the phosphorylase and PFK reactions. 
Mobilization of glycogen is brought about by an increase in phospho- 
rylase b kinase activity. Increases of phosphorylase a and G1P follow this 
activation after a brief delay, which corresponds to that observed by 
Aubert et al. The chemical mediator of the phosphorylase kinase activa- 
tion is probably Ca2+, which is known to enhance the conversion of the 
inactive to active kinase in other systems, and which is thought to be 
released during membrane depolarization. Cyclic 3'5'-AMP, which can 
activate the inactive kinase, is not involved in this control in electric 
organ. 

The increased rate of input of hexose phosphates to the glycolytic 
pathway is accommodated by concurrent activation of PFK, and the 
levels of G6P and F6P either remain approximately constant or diminish 
while FDP levels increase greatly. Kinetic measurements of adenine 
nucleotides, creatine phosphate, and inorganic phosphate show that a 
disappearance of creatine phosphate occurs within a few seconds of the 
onset of discharge, The levels of ATP are maintained approximately 
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constant by the high activity of creatine phosphokinase, and marked 
increases of ADP and AMP are not observed until after the end of a 
60-sec discharge period when the creatine phosphate reserves are de- 
pleted. Phosphofructokinase activity, as depicted by changes in the PFK 
mass action ratio [FDP] X [ADP]/[FGP] x [ATP], increases during dis- 
charge and shows a further large but transient increase during recovery, 
especially after discharge times greater than 40 sec. The initial activation 
of PFK is caused by the early rise of inorganic phosphate, but thereafter 
the change of the PFK mass action ratio closely follows the changes of 
ADP and AMP. 

Phosphorylation of glucose by hexokinase provides an alternative to 
glycogenolysis for the increased supply of substrate to the glycolytic path- 
way. However, no change in the glucose level occurs either during or 
after electrical discharge. Furthermore, measurement of the activities 
of glycolytic enzymes in electric organ homogenates show that hexokinase 
is present in by far the lowest amount of all the glycolytic enzymes. Con- 
sequently, the rate of formation of G6P from glucose is considerably 
slower than its rate of formation from G1P via glycogenolysis. 

Once the ATP/ADP ratio is restored to normal during recovery, PFK 
activity decreases, G6P levels increase, and phosphorylase a is converted 
to the b form by phosphorylase phosphatase. In addition, G6P activates 
the glycogen synthetase system and these events contribute to a fall in 
net glycogenolysis. 

The action of temperature on the flow of carbon through the G6P 
branch point in glucose metabolism was investigated using liver slices 
of two Amazon fishes, Lepidosiren and Symbranchus (Hochachka, 1968). 
At elevated temperatures, the pathway to glycogen and the HMP shunt 
become increasingly effective in competing for the common substrate, 
G6P; carbon flow through glycolysis consequently is held constant or is 
slightly diminished when the temperature is raised. A high (40-45OC) 
thermal optimum for G6P dehydrogenase probably contributes to HMP 
activation at high temperatures. An increase in the afinity of glycogen 
synthetase for G6P at high temperatures with concomitant inhibition of 
phosphorylase can account for increased glycogenesis at elevated tem- 
peratures. 

A detailed consideration of hormonal control of glucose metabolism 
in fishes is beyond the scope of this review. Some of the main control 
circuits in fishes are patently similar to their homologs in mammals. Thus, 
in both groups, blood glucose is decreased by insulin and is increased 
by glucocorticoids ( Falkmer, 1961; Bentley and Follett, 1965). As in mam- 
mals, adrenaline raises blood glucose levels and depletes glycogen stores 
in muscle; however, in contrast to mammals, liver glycogen appears to be 
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unaffected by adrenaline (Bentley and Follett, 1965). Glucagon does not 
increase the blood glucose concentration in cyclostomes ( Bentley and 
Follett, 1965), but its action in other fishes has not been extensively exam- 
ined. Studies of the mechanisms by which hormones mediate adjustments 
in intermediary metabolism in fishes are notably lacking (Bern, 1967), 
whereas such studies are predominant in the field of mammalian endo- 
crinology (see, e.g., Weber et al., 1965; Young et al., 1964; Szego, 1965; 
Toft and Gorski, 1966). 

B. Studies with Single Enzyme Systems 

1. CONVERSION OF GLUCOSE TO G6P 

Glucose 6-phosphate is the mobilized form of glucose and it is the sub- 
strate common not only to the glycolytic pathway but to all other path- 
ways of glucose metabolism. Hence, the enzyme ( hexokinase ) catalyzing 
the conversion of glucose to G6P is found widely distributed in nature. In 
fish tissues, MacLeod et a!. (1963) first identified the enzyme in tissue 
extracts of muscle, brain, liver, and kidney. Activity in heart is some 
60-fold higher than in muscle. Ronald et al. (1964), using a sensitive 
coupled assay for hexokinase based on release of l4CO, from 6-phosphoglu- 
conic acid formed enzymically from glucose, showed that pancreatic islet 
tissue of toadfish possesses rather high hexokinase activity (30-50 @ole 
glucose/g NJmin). Glucose, mannose, and fructose all could serve as 
substrate. The Michaelis ( K , )  constants of glucose and mannose are 
similar (about 1 x M )  while the K, of fructose is about 10-fold 
higher. 

In mammalian systems, the level of hexokinase can be regulated by 
hormones ( Weber et al., 1965); its activity can be and probably normally 
is regulated by such metabolites as G6P, ADP, and ATP (Uyeda and 
Racker, 1965) and its cellular distribution (between mitochondria and 
cytosol) can be affected directly by Mg2+ or indirectly by hormones 
(Fomina, 1963; Rose and Warms, 1967). Because of its importance in 
metabolic control, we have initiated a study of the regulatory and cata- 
lytic properties of this enzyme in the CNS of fishes (Somero and Hocha- 
chka, 1968). In rainbow trout brain, the ratio of mitochondria1 ( M )  
bound to soluble (Sol) hexokinase (Hk) varies between about 0.2 and 
2.0 depending on isolation procedures. Both bound and unbound hexo- 
kinases are stable for several hours. The equilibrium, M-Hk s Sol-Hk 
shows a negative temperature coefficient of about two, suggesting that 
in uiuo the cellular localization of the enzyme may be affected by the 
outer temperature. We do not yet appreciate the significance of these 
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effects, for the regulatory properties of bound and unbound hexokinase 
appear to be similar. 

2. HYDROLYSIS OF G6P 

The hydrolysis of G6P is a key reaction both in gluconeogenesis and in 
the conversion of liver glycogen to blood glucose. Glucose-6-phosphatase 
occurs in liver and kidney but not in muscle and is localized in the endo- 
plasmic reticulum. In mammalian systems, G6Pase activity is both hor- 
monally ( Weber et al., 1965) and metabolite (Arion and Nordlie, 1964) 
regulated. The enzyme occurs at a potential control point in glucose 
metabolism since simultaneous function of hexokinase and G6Pase in a 
single cell should lead to ATP hydrolysis and thus to a short circuit in 
metabolism, Separate cellular localizations of the two enzymes suggest 
one means of circumventing this problem. Because of its importance in 
metabolic control, the enzyme should receive further and careful analysis. 
At this writing, the enzyme from fish sources has not been characterized, 
although Jannsens (1965) has identified the enzyme in lungfish extracts 
and has suggested (unfortunately on rather inadequate data) that 
GGPase, and not glycogen phosphorylase, is rate limiting in liver gly- 
cogen metabolism. 

3. CONVERSION OF GLYCOGEN TO GlP 

The conversion of glycogen to G1P is catalyzed by phosphorylases 
(more correctly referred to as a174-glucan phosphorylases ) which are 
widely distributed in nature. In mammalian tissues, the enzyme exists 
in 2 forms, a and b. Phosphorylase a is active in the absence of AMP, 
whereas the b form requires the presence of this nucleotide for activity. 
Other factors which determine, and at times control, the activity of phos- 
phorylase include phosphorylation or dephosphorylation of the protein 
(i.e., conversion of b to a by phosphorylase kinase and a to b by phos- 
phorylase phosphatase ) , presence of pyridoxal 5’-phosphate, and state 
of aggregation of the enzyme. In all cases, specific regions of the enzyme 
are involved, and regulation of enzymic activity can be visualized as 
resulting through a number of site-site interactions. Phosphorylation of 
the enzyme during b to a conversion does not proceed in an all-or-none 
reaction as originally postulated but in a stepwise fashion in which par- 
tially phosphorylated intermediates are produced. These “hybrids” show 
catalytic and physicochemical behavior different from either the b or a 
form of the enzyme: They possess high enzymic activity when measured 
at high G1P levels, but this activity is greatly depressed by low levels 
of G6P. Likewise, G1P increases the proportion of the enzyme occurring 
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in tetrameric form, while G6P favors formation of the dimeric form (see 
Fischer et al., 1966, for recent review of this area). 

Phosphorylase was first identified in fishes (Scorpenu and Scyllium) 
by Cordier and Cordier (1957) and in sea bass by Ono et al. (1957). 
Nagayama (1961a, by c)  purified the enzyme of sea bass about 20-fold by 
ammonium sulfate fractionation. Both the a and b forms occur in fish 
muscle ( tested by sensitivity to AMP activation). Phosphorylase from sea 
bass has an optimum temperature, under Nagayama’s assay conditions, of 
37”C, while the enzyme from trout muscle shows optimum activity at 
25°C. Since the temperature optimum of phosphorylase is dependent on 
substrates and modulators (Lowry et al., 1964; Helmreich and Cori, 
1964), the significance of Nagayama’s thermal studies are not entirely 
clear. 

The only detailed study of phosphorylase of fish tissues is that of 
Yamamoto ( 1968). Yamamoto, using 70-90-fold purified phosphorylase 
b of trout muscle, examined kinetic properties at 37OC. The choice of 
temperature is unfortunate, for trout lethal temperatures are in the 
vicinity of 25°C (Fry and Gibson, 1953) and, as mentioned above, the 
kinetic and conformational properties of phosphorylase a are markedly 
temperature-sensitive (Helmreich and Cori, 1964; Lowry et al., 1964) 
as is the b + a conversion (Danforth et al., 1962). Under Yamamoto’s 
assay conditions, the trout muscle phosphorylase b exhibits maximal ac- 
tivity near pH 6.8, the b form of the enzyme is activated by AMP, the 
Michaelis constants of G1P and AMP are 10-15 mM and 0.2-0.4 mM, re- 
spectively, and the enzyme is inhibited by high levels of glucose and 
ATP. Glucose &phosphate, inhibitory in other systems, does not affect the 
fish enzyme. In vivo the b form is converted to the a form during physical 
exercise (observed also by Nakano and Tomlinson, 1967). The b+ a 
conversion is catalyzed in vitro with purified rabbit muscle phosphorylase 
b kinase in the presence of ATP and Mgz+. The total activity per milli- 
gram protein is highest in heart and white muscle; substantial activities 
occur in red muscle and brain but the activities in liver, gdls, and gut 
tissues are low. 

Although the enzyme does not appear to function at a control site 
in lungfish or goldfish (at least under conditions of starvation) (Jannsens, 
1965; Stimpson, 1965), it appears to be a rate-limiting step in electric eel, 
and it is strongly facilitated during discharge of the electric organ 
(Williamson et al., 1967a). In the latter case, the enzyme is probably acti- 
vated by Caz+ accumulation during membrane depolarization. The level 
of the enzyme system in cardiac muscle shows pronounced species differ- 
ences (Nayler and Merrillees, 1!366). The enzyme should be further 
examined in fishes in order to clear up its role in metabolic control in 
these animals. 
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4. THE SYNTHESIS OF GLYCOGEN 

Since the phosphorylase reaction is reversible, it was originally postu- 
lated that glycogen synthesis and degradation were catalyzed by the 
same enzyme system. However, Leloir and his colleagues discovered only 
in 1957 that animal tissues possess an enzyme, glycogen synthetase, which 
makes glycogen by a reaction analogous to that catalyzed by phos- 
phorylase except that UDPG (formed by a specific pyrophosphorylase 
and serving as a glycosyl donor) rather than G1P is employed and the 
products are polysaccharide and UDP. The reaction requires a primer 
polysaccharide (glycogen itself) as glucose acceptor and provides only 
for chain lengthening; i.e., the reaction leads to a linear polymer. The 
branches in naturally occurring glycogen (a1 + 6 bonds, which occur 
about every 8-12 residues in the a1 + 4 chain) arise by action of a gly- 
cogen branching enzyme, which cleaves off small fragments from the 
1- 4 linkages and transfers them to polyglucose chains, but now at 1 + 6 
linkages. 

An interesting feature of glycogen synthetase is that it, like phos- 
phorylase, can exist in two forms. An I form is active without G6P and 
can be converted upon phosphorylation to a D form, which is active onIy 
when G6P is bound to an allosteric site. Thus for glycogen synthetase, 
G6P appears to fulfill a role similar to that of AMP for phosphorylase, 
except that here G6P is effective with the fully phosphorylated D form 
and that G6P is a direct, stoichiometric precursor of the eventual product 
[see Larner (1966) and Mersmann and Segal (1967) for references in 
this area]. 

Except for the observation that in lungfish liver slices g I u c o ~ e - ~ ~ C  in- 
corporation into glycogen appears to be sensitive to G6P levels (Hoch- 
achka, 1968), nothing is known of the enzymes of glycogen synthesis in 
fishes. 

5. INTERCONVERSION OF G1P AND G6P 

The reaction is catalyzed by PGM, which has been obtained in pure 
form from a variety of sources. Martin and Tarr (1961) extracted and 
partially purified the enzyme from muscle of Pacific lingcod, Ophiodon. 
The dephospho enzyme is inactive unless glucose diphosphate is added. 
Ribose diphosphate and deoxyribose diphosphate can replace glucose 
diphosphate but are less effective. The enzyme requires Mg” and cys- 
teine. The optimum pH is about 7.5, and the Keg at pH 7.5 and 30°C 
(GGP/GlP) is 19. 

The most complete study of this enzyme from fishes is that of Hand- 
ler’s group who have purified PGM from flounder and shark. These PGMs, 
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like the rabbit muscle enzyme, exhibit a molecular weight of about 63,000 
by ultracentrifugal and phosphate analysis, require glucose diphosphate 
and Mg2+ for activity, and are stimulated by pre-incubation with metal 
chelating agents and Mg2+. The enzyme is phosphorylated by glucose 
diphosphate and dephosphorylated by G1P. Unlike the mammalian 
enzyme, flounder and shark PGMs are extremely labile below pH 5 
and at pH 7.4 exhibit a significant level of glucose diphosphatase 
activity. The enzyme does not catalyze the interconversion of G1P 
and G6P by the consecutive operation of two reactions; in contrast, 
its kinetic behavior is of the shuttle type, designated by Cleland as "ping- 
pong." (Plots of 1 / V  vs 1/S, at varying levels of S, give a family of 
parallel lines.) At high concentrations, G1P and GDP are each com- 
petitively inhibitory with respect to the other. For the flounder PGM, the 
K ,  of GlP is 4 x M and the K,,, of GDP is 3 x lo-' M ,  while the 
respective K, constants are 1 x M and 7 x le4 M .  For the shark en- 
zyme, the 2 K, constants are 4 X l W  M and 4 X lo-' M ,  while the K1 
constants are 1.2 X lC3 M and 5 X lo-' M .  The K,, for the overall reaction 
is about 17.5 for both enzymes. Both shark and flounder PGMs are acti- 
vated by short ( 5  min) heat (58OC) exposures or by low (1.66 M )  urea 
levels (Hashimoto and Handler, 1!366). Phosphoglucomutase from all 
sources examined appears to be a single polypeptide chain. In this con- 
nection, it is interesting that Tsuyuki and Roberts (1963) observed five 
isozymic forms of rainbow trout PGM. More recently, reports of mam- 
malian PGM isozymes have also been made (Joshi et aZ., 1967). 

6. THE INTERCONVERSION OF G6P AND F6P 

This reaction, catalyzed by phosphoglucoisomerase was first studied 
in the fish, Ophiodon, by Martin and Tarr ( 1961 ) . The enzyme occurs in 
isozymic forms, at least two isozymes being separable on DEAE-cellu- 
lose (Martin and Tarr, 1961) and several bands being separable on gel 
electrophoresis (Roberts and Tsuyuki, 1963). The enzyme of lingcod is 
relatively stable with an alkaline pH optimum and a K,, at pH 8.2 and 
3OoC (G6P/F6P) of 0.6. 

7. THE FORMATION OF FDP FROM F6P 

The formation of FDP is catalyzed by a specific enzyme, PFK, and 
shares some of the properties of other kinases (requirements for ATP and 
Mg2+ and a negative AG). Since alternative pathways of hexose metabo- 
lism diverge from all other hexose phosphates thus far discussed, this re- 
action may be regarded as the first characteristic of the glycolytic se- 
quence proper. This argument can be carried further, for the steps from 
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triose phosphate to pyruvate are again common to several pathways and 
they, plus aldolase, must be utilized in carbohydrate synthesis. Thus, 
the PFK reaction is the only one truly unique to glycolysis and therefore 
constitutes an important control point, subject to strong metabolic regula- 
tion in fishes and other organisms (Atkinson, 1966; Williamson e t  al., 
1967a). 

In fishes, MacLeod et at. (1963) first assayed the enzyme in crude 
extracts of trout muscle, heart, brain, liver, and kidney, Specific activity 
of brain PFK, under their assay conditions, was five times higher than 
that of muscle. Freed (1968) has observed that goldfish muscle PFK 
is inhibited by high IeveIs of ATP. Cyclic AMP reverses the inhibition at 
25°C but not at 5°C. Specific activity of goldfish muscle PFK is compara- 
ble to the activity of rabbit muscle. During discharge of the electric 
organ of Electrophorus, PFK is initially activated by P, but further regu- 
lation is dependent upon the adenylates, activation by AMP, and inhibi- 
tion by ATP (Williamson et al., 1967a,b). 

The enzyme is difficult to purify, and therefore detailed studies are 
only currently appearing in the literature. It is generally recognized 
as the major control point in glycolysis (Atkinson, 1966). For a fuller 
understanding of glycolytic control in fishes, further studies of PFK are 
essential. 

8. THE HYDROLYSIS OF FDP 

During gluconeogenesis, the physiologically irreversible PFK reaction 
is bypassed by the FDPase catalyzed hydrolysis of FDP to yield F6P 
and Pi. It is generally recognized that close regulation of this enzyme 
also is required since operation of both PFK and FDPase simultaneously 
would lead to ATP hydrolysis and a short circuit in energy metabolism. 
(In the case of hexokinase and GGPase, a similar problem is partly re- 
lieved by a spatial separation of the two enzymes within the cell; how- 
ever, both FDPase and PFK are apparently localized in the cytosol.) In 
mammalian systems, the level of FDPase is hormonally regulated ( Weber 
et al., 1965) and its activity is inhibited by high levels of AMP and FDP 
(see Atkinson, 1966; Horecker et al., 1966). The observation of a remark- 
able temperature dependence of the FDPase-AMP interaction ( Taketa 
and Pogell, 1965) led us to examine in detail the kinetic properties of 
the enzyme in a species which may routinely encounter fluctuating en- 
vironmental temperatures. We have extracted trout liver FDPases ( rain- 
bow, brook, and lake trout) and partially purified the enzyme by am- 
monium sulfate fractionation (Behrisch and Hochachka, 1969). The FDP 
saturation curve is sigmoidal at all temperatures and the K, of FDP 
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(5 x le5 M )  is essentially independent of temperature. Fructose di- 
phosphate inhibits at concentrations over about M. The enzyme 
shows an absolute requirement for a divalent cation, which can be satis- 
fied by Mg2+ or Mn2+. The Mgz+ saturation curve is also sigmoidal and the 
K ,  (apparent) is about 5 x 1 0 m 4  M. These kinetics suggest that in addition 
to serving as substrate and cofactor, FDP and Mg2+ serve also as positive 
modulators of the enzyme. The Mn2+ saturation curve, on the other hand, 
is hyperbolic with a & about 100-fold lower than the K, of Mg2+; Ca2+ 
and Znz+ inhibition is competitive with respect to both Mg2+ and Mn*+. 
Trout liver FDPase shows a complex pH profile, with a general increase 
in activity at alkaline pH values. The K, of Mgz+ falls and the V,,, of 
the enzyme increases when the pH increases. Adenosine 5-monophosphate 
inhibition is marked but variable from preparation to preparation, possi- 
bly because of the presence of AMP-insensitive conformations. The Ki of 
AMP shows a complex temperature dependency ( Kr at 15°C being mini- 
mal). It is evident that modulation of cellular Caz+, Mg", Mn2+, AMP, and 
FDP levels can modify FDPase activity in a remarkable manner. This is 
of particular relevance to fishes since AMP and FDP levels are un- 
doubtedly unstable (Williamson et al., 1967a), and cation levels are 
known to change during temperature acclimation (Hickman et al., 1964). 

9. THE CONVERSION OF FDP TO Two TRIOSE PHOSPHATES AND THE 

INTERCONVERSION OF THE A m -  AND KETOTRIOSE PHOSPHATES 

These two reactions are catalyzed by aldolase and triose phosphate 
isomerase, respectively. The combined equilibrium for the formation of 
FDP from two molecules of glyceraldehyde 3-phosphate lies in favor 
of the hexose (FDP: GAP: dihydroxy acetone phosphate is 89: 0.5: 10.5). 
Therefore for cleavage to occur, provision must be made for the efficient 
removal of the product trioses. Aldolase prepared from carp muscle 
(Shibita, 1958) is less stable than the rabbit enzyme and the pH optimum 
is between pH 8.3 and 9.4 depending on the buffer system used. At low 
concentrations Mg2+ and Zn2+ have no effect on activity but inhibit at 
high concentrations. The K, of FDP is about 5 x le4 M at pH 7.5-8.6 
and increases to 1 X M at pH 9.0. The specific activity in carp muscle 
is about one-sixth to one-half that of rabbit muscle. 

Aldolase makes up about 3% of the total extractable protein of tuna 
muscle (Kwon and Olcott, 1965). This is about one-third the amount 
found in rabbit muscle, and the specific activity of the enzyme is about 
one-half that of comparable rabbit preparations. The tuna enzyme occurs 
as a single homogeneous protein electrophoretically and during ultra- 
centrifugal sedimentation. The optimum temperature for maximum activ- 
ity is about 42°C. The activation energy, calculated on the basis of activ- 
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ity between 20 and 42”C, is 4.2 kcal, a value about one-third that of rabbit 
muscle aldolase. The activity appears to be fairly constant between pH 
7 and pH 9. The K,, of FDP is about 2 X M ,  a value comparable to 
that for the carp enzyme. 

In shark, perch, and trout, aldolase occurs in multimolecular form, 
each isozyme consisting of four subunits. In general, the profiles suggest 
that three kinds of aldolases, A, B, and C, along with appropriate hybrid 
heteropolymers, can occur in shark and perch and vertebrates in general 
(Lebherz and Rutter, 1968; Penhoet et al., 1967). In shark muscle and 
spleen only aldolase A was detected. The A-C hybrid set was detected 
in heart and brain, Aldolase A is present in liver and kidney. In addition, 
aldolase B is present in these latter tissues as reflected by the low FDP/ 
F1P ratios of liver and kidney extracts. The liver nonaldolase A activities 
are not part of the A-C set since these activities are resolved from those 
of brain by co-electrophoresis. The liver and kidney profiles are more 
complex than those of the higher vertebrates, but they can be explained 
on a three-gene basis (aldolases A, B, and C and their hybrids). 

In contrast, the aldolase patterns of trout and salmon cannot be ex- 
plained with a three-gene model. Aldolase A is detected in muscle. Aldol- 
ases A and B are detected in liver. The FDP/FlP ratio of liver is low 
indicating that the anodic band in liver is aldolase B. A five-membered 
set is present in heart, the parental aldolases of which are aldolase A and 
what Rutter and co-workers have termed “aldolase C.” A different five- 
membered set is detected in brain, The set is formed by the interaction of 
aldolase C and aldolase D. Coelectrophoresis of heart and brain extracts 
results in nine activity bands suggesting that aldolase C is present in both 
five-membered sets. 

Aldolase C is the predominant activity of kidney and spleen although 
upon prolonged incubation of the strips, additional bands appear (prob- 
ably A-C and/or C-D hybrids), Aldolase B has not been detected in 
kidney. However, this aldolase may be present in low concentration. 

The aldolase profiles of perch and shark are more similar to those 
of other vertebrates than to those of trout and salmon. This observation 
suggests that the four parental aldolases of trout and salmon represent 
a diversion from the main line of aldolase evolution since the profiles 
of both primitive (shark) and more advanced (perch and higher verte- 
brates) species can be explained with a three-gene model (aldolases A, 
B, and C) .  

10. DEHYDROGENATION OF GLYCERALDEHYDE 3-PHOSPHATE 

In most tissues, the major fate of the glyceraldehyde 3-phosphate is 
its conversion to 1,3-diphosphoglycerate. The reaction catalyzed by TDH 
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requires NAD' and Pi and leads to a product ( 1,3-diphosphoglycerate) 
that shows a very high negative free energy of hydrolysis. It is this fact 
that accounts for the driving force for the TDH and phosphoglycerate 
kinase reactions, and indeed for the whole conversion of FDP to 
phosphoglycerate. 

In a detailed comparative approach, Allison and Kaplan (1964) puri- 
fied TDH from a variety of sources, including halibut and sturgeon. The 
sedimentation constants ofl TDH from each of these organisms are similar 
(sag,,., being about 7.44) and indicate a molecular weight of about 
120,000. The turnover numbers of the fish TDHs, indeed of all TDHs ex- 
amined, are identical when measured at pH 8.5. The two fish enzymes 
show minor differences in reactivity toward NAD analogs. In each case, 
starch gel electrophoresis at four different pH values indicates a single 
protein component, but differences do occur in migration distance and 
direction. Amino acid compositions of the sturgeon and halibut enzymes 
are quite different from each other, suggesting that during evolution im- 
portant and unique substitutions have been incorporated into each of 
these TDHs. Quantitative complement fixation tests, yielding results 
parallel to the amino acid analyses, suggest that the structure of TDH 
has changed more markedly during the evolution of bony fishes than dur- 
ing the evolution of birds and mammals (see also Allison and Kaplan, 
1964). Both of the latter groups regulate their body temperatures and 
cellular salt levels, which, within narrow limits, are constant from species 
to species, whereas fishes appear to have adapted metabolism to the con- 
ditions of the waters in which they live. A part of this process appears to 
involve adaptation of enzyme structure for function under unique physio- 
logical conditions. 

Triose phosphate dehydrogenase from muscle of mirror carp occurs 
as a single protein component of about 120,000 MW and a pH optimum 
of about pH 8.5 ( Ludovicy-Bungert, 1961). Cod muscle TDH ( Cowey, 
1967) also occurs as a single protein, with an activation energy of 14.5 
kcal (compared to 19 kcal for the rabbit enzyme). The K, of Pi at 5°C 
is 0.7 mM and increases with temperature to 4.5 mM at 35OC. 

In perch and trout, TDH occurs in electrophoretically distinct multi- 
ple molecular forms ( Lebherz and Rutter, 1967). Although the TDH pat- 
terns in each species are tissue specific and, particularly in trout, quite 
complex, the enzymes appear to occur in five-membered sets, and prob- 
ably are generated by random combination of two kinds of subunits 
into tetramer holoenzymes. If this interpretation is correct, each kind of 
subunit must be coded separately. In both perch and trout, over 10 differ- 
ent TDHs can be generated, and their electrophoretic properties suggest 
that at least three, and more probably four, subunits are required for 
their biosynthesis. 



6. INTERMEDIARY METABOLISM IN FISHES 367 

In mammalian muscle, TDH occurs as a single protein species which 
appears to be distinct from a single liver isozyme (Papadopoulos and 
Velick, 1967). The kinetic properties of mammalian muscle TDH appear to 
be adapted to glycolytic function, while the liver TDH is better adapted 
for gluconeogenic function. It will be of considerable interest to de- 
termine whether the kinetic properties of the various TDH variants in 
fishes also are modulated according to the metabolic functions of the 
various tissues. 

11. CONVERSION OF 1,3-DIPHOSPHOCLYCERATE TO 3-PHOSPHOGLYCERATE 

The reaction catalyzed by phosphoglyceric kinase requires ADP and 
Mg", the K,, for the mammalian enzyme is 3000. The enzyme has not 
been examined from fish sources. 

12. THE SYNTHESIS OF SERINE 

It is generally believed that the synthesis of serine occurs from 3- 
phosphoglycerate through phosphorylated intermediates (such as phos- 
phohydroxypyruvate and phosphoserine ) or through nonphosphorylated 
intermediates (i.e., glycerate and hydroxypyruvate). In perch and eel 
liver, where a specific phosphoserine phosphatase is absent (Grillo and 
Coghe, 1966), glucose carbon is not incorporated into phosphoserine, 
although I4C of glucose appears in serine ( Grillo et aZ., 1966). Grillo et al. 
suggest that serine synthesis in these species occurs through the non- 
phosphorylated pathway, and this postulate is supported by the pres- 
ence of unusually active hydroxypyruvate-alanine transaminase activity 
in the liver. 

13. INTERCONVERSION OF 3-PHOSPHOGLYCERATE TO 2-PHOSPHOGLYCERATE 

The reaction, catalyzed by phosphoglyceromutase, requires Mg2+ and 
2,3-phosphoglycerate. The K,, of the mammalian enzyme is 4.0. MacLeod 
et al. (1963) demonstrated the occurrence of this enzyme in fish tissues, 
but its properties have not been examined. 

14. CONVERSION OF 2-PHOSPHOGLYCERATE TO PEP 

The reaction, catalyzed by enolase, requires Mg2+ or MnZ+. The K,, 
is 1.4 for the mammalian enzyme. Tsuyuki and Wold (1964) showed 
that the enzyme occurs in at least three different forms in muscle tissue 
of eight species of the genus Salmo. Later, Cory and Wold (1965) iso- 
lated and crystallized the three isozymes from skeletal muscle of rainbow 
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trout. The three isozymes sedimented together upon ultracentrifugation, 
indicating a uniform molecular weight. Enolase is known to consist of 
two subunit chains. A model assuming the occurrence of two kinds of 
subunits, A and B, which can randomly self-assemble into three com- 
positionally distinct dimers (Az, AIBl, and B,) can account for the 
enolase isozymes in trout. 

15. CONVERSION OF PEP TO PYRWATE 

In fish and mammalian tissues none of the above three glycolytic en- 
zymes is likely to be rate limiting to glycolysis (Williamson et al., 
1967a); such, however, is not the case for PyK, which catalyzes the 
production of pyruvate from PEP by a transphosphorylation to ADP. 
Pyruvate kinase, which requires Mg2+ and K+ and catalyzes a reaction fav- 
oring pyruvate and ATP formation (Keq for the mammalian enzyme is 
about ZOOO), occurs at an important branch and control point in gly- 
colysis and gluconeogenesis. In fishes (Somero and Hochachka, 1968b) 
PyIC occurs in at least two isozymic forms, a M-FyK occurring in mus- 
cle and sensitive to feed-forward activation by FDP, and a L-PyK, 
which is found along with M-PyK, in fish liver and which is insensi- 
tive to FDP activation. Fructose diphosphate activation of trout M-PyK 
is independent of pH between 6.5 and 7.5 and independent of tempera- 
ture between 7 and 25°C. The K ,  of FDP is about 2 X 1C6 M. Although 
FDP affects both K, and V,,,, decreasing the K ,  of YEP and increasing 
V,,, the effect on K ,  is more dramatic. Thus, at low PEP levels, 18-fold 
activation of the enzyme can be achieved by FDP. As in the case of 
rabbit M-PyK, trout muscle PyK is subject to feedback inhibition by ATP. 
Adenosine triphosphate inhibition, presumably competitive with respect 
to both PEP and ADP, is independent of temperature between 7 and 
25OC. Activation energy for the trout M-PyK is about 30 kcal. Arrhenius 
plots (log V,,, vs 1/ T) for muscle Pyk of an Antarctic fish, Tremutomus, 
are discontinuous. At temperatures within the environmental range, the 
activation energy of the Trematomus enzyme is about 10 kcal. The K ,  
values of PEP for the fish PyKs depend upon temperature in a complex 
manner, passing through a minimum at temperatures corresponding to 
those the organism encounters in nature. Thus, the K, values of PEP for 
the trout PyK isozymes are minimal at about 15"C, while the K ,  of PEP 
for the Trematomus enzyme is minimal between 0 and 5°C (Somero and 
Hochachka, 1968b). 

These experiments suggest that in the case of PyK evolutionary 
adaptation in fishes has favored the production of enzymes with (1) 
maximum afEnity for unique substrate at temperatures corresponding 
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to environmental ranges, (2)  low activation energy (high catalytic effi- 
ciency) to compensate for low temperatures, and (3 )  temperature-in- 
dependent regulatory properties. Presumably, these kinds of mechanisms 
contribute toward temperature independence of this particular reaction. 

16. THE SYNTHESIS OF PEP 

The thermodynamic and kinetic block against the use of the PyK 
reaction in PEP formation (for carbohydrate synthesis) is bypassed by 
two reactions. In a CO, fixation, energy requiring reaction, pyruvate 
conversion to OXA is catalyzed by a mitochondrial-bound enzyme, pyru- 
vate carboxylase. A second enzyme, PEP carboxykinase, which occurs in 
the cytosol, can catalyze, in the presence of GTP (or ITP), the produc- 
tion of PEP, COz, and GDP (or IDP). The first of these is known to 
occur in carp liver mitochondria (Gumbmann and Tappel, 1962a,b), and 
the second is presumed to occur since pyruvate stimulates glycogen syn- 
thesis in lungfish liver ( Hochachka, 1968). These enzymes occur at major 
control sites in glucose production from pyruvate (Gevers and Krebs, 
1966; Gevers, 1967); for this reason, a better understanding of their prop- 
erties in fish systems should be useful and should lead to greater insight 
into control mechanisms in fishes. 

17. THE REDUCTION OF PYRWATE TO LACTATE 

The reversible reduction of pyruvate to lactate is the terminal step 
that characterizes glycolysis in vertebrate muscle. The NADH-linked 
reaction is catalyzed by LDHs which are abundant and relatively easy 
to handle experimentally. Hence, a large amount of information is avail- 
able. Lactate dehydrogenases from vertebrate sources all appear to be 
tetramers containing four independent catalytic sites. They can be dis- 
sociated into four subunits of 35,000 MW. In fishes, the number of LDH 
isozymes can vary from 1 to about 20 (Hochachka, 1966; Markert and 
Faulhaber, 1965; Goldberg, 1965). A common pattern of five isozymes, 
often observed, is generated by the random self-assembly of two kinds 
of subunits (usually termed M and H in mammalian systems) into five 
compositionally distinct LDH forms: M,, M3H, M2H2, M,H,, and H,. The 
only complex LDH isozyme system which is adequately described in 
terms of subunit structure is that of the salmonids (Hochachka, 1966, 
1967; Morrison and Wright, 1966). In skeletal muscle of these species at 
least five kinds of subunits are involved in a nonrandom assembly of a 
complex of 14 tetramer LDHs. A group of three (A ,  B, and C)  assemble 
to form nine isozymes (A4, &Bl, A,B,, A,B3, B4, B3C1, B2CZ, B I G ,  C4). A 
second set ( D  and E )  assemble to form five isozymes migrating near the 
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origin at neutral pH. Interactions between the two sets (A, B, C and the 
D, E subunits) have not been observed. However, in brain and heart, A-C 
and A-B interactions appear to be favored (Hochachka, 1966a), and in 
vitro dissociation-reassociation studies likewise indicate that the A-C and 
A-B heterotetramers self-assemble more readily than do the B-C forms 
(Hochachka, 1966, 1967). Fairly complete descriptions of LDHs are 
available for many other fish species, including goldfish (Hochachka, 
1965, 1967), dogfish, lamprey, and halibut (Pesce et al., 1967); tuna, 
an Antarctic fish, Trematomus, and lungfish (Hochachka and Somero, 
1968); and hagfish (Arnheim et al., 1967; Ohno et al., 1967). Markert and 
Faulhaber (1965) have described LDH patterns in 30 species of fish, but 
their data do not allow unequivocal assignments of subunit formulas for 
the various isozymes. Similarly, Wilson et al. (1967) described the elec- 
trophoretic mobility and inactivation temperature of the major muscle 
LDH from some 26 species of fishes. 

In a number of fish species, the catalytic properties of different LDHs 
have been compared. Thus, Pesce et al. (1967) observed that the K, 
values of pyruvate for the muscle LDHs of dogfish, halibut, and tuna are 
similar (about 0.3-0.9 mM at 25°C and pH 7.5), and quite comparable 
to the value for mammalian M, LDHs. Different LDH isozymes appear 
to vary in sensitivity to activation by OXA and other Krebs cycle inter- 
mediates (Hochachka, 1967; Fritz, 1965), and in pH sensitivity ( Hoch- 
achka, 1968a; Fritz, 1967). Kinetics of reactions catalyzed by single iso- 
zymes are Michaelis-Menten at physiological pH, although at alkaline pH 
the pyruvate saturation curve for some LDHs can become sigmoidal 
(Hochachka, 1965). The turnover numbers of the fish LDHs (Pesce 
et al., 1967) are about two times larger than the analogous mammalian 
M, enzymes and nearly four times larger than the mammalian H, LDHs. 
None of the physicochemical characteristics examined ( sedimentation 
constants, optical rotatory dispersion, tryptic peptide maps, amino acid 
compositions, and temperature of thermal inactivation ) appears to 
correlate with the unusually high turnover number of the fish enzymes. 
Of all the LDHs examined, estimates of percentage helicity were lowest 
for tuna and halibut M, LDH; but the differences are small, probably 
within the error limits of the estimate. 

In most mammalian species examined, H, is the most abundant of the 
five isozymes in heart, kidney, brain, and erythrocytes; whereas M, is 
predominant in liver, skeletal muscle, and leukocytes. A popular theory 
developed to account for this distribution maintains that M, is the major 
isozyme in anaerobically metabolizing tissues because it is less sensitive 
than the H, LDH to inhibition by high substrate levels [see Kaplan 
(1965) and Markert (1963, 1965) for literature in this area]. In aerobic 
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tissues, such as the heart, a steady supply of energy is required and is 
maintained by the complete oxidation of pyruvate in the mitochondria; 
hence, inhibition of H, LDH by excess pyruvate would favor channeling 
the keto acid into the Krebs cycle. In skeletal muscle, the energy require- 
ments usually arise suddenly and are supplied by rapid glycolysis and 
pyruvate formation. To maintain glycolysis the M, LDH is adapted to 
catalyze NADH oxidation even when pyruvate levels are very high. Thus, 
in these conditions lactate serves as a temporary H, storage reservoir 
until 0, supplies become available. 

Vessel (1965) and Vessel and Pool (1966) reexamined the above 
problem since the experimental basis for the anaerobic-aerobic theory 
are investigations of purified isozymes at 25°C with pyruvate and lactate 
concentrations much higher than any levels thus far shown to exist in 
viuo. They observed that lactate and pyruvate do not reach inhibitory 
levels in canine skeletal muscle stimulated anaerobically to exhaustion. 
Moreover, when assayed at the physiological temperature (39°C in the 
dog), differences in substrate inhibition are quite small. These observa- 
tions are incompatible with the aerobic-anaerobic theory of LDH 
function. 

In mammals a great similarity of isozyme pattern among homologous 
tissues of different species has tended to reinforce the conviction that 
the characteristic proportion of isozymes in a given cell is related to 
aerobic/ anaerobic ratios. That conviction is weakened by the observa- 
tion that in fishes, homologous tissues need not possess homologous LDH 
isozymes (Hochachka, 1965, 1966; Markert and Faulhaber, 1965). In 
salmonids, for example, muscle tissue generally contains many (14) 
isozymes; in tuna, muscle tissue characteristically possesses a single 
isozyme (Hochachka and Somero, 1968; Pesce et al., 1967). Both groups 
of fishes are highly aerobic. In goldfish, which belong to a highly anaero- 
bic group of fishes ( Blaika, 1958), muscle likewise possesses multiple 
(9-12) LDHs and these are also found in heart and brain. Within three 
closely related species of trout ( between which interspecies hybrids can 
be formed), the liver of each possesses a single predominant LDH 
isozyme, 4 in rainbow trout, B, in lake trout, and C, in brook trout 
(Hochachka, 1966). Interspecies hybrids possess the appropriate LDH 
heteropolymers and appear to be as viable as the parental types. More- 
over, the same LDHs occur in brain and heart tissues exclusively, and, 
along with the D-E series, also in skeletal muscle. Thus, it has been 
difEcult to argue from tissue distribution to biological functions of these 
isozymes. 

A kinetic analysis of the various salmonid LDHs, however, yielded 
some insight into one probable physiological function of isozymes in 
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fishes. Whereas neither thermal optima based on maximal velocities nor 
activation energies correlate with environmental temperature, LDH 
affinity for substrate (measured by K,) is maximal at these temperatures. 
The minimum K, (maximum affinity) of pyruvate for trout muscle LDH 
activity, which does not change noticeably during temperature acclima- 
tion, is about 15-20°C. During cold acclimation A,, B4, and C, are in- 
creased and for these the minimum K, occurs between 10 and 15°C. 
The LDHs induced during cold acclimation are isozymes with low K, 
(A, and B, ) and with low thermal optima (A,, B,, and C,). These results 
suggest that an important site of natural selection, during evolutionary 
adaptation to temperature, is enzyme affinity for substrate and predict 
that in poikilotherms enzyme affinity for substrate should be maximal at 
the environmental temperature. On tests of LDHs from lungfish, tuna, 
the Antarctic fish, Trematomus, and of PyK from trout and Tremutomus, 
this prediction is realized (Hochachka and Somero, 1968; Somero and 
Hochachka, 1988b). 

18. THE OXIDATION OF PYFWVATE TO ACETYL CoA 

The predominant fate of pyruvate in most animal cells is its oxidation 
to acetyl CoA mediated by the multienzyme pyruvate dehydrogenase 
complexes associated with mitochondria. These complexes are multi- 
component aggregates, with different subunits exhibiting separate enzy- 
mic activities. Descriptions of these complexes have been made (see 
Koike et aZ., 1963; Hayakawa et al., 1964); although undoubtedly present 
in fish mitochondria (Gumbmann and Tappel, 1962a,b), this enzyme 
system from fish sources has not been examined. 

III. LIPID METABOLISM 

A. Fatty Acid Utilization 

In 1959, Brown and Tappel described an enzyme system in carp liver 
mitochondria that oxidizes fatty acids in the presence of ATP, cytochrome 
c, and Mg2+. The addition of a “sparker” intermediate of the citric acid 
cycle greatly enhanced the rate of fatty acid oxidation. The rate of 
degradation of saturated and unsaturated fatty acid of similar chain 
length are similar, Cysteine, Caz+, and supernatant derived from the 
tissue preparation all slightly stimulate fatty acid oxidation. Exogenously 
added CoA, FAD, GSH, Fez+, Mn2+, and Znz+ are without effect. Lipoic 
acid is inhibitory to fatty acid oxidation as are high levels of fatty acid. 
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Adenosine diphosphate or AMP can replace ATP in the system, pre- 
sumably because of active adenylate kinase equilibration. Acetoacetate is 
produced in less than theoretical amounts from the oxidation of octanoate 
and linoleate because of a channeling of a portion of the fatty acid carbon 
into the citric acid cycle. These requirements for optimal fatty acid oxida- 
tion by enzymes of fish mitochondria are similar to the corresponding 
enzyme systems of mammalian liver, in which the presence of an enzymic 
mechanism for p-oxidation of fatty acids has been established. The major 
characteristics of ,&oxidation (1)  that the fatty acyl chain is shortened 
by two carbons at a time, (2)  that it is the CoA derivatives and not the 
free fatty acids that are involved in these reactions, and (3 )  that the 
liberated two-carbon fragment is acetyl CoA, thus appear to be common 
to both fish and mammalian mitochondria. 

Experiments with 14C-labeled fatty acids yielded similar results in 
studies of red (lateral line) muscle mitochondria of salmonids (Bilinski 
and Jonas, 1964). These preparations, however, are not sensitive to cyto- 
chrome c but are activated by CoA. Jonas and Bilinski (1964) also ex- 
amined the rates of fatty acid oxidation in various tissues. In general, 
liver, kidney, heart, and red muscle preparations tend to have highest 
fatty acid oxidizing activities, while preparations of brain and dorsal 
(white) muscle are relatively inactive. 

Carnitine plays a major role in the transport of activated fatty acids 
into the mitochondria where ,&oxidation of the fatty acids takes place. 
Activated fatty acids are probably carried through the mitochondria1 
membranes as acylcarnitines. The acylcarnitines are formed according to 
the reaction, acyl CoA + carnitine + acylcarnitine + CoA, which is cat- 
alyzed by two different enzyme systems. Carnitine acetyhansferase is 
active in the transfer of short-chain fatty acids, whereas carnitine pal- 
mityltransferase catalyzes the transfer of long-chain fatty acids ( Norum, 
1964). Norum and Bremer (1966) examined the distribution of the 
latter enzyme in a variety of organisms and tissues. In cod, the specific 
activity of the enzyme is highest in liver, heart, and kidney and is least 
in muscle, spleen, gonad, and intestinal tissue. These activities seem to 
correlate with the tissue ability to oxidize fatty acids in fishes (Jonas and 
Bilinski, 1964) as well as in other animals (Norum and Bremer, 1966). 

B. Lipogenesis 

Each step in the oxidation of fatty acids is reversible. Consequently, 
the postulate was advanced that fatty acid biosynthesis might occur by a 
simple reversal of the oxidative pathway ( Lynen, 1952). Indeed, several 



374 P. W. HOCHACHKA 

workers were able to demonstrate the incorporation of acetyl CoA into 
fatty acids in mitochondria1 preparations supplemented with NADH, 
NADPH, and ATP (see Wakil, 1961). However, it now seems that at least 
two pathways for fatty acid biosynthesis exist in the mitochondrion; one 
catalyzes the elongation of preformed fatty acids and is similar to the 
reverse of fatty acid oxidation, while the other is similar to that occurring 
in the cytosol and catalyzes the de no00 synthesis of fatty acids (Harlan 
and Wakil, 1963). 

One of the first suggestions that fatty acid synthesis may occur via a 
pathway distinct from that of oxidation was the demonstration by Van 
Baalen and Gurin (1953) and Tietz and PopjAk (1955) that fatty acids 
could be synthesized by soluble extracts of avian liver and mammary 
gland. Cofactor requirements for fatty acid synthesis by soluble cell 
extracts determined by Wakil and his co-workers (1961) include an 
absolute dependence upon bicarbonate, ATP, Mn2+, and NADPH. These 
cofactor requirements clearly distinguish the synthetic and oxidative 
pathways since bicarbonate has no effect on fatty acid oxidation and 
NAD, rather than NADP, is the oxidation-reduction coenzyme in the 
oxidative pathway. Fatty acid synthesizing systems have been investi- 
gated from E .  c d i  (Alberts et al., 1964), from yeast (Lynen, 196l), from 
pigeon liver (Wakil, 196l), and from a number of invertebrate forms 
(see Beames et al., 1967). In fishes, except for the fact that acetate in- 
corporation into lipid appears to be strongly activated by citrate (Hoch- 
achka, 1968) as in other systems (Kallen and Lowenstein, 1962), nothing 
is known of the enzyme systems involved in lipogenesis. This represents 
an unfortunate gap in our knowledge for changes in lipid metabolism 
are probably basic to temperature adaptation in fishes and other poikilo- 
therms (Hochachka, 1967). 

In this connection, it was previously shown that, in the case of trout, 
acetate and glucose carbon appear in lipid at rates which vary between 
tissues and depend upon acclimation temperature ( Hochachka and 
Hayes, 1982; Hochachka, 1961, 1967), Predictably, G6-14C incorporation 
exceeds that of GlJ4C. In Electrophorus preparations, the channeling of 
acetate carbon into lipid (vs the Krebs cycle) appears to be favored, at 
high temperatures and under conditions of high citrate, ATP, and OXA 
(Hochachka, 1968). The probable sites of action of these intermediates 
are the citrate cleavage enzyme and acetyl CoA carboxylase. 

Knipprath and Mead (1968) found that the in vivo incorporation of 
14C acetate into fatty acids of the goldfish is much greater during low 
temperature acclimation, with a tendency toward greater incorporation 
into unsaturated fatty acids at low temperatures and toward preferential 
incorporation into certain components. Thus, I4C incorporation into pal- 
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mitic acid is increased 2-fold during cold acclimation, whereas incorpora- 
tion into palmitoleic is about 12-fold higher. The total incorporation into 
stearic acid is about 16-fold higher in cold- than in warm-acclimated fish 
whereas incorporation into oleic acid, by far the major constituent of the 
fatty acid mixture, is about 4-fold higher. The changes occurring in 
lipogenesis presumably are related causally, or at least intimately, to 
adjustments in gluconeogenesis, glycolysis, the HMP shunt, and the Krebs 
cycle (Hochachka, 1967) and to adjustments in the lipid composition of 
fishes (Roots, 1968; Caldwell, 1967) which are known to occur during 
thermal acclimation. 

Inasmuch as carbohydrate is a major source of acetyl CoA for lipo- 
genesis, it is of interest to consider the overall process of fatty acid syn- 
thesis from glucose. The process of glycolysis and pyruvate decarboxyla- 
tion results in formation of two moles of CO, and two moles of acetyl 
CoA for each mole of glucose. Thus four of every six carbons of glucose 
are available for fatty acid synthesis under ideal ( energy-saturating ) 
conditions. For palmitic acid synthesis, for example, the process may be 
represented stoichiometrically as 

4CaHnOa + 0 2  + CieHszOz + 8CO2 + 8Hd3 
Glucose Palmitic acid 

The theoretical energetic efficiency of this process is relatively high. 
Although it cannot be stated precisely, it is interesting to note that 4 
moles of glucose approximate 2744 kcal, whereas 1 mole of palmitate 
approximates 2400 kcal when these are completely oxidized. As men- 
tioned above, incorporation of glucose carbon into lipid has been 
observed in fishes (Hochachka and Hayes, 1962). The process of lipo- 
genesis from carbohydrate may be unusually important in intermediary 
metabolism of fishes, for Blaika (1958) has shown that lipid accumulates 
extensively as an end product of carbohydrate metabolism, particularly 
in sluggish, anaerobic-type fishes. 

IV. THE CITRIC ACID CYCLE AND ASSOCIATED REACTIONS 

A. Studies with Multienzyme Systems 

Although it is often coined as the hub of metabolism of all cells, the 
citric acid cycle in fish tissues has received very little critical study. The 
most extensive work remains that of Gumbmann and Tappel ( 1962a,b), 
who first showed that the reactions of the citric acid cycle occur in fish 
mitochondria. Carp liver mitochondria oxidize pyruvate and alanine 



376 P. W. HOMACHKA 

without a requirement for a sparker (malate, fumarate, etc. ) intermediate. 
The carboxyl carbon of alanine appears as CO, at a rate over 50 times that 
of carbon&. From the stoichiometry of alanine oxidation, the carbon 
entering the citric acid cycle appears to be completely oxidized, with the 
exception of that which accumulates as citrate. Although citrate is readily 
oxidized by carp liver mitochondria, citrate levels rise 2-fold with alanine 
as substrate and rise over 4-fold with alanine and OXA as substrates. 
Fluoroacetate increases citrate accumulation in a manner in accord with 
the formation of fluorocitrate, the active inhibitor of aconitase. All inter- 
mediates of the citric acid cycle become labeled upon incubation with 
alanine-2-I4C in a manner which indicates the sequential flow of carbon 
from pyruvate through each intermediate in the cycle. Malonate blocks 
carbon %ow at the site of succinate oxidation. Similar studies with 14C 
metabolites (acetate, pyruvate, glutamate, glyoxylate, and glucose) are 
consistent with the operation of the citric acid cycle in salmonid liver 
and muscle (Hochachka and Hayes, 1962; Hochachka, 1961; Dean, 1969), 
in tissues of Lepidosiren, S ymbranchus, and Electrophorw ( Hochachka, 
1968), in salmon and cod testis (Mounib, 1967a,b; Mounib and Eisan, 
1968), and in Cichlasomu bimucuhtum (Liu, 1968). In in u i w  studies 
of Cichhoma, Liu compared the appearance of carbons 1,2, 3, 4, and 5 
of glutamate in respiratory 14COz using radiorespirometric techniques. 

In this species, carbon-1 and -5 appear in respiratory CO, at essentially 
similar rates that are somewhat higher than that of carbon-2. These 
carbons (1, 2, and 5 )  all appear in respiratory CO, at rates substantially 
higher than do carbon3 and -4. Liu’s results are not incompatible with 
the operation of the citric acid cycle. However, if glutamate metabolism 
occurs via the citric acid cycle alone, carbon-2 and -5 should appear in 
COz at identical rates; hence, the data suggest a preferential and selective 
decarboxylation of carbon5 of glutamate. 

Phosphorylation occurring with the oxidation of various intermediates 
of the citric acid cycle in fish systems have been examined by Gumbmann 
and Tappel ( 1982a) in carp liver mitochondria. Phosphorylation efficien- 
cies showed general agreement with theoretical values. Thus, respiratory- 
chain-linked phosphorylation in the oxidation of NAD-dehydrogenase- 
dependent substrate yields values approaching 3, while in the case 
of succinate, a flavoprotein-dependent substrate, the P/O ratio is only 1.4 
(compared to a theoretically expected value of 2). Dinitrophenol 
almost completely inhibits the uptake of Pi in carp liver mitochondria 
oxidizing aKGA, demonstrating that phosphorylation is coupled with 
electron transport. Oxidative activity and hence electron transport is 
dependent to some degree on the presence of an external phosphate 
acceptor. In the absence of a phosphate acceptor system (glucose plus 
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hexokinase), 0, uptake of carp liver mitochondria drops by about 20- 
40%, a value somewhat lower than that observed in comparable mam- 
malian preparations. All of the vitamins and cofactors of the vitamin B 
complex occur in carp liver mitochondria at concentrations again some- 
what lower than in mammalian tissues. Difference spectra of carp liver 
mitochondria show striking similarity to those of mammalian tissues. The 
a peaks of cytochromes c, cl, and b are separable by low temperature 
difference spectra. The positions of absorbancy maxima show that carp 
cytochromes a + a3, b, c, and c1 are spectralIy identical to those of rat 
liver and beef heart. (In contrast, marine invertebrates show some funda- 
mental variations.) Ratios of aa:a:c + c1 are equal to unity for both carp 
and mammalian mitochondria. Absolute amounts of these cytochromes 
in carp liver mitochondria are comparable to the levels in rat liver 
mitochondria. Similar results were obtained by Kanungo and Prosser 
(1959) in studies of goldfish liver mitochondria. In addition, a number of 
inhibitors ( amytal, antimycin, azide, cyanide, and CO ) , specific to the 
electron transport system of intact, tightly coupled mitochondria, effec- 
tively block respiration of the goldfish liver mitochondrial preparations. 

Investigations of changes at the subcellular level following thyroid 
hormone administration in mammals revealed a partial uncoupling of 
oxidation and phosphorylation in isolated mitochondrial preparations. It 
was proposed that this effect may be the basis for the calorigenic action 
of the hormone. This concept, however, has been criticized since in mam- 
malian preparations the thyroxine levels used have been nonphysio- 
logical. Massey and Smith (1968) investigated this problem in trout 
liver mitochondria. Prolonged treatment of trout with low thyroxine 
levels ( 3.5 p M  ) decreases phosphorylative activity of liver mitochondria 
and increases the specific activity of oxidative enzyme systems. Thiourea 
tends to reverse these results. Upon addition of thyroxine to mitochon- 
drial preparations in vitro, uncoupling occurs at thyroxine levels between 
5 X M (comparable values for mammalian systems 
are about 5 x 1P M ) .  

Richardson and Tappel (1962) compared the physical properties of 
liver mitochondria of catfish and bluegills to similar preparations from 
rat liver. Fish mitochondria appear to swell at a more rapid rate over a 
033°C temperature range, whereas the rates of swelling are comparabIe 
at 30-40"C. Discharge of the energized state of mitochondrial membranes 
can be linked to any of the mitochondrial work performances, including 
swelling and translocation of monovalent ions, translocation of divalent 
metal ions plus Pi, and energized transhydrogenation (Harris et al., 
1968). The swelling rates of both fish and rat mitochondria vary with 
temperature according to the Arrhenius law. Apparent activation energies 

M and 5 x 
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for swelling average about 26 and 13 kcal for rat and fish, respectively. 
Although fish mitochondria appear to be generally less stable during 
osmotic variation than do rat preparations, the above observations suggest 
that mitochondrial functions associated with swelling and contraction 
cycles may be more efficient in fish liver than in comparable mammalian 
Preparations. To some extent, the unique swelling properties of fish 
mitochondria may be related to unique composition of mitochondrial 
membranes. In this connection, it is interesting that polyunsaturated fatty 
acids in fish mitochondria tend to be longer chained and more highly 
unsaturated (Richardson et al., 1962). 

Caldwell (1967a,b) examined the effect of temperature acclimation 
on terminal electron transport in mitochondria from gills and other 
tissues of the goldfish. Cytochrome oxidase activity in brain, gill, and 
muscle homogenates and in mitochondrial preparations from cold-ac- 
climated animals are consistently higher than in comparable preparations 
from warm-acclimated animals (observed also by Freed, 1965). Similarly, 
the specific activities of succinate cytochrome c reductase and of NADH 
cytochrome c reductase are higher in mitochondria from cold-adapted 
animals. These changes could result from changes in enzyme levels or 
changes in enzymic activity. The mitochondrial cytochromes are integral 
oxidation-reduction components of the electron transport chain and as 
such can be used to estimate the concentration of the electron transfer 
system in mitochondria. Cytochromes a + a3 are believed to be the major 
catalytic proteins of cytochrome oxidase and can be used to estimate the 
concentration of this enzyme. Cytochrome b and c1 in turn are part of 
the coenzyme Q-cytochrome c reductase segment of the chain. This 
latter segment is common to both succinate and NADH cytochrome c 
reductase. Caldwell's estimates indicate that cytochrome concentrations 
in fish mitochondria do not change significantly with temperature ac- 
climation and therefore cannot account for the observed changes in 
enzymic activities; hence, a temperature-controlled modulation of the 
respiratory enzymes appears likely. A major means by which respiratory 
control is maintained in tightly coupled mitochondria is through the 
levels of ADP, ATP, and Pi. Although Caldwell did not assay these me- 
tabolites, their involvement is considered unlikely since the extent of 
uncoupling by dinitrophenol is similar for mitochondrial preparations 
from both warm- and cold-acclimated fish. Caldwell observed a decrease 
in concentration of saturated and monounsaturated fatty acids and a 
general increase in the concentration of polyunsaturated fatty acids 
in mitochondria from cold-acclimated goldfish (see also Roots, 1968; 
Richardson et al., 1!362). This observation raises the possibility that the 
activity of the electron transfer enzymes might be modulated by tempera- 
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ture-induced changes in lipid composition. However, the reactivation 
properties of gill mitochondrial lipids from cold- and warm-acclimated 
fish (tested on lipid-deficient beef heart cytochrome oxidase) are entirely 
similar. Equally important, the proportions of the various polyunsaturated 
fatty acids are relatively unimportant in reactivating the lipid-deficient 
cytochrome oxidase. Since Caldwell did not test the reactivation of 
goldfish lipid-deficient cytochrome oxidase, these results are not un- 
equivocal, but certainly appear to be inconsistent with the postulate that 
changes in mitochondrial lipids during thermal acclimation influence 
electron transfer enzymes. The basic observation, then, of increased 
activity of the electron transfer chain in preparations from cold-accli- 
mated fish remains unexplained. An obvious point of departure, thus far 
not considered, is an examination of the kinetics of changes in metabolites 
which are important in the modulation of this system. 

B. Studies with Single Enzyme Systems 

1. CONDENSING ENZYME 

The production of citrate from acetyl CoA and OXA has been demon- 
strated in minnow muscle, carp muscle, and liver (Gumbmann and 
Tappel, 1962) and in muscle of tuna and swordfish (Yamada and Suzuki, 
1950). Liver preparations show highest activity. The enzyme functions 
at an important branch and control point in metabolism (Atkinson, 1966); 
interest in metabolic control in fishes will undoubtedly lead to further 
characterization of this reaction. 

2. ACONJXASE 

The conversion of citrate to cis-aconitate, catalyzed by aconitase, has 
been demonstrated in liver and muscle of minnow. Activity in liver is 
about six times greater on a wet weight basis than in muscle (Gumbmann 
and Tappel, 1962a). 

3. ISOCITRATE DEHYDROCENASE 

The activity of NADP-linked IDH in minnow liver is twice the muscle 
activity (Gumbmann and Tappel, 1962). The NADP-linked enzyme 
occurs in the supernatant. NAD-dependent IDH, which occurs in the 
mitochondria and is a key control site in channeling carbon between citric 
acid and fatty acid cycles (Atkinson, 1968; Hochachka, 1968), has not 
been carefully examined in fish systems. 
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4. ~-KETOGLUTARIC DEHYDROGENASE COMPLEXES 

The oxidation of a-ketoglutaric acid is entirely analogous to that of 
pyruvic acid, leads to the production of succinyl CoA, and requires the 
concerted action of two enzymes. a-Ketoglutarate dehydrogenases from 
fishes have not been characterized, 

5. SUCCINIC THIOKINASE 

The predominant fate of succinyl CoA is hydrolysis of the thioester in 
the presence of GDP and Pi to yield succinate and GTP + CoA. Succinic 
thiokinase, catalyzing this reaction, has not been characterized from fish 
sources. 

6, DEHYDROGENATION OF SUCCINIC A m  

The oxidation of succinic to fumaric is the only dehydrogenation in 
the citric acid cycle which is not NAD-linked. The enzyme, SDH, occurs 
as a ferri flavoprotein, is specific for the trans form of succinate and is 
competitively inhibited by malonate. Malonate can therefore be used to 
block the citric acid cycle at this point. Operationally, this feature often 
has been taken as evidence for the occurrence of SDH and even of the 
citric acid cycle. In muscle mitochondria of minnows, malonate inhibits 
succinate oxidation almost completely, whereas aKGA oxidation falls by 
only 20% (Gumbmann and Tappel, 192613). Thus, under these conditions 
most of the O2 uptake arises from the single step oxidation of aKGA; only 
about 20% can be attributed to the newly formed succinate. Succinate 
dehydrogenase activities in goldfish gill (Sexton and Russell, 1955) and 
minnow muscle (Gumbmann and Tappel, 1962a) are substantially lower 
than in mammalian muscle. The activation energy of the enzyme in 
muscle of the Antarctic fish, Trematomus, is unusually low (Somero et al., 
1968). 

7. HYDRATION OF FUMARIC TO L-MALIC A m  

The reversible hydration of fumaric acid to yield L-malic acid is 
catalyzed by fumarase. The enzyme is abundant in minnow muscle and 
liver (Gumbmann and Tappel, 1962a) at levels comparable to those in 
mammalian muscle. Fumarases from fish sources have not been charac- 
terized. 

8. REGENERATION OF OXA BY MALATE OXIDATION 

Malate undergoes oxidation in the presence of MDH and NAD to 
yield OXA, NADH, and H'. By this reaction the citric acid cycle is 
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completed. The enzyme has been assayed in minnow muscle (Gumbmann 
and Tappel, 1962a) and in mitochondria1 and supernatant fractions of 
various tissues of Amazon fishes (South American lungfish, Electrophorus 
and Symbranchzrs) ( Hochachka, 1967a). Purified supernatant and mito- 
chondrial MDHs of tuna heart tissue (Kitto and Lewis, 1967) are rela- 
tively small proteins (67,000 MW) which can be electrophoretically 
resolved at alkaline pH (the mitochondrial MDH migrates more rapidly 
toward the anode). 

The two MDHs can be differentiated on kinetic grounds: mitochon- 
drial MDH is more sensitive to inhibition by high substrate (OXA) levels 
and the K, of malate appears to be about --fold higher. Both enzymes 
are equally sensitive to inhibition by high malate levels. The mitochon- 
drial MDH is more thermolabile than the supernatant enzyme and shows 
different reactivities to coenzyme analogs. Large differences in primary 
structure of the two MDHs are evident since rabbit antiserum directed 
against the tuna mitochondria MDH fails to inhibit or cross-react with 
supernatant enzyme. The same antiserum cross-reacts strongly with mito- 
chondria MDHs of species closely related to the tuna (mackerel and 
bass), less strongly with more distantly related fish (herring and trout), 
and only very weakly with MDHs of elasmobranchs. 

9. GLUTAMATE DEHYDROGENASE AND AMMONIUM PRODUCTION 

A predominant fraction (one-half to three-fourths) of the waste Nz 
of teleost fishes is excreted as NH,' at the gills. Although the gills of some 
species may show significant glutaminase and deaminating activities, it is 
generally believed that most of the NH,+ excreted at the gills originates 
from blood NH,+ which is in turn supplied by the liver. A major pathway 
of liberation of amino nitrogen involves the transamination of amino acids 
with aKGA to form glutamate, followed by the deamination of the glu- 
tamate to yield aKGA and NH,' (see McBean et al., 1966, for literature 
in this area). The latter reaction, catalyzed by NAD-dependent GDHs 
has been examined in eel, pollock, sculpin, and two elasmobranchs, the 
skate and the dogfish (McBean et al., 1966; Corman and Kaplan, 1967; 
Corman et al., 1967). In the case of eel liver GDH the K ,  of glutamate 
is 1.5 x 1P2 M and the Ki of NH,+ is about 1 x M .  In the eel, GDH 
activity is highest in liver (nearly 20 times higher than in muscle) and 
kidney, suggesting that these tissues are major sources of blood NH,'. 
The K, of glutamate and the Ki of NH,' are high (1.5 x 1P2 M and 
1.1 x l t2 M ,  respectively) and at physiological concentrations of these 
two compounds, GDH activity can readily account for all of the NH,' 
excreted by the eel. However, it is difEcult to argue from potential GDH 
activity under these conditions to NH,' excretion since there may be 
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other important deaminating reactions (Salvatore et al., 1965) and since 
GDH activity also is closely regulated by other compounds (Corman and 
Kaplan, 1967). 

value for the enzyme is 13.0 (molecular weight of about 330,000) and, 
unlike comparable mammalian enzymes, this sedimentation value for 
dogfish GDH does not change in the presence of NADH or GTP or these 
two compounds together. Similar experimental conditions have been 
shown to lead to changes in polymerization state of mammalian GDHs. 
Michaels constants for the reaction (NADPH’ + NH,’ + aKGA glu- 
tamate + NADP) are 4 x M, 8 X M, 4.5 X M, 8 X M, 
and 8 x M for each of the above compounds, respectively. The dog- 
fish GDH is activated by high levels of NAD and the kinetic evidence is 
consistent with both catalytic and regulatory NAD binding sites on the 
enzyme. High NADH levels inhibit the enzyme, and in this case also the 
evidence is consistent with an inhibitory NADH binding site and a 
catalytic NADH site. In analogy with other GDHs, GTP is a noncompeti- 
tive inhibitor with respect to aKGA and it appears that GTP must bind 
at a site other than the active site. As with other GDHs, ADP activates 
dogfish GDH, but the activation occurs only at low NADH levels; at high 
NADH levels, ADP activation is overcome by NADH inhibition of the 
enzyme, Added anions such as chloride tend to minimize these regulatory 
effects. In the case of NADH, anions do not alter the V,,, but increase 
the apparent K, of NADH and effectively prevent inhibition at high 
levels of the coenzyme. Added anions can entirely reverse both the GTP 
inhibition and the ADP activation. It is evident that a number of mecha- 
nisms are available for the close regulation of GDH in fishes and that the 
argument of McBean et al. concerning the role of GDH in NH4+ secretion 
is not on a ikm foundation. 

These considerations are of some relevance to the problem of NH,’ 
excretion in lungfish during estivation (Janssens and Cohen, 1968). 
Nitrogenous waste, excreted largely as NH,+ while the animal is in the 
aquatic phase, accumulates during estivation in the tissues as urea; after 
long periods of estivation, urea has been reported to reach an amount as 
high as 3% of the body weight. Since urea biosynthesis rate does not 
change noticeably during estivation, a major problem for the estivating 
lungfish is the maintenance of low tissue levels of NH,+. The possibility 
that the NH,’ is held in a “storage” form as glutamine is ruled out by 
the observation that glutamine synthetase is undetectable in lungfish 
liver. The level of NH4+ could also be controlled by a close regulation of 
GDH activity. Kinetically, lungfish liver GDH resembles that of other 
organisms in that it is activated by high NAD levels and by ADP and is 

Corman et al. (1967) purified GDH from dogfish liver. The szo, 
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inhibited by NADH and by quite low levels of GTP. However, the levels 
of these metabolites have not been measured in estivating lungfish. Hence, 
the implications of these observations to regulation of NH,' levels remain 
untested (see chapter by Forster and Goldstein, this volume, for further 
discussion of these points). 
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I . INTRODUCTION 

A . Definition of Nutrition 

Nutrition supplies the raw materials for the maintenance of life 
(metabolism) . Some materials are used for the formation of body tissues 
(anabolism) and some for the production of energy (catabolism). Foods 
may be classi6ed as energy and growth foods (carbohydrates. fats. and 
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proteins) and nonenergy foods (minerals, vitamins, water, and oxygen), 
The nonenergy foods, for the most part, serve in a supporting role to the 
energy foods; and although many of them are required in very small 
amounts (vitamins and trace minerals), they are essential for life. 

The nutrition of fish has received attention for many years. Atkins in 
1908 reported the death of trout fed an all-dry diet. Death was prevented 
by the addition of fresh meat. Although Atkins did not know it (for vita- 
mins were unknown at the time), he had described a vitamin deficiency 
of trout that many years later was found to be caused by a folic acid 
deficiency ( Phillips, 1963). 

The majority of fish nutrition studies have been conducted upon trout 
and salmon and for the most part with fish held under fish-cultural con- 
ditions and fed artificial foods (hatchery diets). Any discussion of fish 
nutrition, therefore, through necessity must emphasize these species held 
under these conditions. 

B. Nutritional Value of Foods 

The nutritional value of a diet is measured by the presence of the 
necessary elements and catalysts (minerals and vitamins), an abundant 
supply of the auxiliary foods (water and oxygen), and a proper balance 
between the energy and growth foods (carbohydrates, fats, and pro- 
teins). A proper balance between the energy and growth foods assures 
an adequate supply of both energy and raw materials for optimum ana- 
bolic activity, which, in addition to growth, includes tissue repair, re- 
production, and the formation of essential body products (hemoglobin, 
hormones, enzymes, etc. ) . 

C. Digestion of Foods 

The nutritional value of a diet is ultimately determined by the ability 
of the animal to digest and absorb it. Digestion depends upon both the 
physical state of the food and the kind and quantity of enzymes in the 
tract. 

There are species differences in the kind and amount of enzymes 
present. Some animals are more efficient than others in digesting the 
different food groups. Since food is not useful until absorbed and made 
available for metabolism, the decision for the inclusion of a food in an 
animal diet for purposes other than bulk is partially determined by the 
ability of the animal to digest and absorb the food. 

Although a number of studies have been made to establish the 
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enzymes present in the digestive tract of fish, there have been compara- 
tively few studies upon the digestibility of specific diet ingredients by 
fish. These studies are important because the physical condition of diet 
ingredients varies and often determines digestibility. An ingredient altered 
by excessive heat during manufacture may pass through the digestive 
tract relatively intact, although the necessary enzymes may be present. 

D. Measurement of Energy 

Food energy is estimated by the heat produced during complete 
combustion in a calorimeter. The large calorie or kilogram-calorie (de- 
fined as the amount of heat required to raise the temperature of 1 kg of 
water 1°C and abbreviated kcal) is the unit of measurement used in 
nutrition studies. 

E. Types of Energy 

There are two types of energy in food: (1) heat (AH) and (2 )  free 
( AF), Only the latter is used for body metabolism; the former is useful 
solely for the maintenance of body temperature. However, because all 
food energy is eventually expressed as heat, the calorie confounds both 
heat and free energy. Free energy is calculated since there is no method 
for direct determination. 

F. Estimation of Food Energy 

Two methods are used to estimate the energy value of foods: 
(1) It is determined directly in a bomb calorimeter (Maynard 

and Loosli, 1962). 
(2) The average caloric values.of the food groups are used to 

estimate the total energy content of the diet. 
The latter method is usually used because the first is time consuming and 
expensive and a bomb calorimeter is not available in most laboratories. 

1. FOR HIGHER ANIMALS 

Through a series of determinations, it was early estimated that pro- 
teins contain 5.65 kcal/g, carbohydrates 4.15 kcal/g, and fats 9.40 kcal/g. 
Atwater and Bryant ( 1899) considered the digestibility and availability 
of the food groups in human nutrition, and estimated that the physiologi- 
cal values were 4 kcal/g of protein, 9 kcal/g of fat, and 4 kcal/g of carbo- 
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hydrate. However, Maynard and Loosli (1Qf32) pointed out that these 
values do not apply to farm animals because the digestibility factors are 
too high. Although these values were used for all animal species for a 
number of years (and still are in many studies), recently they have been 
adjusted according to the digestive capability of the animal under study. 

2. FOR TROUT 

Phillips and Brockway ( 1959) determined physiological caloric values 
for three species of trout (brook, brown, and rainbow), using 85% for 
fat digestibility, 40% for carbohydrate, and 90% for protein. Fat digesti- 
bility was based upon the digestibility of hard and soft fats by trout 
(McCay and Tunison, 1935) and the amounts of hard and soft fats in 
most hatchery diets. The digestibility used for carbohydrate is similar to 
that for raw starch (Phillips et al., 1948a) since most of the carbohydrate 
in the usual trout diets is raw starch. However, this value is too low for 
foods that contain significant amounts of the more readily digestible 
carbohydrates. The values shown in Table I (Phillips et al., 1948a) may 
be used when diets are fed that contain the more highly digested carbo- 
hydrates. Protein digestibility was based upon studies by Tunison et al. 
(1944) and Wood ( 1952). Neither of these workers demonstrated sig- 
nificant differences between the digestibility by trout of plant or animal 
proteins. However, Kitamikado et al. (1965a) reported that there were 
differences in the digestibilities of different protein sources by rainbow 
trout. They found fresh protein (fish and fish viscera) was digested 91- 
97%, dried protein (whitefish meal) 80%, and soybean meal and commer- 
cial b h  meal 70%. It may be necessary to change the protein digestibility 
value used by Phillips and Brockway (1959) as additional studies are 
made. 

Using the preceding digestibility levels, and adjusting the protein for 
its nitrogen content (nitrogen is unavailable for energy), Phillips and 

TabIe I 
Digestion of Carbohydrates by Brook Trout= 

Carbohydrate % digested 

Glucose 99 
Maltose 92 
Sucrose 73 
Lactose 60 
Cooked starch 57 
Raw starch 38 

From Phillips et al. (1948a). 
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Brockway (1959) determined the physiological values for trout to be 
3.9 kcal/g of protein, 8.0 kcal/g of fat, and 1.6 kcal/g of carbohydrate. 
These values are not valid for other fish species unless it is known that 
the fish digest the food groups to the same extent as trout. 

G. The Measurement of Energy Used by the Body 

Armsby developed a large animal respiration calorimeter ( described 
by Braman, 1933) to determine energy balances through the measure- 
ment of the heat evolved, the oxygen consumed, and the gases given off 
by the animal. These were precise experiments that provided most of our 
present basic knowledge of energy usage in animals. 

Other studies have measured the differences between the oxygen con- 
sumed during rest and activity as an estimate of the energy required for 
the activity under study. Many of these studies have been done upon 
fish and they reached a high degree of refinement in the experiments of 
Brett ( 1964). 

Energy requirements are often estimated by “slaughter experiments.” 
The calories consumed by the animal and those deposited in the body are 
chemically determined. The difference between the calories deposited as 
fat and protein and those absorbed from the food provides a crude 
measure of the calories used for energy purposes. 

11. ENERGY FOODS 

A. Carbohydrates 

1. UTILIZATION OF CARBOHYDRATES BY FISH 

Costwise, carbohydrates are the cheapest source of food energy but 
they are not all equally well utilized by all animals. Phillips et al. (1948a) 
found differences in digestibility of the different types of carbohydrates 
by trout (Table I) .  They also reported that the level in the diet, under 
their experimental conditions, was limited to 128 digestible carbohydrate 
because additional amounts caused a deposition of excess liver glycogen. 
A severe mortality occurred. 

Phillips et al. (1948a) concluded that, in terms of human beings, trout 
were normally diabetic since after feeding a sugar meal the blood glucose 
increased 110%; the increase followed a curve that was like that of 
diabetic human beings. The injection of insulin lowered the blood sugar 
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of the carbohydrate fed trout in a manner similar to insulin injected 
diabetic human beings. [Gray (1928) had earlier demonstrated that 
injected insulin lowered the blood sugar of fish.] It was suggested that 
trout were physiologically unable to utilize high levels of dietary carbo- 
hydrates, a likelihood further indicated by the diffuse character of the 
pancreas and its few insulin producing islets of Langerhans (Hess, 1935) 
(see also chapter by Liley, Volume 111). 

Phillips et al. (1948a) concluded that carbohydrate was of limited 
usefulness in trout diets. Trout are not expected to encounter high levels 
of carbohydrate in their natural diet and apparently they are ill equipped 
to utilize it. 

Phillips et al. (1959) showed that low levels of digestible raw starch 
in meat-dry meal hatchery diets caused an increase in trout blood sugar 
that remained at the higher levels during the period the diets were fed. 
The physiological effect of liver glycogen and blood glucose increases 
have not been assessed. 

Buhler and Halver (1961) found that chinook salmon tolerated rela- 
tively high levels of dietary carbohydrate without the development of 
abnormal conditions ( “high glycogen” livers). They suggested that the 
results reported in the earlier trout studies were caused by dietary 
imbalance rather than by an inability of trout to utilize carbohydrate. 

Species differences may explain the differences between the utiliza- 
tion of carbohydrate by salmon and trout. In addition, the diets fed to 
salmon by Buhler and Halver (1961) were expressed on a dry weight 
basis. If the water of the diet is taken into account the salmon consumed 
the equivalent of between 5 and 24% of the diet as carbohydrate. Allow- 
ing for digestibility by the fish, these levels are below those causing 
dif€iculty in trout diets. 

Schaeperclaus (1933) suggested carbohydrate as a source of energy 
for carp and reported digestibilities of from 30 to 92%. 

2. SPARING ACTION OF CARBOHYDRATE ON PROTEIN 

Recent studies by the Cortland workers (Phillips et al., 1966, 1967) 
showed that carbohydrates were utilized for energy by trout and thus 
spared protein for protein purposes in the body. However, they were 
unable to feed levels of maltose as low as 6% of the diet without produc- 
ing an increase in both liver glycogen and liver size. 

Although carbohydrates may have a sparing action on protein me- 
tabolism, Kitamikado et al. (1965b) found that large amounts of starch 
in the diet of rainbow trout decreased the digestion of protein and there- 
fore decreased the amount available for metabolism, 
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Tiemeier et al. (1965) found a sparing action of carbohydrate on 
protein when fed to channel catfish. 

In higher animals carbohydrates are used for energy, stored as gly- 
cogen as an immediate reserve of energy, or stored as fat as a future 
source of energy. In trout and salmon there is evidence that carbo- 
hydrates are used immediately for energy as demonstrated by their 
sparing action on protein (Phillips et al., 1966, 1967; Buhler and Halver, 
1961). There is also evidence that they are stored as an immediate reserve 
of energy as shown by increased liver and muscle glycogen (Phillips 
et al., 1948a; Wendt, 1964). However, the reported studies that were 
conducted over relatively short periods have not shown increased body 
fat after feeding surplus carbohydrate. 

3. BENEFICIAL EFFECTS FROM GLYCOGEN STORAGE 

Wendt (1964) expressed the opinion that increased liver and muscle 
glycogen, resulting from feeding carbohydrates in hatchery diets, bene- 
fited salmon by preventing delayed fish mortalities after stocking by 
serving as reserve food during the period of adjustment to the new 
environment. Black et al. (1966) found that starvation of trout for 84 
hr before shipment significantly lowered liver glycogen. They suggested 
that starvation prior to transportation and liberation may place the fish 
at a disadvantage because of reduced energy reserves. 

4. CARBOHYDRATE-DIGESTING ENZYMES 

Sources of carbohydrate-digesting enzymes in fish are the pyloric 
ceca, pancreas, and intestinal mucosa. 

Because the carbohydrates listed in Table I are absorbed by trout 
it is assumed that the digestive enzymes sucrase, maltase, lactase, and 
amylase are present in the tract. The disaccharide maltose was absorbed 
92%, sucrose 73%, and lactose 60%. Apparently not all three disaccharide 
enzymes were present in the same amount, and there was considerably 
more maltase activity than lactase. 

Phillips et al. (1948a) found a lactase activity in the pyloric ceca of 
brook trout although lactose is not normally included in their diet. There 
was no correlation between the Iactase activity of the trout and the 
inclusion of dried skim milk in the diet. 

Kenyon (1925) found a saccharase (invertase) activity in the ceca 
and intestine of bluegill, carp, and pickerel. Carp and bluegill possessed 
relatively large amounts but pickerel contained only a small amount. 
Kenyon noted that both bluegill and carp ingest a considerable amount 
of vegetable matter but pickerel ingest practically none. He also found 
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a great abundance of maltase in the hepatopancreas of carp but no 
evidence of lactase. 

McGeachin and Debnam (1960) demonstrated a relatively high 
amylase activity in the digestive tract of a number of freshwater fish. 
Kitamikado and Tachino (1961a) found an amylase activity in the diges- 
tive tract of rainbow trout that was less than that of carp but more than 
that of the eel, reflecting differences in the feeding habits between fish 
species. Kenyon (1925) found a similar relationship in that an abundance 
of the starch-digesting enzyme amylase was present in the intestinal 
mucosa of carp but almost none in pickerel. Fish (1962) stated that the 
nature of the relative activity of the digestive enzymes in fish correlates 
with the nature of the fish's normal diet. In the predominantly herbiv- 
orous Tilupia amylase activity was distributed throughout the gastro- 
intestinal tract, but in carnivorous perch the pancreas was the only 
source of amylase activity. Ushiyama et al. (1966) found an amylase 
activity in the pyloric ceca of salmon that was 11411 that of carp in- 
testine, 1/29.5 of cod pyloric ceca, and 1/95 of flounder intestine. The 
amylase had an optimum activity at a pH of 8.5 and an optimum tem- 
perature of 20°C. 

B. Proteins 

1. ROLE OF PROTEIN IN FISH NUTRITION 

Apparently both plant and animal proteins satisfy, at least in part, 
the protein requirement of most fish. Even trout and salmon, normally 
carnivorous under natural conditions, satisfactorily utilize plant products 
when held under artificial conditions. 

The protein requirement changes with changes in the fish's life cycle. 
Small, fast growing fish need more protein than larger fish that grow at 
a slower rate. During the prespawning period, a generous supply of 
protein is required for the formation of viable reproductive products 
(eggs and sperm). 

As water temperatures rise, the protein requirement increases because 
of accelerated fish growth. Falling water temperatures depress growth 
rates and less protein is required by the fish. 

Protein may serve as a source of energy for fish, but approximately 
16% is nitrogen that cannot be used for energy. Protein is not an efficient 
energy source. Protein will be used for energy if insufficient energy is 
available from other sources (fats and carbohydrates), if protein is fed 
in surplus of the needs, or if poor quality protein (either lacking in or 
having an inefficient ratio of essential amino acids) is fed. 
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Table I1 
The Amino Acid Requirement of Chinook and Sockeye Salmon and of Rainbow Trout 

Chinook salmon 
(tentative requirement 

Amino acid Rainbow trouta Sockeye salmonb in % of the diet)c 

Arginine X X 2.5 
Histidine X X 0.7 
Isoleucine X X 1.0 
Leucine X X 1.5 
Lysine X X 2.1 
Methionine X X 0.5 
Phenylalanine X X 2 . 0  
Threonine X X 0 . 8  
Tryptophan X X 0 . 2  
Valine X X 1.5 

From Shanks et al. (1962). 

From Halver et a2. (1957); Halver (1961). 
.3 From Halver and Shanks (1960). 

2. ESSENTIAL AMINO Acms 

Table I1 lists the essential amino acids for trout and salmon (Halver 
et at., 1957; Halver, 1961; Halver and Shanks, 1960; Shanks et al., 1962). 
The 10 amino acids required by higher animals are required by these fish 
and, for the most part, at approximately the same levels. These authors 
found that cystine has a sparing action on methionine and can replace 
part of the methionine in the diet of salmon, a relation in fish between 
the sulfur-containing amino acids that is similar to that in the higher 
animals. 

3. PROTEIN QUALITY 

The value of protein for growth is governed by its quality. The most 
efficient dietary protein provides the exact quantitative and qualitative 
amino acid requirements of the animal. 

Block (1959) compared the amino acid contents of natural foods with 
those of hatchery and wild brook trout and a meat-dry meal diet fed to 
hatchery trout. Little difference was found in the amino acid content of 
natural and artificial trout foods, and no difference was found between 
the amino acid content of wild and hatchery brook trout. Ogino (1963) 
determined the amino acid content of natural foods. The analytical 
values derived by these workers provide a means for assessing the protein 
quality of hatchery diets by comparison with the amino acid content of 
natural foods. 



ARTHUR M. PHILLIPS, JR. 400 

During growth the body protein, except for glycine, of fingerling 
rainbow trout did not vary appreciably in amino acid content (Ogino 
and Suyama, 1957). These authors suggested that the amino acid content 
of the body offers a means for determining the amino acid requirement 
of rainbow trout. 

Shcherbina et al. (1964) suggested that hatchery-reared carp and 
rainbow trout should be fed a combination of plant and animal materials 
because plant products contain 5-8 times less methionine and 23 times 
less lysine (both essential amino acids) than fish tissues. A high percent- 
age of plant products might result in an improper amino acid balance 
of the diet. 

4. PROTEIN EFFICIENCY 

Invertebrate fish food averages approximately 11.5% protein. Under 
experimental conditions brook trout fed natural food required 143 g of 
food protein for each pound (315 g/kg) of fish produced (Phillips and 
Brockway, 1959). This compared with approximately 300 g of protein 
per pound (660 glkg) for trout fed a meat-dry meal type of hatchery 
diet. This difference in protein efficiency may be indirect evidence that 
the protein quality of the hatchery diet was not high and much of the 
diet protein was utilized for energy or deposited as fat. Recent experi- 
ments with ingredient manipulation have resulted in protein conversion 
efficiencies that approach those of natural foods (Phillips et al., 1964b). 
Phillips et al. (1966) improved the protein efficiency of trout diets by the 
addition of supplemental amino acids. 

About 70% of the calories of most artificial trout diets and natural 
foods is protein. This percentage has been lowered to approximately 
48%, without loss of fish growth, by the substitution of fat (corn oil) 
and/or carbohydrate (maltose) for some of the dietary protein (Phillips 
et al., 1!366). 

Fowler et al. (1964) found that a protein-to-calorie ratio of 1:l 
was optimum for salmon fed a 20% protein diet. The ratio increased to 
1: 1.35 as the fish grew, indicating a higher energy requirement for the 
larger salmon. 

A successful trout diet containing 18% protein in which 484: of the 
total calories is protein has a protein-to-calorie ratio of 1:1.4, similar to 
that found optimal for the larger salmon. 

Gerking (1952) found a lessening of protein utilization by long-eared 
sunfish as the fish grew larger although the same level of protein was 
absorbed by the small and large sunfish. This was thought to be a result 
of aging. 
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5. PROTEIN-DIGESTING ENZYMES 

The stomach, intestinal mucosa, pancreas, and the pyloric ceca are 
sources of protein-digesting enzymes in fish. 

Kenyon (1925) reported a peptic activity of the stomach tissues of 
carp, bluegill, crappie, pickerel, and white bass. He found tryptic activity 
from extracts of the pancreas and heptopancreas of carp, from the in- 
testine of the pickerel, and from the ceca of the crappie. Protease activ- 
ity was found in the intestinal mucosa of carp and pickerel. Togasawa et 
al. (1959) prepared a purified protease from the pyloric ceca of bonita 
and Togasawa and Katsumata (1961) a purified protease from the 
pyloric ceca of tuna. 

Some differences between fish species have been reported in their 
protein-digesting enzymes. Kitamikado and Tachino ( 1961b) found a 
protease activity in the tract of rainbow trout that was higher than that 
of carp, reflecting, perhaps, the greater intake of protein foods by rain- 
bow trout than by carp. However, Chesley (1934) found that in general 
the protein-digesting enzymes present paralleled in quantity the general 
activity of the fishes studied. Morishita et al. (1966) found no marked 
difference in protease activity of the digestive tract of five species of 
fish. However, enzymes from Salmo were more active at lower tempera- 
tures than were the enzymes from any other species studied. 

Johnston (1937) found that the proteolytic enzymes of the pyloric 
ceca of cod exerted their greatest effect at about the same pH as trypsin. 
Croston (1961) found two tryptic activities in extracts of salmon ceca 
that were similar to those of mammalian trypsin and chymotrypsin. The 
optimum pH was 9.0 and the optimum temperature 49°C. 

Kitamikado and Tachino (1961a) found the optimum activity of 
stomach protease in rainbow trout was between 35" and 40°C and that 
of the ceca and intestine was 45°C. Both proteases lost activity at low 
water temperature. The activity at all temperatures, however, was more 
powerful than that of carp and eel. 

The optimum temperature for the proteases of these cold-blooded 
animals is well above any possible physiologica1 temperature for their 
survival. These observations support similar data that have been re- 
ported for a number of years. The expected differences in the optimum 
activity for the digestive enzymes of poikilothermal and homoiothermal 
animals does not exist. 

Babkin and Bowie (1928) found no pepsin in the alkaline environment 
of the intestine of Fundulus, which does not possess a stomach. Every 
phase of protein digestion takes place in an alkaline medium in these 
fish. Kitamikado and Tachino (1961a) found an acid protease in the 
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stomach of rainbow trout and an alkaline protease in the intestine. Slightly 
alkaline media are required for trypsin activity, whereas peptic activity 
occurs in acid media. This does not differ from the higher animals. Fish 
without stomachs would not be expected to exhibit peptic activity but, 
because of the alkaline environment of the intestine, would be expected 
to exhibit tryptic activity. 

Norris and Elam (1940) found differences between the pepsin of king 
salmon and that of higher animals. Crystallized pepsin from the gastric 
mucosa of king salmon was effective at lower temperatures and over a 
wider temperature range than the pepsin of higher animals. Differences 
were found in the crystalline structure and chemical composition between 
the two sources of pepsin. In later studies, Norris and Mathies (1953) 
prepared a crystalline pepsin from tuna that showed higher activity than 
any previously reported pepsin extract. 

Seasonal variation in proteolytic enzymic activity has been reported. 
Kashiwada (1952) found the proteolytic activity in tuna rose in the 
spring, fell in the summer, and rose again in the fall. The period of 
abundant commercial fish catch coincided with periods of strong enzyme 
activity. Chepik (1966) found an increase in protein digestion in carp 
in the spring and summer and a decrease by 47436% in the winter. These 
observations can be associated with periods of abundant food supply 
andlor increased fish activity. 

C. Fats 

1. SITE OF FAT AASORPTION 

According to Greene (1913), although fats are absorbed through the 
epithelium of all portions of the alimentary tract of the king salmon, the 
primary function of the numerous pyloric ceca is fat absorption. 

2. EFFECT OF MELTING POINT ON FAT DIGESTION 

McCay and Tunison (1935) found that as in the higher animal the 
digestion of fat by trout was dependent upon the melting point (Table 
111). There was no difference between the digestibility of low melting 
point oils from plants or fish. 

3. SPARING ACTION OF FATS ON PROTEIN 

Fats fed at appropriate levels in trout diets serve as a source of energy, 
sparing dietary protein for other protein purposes in the body (Phillips 
et al., 1964a, 1965, 1986). In experimental diets the protein level was 
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Table I11 
Effect of Melting Point on the Digestibility of Fat by Brook Trout" 

Fat Melting point % of the diet % digested 

Cottonseed oil Liquid 25.0 90.0 
Salmon oil Liquid 25.0 93.5 
Hydrogenated cottonseed oil 43°C 25.0 78.0 
Cottonseed oil Liquid 7 . 0  87.0 
Salmon oil Liquid 7 . 0  84.0 
Hydrogenated cottonseed oil 43°C 7.0 56.0 

5 From McCay and Tunison (1935). 

reduced to 18% without loss of fish growth, provided the calories removed 
with the protein were replaced by fat (corn oil). It was not possible in 
these studies to add supplemental fat to the diet without causing a sub- 
sequent increase in body fat. These results may be caused by poor quality 
protein, a surplus of total diet calories, or simply a reaction to supple- 
mental dietary fat. 

Combs et d. (1962) and Fowler et at. (1966) demonstrated a spar- 
ing action of peanut oil for protein in the diet of chinook salmon. 

4. ESSENTIAL FATS 

Nicolaides and Woodall (1962) showed that fat is essential for chinook 
salmon. Salmon fed a fat-free diet from hatching showed a marked de- 
pigmentation. The fat trilinolein prevented depigmentation from occur- 
ring. Trilinolein or linolenic acid, or both, when substituted isocalorically 
for sucrose in a fat-free diet, resulted in a positive growth response of 
the salmon. Lee et al. (1967) found a favorable growth response and a 
mortality reduction of rainbow trout fed unsaturated fatty acids with 
the 03 configuration. As in the higher animals, some of the fatty acids 
are essential for the well being of trout and salmon. 

5. HARMFUL EFFECT OF DIETARY FATS 

The superimposing of supplemental fat in high protein diets (Phillips 
et al., 1951) resulted in a large increase in body fat and, in some experi- 
ments, death of the fish. Fatty infiltrated livers were reported by Davis 
(1953) following the feeding of excess fat calories. 

Ono et al. (1960) found that peroxide compounds associated with 
oxidized dietary fats caused a lipid degeneration of trout liver. Dietary 
levels as high as 15% fat were not harmful if the food fat was protected 
from oxidation. 
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The use of fat as an energy source by fish is not without limitation, 
but in balanced diets, at appropriate levels, supplemental fats are de- 
sirable and may increase fish growth, provide essential vitamins, and 
spare the protein of the diet for protein purposes. 

8. THE FAT CONTENT OF HATCHERY AND WILD FISH 

Phillips et al. (1957a) found that hatchery brook trout contained a 
higher level of body fat (5.5%) than wild brook trout (3.4%). The hatch- 
ery food contained a higher level of fat (3.2%) than did the wild food 
(2.2%) and, perhaps more importantly, a higher level of total calories, 
722 and 336 kcal/lb ( 1588 and 739 kcal/kg), respectively (Phillips et al., 
1954). 

The depot fat in the fish's body is generally formed from a surplus 
of calories in the diet. The metabolic rate of the body determines the 
caloric requirement for energy and growth. Seasonal changes in the en- 
vironment may alter the fish's metabolic rate and therefore its energy re- 
quirement. A diet that exactly satisfies the energy needs during the 
warm summer months may cause a deposit of fat with the onset of 
cooler water because of reduced body metabolism and therefore a de- 
creased calorie need. The caloric content of the diet also determines 
the amount of fat deposition in the body. Brook trout feeding upon a 
high calorie, oil-enriched food deposited more body fat than the same 
species feeding under similar condition on a lower calorie diet (Phillips 
and Brockway, 1959). 

Changes in physiological activity affect the fat content of fish. Bailey 
(1952) found an increase in body fat storage prior to gonad maturation. 
In salmon and herring the storage was found in the muscle tissue, but 
in cod it was found in the liver. The increased fat was linked with the 
period of nonfeeding that usually occurs during the spawning season. 
The reserve fat provided energy for metabolism of the nonfeeding fish. 

As in the higher animals, as fish grow larger and older there is an 
increase in body fat (Lovern, 1938; Phillips et al., 198ob), probably as a 
result of reduced physiological (growth) and physical activity of the 
older animal and thus a reduced metabolic rate. 

Although the amount of body fat in wild fish is normally dependent 
upon the caloric content of its food, the fat content of some wild fish is 
surprisingly high. On a dry weight basis, mature and apparently healthy 
Siscowet lake trout contained as much as 89% fat (Eschmeyer and 
Phillips, 1965). Such extraordinarily high body fat contents are probably 
not only the result of surplus dietary fat calories but also are governed 
by genetic differences in the physiology of the trout. 
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7. THE CHAMCTER OF THE BODY FAT OF FISH 

The character of the body fat of fish assumes that of the food fat. A 
liquid fat (cod-liver oil or corn oil) fed to brook trout results in the 
deposition of a less saturated body fat (higher iodine number) than 
that deposited in fish fed either a surplus of protein or hard fat (beef 
tallow or hydrogenated cottonseed oil) (Phillips et al., 1950, 1951). 
Toyomizu et aL (1963) found that the fatty acid composition of the body 
fat of rainbow trout was influenced by dietary fat. 

Hoar and Cottle (1952) reported that goldfish with a hard body 
fat are less tolerant to temperature changes than those with soft body 
fats. Irvine et aZ. (1957) reported that the temperature resistance of gold- 
fish was increased by the addition of cholesterol or phospholipid to the 
basic diets. 

Phillips et aZ. (1957a) found that wild trout have a softer body fat 
(iodine number of 135) than hatchery trout (iodine number of 100). The 
fat of the hatchery food fed to these fish was harder than that of natural 
food (iodine numbers of 89 and 125, respectively). 

The possible relationship between the melting point of the body fat 
of hatchery fish and their survival after stocking should be investigated. 

Factors other than food alter the physical characteristics of the body 
fat. Lovern (1938) found that the body fat of eels is less saturated at 
higher water temperatures than at lower. Privol’nev and Brizinova (1!365) 
found that the melting point of fats of cold water fish was lower than 
that of warm water fish and they were able to determine the relation of 
a fish to its environment temperature by the melting point of the body 
fat. 

8. FAT-DIGESTING ENZYMES 

Fat is digested by the enzyme lipase into fatty acids and glycerine 
before absorption. There are at least two sources of lipase in teleost fish, 
the pyloric ceca and the intestinal mucosa. 

Lipase has been reported from the intestinal mucosa of fish by Babkin 
and Bowie (1928) and MacKay (1929); Johnston (1937) found a lipase 
activity from the dried preparation of the pyloric ceca. Brockerhoff 
(1966) described a digestion of fat by cod that was similar to that of 
pancreatic lipases of the higher animals. He did not know the source of 
this “pancreatic lipase” of teleosts but thought it could be from the 
diffuse pancreatic tissue of the fish. The lipase was similar in its action 
(nonstereospecific) to the pancreatic Iipase in mammals and in the skate. 

Kitamikado and Tachino (1961~) reported a strong esterase activity 
in the liver, spleen, and bile of rainbow trout. It was also detected, but 
much weaker, in the intestine, pyloric ceca, and the stomach. Optimum 
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activity was between a pH of 6.8 and 7.6 and optimum temperature was 
25°C for the enzyme from the intestine. Morishita et al. (1966) reported 
that there was no marked difference in the optimum pH for maximum 
esterase activity of five species of fish. However, the esterase from rain- 
bow trout digestive tract was more active at lower temperatures than 
those from the other fish species. 

Chepik (1966) found a seasonal change in the lipolytic activity of 
carp intestine. In the spring the activity increased 1545% over the winter 
activity, reflecting, perhaps, seasonal changes in food abundance. 

111. NONENERGY FOODS 

A. Minerals 

1. MINERAL REQUIREMENTS 
Until the availability of radioactive isotopes, the dual source of 

minerals in food and water and the inability to obtain both a mineral-free 
diet and water limited studies upon fish mineral nutrition. 

Marine ( 1914) early demonstrated an iodine deficiency (goiter) in 
Atlantic salmon. 

Krogh (1939) found that after holding in distilled water (“washing 
out”) a variety of freshwater fish (catfish, perch, rainbow trout, roach, 
and goldfish) absorbed chloride from a solution of solium chloride. 

Berg and Gorbman (1953) demonstrated that lZ5I was utilized by the 
thyroid of the platyfish. Chavin and Bouwman (1965) traced lZ5I from 
the food into the thyroid gland of goldfish and back into the bloodstream 
as a component of thyroxine, an iodine cycle similar to that of higher 
animals. Woodall and LaRoche (1964) established the iodine need of 
chinook salmon fingerlings as 0.6 pg/g of dry diet and that of advanced 
parr as 1.1 pg (see also chapter by Gorbman, Volume 11). 

Frolova (1964) found that supplemental cobalt in the diet (0.08 
mg/kg of fish) of carp increased the erythrocyte and hemoglobin con- 
tent of the blood. Tominatik and Batyr (1967) reported that supplemental 
cobalt decreased the mortality of carp fingerlings and increased the 
erythrocyte and the hemoglobin content of the fish‘s blood. Farberov 
(1965) reported that dietary supplementation with 0.08 mg of CoCl, per 
kilogram of fish weight ,resulted in increased growth, productivity, and 
food consumption of carp and increased their level of vitamin BIZ. This 
latter observation demonstrates a role of cobalt in vitamin B,, nutrition 
of carp that is similar to that in higher animals. Shabalina (1967) in- 
creased the growth of fingerling rainbow trout by supplementing their 
diet with cobalt. 
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Hevesy et al. (1964) found that at 18°C intramuscularly injected 59Fe 
was incorporated into the blood components of tench to a maximum of 
70% and at 5°C only 4% was taken up by the erythrocytes. 

Dissolved calcium is used by trout for structural purposes (Phillips 
et al., 1963). The amount of calcium absorbed is dependent upon the 
level of calcium in the food, and if the food level is decreased the amount 
of calcium absorbed from the water increases (see also chapter by Epple, 
Volume 11). 

Studies by the Cortland workers (Phillips et al., 1958, 1959, 1960a, 
1961; Podoliak and McCormick, 1967) have shown that calcium, phos- 
phorus, cobalt, chloride, sulfate, and strontium are taken directly from the 
water by trout. These workers have also demonstrated the absorption 
and distribution of these minerals from the food by and to the body 
tissues. Other workers have found similar results with other fish species 
(Nelson, 1961; Templeton and Brown, 1963; Smelova, 1962; Ichikawa and 
Oguri, 1961; Hunn and Reineke, 1964; SchifFman, 1961). 

2. OSMOREGULATION BY MINERALS 

Krogh (1939) reported that calcium is involved in osmoregulation in 
some aquatic animals. In detailed studies, Podoliak and Holden (1965, 
1966) confirmed the work of Krogh with brook, brown, and rainbow 
trout and reported that calcium decreases the permeability of the fish’s 
membranes to actively oppose loss of ions to the environment following 
abrupt ionic changes of the environment. 

3. EFFECT OF EXCESS SODIUM CHLORIDE 

Phillips (1944) showed that high levels of dietary sodium chloride 
resulted in a water edema in brook trout that eventually caused death. 
The absorption of the salt exceeded the possible rate of excretion, and 
the chloride level of the blood was lowered by storing the excess salt in 
the body cavities. Excess dissolved sodium chloride caused loss of fish 
equilibrium that was correlated with greatly increased levels of blood 
chloride. Upset osmotic relationship of the tissues was thought to be the 
cause of the equilibrium loss (see chapter by Holmes and Donaldson, 
this volume, and chapter by Bern, Volume 11). 

B. Vitamins 

1. METHODS FOR DETERMINING THE VITAMIN REQUIREMENTS OF FISH 

Studies at the Cortland laboratory (Phillips et al., 1946, 1947, 1948b) 
established the tentative daily requirements of trout for the B vitamins 
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by determining the dietary level causing maximum vitamin storage in the 
fish's liver. 

WoIf (1951) developed a diet capable of growing trout and from 
which vitamins could be withdrawn singly to determine their need and 
deficiency symptoms. Wolfs diet is composed of a purified protein base 
(casein and gelatin) supplemented with fat and carbohydrate calories 
(hydrogenated cottonseed oil, dextrin, and cooked potato starch), vita- 
mins (at  levels equivalent to approximately twice those of fresh beef 
liver), and minerals. Wolf's diet should be considered a semipurified diet 
and not a synthetic diet. It has been a useful tool in advancing fish 
nutrition and has led to a more thorough understanding of the vitamin 
needs of fish. 

2. VITAMIN REQUIREMENTS 

Using either Wolf's semipurified diet or a modiiication of Wolfs diet, 
many studies have been made to determine the essential vitamins for fish. 
Wolf (1951), Phillips et al. (1955,1956, 1957b,1958), Coates and Halver 
(1958), and Halver (1957) determined the need of trout and salmon 
for 10 members of the vitamin B complex. Ogino (1965, 1967) estab- 
lished the necessity of carp for pyridoxine, riboflavin, and pantothenic 
acid and Dupree (1966) that of channel catfish for some of the fat- and 
water-soluble vitamins. Recently, the need of trout for the fat-soluble 
vitamins K (Poston, 1964) and E (Poston, 1965) and the water-soluble 
vitamin C (Kitamura et al., 1965; Poston, 1967) was established. Woodall 
et al. (1964) determined that vitamin E was essential for chinook salmon. 

Phillips and Livingston (1966) found a seasonal variation in the 
requirement of brook trout for pyridoxine. The variation was associated 
with seasonal light changes and was independent of fish size and water 
temperature. These experiments suggest changes in metabolic activity 
that are phototropic in nature. 

Table IV has been included to show the essential vitamins for trout 
and Pacific Coast salmon and Table V for channel catfish and carp. 

3. HYPERVITAMINOSIS 

Burrows et al. (1952) suspected a hypervitaminosis A in salmon fol- 
lowing the feeding whale liver. Poston et d. (1968) found that 1,100,OOO 
units of vitamin A per pound of diet caused a hypervitaminosis A in 
hatchery-reared brook trout. The toxicity symptoms were reduced growth, 
lowered microhematocrit, and erosion of the caudal fin and peduncle. 
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Table IV 
The Vitamin Requirements of Trout and Salmon 

Trout“ Salmod 

Vitamin Required Deficiency symptoms Required Deficiency symptoms 

Ascorbic acid 

Thiamine 

Riboflavin 

Pyridoxine 

Vitamin Ba9 

Biotin 

Choline 

Folic acid 

Inositol 

Nicotinic acid 

Pantothenic acid 

p-Aminobenzoic 
acid 

Tocopherol 

Vitamin K 

YeS 

YeS 

YeS 

YeS 

YaS 

Yes 

YeS 

YaS 

Yes 

Yes 

Yes 

YeS 

YeS 

YaS 

Scoliosis, lordosis, in- 
ternal hemorrhaging 

Nervousness, retracted 
head, high mortality 

No growth, opaque 
eyes 

Complete mortality in 
6-12 weeks 

Reduced growth, in- 
creased severity of 
anemia in folk acid 
deficiency 

slime” disease, high 
mortality 

No growth, “blue- 

Reduced growth 

Anemia, reduced 

Reduced growth 

Reduced growth, in- 
creased suscepti- 
bility to suburn 

Poor growth, non- 

growth 

bacterial gill disease, 
high losses 

Increased severity of 
anemia during folk 
acid deficiency 

Increased mortality, 
reduced 
microhematocrit 

lation reduced 
microhematocrit 

Retarded blood coagu- 

? 

Yes 

YeS 

Yes 

Yes 

YeS 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

? 

? 

Muscle atrophy, loss 
of equilibrium, 
convulsions 

hemorrhagic eyes, 
incoordination 

Nervous disorders, 
anemia, edema of 
peritoneal cavity 

Erratic hemoglobin 
and erythrocyte 
counts 

Cloudy lens, 

Muscle atrophy, 
spastic convulsions 

Poor growth, hemor- 
rhagic kidney and 
intestine 

Poor growth, anemia 

Poor growth, dis- 
tended stomach 

Increased suscepti- 
bility to suburn, 
colon lesions, muscle 
spasms 

Clubbed gills, 
prostration cellular 
atrophy 

None 

Anemia, poor growth, 
exophthalmia 

? 

0 From Phillips and Brockway (1957), Poston (1964, 1965, 1967), Phillips (19631, 

* From Halver (1857), DeLong et a2. (1958), and Coates and Halver (1958). 
Phillips et a2. (1964a), and Kitamura et al. (1965). 
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Table V 
The Vitamin Requirement of Channel Catfish and Carp 

Channel catfish4 Carpa 

Vitamin Required Deficiency symptoms Required Deficiency symptoms 

Pyridoxine 

Pantothenic 
acid 

Riboflavin 

Thiamine 

Folic acid 
Nicotinic acid 

Vitamin Ble 
Choline 

Vitamin A 

Vitamin K 

Yes 

Yes 

Yes 

Yes 

Yes 
Yes 

Yes 
Yes 

Yes 

Yes 

Erratic swimming, 
tetany, gyrations, 
muscular spasms, 
mortality 

Clubbed gill filaments, 
reduced weight, 
mortality, 
“mummy” textured 
skin 

mortality 
Opaqueness of eye, 

Reduced weight gain, 
difficulty maintain- 
ing equilibrium 

Lethargy, mortality 
Tetany and death, 

lethargy, reduced 
coordination 

Reduced weight gain 
Hemorrhagic areas in 

kidneys, reduced 
weight gain 

“Pop-eye,” fluid in 
body cavity, edema 
in body cavity, 
hemorrhagic kidney 

Hemorrhages on body 
surface 

Yes Nervous disorders 

Yes Poor growth, exoph- 
thalmus, anemia 

Yes Nervousness, photo- 
phobia, retarded 
growth 

? ? 

? ? 
? ? 

? ? 
? ? 

? ? 

? ? 

From Dupree (1966). 
6 From Ogino (1965, 1967). 

C. Water 

Maynard and Loosli (1962) estimated that an animal may lose 
practically all of its fat and half of its protein and live, but a loss of 
only 10% of its water causes death. 

1. WATER CONTENT OF FISH 

Hatchery trout contain between 75 and 80% water (Phillips et al., 
1964a, 1965, 1966) and, as in higher animals, the amount of water de- 
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creases with age. Wild trout contain less body water than hatchery trout 
(Phillips et al., 1957a ) . Generally fat is deposited at the expense of water, 
and trout that contain high levels of body fat usually have lower levels 
of body water (Phillips et al., 1951). 

The amount of water in the fish’s body is higher than that of birds 
or mammals (Maynard and Loosli, 1962). 

2. SOURCES OF WATER 

Water may be taken directly into the body by drinking, as a com- 
ponent of other foods, or supplied by both catabolic and anabolic metab- 
olism. 

Smith (1930) found that marine fish swallowed large amounts of 
seawater. Schuster-Woldan ( 1936) believed that carp and tench drank 
actively if nutrients were present in the water. X-ray photographs after 
immersion of the fish in a barium sulfate suspension with and without 
glucose showed considerable amounts of barium suspension in the in- 
testinal tract if glucose was in the solution but none when glucose was 
absent (see chapters by Hickman and Trump, and Conte, this volume). 

Curtis (1949) stated that freshwater fish do not drink but absorb 
water through the gills. Saltwater fish, however, drink saltwater. The 
blood of freshwater fish is ionically stronger than freshwater and, there- 
fore, freshwater passes through the semipermeable membranes of the 
gills into the blood. There is no need for them to drink. Saltwater fish 
have blood ionically weaker than seawater. Water does not pass through 
the gill membranes into the blood. Saltwater fish must drink to obtain 
water which is then absorbed through the semipermeable membranes 
of the tract (see chapter by Conte, this volume). 

D. Oxygen 

Because of the limited supply, oxygen is more critical for aquatic than 
terrestrial life. An adequate oxygen supply depends upon contact of the 
water with the air and upon plant phytosynthesis. Neither of these 
processes occurs at a constant rate but varies with environmental condi- 
tions. The supply of dissolved oxygen may change from abundant to 
critical as environmental conditions abruptly change. 

According to Davis (1953) trout should not be held for extended 
periods in water containing less than 5.0 ppm oxygen. Trout may survive 
at lower oxygen levels but they will not thrive in a normal manner. 

The amount of dissolved oxygen depends upon the movement of air 
over the water’s surface, the movement of the water itself, the popula- 
tion of aquatic plants, the water temperature, the amount of sunshine, 
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and the population and activity of aquatic animals. Water temperature 
is critical because less oxygen is dissolved as the temperature increases 
and, equally important, as the temperature increases, the metabolic 
rate of aquatic animals accelerates increasing the oxygen demand. 
Leitritz (1960) reported that at 7.2"C yearling rainbow trout consumed 
3 cms of oxygen/hr and at 20°C 12 cms/hr-a 300% increase in oxygen 
utilization over the 12.8"C change in water temperature. This increased 
oxygen demand coupled with a decreased supply of dissolved oxygen 
(reduced by approximately 25%) at the higher temperature would limit 
the fish carrying capacity of the water. 

An overload may be placed upon the oxygen supply because of 
temporary increases in the oxygen demand of the fish. These increases 
may follow feeding or excitement and stress caused by environmental 
changes. Davis (1953) showed an increased oxygen demand of trout after 
feeding, and Schaeperclaus (1933) reported a threefold increase in 
oxygen consumption by tench after transference from a pond to a barrel 
showing the effect of stress or excitement upon the fish's oxygen require- 
ment. 

Phillips (1947) showed that the erythrocyte content of the blood of 
blueback salmon and brook trout increased as the fish used the oxygen in 
a closed, nonaerated system. Similar results were found by Chiba (1965) 
with carp. In these experiments the oxygen-transporting capacity of the 
fish's blood was increased to compensate for the reduced oxygen supply 
in the environment. These results are similar to the increases in the 
erythrocyte content of human blood following continual living at high 
elevations (J. B. Sumner, 1929). 

The opportunity for aeration (tumbling or surface content) and the 
abundance of plant life govern the rate of replacement of oxygen removed 
by aquatic animals. 

1%'. ENERGY REQUIREMENTS 

A. Gross Energy Requirements 

Winberg (1960) stated that between 14.1 and 33.1% of the calories 
consumed were deposited in the tissues of pike, indicating a usage for 
energy of between 67 and 86%. Slaughter experiments by Phillips and 
Brockway (1959) determined that trout used approximately 70% of the 
food calories for energy. Ivlev (1939) found that in sheatfish 65.71% of 
the yolk calories were recovered in the fish's body after complete yolk 
absorption; 34.3% of the calories were used for energy. This latter effi- 
ciency would be difficult to duplicate in older fish that must seek their 
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food and maintain themselves in the environment, activities not required 
of fish during the period in which they live in a protected environment 
and are dependent upon the yolk for food. 

Maynard and Loosli (1962) estimated that not more than 40% of the 
energy consumed by the muscle is actually transformed into work. The 
rest of the energy appears as heat and is lost to the body. The gross 
efficiency of the body of man and horse while working was estimated at 
25%. This efficiency compares favorably with that of the steam engine 
(7.5%) and the gas engine (14 to 18%) but is lower than that of the 
diesel engine (29 to 35%). 

The studies reported by Maynard and Loosli (1962) considered heat 
and other energy losses by the body. The values of Phillips and Brock- 
way (1959) with trout and those of Winberg (1960) with pike and Ivlev 
(1939) with sheatfish were determined by differences between the 
calories consumed and those deposited in the body (gross energy). Heat 
and other losses were not taken into account. 

Total metabolism was described mathematically in a series of papers 
(Paloheimo and Dickie, 1965, 1966a,b) that discussed the food and 
growth of fishes. These studies evaluated some of the factors that affect 
the growth ( total metabolism and therefore total energy requirements) 
of fishes. 

The relationship between total metabolism (total energy require- 
ment) and body weight under standard conditions was expressed as fol- 
lows (Paloheimo and Dickie, 1966a) : 

T = a W  (1) 

where T = total metabolism measured by the volume of oxygen con- 
sumed per hour per fish, W = weight of the fish in grams, a = the level 
of metabolism, and r = the weight exponent. 

These authors found that the level of metabolism (a) apparently cor- 
responded to the “routine” metabolic level found in oxygen consumption 
studies upon fish fed a “maintenance diet.” A higher level of metab- 
olism resulted from higher levels of food availability and ad libitum feed- 
ing appeared to produce metabolic levels known in oxygen consumption 
studies as active metabolic levels. The metabolic levels increased with 
increasing water temperature. Gross energy requirements varied with the 
amount of available food and with water temperature. 

B. Net Energy Requirements 

The energy requirement of fish increases or decreases with body 
metabolic activity. Because of an incomplete understanding of fish 
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physiology and of the effect of the mechanics and chemistry of the en- 
vironment upon the fish, many factors that alter the metabolic rate are 
unknown. However, some are known and experiments have shown their 
effect on the energy requirement of fish. 

For convenience the fish‘s energy requirements are discussed under 
the headings of basal (maintenance) metabolism, growth, reproduction, 
and physical activity. 

1. ENERGY REQUIRED FOR BASAL METABOLISM 

Basal (maintenance) metabolism is the minimum level required to 
support the animal body under resting conditions. Basal metabolism has 
not been measured in fish, but standard metabolism (estimated by oxygen 
uptake) has been measured and defined as the approximate equivalent 
to basal metabolism in man (Fry and Hart, 1948). Beamish ( 1964a) 
stated that “In accord with the general practice, the metabolic rate of 
fishes is ordinarily measured in terms of oxygen consumption.” This 
may be resting or active metabolism. The difference between the two is 
taken as a measure of energy requirement for the activity under study. The 
oxygen consumed by fish is a valid measure of the energy requirement 
since an increase in metabolic rate requires additional oxygen. Oxygen 
consumption has been used in numerous fish studies to measure the effect 
of variables upon the energy requirement. 

a. Efect of Water Temperature. The metabolic rate of warm-blooded 
animals increases 10% for each degree Celsius rise in body temperature 
(J. B. Sumner, 1929). Schaeperclaus ( 1933) supported Sumner’s findings 
in fish in that he found the rate of their metabolic activities doubled with 
a 10°C rise in water temperature. Phillips et al. (196Ob) showed that 
during starvation brook trout increased their weight loss by approximately 
10% for each degree Celsius rise in water (body) temperature, confirm- 
ing the observations of both Sumner in higher animals and Schaeperclaus 
in fish. However, Brett (1965b) found that at a water temperature of 
24”C, the basal metabolic rate (measured by oxygen uptake) of salmon 
was only six times higher than at 5°C. 

Fry and Hart (1948) found that over a range of 535°C standard 
metabolism of goldfish increased to its highest value at about 30°C. It 
then remained steady or decreased slightly at temperatures higher than 
35°C. 

F. B. Sumner and Lanham (1942) reported that fish (Crenuchthys 
bailsyi) living in warm spring water (3537°C) had a greater oxygen 
consumption than those living in cool spring water (21°C). The energy 
required for maintenance increased as the water temperature increased. 
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Apparently there is an optimum temperature for fish metabolism, and 
if given a choice fish will select the most “comfortable” environment. 
Goldfish placed in an environment with a temperature gradient spent 
most of their time in a chosen temperature range (Fry, 1947). Rozin 
and Mayer (1961) trained goldfish to alter the temperature of their en- 
vironment by depressing a lever. The fish maintained the water tempera- 
ture between 33.5 and 36.5”C. 

b. Effect of Light. Vinberg and Khartova (1953) showed there was 
a greater consumption of oxygen by young carp under illumination than 
by carp held in darkness. 

c. Effect of Water Flow. Increased water flow increases the energy 
required for environmental maintenance. This is not necessarily swim- 
ming energy but may be energy increases required to maintain position 
in the environment. Washbourn (1936) found that trout fry reared for 
3 months in two tanks at the same water temperature consumed more 
oxygen (measured under standard conditions) at the end of the experi- 
mental period when held in swift than when held in slower water. 

d. Effect of Season. According to Swift (1964) brown trout were 
most active in the summer (maximum in June and August) and least 
active in the winter. Beamish (1964a) found a seasonal variation in the 
standard rate of oxygen consumption for brook and brown trout ac- 
climated to 10°C and exposed to natural daylight. The consumption was 
lowest during March and April and at a maximum during the late fall 
spawning period. 

e. Eflect of Fish Size. Schaeperclaus (1933) reported that the meta- 
bolic rate of small fish was greater than that of large fish because of differ- 
ences in body surfaces. The metabolic rate of a 12-g carp was 24.48 kcal 
in 24 hr/kg of body weight and that of a 600-g fish only 7.97 kcal. Based 
upon a square decimeter, Schaeperclaus calculated that at a water 
temperature of 15°C the caloric need per hour of the small size carp was 
27 cal and that of the larger fish 23 cal. He emphasized that even with 
small differences in fish length there are great differences in caloric re- 
quirements. He pointed out that the greater oxygen consumption of the 
smaller fish per unit weight was evidence of the relatively greater caloric 
need of smaller fish. 

Woynarovich (1964) found that the oxygen consumption related to 
1 g of dried body substance of feeding fish larvae decreased with in- 
creasing body weight. 

Beamish and Mookherjii (1964) found the proportionate change in 
the standard oxygen consumption was independent of fish weight for 
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temperature changes in the range of 1035°C. Beamish (1964b) showed 
that the proportionate change in standard oxygen consumption for a 
given change in water temperature was independent of body size within 
each of five species of freshwater fish. 

f. Effect of Fish Species. Belding (1929) showed that under similar 
conditions brook trout required more oxygen than carp. Beamish (1964b) 
measured the standard oxygen consumption of five species of freshwater 
fish and found their standard oxygen uptake increased linearly (logarith- 
mic grid) with weight for all species. The mean slope values of the re- 
gressions found for brown trout, brook trout, common white sucker, 
brown bullhead, and carp were 0.877, 1.052, 0.864, 0.925, and 0.894, re- 
spectively. Moss and Scott (1961) reported that at 25°C the standard 
metabolic rate of bluegill sunfish was lower than that of either large- 
mouth bass or channel catfish. Within species there was little difference 
between the standard metabolic rates at water temperatures of 25, 30, 
and 35°C. 

g. Effect of Staroation. There was a reduction in the energy require- 
ment of brook trout (standard oxygen consumption) for the first 3 days 
of starvation, after which the energy requirement reached a minimum 
and then remained constant for the remainder of the 10-day experimental 
period (Beamish, 1964~).  Similar changes were found in the blood 
glucose of brook trout ( PhilIips et al., 1953). These authors beIieved the 
long period of constant blood sugar, after the rapid initial drop, repre- 
sented conservation metabolism in the fish. 

The standard oxygen consumption of white suckers decreased rapidly 
during starvation to a minimum within 2 or 3 days in experiments run 
in June, September, and December. However, in May the standard 
oxygen consumption reduced for 5 days, after which it remained con- 
stant to the seventh day. A secondary decrease then occurred on the 
ninth day of starvation and again remained constant for the last 13 days 
of the experiment ( Beamish, 1964~).  

2. ENERCY REQUIRED FOR GROWTH 

Phillips and Brockway (1959) estimated that brook trout fed "high" 
calorie meat-dry meal or all-dry meal hatchery diets containing in excess 
of 700 kcal/Ib (1540 kcal/kg) required 2100 kcal to produce a pound 
(4600 kcal/kg) of flesh. Only 900 kcal were required per pound (2000 
kcalfkg) of trout produced after feeding natural foods containing 336 
kcal/lb (640 kcal/kg) and 1200 kcal/lb (2600 kcal/kg) after feeding all- 
meat diets containing 450 kcaVlb (990 kcal/kg ). Differences in the effi- 
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ciencies between these foods may be caused by differences in diet quality 
or improper ingredient balance since Phillips et al. (1964a,b) were able to 
reduce the required calories to between 1500 and 1800 kcaVlb (3300 and 
3960 kcal/kg) of fish produced by altering the formula of the hatchery 
diet. 

Using the method of Phillips and Brockway, Tiemeier et al. (1965) 
determined that 1700 kcal were required to produce a pound (3740 kcall 
kg) of channel catfish. Fowler et al. (1966) found that a diet containing 
2350 kcal/kg (1065 kcaI/lb) reared chinook salmon at a rate of 1.81 kg 
of food per kilogram of fish produced, equivalent to 1850 kcal/lb (4700 
kcal/kg) of fish produced. 

Although for practical application these results are used as measures 
of net energy for growth, the experiments actually measured gross energy 
utilization since the calorie requirement for growth was determined by 
the conversion of food into flesh and the calories present in a pound of 
diet. They are not precise studies that measure the energy requirement 
for the various body activities, but they are useful for comparing the 
gross energy efficiencies of food sources by different fish species. 

Pyle (1966) found seasonal changes in the growth energy require- 
ment of brook trout held in constant water temperature. The fish increased 
in length at a constant rate in inches during the summer months, but in 
the fall the rate decreased and continued to do so for a 18week period 
from October to February. Pyle (1969) continued these experiments 
with brook trout held under either constant light, constant darkness, or 
simulated natural light. Those fish held under constant light increased at 
a constant rate in length in inches over a 15-month period. Those held 
under either simulated natural light ( duplicating natural light cycles ) 
or under constant darkness increased at a constant rate in inches from 
April until late October, paralIeling the growth of trout held under con- 
stant light. However, for the following 16 weeks their growth rate 
dropped, after which it again paralleled that of fish held under constant 
light. 

Gross et al. (1965) found changes similar to those described by Pyle 
in the growth of green sunfish. These fish generally grew at the highest 
rate in increasing light, the lowest in decreasing light, and intermediate 
in two constant photoperiods. 

Altered light cycles may offer a means for controIIing fish growth 
under artificial conditions, an intriguing field for investigation. 

Phototropically triggered changes in growth rate alter the energy re- 
quirement of fish. Perhaps this should be expected for such changes act 
as a mechanism to lower the food requirement of the fish during periods 
of short food supply (fall and winter) in the temperate zones. 
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3. ENERGY REQUIRED FOR REPRODUCTION 

Much of the energy required for fish reproduction is deposited in the 
reproductive products ( eggs and sperm). 

Brown and Kamp (1941) found that at the time of spawning approxi- 
mately 10% of the weight of female brown trout was in the gonads. Esch- 
meyer (1954) found that during 1950 approximately 12% of the body 
weight of female lake trout and about 1.7% of the body weight of males 
was gonads, and, during 1951 and 1953, an average of 18.5% of the weight 
of females and 3.1% of males was gonads. The range over the 3 years was 
from 11.7 to 33.0% in females and from 1.5 to 3.7% in males. 

Calculations based upon the data of Kelley (19s2) showed that the 
gonads of female largemouth black bass varied from a low of 2% to a 
high of 15% of the body weight. There was a large variation between and 
within age groups of the fish. 

Based upon the data of Otsu and Uchida (1959) the percentage of 
the body weight of albacore as female gonads vaned from 1 to 3%. 

In addition to the measurable store of energy within the eggs and 
sperm, energy is required to form them. Calories stored in the eggs and 
sperm and those required for their formation represents consumed food 
energy that is lost to the body for other energy purposes. 

Additional energy is expended during the spawning act and during 
the recovery period following spawning. 

4. ENERGY REQUIRED FOR PHYSICAL ACTIVITY 

Energy is required by animals, beyond that needed for maintenance, 
growth, and reproduction, to respond to the environment. A number of 
investigators have measured the energy required by fish for these 
responses. 

Black (1958) reviewed experiments upon fish energy stores and me- 
tabolism and defended these studies by suggesting that a knowledge of 
the nature of muscular fatigue serves to reduce fish losses in every phase 
of handling (capture, transportation, tagging, etc. ). He further suggested 
that a knowledge of the usage of body chemical stores for energy by 
adult migrating fish affords information needed to evaluate success of 
the fish in reaching their spawning beds in a condition satisfactory for 
successful spawning at a level capable of maintaining the fishery. 

Since the energy used for physical activity is not available for growth, 
a knowledge of the factors that control this use of energy is valuable in 
the management of fish populations under both artificial and natural 
conditions. 

a. Methods for Measurement. Fry and Hart (1948) described an 
apparatus for measurement of the oxygen uptake of goldfish under stand- 
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ard (resting) and maximum (swimming) metabolism. The fish were held 
in a closed system consisting of two-liter Erlenmeyer flasks. The standard 
uptake of oxygen was measured in stationary flasks and the maximum 
uptake of oxygen in rotating chambers that generated a current that 
forced the fish to swim. These authors were able to alter the water tem- 
perature and thus measure differences in energy requirements resulting 
from differences in water temperature. 

In a review article Ivlev (1964) described the methods and apparatus 
used by Spoor ( 1946), Fry and Hart ( 1948), Basu (1959), Wohlschlag 
(1957), and Kovalevskaya (1956) to determine the metabolism of active 
fish, all of whom used oxygen uptake under changing conditions and 
activities to determine energy requirements. 

Brett ( 1962) suggested that comparisons between different conditions 
of energy expenditures in fish be measured by estimating the energy re- 
quired for a swimming rate of one body length per second ( BLIsec). He 
pointed out that the energy cost of locomotion at all levels of perform- 
ance requires exact definition since oxygen consumption may not in itself 
offer a precise measure of the actual energy expended for the activity 
under consideration, 

Brett (1964, 1965a,b) described a series of experiments which meas- 
ured the energy expenditures of swimming sockeye salmon under a 
variety of conditions. Brett ( 1964) developed a fish respirometer (Fig. 1) 
and an exercise cage (Brett, 196513) for his outstanding series of studies. 
The energy required for physical activity was measured by the oxygen 
consumption of the fish. 

Vincent (1960) evaluated the stamina of hatchery and wild trout in 
a specially designed apparatus, providing an estimate of the fish's ability 
to perform work. Thomas et  al. (1964) developed a large tunnel for the 
measurement of salmon stamina under a variety of conditions, and Pyle 
(1965) reported preliminary experiments in a similar apparatus con- 
structed for trout studies. 

b. Effect of Water Temperature. Fry and Hart (1948) concluded that 
if differences between the oxygen uptake at maximum and standard rates 
of metabolism approximates the metabolism ( energy) available for ex- 
ternal work there is an apparent optimum temperature for goldfish in 
the vicinity of 28"C, at which the fish can perform the most external work. 
The curve of the relationship between water temperature and the speed 
at which goldfish can swim steadily showed a maximum between 20" and 
30°C. They postulated that the decrease in sustained swimming rate of 
goldfish at temperatures from 30" to 38°C was probably caused by a de- 
crease in metabolism (energy) available for external work. 

Brett (1964) showed that at 5°C the standard metabolic rate of sock- 
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eye salmon, as measured by oxygen consumption, was 41 mg of oxygen 
per kilogram of fish per hour and at 24°C it was 196. Active metabolism 
(representing increased energy usage) rose from 514 mg of oxygen per 
kilogram of fish per hour to a maximum of 895 at 15°C. At temperatures 
up to 15°C active rates were 10-12 times the standard level, but above 
15°C the ratio fell and was only four times the standard rate for salmon 
acclimated to 24°C. The combined action of temperature and activity 
elevated respiratory metabolism by a factor of 22. 

Brett described a near linear transformation for the effect of water 
temperature on salmon locomotor metabolism by relating the logarithm 
of the oxygen swimming requirement (less the standard rate) to acclima- 
tion temperature. The slopes of the lines decreased with increasing swim- 
ming speed, approaching 0 at 4.21 BL/sec. Brett concluded that burst 
speeds at this level and above are virtually independent of water tem- 
perature. Salmon are similar to homeotherms in this respect. 

c. Effect of Fish Weight and Length. According to Brett (1964), 
within the weight range of the salmon studied (2.5130 g) ,  there was no 
correlation between fish weight and either standard or active metabolism 
at any acclimation temperature, except at 15"C, in whose groupings 
smaller fish (8 g)  were included. Despite a range in condition factor of 
between 0.64 and 1.04, only the group held at 15°C (which included the 
smaller fish) showed a significant correlation between plumpness and 
active metabolism. 

Brett ( 1!365a), in studies upon the effect of fish size on the oxygen 
consumption and swimming speed of sockeye salmon, showed there was 
a rapid decrease in the relative performance with increasing fish size. 
For all fish sizes at the highest sustained level of swimming speed the 
muscular demand for oxygen was met by the maximum rate of oxygen 
uptake. Burst speeds invoked an oxygen debt and fatigue. 

In most cases, the replacement of the oxygen debt was exponential 
with time. The extent of the debt at the time of fatigue was influenced 
by acclimation temperature, ranging from 252 mg of oxygen per kilogram 
per hour at 5°C to 504 mg at 15°C. 

d. Effect of Water Velocity (Swimming Speed). Pumpkinseed showed 
an increasing rate of oxygen consumption with water velocity (swimming 
speed) that was linear on a semilogarithmic basis (Brett and Sutherland, 
1965). The results were similar to those of sockeye salmon (Brett, 1965a). 

Brett (1965b) discussed experiments in which salmon held at 15°C 
showed an increase in oxygen consumption similar to a compound in- 
terest curve as the swimming speed was increased, The peak of the curve 
was reached as the fish reached the maximum rate of oxygen consump- 
tion and represented the top sustained swimming speed of the fish. 
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Brett (196510) measured the actual energy utilized by analyzing the 
bodies of salmon forced to swim in a swimming apparatus at 1.83 miles/hr 
for 12.7 days (equivalent to 560 miles). Calculations were based on the 
known energy yields of fats and proteins by mammals. The results of 
the analyses were then compared with fish held under control conditions. 
The results were valid when compared with the rates of energy ex- 
penditure by salmon in the respirometer. 

In field studies upon migrating salmon, Idler and Clemens (1959) 
found that female sockeye salmon used 96% of their body fat and 53% of 
their protein by the end of migration from the ocean to their spawning 
lake. These authors established that the daily energy output of male and 
female salmon during migration was 43 kcal/kg of body weight, nearly 
80% of the maximum rate they could maintain. 

e.  Differences between Fish Species. In a study of the energy used 
for swimming by different fish species at various water temperatures 
Beamish (1966) found that at a swimming speed of 4 BL/sec in an 
activity chamber, Atlantic cod swam equally long at 5" and 8°C and 
redfish and winter flounder each equally long at 5", 8", and 11°C. At 
6 BL/sec winter flounder swam longer at 14°C than at the lower water 
temperatures. At swimming speeds less than 4 BL/sec all fish species 
swam longer at the higher water temperatures. At 8"C, the only water 
temperature at which all species were tested, endurance at comparable 
swimming speeds was greatest for winter flounder, followed by cod, 
redfish, longhorn sculpin, ocean trout, and sea raven. Under comparable 
experimental conditions the energy available for work varied with species. 

f. Fish Stamina. The studies of Vincent (1960) and Thomas et al. 
( 1964) depended upon physical exhaustion (stamina) to measure differ- 
ences in ability to perform work. There were no quantitative measure- 
ments or estimates of the energy used. 

Vincent (1960) showed that wild trout were able to sustain them- 
selves against a current in a stamina tunnel for longer periods than 
hatchery trout. These experiments showed differences between hatchery 
and wild trout in the energy available for outside work. 

Thomas et al. (1964) showed differences in stamina between groups 
of hatchery salmon receiving different methods of hatchery care prior to 
testing, indicating differences in ability for sustained work. 

C. Cyclic Changes in Energy Requirements 

Many cyclic and seasonal changes in fish growth, body chemistry, and 
physiological activity have been described in the literature. These 
changes in metabolic activity alter the energy requirement of the fish. 
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The spawning of fish is the best known cyclic phototropic response to 
seasonal light changes ( Pickford and Atz, 1957). Schaeperclaus (1933) 
described a winter rest in fish that was independent of water temperature, 
fish age, and spawning activity. Chepik (1966) noted that the proteolytic 
activity of carp intestine was less during fall and winter than during 
spring and summer. Phillips and Livingston (1966) found that trout sur- 
vived for longer periods when fed diets deficient in pyridoxine during 
the fall and winter months than when fed similar diets during the spring 
and summer. These differences were independent of fish size and water 
temperature. Booke (1964) found a seasonal variation in the calcium 
content of trout blood similar to those observed in cod by Hess (1928). 
McCartney (1966) found seasonal changes in the cholesterol content of 
trout blood, and Shell (1961) showed cyclic changes in many of the blood 
constituents of black bass. Saito (1957) found that the total protein and 
albumin fractions of mackerel and carp blood were lower in February 
than in May or June when feeding behavior reached a maximum. 

Wohlschlag and Juliano (1959) found a seasonal variation in the 
metabolism of bluegills. There were similar relationships of respiratory 
rates with swimming movements in the spring, summer, and autumn, 
but during winter a higher oxygen consumption was required for similar 
swimming activity. 

Pyle (1966) reported seasonal changes in the rate of increases in 
length of brook trout held in constant temperature water. He was able 
(1969) to eliminate these changes by exposing the trout to continual 
light. 

Studies concerning the energy requirement of fish should consider 
the phototropic exposure of the fish and the season of the year. 
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Acanthogobius flavimonus, 125 
Acipenser, 57 

A. fulvescens, 24, 52, 57 
A. oxyrhynchus, 52, 57 
A. stellatus, 52 

A. transmontanus, 52, 57 
Acipenseriformes, 24, 56, 57 
Actinopterygii, 20, 56, 93, 119 
Agnatha, 3, 4, 15, 21, 32, 243-247 
Agonidae, 126 
Albacore, 418 
Alewife, see Alosa pseudoharengus 
Alosa pseudoharengus, 60, 66 
Ameiurus 

A. StUTiO, 52, 57 

A. natalis, 22 
A. nebulosus, 147, 150, 153, 159 

Amia calva, 24 
Amiatus calva, 52, 57 
Amiformes, 57 
Amphibia, 56, 213 
Anago anago, 124, 135 
Anarhichas minor, 75 
Anguilla, 139, 247, 259 

A. anguilh, 3, 62, 64, 66, 08, 15CL 
153, 163, 175, 187, 206, 207, 261, 
265, 277, 279, 281 

A. japonica, 205-207, 281, 282 
A. rostrata, 59, 64, 67, 125, 187, 261 
A. vulgaris, 123, 125 

Anguillidae, 121, 125, 187 
Anguilliformes, 59, 66 
Anguilloidei, 3 
Anoplarchus purpurescens, 267 
Antennariidae, 125 
Aprionodon isodon, 41 

Archosargus probatocephalus, 54 
Aspidophoroides, 125 
Atherina presbyter, 124 
Atherinidae, 124 

B 

Bagre marine, 53 
Barbus fluviatih, 123 
Barracuda, 325 
Bass 

black, 423 
largemouth, see Micropterus salmoides 
largemouth black, 418 
smallmouth, see Microptern dolomieu 
white, 401 

Batrochoididae, 125, 188 
Bdellostomu, 244, see also Eptatretus 
Belonidae, 121 
Blenniidae, 125, 126, 187 
Blennius pholis, 261 
Blenny, 260 
Bluegill, see Lepomis macrochim 
Bonita, 401 
Boreogadus saida, 74 
Brachiopterygii, 20 
Bream, 316 
Brevoortia patronus, 53 
Brevoortia tyrannus, 309 
Brotuk multibarbata, 125 
Brotulidae, 125 
Bullhead, see Ameiurn natalis 

brown, 416 
yellow, see Ictalurus natalis 

C 

Callyonymidae, 125, 126 
Callyonymus, 125, 269 
Canthigaster rivuhtus, 125 
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Carangidae, 122, 124 
Caranx delicatissimu, 124 
Caranx hippos, 54 
Carassius, 317 

C. auratus, 55, 66, 74, 75, 124, 128, 
131, 147, 150, 153, 190, 191, 212, 
316, 317 

C. carassius 22, 269 

C. leucas, 41, 48, 50, 51 
C.  limbatus, 41 
C. melunop, 42 
C.  melunopterus, 50 
C .  nicaraguensis, 18, 19, 50, 51 

Carcharhinus 

Carchurios littoralis, 40, 43, 46 
Carp, 223, 314, 315, 324, 328, 330-332, 

39&398, 400, 401, 402, 406, 408, 
410, 411, 412, 415, 416, 423, see 
also Cyprinus carpio 

Chondrichthyes, Elasmobranchii 
Cartilaginous fishes, see Chimaeroids, 

C a w  ogac, 74 
Caspiolosa volgensis, 299 
Catfish, 406 

channel, 397, 408, 410, 416, 417 
freshwater, see Ameiurus nebulosus 
marine, see Plotosus anguillaris 

Catostomus commersonii, 23, 24, 143, 
145, 147, 149, 150, 153, 154, 161, 
182, 183 

Centrarchidae, 124 
Cepolu rubescens, 123 
Ceratodontidae, 320, 338 
Cetorhinus maximus, 47, 49 
Channu argus, 78, 124, 152, 159 
Chimaera 

C .  colliaei, 17 
C.  montrosa, 42, 51, 319 

Chimaera, Hydrolugus 
Chimaeroids, 318319, 336, 342, see also 

Chinook, see Oncorhynchus tschawytscha 
Chondrichthyes, 4, 17, 21, 39, 56, 117, 

247-256, 318, 319, 342, see also 
Elasmobranchii, Shark, Ray 

Chondrostei, 24, 26, 119 
Chysophrys major, 124 
Cichboma,  376 

C.  bimaculutum, 355, 376 
Cichlid, see Cichhoma,  Tilapio 

Clupea 
C. harengus, 295, 296, 298, 299, 301, 

C. harengus membras, 305 
C. pallusii, 295, 296, 301, 309 

302, 304308, 307, 309 

Clupeidae, 121 
Clupeiformes, 93, 202 
Cod, 324, 348, 401, 404, 405, 422, 423, 

see also Gadus 
Atlantic, see also Gadus morhua 

Coelacanth, 320, 341 
Coelacanthi, 119 
Coelacanthiformes, 51 
Conger vulgaris, 53 
Congridae, 124 
Copeina guttatu, 131 
Coregonus clupoides, 38, 54, 58 
Coryphaena hippuws, 54, 124 
Cottidae, 22, 122, 125, 126, 187 
Cottus, 125 

C. scorpius, 54, 73, 77 
Crappie, 401 
Crenuchthys baileyi, 414 
Crossopterygii, 119, 342 
Crustacea, 220 
Cryptacanthodes maculutus, 187 
Cyclopterus lumpus, 75 
Cyclostomes, 319, 332 
Cymatogaster aggregata, 124 
C ynoscwn 

C. arenarius, 54 
C. nebulosus, 54 

Cyprinidae, 122, 124 
Cyprinodon 

C. maculurius, 296, 299, 304, 305, 307 
C. uuriegatus, 270, 271, 301 

Cyprinodontidae, 122, 125 
Cypm'nus 

C. carpio, 24, 55, 75, 78, 124, 127, 

C. tinea, 22 
136, 150, 161, 167 

D 
Danio malubaricus, 124, 131 
Dasyatis, 325 

D. umericana, 41, 45, 47 
D. saj, 41, 47 
D. uarnak, 42, 48, 50 

Diodon, 125 
Diodontidae, 125 
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Dipnoi, SS, 211, 217, 337, 342, see also G 
Lungfish 

Dipteriformes, 56 
Ditrema temminchii, 124 
Dogfish, see Squalus 
Dorosoma 

D. cepedianum, 53 
D. petenese, 53 

Drepanopsetta platessoides, 75 
Duymaeria flagellifera, 179 

E 
Eel, 316, 330, 398, 405, see also Anago, 

electric, 354, see also Electrophorus 
Moray, see Muraena helena 

Elasmobranchii, 17, 39, 50, 105-117, 

330, 3-37, 342, see also Chon- 
drichthyes, Shark, Ray 

Electrophorus, 354, 355, 363, 374, 376, 
381 

Anguillu 

118, 213, 247-256, 318, 321, 324, 

E. electricus, 355 
Elops saurus, 53 
Embiotocidae, 124 
Entosphenus tridentatus, 105 
Enchelyopus cimbrius, 299, 305 
Epinephelus striatus, 25 
Eptatretus, 97 

Escherichia coli, 374 
Esocidae, 127 
Esor lucius, 54, 149-151, 165, 182 

E. stoutii, 12, 15, 16, 94, 97, 98, 244 

F 
Flounder, 261, 262, 265, 322, 325, 334, 

340, 398, 422 
European, see Platichthys jksus 
marine, see Parophrys vetulus 
red, see Platichthys faesus 
southern, see Paralichthys lethostigma 
starry, see Platichthys stellatus 
summer, see Paralichthys dentatus 

Fundulus, 273, 275, 280, 304, 401 
F. chysotus, 273 
F.  heteroclitus, 66, 125, 139, 207, 261, 

273, 280-281 
F. kansae, 60, 65, 150, 152, 153, 163, 

198, 205, 206-207, 209, 260, 281 
F. similis, 273 

Gadassius auratus, 74 
Gadidae, 124, 187 
Gadus 

G. callarias, 53, 73, 75, 76, 78, 187, 

G. mucrocephalus, 296, 299 
G .  mrhua,  23, 54, 73, 75, 77 
G. ogac, 73, 74, 75 
G. pollachius, 267 

Galeichthys felis, 53 
Gambusia, 281 
Gar 

298, 299, 301 

alligator, see Lepidosteus spatula 
long-nosed, see Lepidosteus osseus 

Gasterosteidae, 122, 125 
Gasterosteus aculeatus, 125, 131, 133, 

Gastrostomus bairdi, 125 
Ginglymostoma cirratum, 18, 41, 48 
Glyptocephalus cynoglossus, 187 
Gobiesocidae, 125, 171, 180 
Gobiesox meandricus, 267 
Gobiidae, 126, 204 
Goldfish, 314-316, 323, 405, 406, 414, 

415, 418, 419, see also Carassius 
auratus, C.  carassius 

139, 179, 206, 261, 296 

Goosefish, see Lophius 
Guppy, see Lebistes reticulatus and 

Poecilia reticuluta 
G ymnacanthus tricuspis, 74 
Gymnocranius griseus, 124 
G ymnothorax 

G .  funebris, 25 
G. kidado, 124 

H 

Hagfish, 13, 99, 243, 244, 245, 324, 331 

Hemibarbus barbus, 124 
Hemiscyllium phgiosum, 251 
Hemitripterus americanus, 187 
Herring, 295, 296, 404, see also C h -  

pacific, see Eptatretus stoutii 

peidae, Clupea 
Baltic, 304, 305 

Heterodontus triseriata, 41 
Hippocampus, 53, 137, 187 

Histiophoridae, 125 
H .  coronatus, 125 
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Histrio histrio, 125 
Holocephali, 51, 117, 118, see also 

Holostei, 24, 26, 121, 213 
Hydrolagus colliei, 18, 20, 42, 51, 109, 

Hypolopus sephen, 42, 50 

Chimaeroids 

117, 336 

I 
Icelus spatula, 74 
lctiobus cypriwllus, 25 
Ictaluridae, 124 
Ictalurus nutalis, 124, 127, 137 

K 
Killifish, 260, see also Fundulus 
Kokanee, 260, see also Oncorhynchus 

L 
Labracoglossa argentiventris, 124 
Labracoglossidae, 124 
Labridae, 125 
Labrus bergylta, 78 
Lagodon rhomboides, 54 
Lampetra 

nerka 

L. fluviatilis, 21, 33, 38, 37, 100, 101, 
102, 104, 212, 213, 245-247 

L. phneri, 33, 36-39, 103 
L.  tridentata tridentata, 33 

Lamprey, 100-105, 324, see also Lam- 
petra, Petromyzon, Polistotrema 

sea, see Petromyzon man'nus 

L. campechanus, 25 
L. griseus, 25 

Latimeria, 119, 341, 342 
L. chulumnae, 52, 56, 77, 79, 320, 

Latianus 

341 
Lebistes, 269 

Leiostomus xanthurus, 54 
Lepadogaster, 125 
Lepidosiren, 320, 338, 357, 376 
L. paradora, 211 
Lepidosirenidae, 320, 338 
Lepidosteus 

L. osseus, 53, 57, 58 
L. spatula, 121, 213 

L. reticulatus, 204 

Lepisosteus 
L. osseus, 53 
L. productus, 53 
L. platostomum, 24 
L. spatula, 53 

Lepomis macrochirms, 120, 124, 127, 128, 

Leptocottus armatus, 125 
Lethrimidae, 124 
Leucas nicaraguensis, 42 
Limanda ferruginea, 187 
Lingcod, see Ophfodon elongatus 
Liparis koefoedi, 74 
Lip-shark, 251 
Logodon rhomboides, 54 
Lophiidae, 122, 125, 188 
Lophius, 53, 173, 196, 321, 325 

130, 132, 213, 331 

L. americanus, 53, 58, 76, 79, 126, 
169, 175, 181, 183, 185, 186, 188, 
189, 193, 196, 199, 202, 213, 217, 
321, 334 

L. piscatorius, 53, 56, 58, 76, 78, 79, 
137 

Lucioperca lucioperca, 299 
Lungfish, 314, 319321, 337339, 342, 

African, see Protopterus aethiopicus 
370 

Lutianus griseus, 25 
Lycades turned, 74 

M 
Mackerel, 423 
Makaira marlina, 125 
Mammalia, 213 
Megalops atlunticus, 50, 51, 55, 58 
Menidae, 124 
Merluccius 

M .  bilinearis, 187 
M .  vulgaris, 124 

Microgadus tomcod, 75 
Microphis, 133, 211 

Micropogon undulatus, 54 
Micropterus 

M .  dolomieu, 54, 59, 131 
M. salmides, 124, 129, 131 

M .  boaja, 126, 133, 203, 209, 210 

Midshipman, see Porichthys notatus 
Minnow, 131, 270, 271, see also Danio 

mulabaricus 
Lepisosteiformes, 24, 57 Misgurnus anguillicandatus, 124 
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Monkfish, 255 
Mud skipper, 320, 321, see also Peri- 

Mugil 
ophthulmus sobrinus 

M .  cephalus, 53, 65 
M .  curemu, 53 

Mugilidae ( Mullets ) , 122 
Mullidae, 124 
Mureana, 53, 58, 187 
M .  helena, 53, 58, 124, 135, 212 
Muraenidae, 124, 187 
Mustelus canis, 40, 41, 43, 45, 46, 47, 

M ycteroperca 
49, 50, 113, 114, 115 

M .  bonasi, 53 
M. tigris, 25 
M .  venenosa, 53 

Myoxocephulus 
M .  octodecimspinosus, 126, 163, 169, 

173, 175, 187 
M. SCOTP~US, 73, 74, 75, 163, 173, 175, 

187, 212, 221, 318, 327-329 

M .  glutinosa, 32-35, 95, 97, 99, 101, 
Myrine, 99 

213, 243-244, 319, 331 
Myxini, 93-100, see atso Hagfish 
Myxiniformes, 4, 15, 32, 33, 39 

N 
Narcine brasiliensis, 40, 107 
Necturus, 334 
Negaprion, 325 

Neoceratodus, 339 

Nerophis ophidion, 137 

N .  brevirostris, 18, 41, 48, 49, 115 

N .  forsteri, 320, 338, 339 

0 
Ocyurus, 325 
Oligocottus maculosus, 267 
Oligophites saurus, 53 
Oncocephalidae, 125 
Oncocephalus, 125 
Oncorhyncus, 259, 260, 280, 295, 297, 

0. gorbuscho, 23, 60, 68, 69, 125, 204, 
259, 260, 295, 298, 302, 308 

0. keta, 60, 260, 295, 298, 301, 302 
0. kisutch, 23, 62, 70, 258-260, 269, 

298, 301, 303, 308 

275-278, 298, 301, 302 

0. m o u ,  60, 70, 71, 159 
0. nerka, 23, 59, 60, 68, 69, 78, 258- 

0. tschawytschu, 60, 62, 69-71, 72, 
260, 298, 302 

257-260, 278, 280, 298, 302 
Ophichthyidae, 124 
Ophiocephalidae, 124 
Ophwdon, 361, 362 

0. elongatus, 17, 19, 22, 361, 362 
Ophisurus macrorynchus, 124 
Opsanus tau, 137, 181, 185, 188, 202, 

Oryzias htipes, 125 
Osteichthyes, 17, 20, 21, 26, 51, 78, 79, 

Ostraciidae, 125 
Ostracion tuberculutus, 125 

203, 209, 210, 221 

119, 125, 257 

P 
Paralabrax cluthratus, 54, 58 
Paralichthys 

P. dentatus, 205 
P. flesus, 163 
P. lethostigmu, 125, 126, 137, 162- 

177, 180-181, 184-185, 187, 190- 
191, 198, 203, 205-208, 2 a - 2 ~  

Parapristipoma trilineatum, 124 
Parasiluris asotus, 124 
Parophrys vetulus, 99, 101, 125, 135, 

137, 138, 140, 142, 144, 146, 148, 
155, 156, 182, 192, 194, 200, 203, 
213, 269, 297, 305, 306, 340 

Pegasiformes, 93 
Pempheris macrolepidotos, 1% 
Perca fluviatilis, 22, 165 
Perch, 261, 265, 316, 323, 324, 398, 406, 

see also Perca fluviatilis, Cyprinus 
tinea 

Percidae, 127 
Periophthalmus, 207, 320 

P. sobrinus, 65, 320, see also Mud 
skipper 

Petromyzon 
P. fluviatilis, see Lampetra fluviatilis 
P. marinus, 15, 16, 33, 36-39, 102, 

P. tridentata, 37, 38, 39 
103, 245 

Petromyzones, 100, 141, 213, see also 

Petromyzonids, 245-247 
Lamprey 
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Petromyzontiformes, 15, 33 
Pholius gunnellus, 261 
Pickerel, 397, 398, 401 
Pike, northern, see ESOX lucius 
Pipefish, see Mimophis boaja 
Plaice, 295, 297, 298 
Platichthys, 265 

P. flesus, 60, 64, 65, 145, 150, 187, 
199, 202, 206-207, 210, 261, 265 

P. stellatus, 64, 125, 340 
Platyfish, 406 
Platynoidoidis triseriata, 41 
Platypoecilus muculatus, 124 
Plecoglossa altivelis, 159 
Pleuronectes 

P. jlesus, 60, 64, 294, 299 
P .  platessa, 295, 297, 298, 299, 301, 

Pleuronectidae, 122, 125, 187, 204, see 

Plotosidae, 121, 124 
Plotosus anguilhris, 124, 135 
Poecilia 

302, 305, 308, 309 

also Flounder 

P. formosa, 281 
P. latipinna, 281 

Poeciliidae, 124 
Pogonias cromis, 54 
Polistotremu, 244, see also Eptatretus 

Polyodon spatula, 24 
Pomadasydae, 124 
Ponaoxis nigromacuhtus, 331 
Porichthys notatus, 125, 137, 158, 160, 

212, 213, 221, 267 
Potamotrygon, 106, 319, 342 
Pristis 

P. stoutii, 32, 34, 35, 243 

P. microdon, 42, 48, 50, 116, 327 
P. perotteti, 42, 51 

Promicrops itaiara, 53 
Protopterus, 319, 320, 321, 327, 337-339, 

343, 344 
P. aethiopicus, 52, 76, 78, 211 
P. dolloi, 337 

P. americanus, 73, 75, 187, 334 
Pseudopleuronectes, 325 

Pseudoscarus guacamah, 25, 27 
Pseudorasbora pama, 124 
Ptychocheilus oregonense, 124, 129 
Pumpkinseed, 421 

R 

Raja, 108, 318, see also Skate, Ray 
R. binoculata, 17, 18 
R. clavata, 40, 41, 45, 47, 49 
R. diaphenes, 40, 43, 46 
R. egkmteria, 44, 115 
R. erinacea, 40, 43, 45, 46 
R. esculenta, 213 
R. ocelkta, 41 
R. rhino, 17, 18, 19, 20 
R. stabuloforis, 40, 41, 43, 46 
R. undulata, 40, 44 

Rajiformes, 43 
Radish, 17, 319, see also Chimaera, 

Ray, 255, 325 

Redfish, 422 
Rhinobatus percellens, 40 
Rhipidistia, 56 
Roach, 316, 406 
Rock fish, see Sebastodes 
Rudd, 316 

Hydrolagus 

lesser electric, see Narcine brasilfensk 

s 
Saccopharyngidae, 125, 171 
Salarias emsimae, 125 
Salmo, 71, 119, 139, 259, 260, 308, 367, 

401 
S .  clarki, 258 
S .  gairdneri, 23, 27, 29, 30, 31, 55, 

59, 62, 70, 71, 72, 125, 150, 151, 

262, 263, 281, see also Trout, 
rainbow 

159, 161, 163, 178, 205, 257- 

S .  Irideus, 54, 77, 79, 150, 205-207 
S. salar, 29, 60, 62, 71, 257-259, 268, 

275, 304, 406 

260 
S .  trutta, 60, 71, 72, 125, 257-259, 

Salmon, 240, 324, 392, 398, 400, 404, 
408, 409, 414, 419, 422, see also 
Salm, Oncorhynchus 

blueback, 412, see also Oncorhynchus 
kisutch 

chinook, 396, 398, 403, 406, 408, 417, 
see also Oncorhynchus tschawyt- 
scha 

chum, see Oncorhynchus keta 
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coho, see Oncorhynchus kisutch 
pink, see Oncorhynchus gorbuscha 
king, see Oncorhynchus tschawytscha, 

land locked, 260 
Pacific, see Oncorhynchus 
sockeye, 399, 419, 421, 422, see also 

Oncorhynchus nerka 
Salmonidae ( Salmonids ), 122, 125, 149, 

159, 258, 259 
Salmoniformes, 59, 69 
Salmonoidei, 3, 72 
Salvelinus, 78 

S .  alpinus, 74 
S. fontinulis, 78, 354, see also Trout, 

brook 
S. namaycush, 55, 77, 150, 151 
S. pluvius, 159 

402 

Sarcopterygii, 20, 51, 56 
Sarditwps caemlea, 297, 302, 304, 307 
Sawfish, see Pristis microdon 
Sciaenops ocellata, 54 
Scolioidontus laticandus, 49 
Scomberomorus muculatus, 53, 54 
Scombridae, 122, 125 
Scopelidae, 122 
Scorpaena scrofa, 125 
Scorpaenidae, 125 
Scorpeana, 360 
Scorpidae, 124 
Sculpin, 318, 327-330, see also Cottidae 

daddy, see Myorocephalus scorpius 
longhorn, 169, 422, see also Myoxo- 

cephalus octodecimspinosus 
shorthorn, see Myoxocephalus scorpius 

S .  canicula, 40, 44 
Scyllium, 360 

Sea raven, 422 
Sebastodes, 22 
Selachians, 247-256, see also Chondrich- 

thyes, Elasmobranchii 
Semicossyphus reticulatus, 125 
Serranidae, 124 
Serranus scriba, 54, 64, 261, 265 
Shad, 324 
Shark, 253, 255, 325 

Lake Nicaragua, see Carcharhinus 

lemon, see Negaprion brevirostris 
nicaraguensis 

Sheatfish, 412 

Sillagimidae, 124 
Sillago shihamu, 124 
Siluridae, 124 
Skate, 255, 318, 325, see also Raja, Ray 

cleamose, see Raia eglanterla 
longnose, 17, see also Raia rhina 

Snapper, 325 
Sole 

common, see Solea vulgaris 
English, see Parophrys vetulus 

Solea vulgaris, 22 
Sparidae, 124 
Sphaeroides maculatus, 53, 54, 59, 187 
Sphyraena 

S. barracuda, 25, 53 
S .  pinguis, 124 

Sphyrna tibwo, 41 
Squaliformes, 43 
Squalus, 118, 217, 248-255, 318, 324- 

S. acanthias, 18, 19, 20, 40, 41, 45, 
46, 47, 49, 50, 108, 107, 111, 112, 
113, 115, 248, 250, 251, 253, 324, 
336, 338, 340, 341, 342 

326, 330, 331, 336, 338, 342 

S .  cephalus, 55, 123 
S .  suckleyi, 17, 106-109, 213, 251 

Squatina angelus, 40 
Squawfish, northern, see Ptychocheilus 

oregonense 
Stenotomus versicolor, 77, 79 
Stichaeidae, 187 
Stickleback, see Gasterosteus 
Stingray, 251, 319, 325 
Sucker, common, 416, see akro Catos- 

tomus commersonii 
Sunfish 

bluegill, see Lepomis macrochirus 
green, 417 
long-eared, 400 

Symbranchus, 357, 376, 381 
Syngnathidae, ' 122, 125, 137, 171, 187, 

203, 209, 210 
Syngnathus, 53, 137, 187 

S .  nigrolineatus, 126, 133 
S .  schlegeli, 125 

T 
Tautoga onitis, 22, 77, 79 
Teleostei, 24, 26, 93, 121, 141, 167, 202, 

213 
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Teleostomi, 93, 118, 119, 217, 221 
Teleosts, 257-283 
Tench, 407, 411, 412 
Tetrodon, 125 
Tetrodontidae, 125, 187 
Thalassomu dupperey, 65 
Theropon oxyrhynchus, 124 
Thunnus 

T .  multibarata, 125 
T. thynnus, 53, 58, 59 

T. mossambica, 65, 261, 281 
Tilapia, 398 

Tinca vulgaris, 54 
Torpedo marmorata, 40 
Trachinidae, 125 
Trachinus vipera, 125 
Trematomus, 368, 370, 372, 380 
Triakus semifasciatus, 41 
Trichoguster trichoplerus, 267 
Trout, 324, 392, 394, 395, 398, 399, 400, 

404, 407, 408, 409, 410, 411, 412, 
415, 419, 422, 423 

brook, 394, 397, 399, 400, 404, 405, 
407, 408, 412, 414, 415, 416, 417, 
423, see also Salvelinus fontinalis 

brown, 257, 394, 407, 415, 416, 418, 

kokanee, 260 
lake, 404, 418, see also Salvelinus 

namuycush 
rainbow, 257, 261, 2&2, 263, 316, 358, 

394, 398, 399,400,401,403,405- 
407, 412, see also Sa lm gairdneri 

sea, 257 
Steelhead, see Trout, rainbow, S.  

see also Salmo tmtta 

gairdneri 
Tuna, 401, 402 

bluefin, see Thunnus thynnus 

U 
Upeneus bensasi, 124 
Urobatis, 251 
Urolophus, 251 

X 
Xenopus, 344 

Xiphister atropurpureus, 59, 187, 261 
Xiphophorus 

X .  luevis, 343 

X .  helleri, 124, 281 
X .  macuhtus, 281 
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A 
Acetazolamide, 45, 50 
Acetoacetate, 373 
4-Acetyl-4-aminoantipyrine, 11 
Acetylcholine 

on gill blood flow, 268 
on rectal gland, 248 

Acetyl CoA, 352, 372 
Acid-base balance, 248, 263 
Acid phosphatase, 201, 225, 253 
Aconitase, 379 
Actinomycin D, 277, 279 
Active transport, 2 
Acylcarnitine, 373 
Adenosine diphosphate ( ADP), 313, 351 
Adenosine monophosphate (AMP), 313, 

Adenosinetriphosphatase, 253, 255, 256 
Adenosine triphosphate ( ATP), 189, 

255, 313, 351-374 
ADP, see Adenosine diphosphate 
Adrenalectomy, 67, 68 
Adrenaline 

329, 330, 351 

on blood glucose, 357 
on gill blood flow, 288 
on rectal gland, 248 

Adrenocorticosteroids, 71, 72 
Alanine, 344, 354, 375, 376 
Aldactone, 66 
Aldolase, 364, 365 
Aldosterone, 67 
Allantoicase, 333, 335, 336 
Allantoin, 333, 334 
Amino acids 

dietary requirements, 399, 400 
essential, 399 
in nitrogen metabolism, 315, 316, 326, 

330, 333, 335, 343 

p-Aminobenzoic acid, 409 
p-Aminohippuric acid, 114, 115, 147, 

Ammonia 
173, 175, 324 

excretion, 151, 186, 327, 381 
in nitrogen metabolism, 314-319, 326, 

327431, 337339, 343, 344 
tabulated values for blood, 3437, 5 2  

55 
toxicity, 316 

Ammoniotelism, 314, 317, 321, 331, 332, 

AMP, see Adenosine monophosphate 
Amylase, 397, 398 
Angiotensin 11, 66 
Anions transport, 188-196, see also spe- 

cific ions 
Antipyrine, 11 
Aqueous humor, 49, 50, 79 
Archinephric ducts, 96, 201 
Arginase, 332, 336, 339 
Arginine, 212, 336, 339, 343, 399 
Ascorbic acid, see Diet, vitamins 
ATP, see Adenosine triphosphate 
Atropine, 248 
Azoreductase, 325 

337, 339, 343, 344 

B 
Betamethasone, 67 
Bicarbonate, see also Blood chemistry 

in osmotic and ionic regulation, 248, 

in pericardial fluid, 44 
263, 316 

Biotin, 409 
Bladder function, 202 
Blastoderm, 298, 306, 307 
Blood 

chemistry in Chondrichthyes, 4042, 
46-48 
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in Cyclostomes, 34-37 
in Osteichthyes, 52-45, 58-64 

flow in kidney, 147, 173-175 
osmotic pressure, 33, 43, 51, 56, see 

also Blood chemistry 
plasma pH, 98, 111, 151, 153, 180, 

186, 207 
seasonal changes, 423 
sugar, 395, 396, see also Blood 

urea, 43, 50, 56, see also Blood 

volumes, 15-27 
Body compartments 

classification, 4-9 
electrolyte distribution in, 1-79 
methods of determination, 9-15 
summary, 8 
values tabulated, 16, 18, 19, 24, 25, 

27 
Body fluids, see Blood chemistry, Urine, 

C 

chemistry 

chemistry 

various fluids 

Calcium 
corpuscles of Stannius and, 66, 67 
estradiol and, 78 
in female teleosts, 73, 78 
in freshwater elasmobranchs, 51 
in growth, 27, 407 
in migration, 69 
in nutrition, 407 
in osmotic and ionic regulation, 281- 

in rectal gland, 249 
seasonal changes, 423 
sex difference, 78 
in slime, 33 
tabulated values for blood and body 

fluids, 34-37, 40-42, 46-48, 5% 
55, 60-64, 74-77, 98, 104, 111, 

in urine, 98, 111, 151, 152, 153, 157, 

Calorie, 393, 395, 400, 403, 404, 412, 

Capillary hydrostatic pressure, 7 
Carbohydrate, 391, 3%-398 

dietary requirements, 395-396 
digestion, 394, 397, 398 

263 

151-154, 180, 186, 20&207, 249 

179, 180-181, 186, 207 

413, 415-418 

metabolism, 353-372 
sparing action on protein, 396-397 
utilization, 395398 

Carbonic anhydrase, 50, 79, 159, 248, 
253, 317 

Diamox and, 79, 159 
Camitine, 373 
Carnitine acetyltransferase, 373 
Carnitine palmityltransferase, 373 
Catabolism, see also Metabolism 

Cathepsin, 201 
Cerebrospinal fluid, see Fluid, cerebro- 

spinal 
Chloride 

definition, 352 

absorption, 323, 406 
extracellular volume, 13, 14 
reabsorption, 197, 198 
space, 14, 31 
in urine, 98, 104, 111, 151-154, 180, 

186, 208-2Q7 
values tabulated for blood and body 

fluids, 5437, 40-42, 5 2  
55, 60-64, 74-77, 98, 104, 111, 

Chloride secreting cells, see Salt secret- 

Chlorophenol red, 193, 195 
Cholesterol, 69, 405, 423 
Choline, 340, 341, 409, 410 
Cholinesterase, 253 
Chorion 

permeability, 297 
salinity and development of, 308 

151-154, 180, 186, 206207, 249 

ing cells 

CHP, see Capillary hydrostatic pressure 
Chymotrypsin, 401 
Citrate, 379 
Citric acid cycle, 375-383 
Cobalt, 406 
Cod-liver oil, 405 
Coenzyme A, 352353, 373-375, 37Q- 

Coenzyme Q, 378 
Conjugation and detoxication, 323326 
Corn oil, 400, 405 
Cortisol, 67, 68 
Creatine, 115, 116, 186, 314-315 
Creatinine, 115, 118, 186, 314-315 
CSF, see Fluid, cerebrospinal 
Cysteine, 372 

380 
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Cystine, 399 
Cytochrome, 377 
Cytochrome oxidase, 378 

D 

DDT, 313, 324 
Deamination, 328331 
Deoxyribonucleic acid (DNA), 201, 275, 

Detoxication, 323-326 
Deuterium oxide, 11 
Diabetes, 395, 396 
Dibenamine, 248 
Diet, 396, 400, 408, 417, see also Diges- 

277, 278 

tion, different foods 
all-dry, 392 
hatchery, 392, 396, 397, 399, 400, 408, 

mineral requirements, 406-407 
nutritional value, 392 
peanut oil in, 403 
plants as, 398-400 
vitamins, 392, 404, 406-410 

416, 417 

Digestion, 3 9 1 4 6 ,  see Olso different 

Dinitrophenol, 376, 378 
Diodrast, 189, 193 
1,3-Diphosphoglycerate, 367 
DNA, see Deoxyribonucleic acid 
Drinking, 243, 248, 280-263, 282, 283, 

foods 

411 

E 

Eggs 
effect of salinity, 293-309 
energy storage, 418 
ionic and osmotic content, 298 
size and salinity, 297 

Electric organ, 355, 358 
Electric potentials, 3, 264 
Electrolyte, see atS0 ions, specific chexn- 

icals, body fluids 
reabsorption, 149-159, 197-199 
seasonal. changes in, 59 

Electron transport, 378 
Embden-Meyerhof-Parnas ( EMP) 

Pathway, 3-55 
Embryos, 257, 294, 298, 304, 318319 

Endolymph, 49, 79 
Energy 

food energy, 393 
measurements, 393, 395 
requirements and production, 412-423 
spawning requirements, 418, 423 
types of, 393 
utilization, 391423 

Energy production, see Metabolism 
Enolase, 367, 368 
Enzymes, 332-339, 35W72, 392, 393, 

see also specific enzymes 
carbohydrate digesting, 397-398 
of deamination, 371 
effect on gill epithelium, 271, 280 
fat-digesting, 405-406 
protein-digesting, 401 
in rectal gland, 253 
seasonal activity, 22.3, 423 
uricotylic, 332 

larvae in sea water, 300, 301 
salinity and size, 306, 307 

Epinephrine, see Adrenaline 
Eptatretin, 244 
Erythrocytes, see also Blood, Hematocrit 

values 

Epidermal cells 

effect of cobalt, 406 
low oxygen effect, 412 
in salmon and trout, 412 
temperature and iron uptake, 407 

Eserine, 248 
Esterase, 405 
Estivation, 56, 319-320, 327, 337, 338- 

339, 343 
Estrogen, 78 
Euryhaline fish 

definition and kidney function, 20% 

distribution of electrolytes, 5%72 
phylogeny, 257 

210 

Evans blue, 12 
Evolution 

in Chondrichthyes, 342 
kidney nephron, 212-2243 
lungfishes, 337, 342 
nitrogen metabolism and, 341343 

Excretion, see also various substances 
of ammonia, 151, 196, 197 
of creatine, 196 
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effect of magnesium chloride on, 183, 

kidney function and, 91-22.8 
of nitrogenous substances, 161-162, 

196197, 313-344 
of organic acids, 115 

of urea, 196 

184 

of salt, 241-283 

Extracellular compartment, definition, 6 
Extracellular fluid, values, 18, 24, 25, 26 

F 
Fat, 391, 393, 394, 395, 402408, see 

akro Lipid 
absorption, 402 
body, 403, 405 
digestion, 403, 405-406 
harmful effects, 403 
hatchery and wild trout, 404 
metabolism, 352, 372375 
requirements in trout, 403, 405 
storage, 404 
temperature acclimation and, 405 
use in migration, 422 
water content and, 411 

Fatigue, 418, 421 
Fatty acid metabolism, 372, 373, 374, 

FDP, see Fructose diphosphate 
FDPase, see Fructose diphosphatase 
Fertilization, 293, 295 
Fluid, see also Blood, Urine 

375, see also Lipid 

cerebrospinal, 45, 49 
coelomic, 45 
cranial, 2.0, 45, 49, 79 
ear, 49 
eye, 20, 49, 50, 79 
interstitial and oncotic hydrostatic 

intestinal, 262 
intracellular, 4, 14, 15, 16, 18, 26 
pericardial, 44, 45 
peritoneal, 20 
perivisceral, 44, 45, 78 
perivitelline, 44, 297, 305 
rectal gland, 249 

Fluoroacetate, 376 
Folic acid, 392, 409 
Food, see Nutrition, different foods 
FlP, see Fructose monophosphate 
F6P, see Fructose 6-phosphate 

pressure of, 7 

Fructose diphosphatase ( FDPase), 351, 

Fructose diphosphate (FDP), 351, 362, 

Fructose 6-phosphate (FBP), 351 
Fructose monophosphate ( FlP), 351 
Fumarase, 380 
Fumaric acid, 380 

363, 364 

363, 384, 368 

G 
Gametes, see Eggs, Sperm 
GDH, see Glutamate dehydrogenase 
GDP, see Guanosine diphosphate 
GFR, see Glomerular filtration rate 
Gills 

epithelium, 245, 246, 247, 248, 250, 

morphology, 266-276 
nitrogen excretion, 31p318, 327-344 
osmoregulation, 280, 264, 285, 257, 

Glomerular filtration rate, 97, 107-111, 

251, 256 

277-283, 323 

141-147, 185, 167, 169-173, 179, 
180-182, 205-207 

Glomerulus, see also Kidney 
structure, development, and evolution, 

97, 106, 128, 169-171, 203, 204, 
220, 221 

Glucose 
adrenaline effect, 357 
in blood, 159, 416 
digestion, 394, 398 
insulin effect, 357 
inulin clearance and, 145 
metabolism, 353-372, 376, 411 
1-phosphate (GlP) ,  351, 361, 362 
6-phosphate (GeP), 351, 354, 358, 

reabsorption, 99, 159-161, 199, 224 
renal excretion, 98, 111, 186 

359, 362 

b-Glucuronidase, 201 
Glutamate, 316, 327-331, 344, 351, 381 
Glutamate dehydrogenase (GDH), 361, 

327331, 344, 351, 381-383 
Glyceraldehyde 3-phosphate, 365367 
Glycerine, 405 
Glycine, 400 
Glycogen, 273, 359, 361, 395-396, 397 
Glycogen synthetase, 361 
GlP, see Glucose 1-phosphate or mono- 

phosphate 
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G6P, see Glucose 6-phosphate or hexo- 

Growth, 392 
phosphate 

diet requirements, 416-418 
effect of salinity on, 29, 257-258, 304 
rectal gland, 256 
seasonal changes, 417, 423 

GTF', see Guanosine triphosphate 
Guanosine diphosphate (GDP), 351 
Guanosine triphosphate (GTF'), 351 

H 

Hardening of eggs, 297 
Hatching 

effect of salinity, 296-299 
mortality, 299 

Hematocrit values, 12, 17, 19, 24, 25, 26 
Hemoglobin, 21, 24, 392, 406 
Hexokinase, 357, 358 
Hexose monophosphate (HMP),  351, 

355 
Histidine, 399 
HMP, see Hexose monophosphate 
Hydrogen ion concentration ( pH ) 

ammonia excretion and, 315-316 
in body fluids, 98, 111, 151-153, 180, 

enzyme optimum, 398, 406 
in intestinal fluid, 262-263 
tabulated values, 98, 111, 151, 153, 

in urine, 98, 111, 151, 153, 159, 180, 

181, 186, 249 

180, 186, 207, 249, 262 

186, 207 
Hydrogen ion secretion, 186, 188 
Hyperosmoregulation, 242 
Hypervitaminosis, 408 
Hypoosmoregulation, 242-283 
Hypophysectomy, see also Pituitary 

effect on serum ions, 67 

1 
IDH, see Isocitrate dehydrogenase 
IDP, see Inosine diphosphate 
IHP, see Fluid, interstitial and oncotic 

hydrostatic pressure 
Inosine diphosphate ( IDP) ,  351 
Inosine triphosphate (ITP), 351 
Inositol, 409 
Insulin, 357, 395, 396 

Intracellular fluid 
defined, 4 
volume, 14, 15, 16, 18, 26 

mucosa enzymes, 39'7, 398, 401, 405 
mucous tubes, 263 
osmoregulation, 247, 261, 262-265, 

Intestine 

283 
Inulin, 98, 150, 154, 163, 182, 183 

space, 9, 13, 19, 27 
Invertase, 397 
Ions, see also specific ions 

absorption of, 407 
activation of ATP, 253, 255 
effect of hypophysectomy, 67 
filtration and reabsorption, 104 
gill transport, 316, 317 
intestinal absorption, 261, 263 
regulation by slime gland, 243, 244 
renal excretion, 98, 103-105, 111, 

151-154, 180, 181, 186, 206, 243, 
245, 246 

transport, 223, 264-267, 278-283 
IOP, see Fluid, interstitial and oncotic 

hydrostatic pressure 
Iron, 12 
Islets of Langerhans, 395 
Isocitrate dehydrogenase (IDH), 38, 351 
Isoleucine, 399 
ITP, see Inosine triphosphate 

K 
a-Ketoglutarate (aKGA),  351, 381 
(uKGA, see a-ketoglutarate 
a-Ketoglutaric dehydrogenase, 380 
Kidney, 91-239, see also Nephron 

aglomerular, 133, 135, 137 
ammonia formation, 328 
blood supply in teleosts, 123, 147, 

in conjugation and detoxication, 323- 

morphology, 91-226 
nitrogen excretion, 315, 321-322 
osmotic regulation, 245, 260, 264, 283 
physiological adjustments, 162-167, 

pinocytosis in proximal segments, 201, 

summary of physiology, 212-226 
in volume regulation, 103 

173-175 

326 

204-210 

224, 225 
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Kidney function 
in euryhaline teleosts, 202210 
in freshwater elasmobranchs, 116-117 
in freshwater teleosts, 141-187 
in hagfishes, 97-100 
in lampreys, 102105 
in marine elasmobranchs, 107-118 
in marine teleosts, 92, 167-202 

Krebs cycle, 332 

1 

Lactase, 397, 398 
Lactate, 389-372 
Lactate dehydrogenase (LDH), 35, 369- 

372 
cold acclimation, 372 
isozymes, 369, 370, 371 

Lactose, 394, 397 
Larvae 

definition, 294 
effects of salinity, 302 
parthenogenesis and salinity, 295 
salinity and survival, 299, 301, 302 

LDH, see Lactate dehydrogenase 
Leucine, 399 
Light 

on growth, 417, 423 
on 0 2  consumption, 415 

Linolenic acid, 403 
Lipase, 405 
Lipid, see also Fat 

Lipogenesis, 373-375 
Lipoic acid, 372 
Liver 

metabolism, 372375 

ammonia formation, 328 
esterase, 405 
fat storage, 404 
glycogen, 395, 396, 397 
in excretion, 99 
ion concentrations of cells, 244 
lipid degeneration, 403 
urea synthesis, 320, 335, 337, 338, 

339, 343 
Lorenzini jelly, 49 
Lymph, defined, 8 
Lymph node, 8 
Lymphatic ducts, 8 
Lysine, 400 

Lysosome, 96, 101, 102, 127, 191, 224, 

Lysozymes, 201 
225 

M 
Magnesium 
ATP activation, 253, 2.55, 258 
effect of temperature on blood, 72 
osmoregulation and, 281-263, 323 
renal excretion, 98, 111, 112, 151- 

in salmon migration, 68 
tabulated values for blood and body 

fluids, 34-37, 40-42, 46-48, 52- 

153, 180, 186, 207, 249 

153, 180-181, 188, 207 

55, 60-64, 74777, 98, 111, 151- 

Malate, 381 
Malate dehydrogenase (MDH), 351, 381 
Malonate, 378, 380 
Maltase, 397, 398 
Maltose, 394, 396, 397, 400 
Mannitol, 13 
MDH, see Malate dehydrogenase 
Mesonephros, see Kidney, Nephron 
Metabolism, 391-393, 413, 418, 419, see 

also Oxygen consumption, metab- 
olism of different foods 

active, 414, 419, 421 
activity and, 413 
basal, 414416 
body size and, 415, 421 
definition, 351 
of electric organs, 355358 
food availability and, 413 
intermediary, 351-383 
measurements of, 418-420 
metamorphosis and, 259 
osmotic regulation and, 302, 304 
reproduction and, 418 
resting, 419 
salinity and, 293, 302, 304 
seasonal effect on, 404 
standard, 414, 419 
temperature and, 412-415, 419 

Metacholine, 248 
Metamorphosis, 29, 259-260, 294, 307, 

Methionine, 3%, 400 
Metapyrone, 87 
Migration, 88, 102, 422 

308 
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Mitochondria 
ion uptake, 5 
in kidney cells, 99, 101, 107, 121, 190, 

226 
in salt secreting cells, 242, 245, 247, 

251, 255, 271-273, 275, 283 
Mucous secreting cells, 245 
Mucous tubes, 263 
Mucus secretion, 131, 133 

N 
NAAP, see 4-Acetyl-4-aminoantipyrine 
NAD, see Nicotinamide-adenine-dinu- 

cleotide, oxidized 
NADH, see Nicotinamide-adenine-di- 

nucleotide, reduced 
NADP, see Nicotinamide-adenine-di- 

nucleotide phosphate, oxidized 
NADPH, see Nicotinamide-adenine-di- 

nucleotide phosphate, reduced 
Nephron, see also Kidney 

evolutionary development, 21S227 
morphology, 91, 93-97, 100-102, 106- 

107, 117-118, 121-141, 211-212 
Nicotinamide-adenine-dinucleotide 

oxidized (NAD), 313, 315, 344, 356, 

reduced (NADH ), 344, 374, 378, 380, 

Nicotinamide-adenine-dinucleotide phos- 

oxidized (NADP), 313, 315, 379, 382 
reduced (NADPH), 313, 324, 325, 

366, 376, 382 

382, 383 

phate 

374, 382 
Nicotinic acid, 409, 410 
Nitrogen excretion, see also different 

substances, 313-344 
Nitroreductase, 325 
Nonprotein nitrogen, 73, 75, 322 
NPN, see Nonprotein nitrogen 
Nutrition, 391-423 

definition, 391 
energy value of foods, 391, 392, 395- 

406 
nonenergy foods, 392, 408-412 
salinity and food intake, 304, 305 

0 
Oleic acid, 375 
Opisthonephroi, see also nephros, 100 

Omithine, 332, 333-339, 342344 

Osmoregulation, see also different ions, 
urea cycle, 332333 

ion regulation 
calcium and, 407 
definition, 241, 242 
drinking in, 243, 246, 280, 281, 282, 

in eggs and larvae of teleosts, 293309 
endocrine effects on, 2E@-282 
heartbeat and, 304 
kidney structure and, 91-226 
osmotic concentration of body fluids, 

tabulated, 34-37, 4042, 46-48, 
52-55, 8065, 7f3-77, 152-153, 
186181, 206, 244, 249, 202 

of yolk, 296-298 
salmon development and, 259, 280, 

salt secretion and, 241-283 
trimethylamine oxide and, 321-322, 

urea and, 319 

2-83 

298 

339-340 

Osmotic concentration, see osmoregula- 

Ouabain, 5, 255 
OXA, see Oxalacetate 
Oxalacetate (OXA), 351, 380, 381 
Oxygen 

egg development and, 294, 296 
environmental in water, 411-412 

Oxygen consumption, 304, 395, 411, 416, 
418, 419, see also Metabolism 

environmental changes and, 412, 415 
feeding and, 412 
light and, 415 
as measurement of metabolism, 419 
seasonal effects, 415 
species differences, 416 
starvation and, 416 
stress and, 412 
temperature and, 414 

Oxygen debt, 421 

tion 

P 
PAH, see p-Aminohippuric acid 
Palmitic acid, 374, 375 
Palmitoleic, 375 
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Pancreas 
enzymes, 397, 398, 401 
islets of Langerhans, 396 

Pantothenic acid, 408-410 
Parthenogenesis, 295, 296 
PEP, see phosphoenolpyruvate 
Pepsin, 401, 402 
Permeability, 97, 103, 143, 247, 283, 

see also Osmoregulation 
Peroxidase, 274, 275 
PFK, see Phosphofructokinase 
PGM, see Phosphoglucomutase 
pH, see Hydrogen ion concentration 
Phenol red secretion, 115 
Phenosulfonphthalein, 193 
Phenylalanine, 399 
Phlorizin, 199 
Phosphate 

renal excretion, 98, 111, 179-181, 185, 
186, 207 

tabulated values for blood, 34-37, 40- 
42, 4-8, 52-55, 60-65, 74-77, 
98, 111, 152-153 

for urine, 98, 111, 152, 153, 206-207 
Phosphoenolpyruvate (PEP), 351, 367, 

Phosphofructokinase (PFK), 351, 356, 

Phosphoglucoisomerase, 362 
Phosphoglucomutase (PGM ), 351, 362, 

3-Phosphoglycerate, 367 
Phosphoglyceric kinase, 367 
Phospholipid, 405 
Phosphorylase, 359, 360 
Phylogeny, see Evolution 
Pilocarpine, 248 
Piperocaine, 248 
Pitressin, 248 
Plasma, see composition blood chemistry, 

tabulated values for specific suh- 
stances 

368,369 

357, 362, 363 

367 

effect of migration on, 57, 66 
freezing point, 72, 73, see also osmo- 

regulation 
oncotic pressure, 7 
temperature effects, 72, 73 
volume, 12, 17, 18, 24-26, see also 

Blood volume 
POP, see Plasma oncotic pressure 

Potassium 
ATP activation, 253, 255, 2-58 
in cerebrospinal fluid, 49 
effect of adrenocorticosteroids, 72 
in pericardial fluid, 44 
renal excretion, 98, 104, 111, 151-154, 

180-181, 186, 207 
tabulated values for blood, 3437, 40- 

42, 4648, 5255, 6045, 74-77, 
98, 111, 152-153 

for urine, 98, 111, 152, 153 
tubular reabsorption, 197, 198 

Potentials, see Electric potentials 
Prolactin 

on glomerulus and tubule, 204, 206 
in osmoregulation, 72, 281 

Pronephros, see also Kidney 
function, 95 
structure, 93-95 

Protease, 401, 402 
Protein, 391, 393-395, 398-402 

changes in requirements, 422-423 
digestion of, 401, 402 
in fish nutrition, 398402 
metabolism of, 32&331, 337 
sparing action of carbohydrate on, 396, 

397 
of fat on, 402-404 

tabulated values for blood, 35-37, 40- 
42, 46-48, 52-55, 0-65, 75 

Pulse, 18, 26 
Purine, 332434, 336, 337438, 343 
Puromycin, 278 
PYK, see Pyruvate kinase 
Pyloric ceca, 397, 398, 401, 405 

enzymes in, 397, 398, 401, 405 
fat absorption, 402 

Pyridoxine, 408-410, 423 
Pyruvate, 368-372, 375, 376 
Pyruvate carboxylase, 369 
Pyruvate dehydrogenase, 372 
Pyruvate kinase (PYK), 351, 368, 369 

R 
Radiation effect, 70 
Radioiodinated serum albumin, 12 
Rafinose space, 13, 19, 27 
Rectal fluid, 263 
Rectal gland 

anatomy, 250-255 
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ATPase activity in, 255, 256 
dibenaniine on, 248 
ouabain on, 255 
p H  of fluid, 249 
pilocarpine on, 248 
piperocaine effect, 248 
pitressin on, 248 
removal and electrolyte balance, 43 
in salt secretion, 105, 112, 248-250, 

253-256, 323 
Renal excretion, see Excretion 
Respiration, 320, 338, see also Oxygen 

consumption, Metabolism 
Respirometer, 419, 420, 422 
Riboflavin, 408410 
Ribonuclease, 201 
Ribonucleic acid, 278, 283 
RISA, see Radioiodinated serum albumin 
RNA, see Ribonucleic acid 
RNase, see Ribonuclease 

S 
Saccharase, 397 
Salinity, see also osmoregulation 

abnormalities induced by, 305-307 
body proportions and, 307 
cell size and, 306, 307 
on early development and hatching, 

on eggs and larvae, 293409 
on gametes and fertilization, 294-296 
growth and, 304-307 
heartbeat and, 304 
kidney function and, 204-210 
on larvae, 299-302 
metamorphosis and, 308 
preference, 259, 260 
tolerance, 257-260, 291, 295, 299, 301, 

Salt secreting cells, 242, 246, 271-276, 

Salt secretion, 180-186, 241-283 
SDH, see Succinic dehydrogenase 
Seasonal variation in physiology, 259, 

402, 408, 415, 422, 423 
Serine, 367 
Serum, see Blood, Plasma 
Skin 

permeability, 247, 260 
salt secretion by, 243, 244, 251, 256 

296-299 

302 

307 

Slime, 32, 33, 243, 244 
Sodium 

absorption by gills, 316 
ATP activation, 253, 255, 256 
corticosteroids on, 71 
distribution, 27, 30-79 
extracellular volume, 13, 14 
ion transport in osmoregulation, 265, 

reabsorption, 197, 198 
renal excretion, 98, 103-105, 111, 151- 

154, 180-181, 186, 206, 245, 251 
space, 14, 31 
tabulated values for blood, 34-37, 40- 

267, 277-279, 281, 282, 323 

42, 46-48, 52-55, 60-65, 74-77, 
98, 111, 152-153 

for urine, 98, 111, 152, 153 

absorption by intestine, 261, 262 
excretion by rectal gland, 248 

Spaces, see also Body compartments 
Agnatha, 15, 16 
Chondrichthyes, 17-20 
Osteichtyes, 20-32 

energy storage, 418 
salinity tolerance, 294-296 

Sodium chloride 

Sperm 

Stanniectomy, 67 
Stearic acid, 375 
Succinate, 380 
Succinate cytochrome c reductase, 280, 

Succinic dehydrogenase ( SDH), 351, 

Succinic thiokinase, 380 
Succinyl CoA, 380 
Sucrase, 397 
Sucrose, 248, 394, 397, 403 

Sulfanilamide, 11 
Sulfate 

378 

380 

space, 13, 19, 27 

in intestinal fluids, 261, 262 
in perivisceral fluid, 44 
renal excretion of, 33, 98, 111, 112, 

180, 181, 186, 207 
tabulated values for blood, 34-37, 40- 

42, 4648, 5255, 60-65, 74-77, 
98, 111 

for urine, 98, 111 
Swimming speed, 421, 422 
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T 
TDH, see Triose phosphate dehydro- 

Temperature 
genase 

on activity, 419, 421 
on body fat, 405 
on development and growth, 294, 297, 

305, 306, 307, 398 
on enzyme action, 398, 401, 402, 406 
on glucose metabolism, 357 
on iron uptake by erythrocytes, 407 
on swimming endurance, 422 
tolerance in goldfish, 405 
on water oxygen content, 412 

Tetraethylammonium bromide, 248 
Thiamine, 409, 410 
Thiosulfate, in space measurements, 13 
Thiourea, 377 
Transphosphorylation, 368 
Threonine, 399 
Thyroid 

iodine utilization, 408 
in metamorphosis, 308 

Thyroxine, 406 
TMAO, see Trimethylamine oxide 
Tocopherol, 409 
“Tongue” muscle cells, 244 
Transamination, 326331, 381 
Trilinolein, 403 
Trimethylamine oxide, 84, 111-115, 186, 

240, 244, 321, 322, 325, 328, 339- 
341 

tabulated values for blood, 40-42, 48- 
48, 186 

for urine, 111, 186 
Triose phosphate dehydrogenase ( TDH ) , 

351, 386, 367 
Triose phosphate isomerase, 384 
Trypsin, 401, 402 
Tryptophan, 399 
Tubular function, see Kidney 

SUBJECT INDEX 

in coelacanth, 320, 341 
in cyclostomes, 33 
during estivation, 58 
evolution and syntehsis of, 341-343 
in nitrogen excretion, 317-321 
reabsorption of, 110, 113, 114 
renal excretion of, 98, 111, 180 
salinity and formation, 44, 115 
tabulated values for blood, 34-37, 40- 

42, 4648, 52-55, 8M5,  74-77, 
188 

for urine, 98, 111, 188 
in teleosts, 89, 333-335 

Uremia, 57 
Ureotelism, 314, 317, 319, 341, 343, 344 
Uric acid 

in nitrogen metabolism, 315, 332, 334, 

renal excretion of, 188, 314415, 322 
336, 343 

Uricolysis, 333-337 
Uricotelism, 317, 331-333, 337 
Uridine diphosphoglucose (UDPG), 351 
Urine, see also Kidney, Kidney function 

composition, 151-154, 175-179, 1- 
185,249 

Diamox on, 159 
flow of, 103, 141-147, 150, 183, 182, 

206-207, 210, 211, 212, 248, 249 
formation of, 91-226 
glucose content, 98, 99, 111, 159 
modification in “bladder,” 201, 202 
osmolarity (tables), 98, 111, 151-154, 

pH values, 98, 111, 113, 151, 153, 

precipitates, 179, 180 
tabulated values of flow, 98, 104, 111, 

150-154, 183, 180-181, 206 
urine/plasma or serum ratios, 98, 104, 

180-181, 186, 206 

159, 180, 188, 188, 207 

111, 113, 151-154, 183, 180-181, 
188 

Urophysectomy, 282 

U V 
UDPG, see Uridine diphosphoglucose 
Urea Vitamins, see Diet 

Valine, 399 

biosynthesis, 331439, 343, 344 Volume 
in body water determination, 11 
in Chondrichthyes, 51, 108, 110, 113, 

114, 248, 249, 318-319, 342 

blood cell determination, 12, 13 
body, 4-9, see also Body compart- 

ments 
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of distribution defined, 9 
extracellular, 12-14, 16, 18, 24, 26 
interstitial, 16, 18, 24, 26 
intracellular, 14-15, 18, 24, 26 
intravascular, 12, 16 

W 
Water, see also Drinking, Osmoregula- 

tion 
effect of fat on, 411 
estimation of total, 11-14 
extracelluhr, 16 
interstitial, 16 

in nutrition, 410-411 
reabsorption, 103, 109, 198, 199 
total body, 11, 16, 18, 24-25 

Wolf's diet, 408 
Work efficiency, 413, 419, 422 

X 
Xanthine, 331 

Y 
Yolk, osmotic concentration, 296, 297, 

Yolk sac, 301, 302, 305, 306, 308 
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