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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 Ww.
D
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THE BODY COMPARTMENTS AND THE
DISTRIBUTION OF ELECTROLYTES

W. N. HOLMES and EDWARD M. DONALDSON
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V. Electrolyte Composition
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B. Class Chondrichthyes
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References

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*, Cl-, HCO;-, and Ca?* 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*, PO,*, Mg* 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 class 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 anguilla®

Ion concentrations
(mmole/liter)

Interstitial Intra~

fluid cellular lion,]
Ion (ion,) fluid (ion;)  [ion;] &ion(mV)
Parietal muscle
Freshwater yellow eel Nat 143.2 20.3 7.0542 +47.1
K+ 2.26 129 0.0175 —99.3
Freshwater silver eel Nat 150.1 26.7 5.6217 +42.3
K+ 1.75 112.0 0.0156 -102.1
Seawater yellow eel Nat 164.2 18.9 8.6878 +53.0
Kt 3.35 146.0 0.0229 —-92.7
Seawater silver eel Nat 183.3 22 .4 8.1830 +51.6
K+ 3.22 143.0 0.0225 —93.1
Tongue muscle
Freshwater yellow eel Nat 143.2 15.4 9.2987 +54.7
K+ 2.26 122.0 +0.1852 —-97.9
Freshwater silver eel Nat 150.1 21.3 7.0469 +47.9
K+ 1.75 120.0 0.0146 -103.7
Seawater yellow eel Nat 164.2 14.1 11.6454 +60.2
K+ 3.35 159 0.0211 —-94.7
Seawater silver eel Nat 183.3 22.6 8.1106 +51.4
K+ 3.22 154 0.0209 —94.9

s The membrane potentials were calculated using the Nernst equation for univalent

ions:
R-T [ion,)

Bion = F-z % [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+).
By converting to log:, 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 logyoliony] /[ion;} mV. Calculated from Chan et al. (1967).
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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.

II. 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 Ca?* 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 Mg?, inorganic phosphate, and adenosine
triphosphate (ATP) in the medium. Furthermore, the influx of inorganic
phosphate approximates the simultaneous influx of Ca?. The quantities
of inorganic phosphate and Ca* entering the mitochondrion in vitro,
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 Ca?* 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 mitochondrial 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 specific 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-
tively termed the “transcellular space.” Fluids 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, 10-20 u 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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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 ere 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 ( —ve) at any point
along the capillary = (CHP 4 IOP) — (IHP 4 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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Totol botliy water

Intracellular fluid Extracellular fluid
r T T T T ]
Hyaloplasm Mitochondria Nucleus  Nucleolus Endothelial  Other
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fiuid T
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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 eflux 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 lymph 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.

III, METHODS FOR THE DETERMINATION
OF BODY COMFPARTMENTS

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-£8)/C )
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.
(D1

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. (1)]. 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.
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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 application of the dilution princi-
ple to indicator substances which become rapidly and homogeneously
distributed throughout the total body water, including the transcellular
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).
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B. The Extracellular Volume

Since whole blood is itself a tissue consisting of the blood cells
suspended in their extracellular environment the total intravascular
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

3)

Intravascular volume = plasma volume X

_ cell volume
Intravascular volume = frematoerit X 100 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 2-12% 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, 5Fe, %P, 2K
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 *'Cr, 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, %P 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-**C, Blood from donor animals is incubated in vitro in the pres-
ence. of the L-methionine-methyl-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 Cl- may
also be used to determine extracellular volume. Neither Nat nor Cl- 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 Cl- space of a tissue or organism was described by Manery
(1954) as follows:

Cli X ra- X H20p
Cl,~
where Cl;~ = tissue Cl~ concentration in millimoles per kilogram wet
weight tissue,
H.0, = plasma water content in milliliter per kilogram wet weight
plasma,
Cl,~ = plasma CI~ concentration in millimoles/liter plasma, and
rer- = Gibbs-Donnan ratio for Cl-.

g water/kg wet weight (5)

Cl- space (H:0)go- =

The following analogous equation may also be derived for calculating
the Na* space of an organism or tissue:

Nas* X H20,
Na’p+ X INa*
where Natt = tissue Nat concentration in millimoles per kilogram wet
weight tissue,

plasma water content in milliliter per kilogram wet weight
plasma,

Na,* = plasma Nat concentration in millimoles per liter plasma, and

rne+ = Gibbs-Donnan ratio for Nat.

The Gibbs-Donnan ratios for Na* and Cl- 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 ry,« = 0.942 and r.,- = 0.977. For a critical
evaluation of the methods used in the determination of extracellular
volume from the distributions of Na* and CI, the reader is referred to
reviews by Manery (1954) and Cotlove and Hogben (1962).

Nat space (H0)gwe+ = g water/kg tissue (6)

i

H,0,

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 M YXINIFORMES 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 II) 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 intravascular 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 similar to that of Petromyzon marinus (Table II),
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 Cyclostomes®
Pacific hagfish, Sea lamprey,
Eptatretus stoutit, Petromyzon marinus,
(McCarthy, 1967) Method of (Thorson, 1959) Method of
Parameter (m!/100 g body wt) determination (g/100 g body wt) determination
Total body water 74.6 + 3.4 (5) Desiccation 75.6 + 0.15 (12) Desiccation
Extracellular water 25.9 + 5.1 (5) Inulin-carboxyl-“C 23.9 + 0.23 (12) Sucrose space
Interstitial water 10.3 +£ 1.6 (5) Inulin space minus T 1824 18.4 + 0.19 (12) Sucrose space minus
space T 1824 space
Intravascular volume 16.9 + 2.1 (5) T 1824 space plus red blood 8.5+ 0.12 (12) T 1824 space and hemato-
cell volume erit
Plasma volume 13.8 £ 3.1 (10) T 1824 space 5.5+ 0.09 T 1824 space
Red blood cell 49+20(5) L-Methionine-methyl-#C 3.0 (12) Intravascular space
volume space minus plasma volume
Intracellular volume 48.7 + 1.7 (5) Intravascular volume minus 51.7 + 0.26 (12) Total body water minus
inulin space sucrose space

s The values taken from Thorson (1959) were reported by the author in g/100 g body weight. These values may be converted to
ml/100 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 + S.E.
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B. Class Chondrichthyes

SuBcLASs ELASMOBRANCHII

An earlier set of data reporting the blood volumes of elasmobranchs
(Table III; 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 III), had a body weight of 4750 g, w