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Abstract approved:

Aspects of hydromineral balance in the stenohaline fresh-water

catfish, Ictalurus nebulosus (Le Sueur) were studied at 10o and 20°C.

Temperature did not affect water content significantly. Water content

was 78 ml /100 g body weight, 32% of which is in muscle and 49% in

the skeleton and associated connective tissue. The extracellular space

(inulin space) was 8.7 ml /100 g at 100 and 11.3 ml /100 g at 200C.

A 100 g animal contains 4680 microequivalents of Na, 3200

microequivalents of Cl, and 7180 microequivalents of K. About 77%

of the Na and 82% of the Cl exchange with 22 Na and 36 CI in 36 hours at

10°C.

Plasma concentrations of ions in mM/1 at 100 are: Na - 104;

Cl - 86; and K - 4. At the lower temperature there was a shift in

these ions from the extracellular to the intracellular compartments.

The endogenous Cl space was increased by 15% and the sodium space

0by 29% relative to 20 animals.



Skeletal muscle comprises 40% of the wet weight of the fish.

The extracellular space (inulin) was 5 ml /100 g at 10°C. About 12%

of the total Na and Cl in the animal is in skeletal muscle. Both ions

exchange completely within 40 hours. Intracellular concentration of

Na was 11 mM/1 and Cl was 5 mM/1 at 10°C.

The rate of osmotic uptake of water at 10°C was 4.27 ml/kg-hr

or 0.68 p.1/cm2-hr. At 20o the respective values were 10 ml/kg-hr

and 1.93 p.1/cm 2 -hr. Water uptake is related to body weight by the
0.62relation: uptake = 1.3 weight . Uptake across the trunk region

was separated from uptake across the head region by measuring

uptake when one region was bathed in is osmotic sucrose solution.

From a knowledge of the skin area and the gill area a permeability

constant was derived for each epithelial region. The value was 0.85

/sec for skin and 0.5 p/sec for gills at 10°p. C.

The rate of urine flow equalled the rate of uptake of water at

both temperatures. Glomerular filtration rates were 14 and 23 ml/

kg-hr at 100 and 20° respectively. Over 98% of the Na and Cl

filtered is reabsorbed. At 10 oC the free water clearance is 3.64 ml/

kg-hr.

The sodium efflux from animals in tap water at 10°C was about

1.1µM /10 g-hr of which about 27% is renal loss, 63% is gill loss, and

10% is skin loss. For Cl the efflux was 0.8 p.M/10 g-hr, with 23%

being renal loss, 65% being gill loss, and 12% being skin loss. The



influxes of Na and Cl were the same as the respective effluxes.

Virtually all of the influx occurred across the gills. The uptake of

both Na and Cl is thermodynamically active.

The body fluids are positive to the bath (tap water or pond

water) by 2 to 3 mV. This potential difference was not affected by

sodium concentration in the bath up to 100 mM/1. The potential was

slightly reduced with an elevation of bath Cl to 100 mM/1.
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OSMOTIC AND IONIC REGULATION IN A FRESH-WATER
TELEOST, ICTALURUS NEBULOSUS (LE SUEUR)

IN TR ODUC TI ON

The evidence that the earliest vertebrates were armored fishes

which lived in fresh water is extensive (Chamberlain, 1900; Smith,

1932; Colbert, 1961). The earliest fossil remains of vertebrates

consist of bony scales found in fresh-water Ordovician deposits in

Colorado and extensive findings of ostracoderm fossils in fresh-

water Silurian deposits. The ostracoderms were agnathous fishes

covered with very heavy armor. Romer (1933) has suggested that the

armor was a defensive measure to protect these fishes from predation

by the euryptids, fresh-water arthropods that also flourished during

the Silurian era. However, Homer Smith (1932) argued that the armor

evolved to protect the ostracoderms against a much more formidable

and persistent enemythe physical chemical environment. Since the

body fluids and tissues of the marine predecessors were probably

more concentrated in solutes than the freshwater environment, any

successful invasion of fresh-water would necessitate some means of

minimizing entrance of water and loss of ions. Thus Smith felt that

the armor served primarily as a diffusion barrier.

Although the armor of the ostracoderms offered the advantage of

protection from the environment, the associated loss of mobility was

detrimental. As the ostracoderms radiated into new ecological niches
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and became predaceous, a premium was placed on mobility which

could come only through reduction or modification of the armor by

natural selection. It is noteworthy that the surviving remnants of the

agnatha are not armored.

The origin of "modern" jawed fishes from agnathous forms is

obscure. The degree to which external armor has been modified

varies widely as described by Van Oosten (1957). The modern-counter-

part to the ostracoderm armor is represented by the ganoid scales of

the reedfishes (Polypteridae) and the gars (Lepisosteidae). These

two groups offer the only convenient means of comparing the modern

and primitive integuments. The ganoid scale is characterized by a

hard outer layer of ganoine that overlays isopedine and cosmine layers.

Further reduction of the external armor is represented by the bony

ridge scale of the teleosts. It is composed of a thin bony scale with

an underlying fibrillar layer. The extreme in modification is shown

by the forms that are partially or completely without scales. This

group includes the cyclostomes, catfishes, spoonbills, mirror carp,

sturgeons and certain of the sticklebacks. This thesis will describe

certain aspects of hydromineral balance in the fresh-water catfish,

Ictalurus nebulosus.

Water Regulation

Any reduction in the armor of the ostracoderms required a
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structural or functional mechanism to compensate for the concomitant

increase in water entry and loss of ions. Marshal and Smith (1930)

have shown that the kidneys are structurally modified in relation to the

availability of water in the environment. Their data indicate that the

fresh-water vertebrate kidney is primarily a device for eliminating

excess water. This is based on observations of glomerular size

versus urine flow rates. Nash (1931) carried out an exhaustive

series of measurements on nephron components of fresh-water and

marine fishes and showed that the ratio of glomerular filtration area

to body surface area was highest in fresh-water species. The brown

bullhead (Ictalurus nebulosus, formerly Ameirus) exhibited a ratio of

2.5 times that of the species with the next highest ratio. This species

was the carp, Cyprinus 'carpi ,., a form with bony ridge scales,.

The net movement of water into the body as a result of the

difference between the mole fractions of water of the internal

and external media is termed osmotic uptake of water. This excess

water must be removed by the organism in order to remain in a steady

state. This is accomplished by excretion of urine. The osmotic

uptake of water can be measured directly by ligating the urogenital

aperture or cloaca and following initial changes in weight of the

animal. Indirectly, it is measured by determining the rate of urine

production by an animal in the steady state. From this, the osmotic

permeability constant of the animal can be computed:



where

Ji = P A Aqos os

i = osmotic uptake of water in cm3J /sec,
os

P = membrane permeability in cm/sec,
os

A = area in cm2,

Aq = difference in mole fractions of water between internal
and external media.

One can also arrive at a permeability constant for the diffusive

movement of water. This value is obtained by measuring the uni-

directional flux of water across boundary epithelia with either

deuterium or tritiated water. The techniques are well established and

the basic equations have been derived by Solomon (1959). If the flux

in one direction is known then the flux in the opposite direction can be

derived directly from a knowledge of the relative activity of water on

each side of the membrane. The net flux can then be computed as the

difference between the influx and the efflux. Using this net flux and

applying equation (1) it is possible to arrive at Pd' the diffusive

permeability constant. Curios ly, in a wide variety of aquatic forms,

4

(1)

both marine and fresh-water, Pos and Pd are not equal. Pos exceeds

Pd by three to five times. This was first observed by Hevesy et al.

(1935) and confirmed by Koefoed-Johnson and Ussing (1953). The

difference was explained as reflecting a basic difference between

molecular diffusive movement and bulk flow or hydrodynamic flow of
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water through pores. In the first case, Fick's law is obeyed and in the

second, Poiseuille's law.

The discrepancy has also been attributed to "unstirred layers"

which would affect the measurement of Pd more than Pos (Dainty and

House, 1966). Potts et al. (1967) have found good agreement between

net drinking rates and the calculated net movement of water in the

teleost, Tilapia, adapted to sea-water. Similarly, in the fresh-water

form of this species the diffusive movement of water agreed with

published values of urine production in teleosts. Potts attributes the

good correlation to efficient gill ventilation and circulation. This,

of course, implies that the major flux of water occurs across the

branchial surface.

The osmotic uptake of water can be used as an index of the

permeability of the animal and comparisons can be made between

species provided adjustments are made for differences in concentration

gradients, area, and temperature. Most comparisons are made from

s in g 1 e investigations in which urine flows were measured and

expressed in terms of body weight. Such comparisons are inform-

ative only with respect to gross comparisons between species; no

insight is provided into the reasons for differences which may occur.

A thorough search of the literature revealed that "naked" species of

fish have higher rates of urine flow than scaled forms. For example

the rate of urine flow in Ameirus nebulosas, a naked form, is two
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times greater than in numerous scaled forms. This is shown in

Table 20 under Discussion (page 59) and will be considered further in

that section.

The rate of osmotic uptake of water by a fresh-water fish

is governed by four factors:

1. area of integument,

Z. area of gills,

3. premeability of integument, and

4. permeability of gills.

Differences between fishes could reflect differences in one or a

combination of these factors. It seems unlikely that the area of the

integument would vary significantly except in fishes exhibiting

extreme modifications of body proportions. However, Gray (1954)

has shown that the ratio of gill area to weight in a variety of fishes can

vary by an order of magnitude. Differences in permeability of the body

surface would be influenced by the nature of the body covering.

Most studies on permeability of the integument and gills

performed to date are virtually meaningless. A general pattern

emerges only by making some questionable assumptions and combining

separate studies. A few experiments have been performed that give a

rough idea of the permeabilities of the gills and body surface.

Sumner (1905) performed experiments on Ictalurus nebulosus and the

carp, Cyprinus carpio, to determine the site of the toxic action of
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sea-water. Fish arranged so that salt-water bathed the gills and

fresh-water bathed the body all died in less than 24 hours. In those

fish arranged in the reverse fashion, all of the carp survived and all

of the catfish died.

Krogh (1937) measured the urine production of a single specimen

of the goldfish, Carassius, which had only the head region exposed to

water. The area of the gills was estimated to be 55 cm2 and that of

the remaining epithelium of the head to be 32 cm2. The rate of water

entry was 0. 92 p.1/cm2-hr. The temperature was not recorded but

can be assumed to be ZloC from descriptions of the experiment and

others similar in design. Expressed in terms of weight, the flow was

1. 6 ml/hr-kg. Motais et al. (1969) have measured urine flows in the

same species at a comparable temperature. The rate of urine

production was 14.4 ml/hr-kg. Lahlou et al. (1969) have reported

flow rates of 10 ml/hr-kg in this species. Thus one could conclude

that the permeability of the gill is extremely low or that the urine

flows recorded by Krogh are low.

Motais et al. (1969) measured the efflux of tritiated water across

the gills of Anguilla and concluded that the branchial epithelium was

the main if not the exclusive site for water efflux. The only data

available for a scaleless species are those of Bentley (1962) and

Wikgren (1953) on the lamprey. Wikgren estimated water movement

across the head region of the lamprey to be 2.5 µl /cm2 -hr and Bentley
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has found water movement across the isolated skin to be 2.6 1.11/cm2
-

hr. The latter measurement is questionable however since removal

of the skin is a traumatic process due to the close adherence to the

underlying muscle and would probably change permeability.

Ion Regulation

Although the urine flows of fresh-water fishes are high, the

solute content is remarkably low. The total solute content of the

urine is less than 50 mOsm/1. This combination indicates an

extremely efficient mechanism for resorption of solutes from the

glomerular filtrate. However, there still exists a slow persistent

net loss of salts via the urine. This loss, plus that from the general

body surface and gills, must be made up by active absorption across

the body surface or from ingested food. Active absorption of electro-

lytes has been demonstrated by Krogh (1937) in fresh-water fishes.

In Krogh's experiments, animals were depleted of salts by exposing

them to distilled water for extended periods of time. Upon transfer

to media containing salts, a net uptake of chloride against huge

concentration gradients was observed. Krogh further demonstrated

that in the goldfish absorption takes place in the head region and that

the rate of uptake was more than sufficient to compensate for losses

via urine and across the body surface.

The rates of loss of specific ions from animals placed in distilled
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water gives a rough estimate of the permeability of these ions.

Ringer (1884) compared the effects of distilled water on fresh-water

fishes and found stickelbacks were much more resistant than were

eels, minnows or goldfish. Further, he noted that the addition of

any salt improved tolerance. A mixture of 1.3 mM CaC12, 1.8 mM

NaHCO3, and 1.0 mM KC1 was capable of supporting fish for prolonged

periods of time. In Krogh's (1937) depletion experiments, it was

observed that the loss of salts by Ictalurus was not noticeably different

from the losses suffered by scaled forms. The lamprey loses chloride

to distilled water at a much higher rate than scaled forms (Morris and

Bull, 1968; Wikgren, 1953). Flemming (unpublished observations

from Pickford et al., 1966) has found that Fundulus kansae, a

euryhaline killifish, is capable of surviving only a few days in distilled

water whereas the channel catfish, Ictalurus punctatus, can be

maintained for many weeks.

The estimation of permeability derived from depletion studies

is only meaningful if extreme care is taken to insure that the concen-

tration of ions in the depleting bath does not reach the absorption

threshhold level. This value is extremely low (1 mM or lower) in a

number of species (Krogh, 1937).

With the advent of isotopes, much more detailed and accurate

measurements of ionic exchanges were possible. Meyer (1951)

determined the influx of sodium in the goldfish to be 0. 6 µM /gm -hr.
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He also demonstrated that the loss of sodium from the branchial

region roughly equalled that from the remainder of the body. Maetz

(1 ?58) showed that in the goldfish the influx was 2.16 pm/gm-hr and

outflux was 1.65 µM /gm -hr. The efflux was partitioned into renal and

extra-renal components which were 25% and 75% respectively. In

other scaled teleosts, the rates of uptake or loss are comparable

(Potts and Evans, 1967; Potts et al. , 1967). Forster (1969) has

determined the rate of loss of sodium from Cottus morio, a scaleless

species, to be 0.54 µM /gm -hr at 10°C. Larval lampreys take up

sodium from 1/100 Ringer solution at 10°C at a rate of 0.18 p.M/gm-

hr (Morris and Bull, 1968). These values indicate that the rate of

exchange of ions is similar in scaled and scaleless forms.

Objective of Study

Review of the literature on osmoregulation in fishes reveals that

our knowledge is at best fragmentary. Most studies have focused on

euryhaline forms and the physiological basis for euryhalinity. We

know relatively little about stenohaline forms and the factors that

impose this condition.

The catfish, Ictalurus nebulosus, is a stenohaline species that

is ideally suited for physiological studies for a number of reasons.

The distribution of this species is so widespread that it is easily

obtainable in most localities. Commercial interest in this group of
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fishes has recently soared. Further, it is an extremely hardy animal

that commonly inhabits extreme habitats as far as temperature,

pollution, etc. are concerned. It can be maintained in the laboratory

easily and does not appear to be as susceptible to handling stress as

most fishes. In view of the indications that water turnover is high,

the animal might be well-suited for renal studies as the absorbing

powers of the kidney would have to be high. The objective of this

study is to describe some of the basic features of water and ion

regulation in intact catfish.
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METHODS AND MATERIALS

Animals

Catfish were collected from rivers and ponds in Oregon by sein-

ing or trapping. They were stored in running, dechlorinated tap

water (10-25°C, annual range) and fed a commercial ration ad libitum.

Prior to use, animals were transferred to plastic tubs containing

approximately ten liters of experimental media. Animals were main-

tainedwithout food for a period of not less than two weeks before use.

The photoperiod was maintained at 14 hours during the acclimation

period.

Experimental Media

Dechlorinated tap water was used in some experiments. Con-

centrations of NaC1 usually ranged from 0.2 to 0.5 mM. Artificial

pond water was used for flux studies and had the following composi-

tion: 1.3 mM NaCl, 0.8 mM CaCl2, 0.1 mM KC1, and 0.2 mM

NaHCO3.

Anesthetic

All animals to be injected or handled were immersed for one

to five minutes in 0. 1% tricane methane sulfonate (MS-222; Sandoz)

with the pH adjusted to 7.1 with NaHCO3. Recovery usually occurred
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within five to ten minutes after removal from the anesthetic.

Osmotic Uptake of Water

Osmotic uptake of water was measured directly by ligating the

urogenital papilla and following changes in weight using a Mettler

balance (precision = ± 0.05 g). When osmotic uptake of water was to

be limited to one region of the integument, the animal was partitioned

with a rubber bag. The bag was secured immediately posterior to the

pectoral spines, and enclosed the posterior region of the fish. The

"head region" shall be defined as all parts of the animal anterior to

this point (gills and 30% of general body surface), and the remainder

designated the "body" (70% of general body surface).

Urine Flow Rates and Glomerular Filtration Rates

Urine flow rates (V) were measured by catheterization of the

urinary bladder using Intramedic "P. E. 80" tubing. Fish were held

in cylindrical tubes through which experimental media was circulated.

The catheters were directed into tubes of a fraction collector that

changed at appropriate intervals. In cases of extended periods of

collection, a plastic shield was arranged so that the tubes moved under

the shield after the collection period to prevent evaporation.

Glomerular filtration rates (GFR) were measured using 14
6C

125inulin or 53I-sodium iothalamate (Glofil; Abbott Laboratories).
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These compounds are known not to be metabolized, actively secreted,

or reabsorbed in a variety of vertebrates. The compound was injected

into the peritoneal cavity several hours prior to the measurement.

Preliminary experiments indicated that inulin distributed evenly

through the animal in approximately 10-16 hours whereas Glofil

required 8-10 hours. After equilibration, urine and plasma samples were

taken. Aliquots of each were plated on planchets and radioactivity

assayed. The glomerular filtration rate was calculated from:

where

GFR =

GFR = ml /min

u = cpm/ml urine

p = c pm /m1 plasma

V = rate of urine production (ml /min)

Measurement of Surface Area

(2)

Areas of the skin and fins were determined by soaking the fish

in brine and then covering the body with paper. Fins were excised

and measured separately. After drying, the paper was spread on a

blotter dampened with 10% silver nitrate solution and then exposed to

light for several minutes. The reduced silver chloride formed a

sharp image that was traced onto graph paper.

The surface area of the gills was determined by excising the
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gills and fixing them for five to eight hours in 10% formalin. Arches

were separated and the holobranchs removed from the supportive

tissues of the arch. Holobranchs were then transferred to a slide and

covered with a glycerol-jelly mixture described by Lee (1946).

The resulting preparation was then refrigerated until use. Compari-

sons of fresh and preserved gills revealed a shrinkage of less than

5%. Dimensions were measured directly using an eyepiece micrometer

or from photographs prepared by projecting the image of the filaments

onto photographic paper with an enlarger.

Blood and Tissue Samples

All blood samples were obtained from the severed caudal

peduncle using heparinized (ammonium heparinate) blood-collecting

tubes. Plasma was obtained after centrifugation and stored at -20°C

if not used immediately. Diluted samples of plasma for ion analyses

were stored at 3 -5 °C unless used immediately.

Tissue samples were removed from fish that had been bled.

Tissues were excised and weighed on a Mettler analytical balance

precision f 0.1 mg) using standard wet weight techniques. All

muscle samples were obtained from the epaxial and hypaxial masses.

Dry weights were determined after drying to a constant weight at

105
o

C.
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Chemical Analyses

Sodium and potassium concentrations of media and diluted body

fluids were determined by flame photometry (precision = ± 1%).

Chloride concentrations were measured with an Amino-Cotlove

chloridometer (precision = ± 1%). Total solute concentrations were

estimated using a Mechrolab vapor pressure osmometer (precision =

± 2%).

Chemical contents of tissues were determined after grinding dry

tissues and extracting the substance in water (Cr, inulin) or con,

centrating HNO3 at 40 oC (Na+, K+). Tissues used for chloride analy-

ses were defatted by suspending the ground tissue in n-hexane and then

filtering (Cot love, 1963) prior to extraction with water.

Isotope Analyses

Fluids containing
11

22 14Na,
36 Cl, or

6C
to be assayed for radio-

17

activity were plated on planchets and evaporated to dryness. Deter-

gent was added to insure even layering. Count rates were determined

using a Nuclear-Chicago gas-flow Geiger counter. Standard

counting statistics were employed (Wang and Willis, 1965).

Transepithelial Potentials

Transepithelial potentials were determined according to the

technique of Dietz et al. (1967). Potentials were measured across the
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branchial region by suspending the animals so that only the head

region was exposed to the bathing medium. A bridge of 3% agar in 3

M KC1 was inserted in a slit through the abdominal wall and the

opposite end dipped into a calomel half-cell. Another bridge

connected the bath to the other half-cell. Potential differences were

monitored with a Radiometer nulling potentiometer. At the end of a

measurement, a large saturated KC1 bridge (resistance = 0) was used

to connect the bathing medium and the coelomic fluids of the individual

fish. This allowed corrections for the asymmetry of the system to be

made.

Flux Determinations

Unidirectional fluxes can be measured with radioactive

isotopes. Thus if isotope is added to the bath and the rate of diminu-

tion of radioactivity in the bath is followed it is possible to determine

the influx by application of equations derived by J9Srgensen et al,

(1946). In the steady state condition the equation is:

M.
1

2.3A
t=

log
Yo

Yt

In the non-steady state condition (influx efflux) the equation is

Yo
log

Yt
M M

1 n A
log At

(3)

(4)



where

M. = influx (unidirectional)
1
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Mn = rate of net uptake or excretion,

Yo = radioactivity/unit volume at time 0,

Yt = radioactivity/unit time at time t,

Ao = total ion in bath at time 0, and

At = total ion in bath at time t.

In experiments where efflux was followed with isotope the animal

was injected with isotope and the efflux, Me, computed from

where

made:

M

dA
dt-

e S. A.

dA = rate of change in radioactivity of the medium, and
dt

S. A. = specific activity of the animal.

(5)

This computation is valid only if the following assumptions are

1. animal is in a steady state (Mn = 0),

2. since specific activity of the animal cannot be determined

at intervals, enough isotope must be injected so that

dS.A. /dt/'- O.

The net flux (M n)is the difference between M. and Me and can
1

be determined by measuring changes in bath concentration with time.

Measurement of one of the unidirectional fluxes and the net flux



19

permits calculation of the other unidirectional flux.

Blood Volume Determination

The blood volume was estimated using a modification of the total

hemoglobin technique described by Korzhuev (1962). Fish were bled

into 0. 1% HC1 and all organs (minus gall bladder and intestinal contents)

were ground in a blender. The solid matter was strained off and the

total fluid added to the hemolysate obtained from the bleeding process.

This was diluted up to a known volume and compared against lysates

prepared from known volumes of blood using a Spectronic 20 at 540

Statistics

All data is presented as the mean ± 1 standard error of the

mean. Comparisons of data were made using Student's t-test, at the

5% level of significance.



RESULTS

Composition of Tissues and Body Fluids

Water Content

20

The water content of the whole animal and various tissues are

given in Table 1. Temperature had no significant effect on the water

composition of the total body, muscle, gut, or plasma. The values

agree with the published values for other fresh-water teleosts (Towes

and Hickman, 1969; Thorson, 1961; Holmes and Mc Bean, 1963;

Vinogradov, 1953).

Table 1. Water content of tissues of Ictalurus nebulosus at 100 and
20°C. Values are expressed as percentage of wet weight
(or m1/100 g of wet tissue).

Component Water Content
10 °C 20°C

Whole animal 77.8 ± 0.3 (16)* 78.5 ± 0.2 (15)
Muscle 81.9 ± 0.4 (7) 82.0 ± 0.3 (5)
Gut 83.6 ± 0.2 (7) 84.0 ± 0.7 (5)
Skin 74.4 ± 1.0 (5)
Liver 75.0 * 0.7 (5)
Kidney 79.8 ± 1.0 (5)
Gill 83.9 ± 0.2 (5)
Whole blood 89.4 ± 0.3 (5)
Plasma 97.1 ± 0.4 (6) 96.7 ± 0.2 (5)

Values in parentheses indicate number of animals, N.

Ionic Concentrations

The ionic concentrations of fluids, tissues and whole animal are
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shown in Table 2. The distributions typical of higher vertebrates are

found for muscle chloride, potassium and sodium in the catfish (Potts

and Parry, 1964; Manery, 1954). Also the blood cells exhibit the low

sodium, high potassium values typical of many vertebrates. The fact

that the tissues that are in contact with the medium (skin and gills)

and the gut all exhibit a higher ratio of sodium to potassium than do

any other structural tissues probably reflects the known high sodium

content of connective tissue components (Manery, 1954).

The total body sodium and chloride are not significantly changed

by temperature. However, muscle and plasma ion concentrations are

significantly different. Plasma sodium and chloride are considerably

lower in animals held at 10o. Toews and Hickman (1969) demon-

strated the same phenomenon in the trout. Muscle sodium and chloride

are lower at 20o than at 10°C C n the catfish. Toews and Hickman

(1969) have shown that the muscle chloride levels of the trout remain

constant over a range of 8 to 18 o C whereas sodium decreases slightly

with elevation of temperature (when expressed in terms of tissue

water). Plasma sodium and chloride concentrations decrease with

decreased temperature whereas potassium levels increased in the

catfish. This may reflect a shift of the sodium into and of potassium

out of the blood cells or the muscle as a result of a slowing of the ion

pumps in the cell membranes which normally maintain a low cellular

sodium content.



22

Table 2. Concentrations cof ions in body components of Ictalurus
nebulosus at 10 and 20 °C. Tissue concentrations are
expressed as mM/1 tissue water. Fluid concentrations are
expressed in terms of mM/1 of fluid.

Component Concentration (mM/1 tissue water)
Na K+

20 °C

Whole animal 59.8 ± 0.7 (14) 40.4 ± 0.7 (14) 91.9 ± 0.5 (14)

Skin 11.3 ± 4.3 (5) 23.2 ± 3.1 (6) 66.2 ± 11.0 (5)

Muscle 11.3 ± 1.2 (5) 9.6 ± 1.3 (5) 92.0 ± 12.0 (5)

Liver 57.4 ± 4.2 (3) 19.2 ± 2.1 (5) 96.1 ± 13.0 (5)

Kidney 62.9 ± I. 8 (4) 24.9 ± 4.5 (5) 92.0 ± 1.5 (4)

Gut 81.4 ± 4.7 (4) 25.7 ± 5.1 (5) 62.9 ± 3.2 (4)

Plasma 115.5 ± 1.5 (15) 93.8 ± 3.1 (15) 4.4 ± 0.2 (15)

Blood cells 2.79 ± 0.03 (5) 80.7 ± 2.3 (5) 94.3 ± 3.6 (5)

Gills
(minus arch) 44.7 ± 2.3 (5) 66.6 ± 2.7 (4) 45.1 ± 1.5 (5)

Gills
(with arch) 70.1 ± 1.2 (5) 58.8 ± 3.6 (5) 43.6 ± 1.5 (5)

10 °C

Whole animal 59.9 ± 2.7 (12) 41.7 ± 2.8 (9)

Muscle 16.6 ± 0.7 (I I)* 11.1 ± 1.2 (7)*

Plasma 104.17 ± 2.3 (18) 85.6 ± 1.9 (19)* 6.7 ± 0.3 (8)*

*
Significant difference between 10 and 20 °C.
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The total solute content of plasma at 100 was 247 ± 6 mOsm/1.

Of this total, Na, K and Cl comprise 80%. No values for total solute

concentration of plasma at 20° were obtained.

Relative Distribution of Ions and Water in Specific Tissues

In considering the ion pool of the organism, it was noted that

some tissues exhibit high concentrations of certain ions. A study was

made to determine the relative amounts of the tissue ions. Table 3

gives the percentage of the body weight which various tissues and

organs comprise. The percentage of the total ion pool is shown in

Figure 1. These show that the major share of the water and ion pools

are located in the muscle and skeleton of the animal. No data are

available for the amount that is contained in the skeleton, but Manery

(1954) has shown that bones contain significant amounts of water,

chloride, and sodium in comparison to the total pools of the organism.

The distribution of water within cellular and extracellular

compartments can be approximated by determining the penetration of

certain compounds into these spaces. The extracellular space is

commonly measured utilizing substances that do not penetrate the

cells. Determination of the dilution of a known quantity of such a

substance permits calculation of the volume in which it is distributed.

Determinations of intracellular volume are derived from the total

volume minus the extracellular volume.
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Figure 1. Distribution of major electrolytes in various tissues and organs of the
catfish at Z0°C. Values are expressed as the respective percentages
of the total ion in the animal.
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Table 3. Water composition of body components
value represents the mean of data from
20 C.

of Ictalurus. Each
three animals at

Organ % of Body Weight (wet) % of Total Body Water

Skin 7.04 6.17

Liver 1.18 1.13

Kidneys 0.64 0.57

Gut 2.63 2.81

Plasma 2.35 3. 60

Blood cells 1.05 1.01

Gills 3.28 3.50

Muscle 40.00* 32.00*

Skeleton + associated
connective tissue 41.83 49.21

One animal.

The body spaces of the catfish have been determined by the use

of the ratio of the concentrations of substances in the body to concen-

trations in the plasma (e. g. , concentrations /g wet weight concen-

trations /ml = mg/g wet weight). These results are shown in Table 4,

page 29. In the cases where sodium and chloride were used to

estimate spaces, corrections were made for distribution discrepancies

caused by the Gibbs-Donnan equilibrium. Correction factors for

lower vertebrates were not available, therefore.the values from

Manery (1954) for mammals have been used. The computations for

endogenous chloride and sodium space are as followst



TCI x R CI x PH
2SC1 =

PC1

where

SC1 = chloride space in m1/1,

TCl = tissue chloride concentration in mM/kg wet weight,

R Cl = Gibbs-Donnan factor for C1 (0. 977),

PH0 = water content of plasma in kg/kg wet weight, and
2

PC1 = plasma chloride concentration in mM/1 of plasma..

Similarly for Na,

TNa x H2OP

SNa PNa x RNa

where

26

(6)

(7)

TNa = tissue sodium concentration in mM/kg wet weight,

PH 0 = water content of plasma in kg/kg wet weight,
2

PNa = plasma sodium concentration in mM/1 plasma, and

RNa = Gibbs-Donnan factor for sodium (0. 942).

The determination of space of exogenous substances is compli-

cated because the space varies with time. There are four reasons for

this: (1) time is required for the substance to become distributed

completely, particularly in some of the small interstitial spaces; (2)

the substance may in fact penetrate cells; (3) the substance may be

bound to cell membranes or connective tissue; and (4) the substance

may be excreted in the urine or across the gills.
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A study of the time course of inulin distributions was performed.
.A group of fish was anesthetized and injected with 14C- inulin directly

into the coelomic cavity. At intervals two catfish were sacrificed and

plasma and muscle samples removed. These samples and the carcass

were assayed for radioactivity and the inulin space calculated as

described above. The results are shown in Figure 2.

The initial decrease in carcass inulin space is a result of the

increase in radioactivity of the blood from the injected pool. The sub-

sequent increase in carcass inulin space with time (Figure 2) may

indicate a combination of several factors. There may be a less

accessible compartment which is still part of the extra-cellular

space. There may be binding of inulin on certain surfaces in the intact

animal with release during extraction. Finally, of course, there is

probably some penetration into cells and in fact there is some evidence

for selective accumulation of inulin by macrophages (Holmes and

Donaldson, 1969). If this occurs to a measurable degree, the plasma

count rates would be diminished resulting in high estimates for

inulin space. However, this phenomenon is probably not the case

since inulin space of the muscle (which would also contain the macro-

phages) did not change after equilibration (see Figure 2).

For purposes of computation, I have used 24 to 36 hours as the

equilibration period for determination of inulin space.

Similar studies were carried out using 22Na and 36C1. These
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Figure 2. Time course showing the change in inulin space in the muscle
and body of Ictalurus at 10°C after injection of the compound.

represent body space; Q represent muscle space. This
figure shows the gradual increase in inulin space with time.
Each point represents the mean of two animals.
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studies served a two-fold purpose. The time course of distribution

could be determined, and comparisons of the isotope space with the

space of the endogenous ion permit estimations of exchangeability.

The results of these experiments are shown in Figures 3 and 4 and

summarized in Table 4.

Table 4. Summary of space determinations using ions and inulin.
Spaces are given in terms of m1/100 g body weight.

Substance 10 °C 20 °C

Endogenous Na 48.3 ± 1.8 (10) 37.36 ± 1.2 (14)
22Na 37.4 ± 0. 9 (9)

Endogenous Cl 36.7 ±1.5 (17) 31.8 ± 0.3 (13)
36C1 (24-60 hr) 30.0 ± 4.8 (13)

(1 week) 38.9 ± 1.3 (9)

14C-inulin (36 hr) 8.7 ± 0.9 (12) (24 hr) 11.3 ± 1.3 (6)

The Cl space at 36 hours is about 30 m1/100 g and the Na space

about 37 ml /100 g based upon 36C1 and 22Na respectively. In each

case, this is less than the space calculated from endogenous ions

indicating an inexchangeable pool of Cl and Na comprising about 16%

of the total amount of each ion in the intact animal. The Na space is

comparable to that in Fundulus kansae (Warren and Flemming, 1966)

and the goldfish (Lahlou et al. , 1969). In the latter study the inulin

space was about 18.5 m1/100 g, which is higher than my values.

Endogenous Cl and Na spaces are lower at 20 °C than at 10 °C.



Figure 3. Time course showing changes in muscle and body 22Na space of Ictalurus at
10°C after injection of the isotope. represent body space as determined
by endogenous Na. .0 represent body space as determined with the isotope.
0 represent muscle space as determined with endogenous Na. 0 represent
muscle space as determined with the isotope. This figure shows the lack of
total exchange in the total animal as opposed to complete exchange in the
muscle by 45 hours. Each point represents the mean of two animals.
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Figure 4. Time course of changes in body and muscle 36 C1 space of
Ictalurus at 10°C after injection of the isotope. represent
body space as determined by endogenous Cl. © represent
body space as determined with the isotope. 0 represent
muscle space as determined with endogenous Cl. 0 represent
muscle space as determined with the isotope. This figure shows
the lack of complete exchange in the whole animal as opposed
to 100% exchange in muscle by 36 hours. Each point represents
the mean of two animals.
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This may reflect a shift in these ions into cells at the lower tempera-

ture as discussed above.

Inu lin penetrates cell membranes very slowly and is generally

considered to be one of the better markers for determination of

extracellular space. However, most published values on extra-

cellular space in fishes are based on sucrose space (Thorsen, 1961;

Holmes and Donaldson, 1969), and inulin space is usually about 68%

of sucrose space in fish. If this ratio can be applied to catfish the

sucrose space would be 13% and 17% at 10o and 20 oC respectively.

These values agree with the average values of 14% given for fresh-

water teleosts by Thorsen (1961).

Chloride space is sometimes used as an index of extracellular

space but it is clear from these studies that it is not reliable. This

has also been observed in other studies both on whole animals and

isolated tissues (Gamble and Robertson, 1952; Mokotoff et al., 1952;

Nichols et al. , 1952).

If the inulin space is taken as a measure of extracellular space,

it is possible to partition the body fluid compartments as shown in

Table 5 for animals at 20°C.

From these values and those given in Table 2 it is possible to

partition ions into extracellular and intracellular compartments.

Table 6 shows the results. No corrections were made for Gibbs-

Donnan effects because they would be negligible. Also I have based
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Table 5. Body fluid compartments
nebulosus at 20oC

in Ictalurus
based on inulin space

injection. The
animals was 23 ± 2 g.

taken at 24 hours after
mean weight of the

Compartment m1/100 g

Total Body Water 78.5

Blood volume 3.4

Plasma volume 2.35

Extracellular space 11.30

Interstitial space 8.95

Intracellular water 67.2

Table 6. Partitioning of exchangeable ions into extracellular and intra-
cellular compartments in intact Ictalurus nebulosus at 10 C.
At 36 hours of equilibration, 77. 4% of the total Na and 81. 7%
of the total Cl are exchangeable.

Compartment nml
Volume

Io
Amount

(m1/100 g) (F.LEq/100 g)
%h

of Total
neableExchangeablea g

Ion

Concentration
(mM/1)

*
ECF 8.7 Na 905 25 104

K 58 1 6

Cl 748 28 86
**

ICF 69.1 Na 2702 75 39
***

K 7092 99 103

Cl 1902 72 28

* *

Based on inulin space.

Extracellular fluid volume.

Intracellular fluid volume.
** oBased on 20 animals.
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total K on 20° animals because data on 10° animals were not

available. All other values are based on animals at 10°C. All

potassium was assumed to be exchangeable.

Space determinations and ion distribution in the spaces were

made on skeletal muscle. The time courses of equilibration of inulin,
36 C1 and

22Na are shown in Figures 2, 3, and 4, respectively. There

is a sizable slowly exchangeable pool of both Na and Cl in muscle.

But unlike the situation in intact animals complete exchangeability

for these ions is evident after 30 to 40 hours. If 40 hours is used as

the basis the inulin space is about 5 m1/100 g of muscle. The chloride

space is about 11 ml /100 g and the Na space about 12 ml /100 g. Using

these values and those given in Table 2 it is possible to partition ions

in muscle into extracellular and intracellular compartments (Table 7).

Table 7. Distributions of Na and Cl in extracellular and intracellular
compartments of skeletal muscle of Ictalurus nebulosus at
10°C.

Compartment Volume
(m1/100 g) Ion Amount

(p..Eq/100 g)

% of
Total in
Mus cle

Concentration
(mM/1)

ECF 5. 0 Na 520 38 104

Cl 430 47 86

K 30 0. 4 6

**
ICF 76. 9 Na 840 62 11

Cl 479 53 6

K 7520 99.6 98

* *
Extracellular fluid.
Intracellular fluid.
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The inulin space seems low relative to values reported for other

vertebrates (Manery, 1954), but the extracellular space cannot be too

much greater than the inulin space because even if all chloride were

extracellular the space would only be 10 m1/100 g. In any event, it is

clear that the intracellular concentrations of Na and Cl in muscle are

an order of magnitude lower than in the extracellular fluid.

If it is assumed that 40% of the weight of the catfish is skeletal

muscle (see Table 3), then muscle would contain about 12% of the total

Na and Cl in the animal. From Figure 1 it is seen that about 75 to

80% of the total Na and Cl is in the carcass after evisceration. There

must be a sizable pool of these ions in the bone, cartilage or other

connective tissue or, possibly, in the central nervous system. The

location is unknown at present.

Surface Area

The relationship between surface area of the gills and the body

surface are shown in Figure 5. It is noted here that the area of the

gills is approximately the same as that of the body surface in fishes up

to approximately 40 g. The surface areas of the gills in this study

agree well with the values found by Saunders (1962) for the same

species. In both cases, the ratio of gill surface area to body surface

area is approximately 1. Gray's (1952) survey of gill area in marine

fishes demonstriated a good correlation between the activity of fishes



20 40 60 80
Body Weight (in gms)

Figure 5. Relationship between body surface, gill surface and body weight in Ictalurus. © represent body
area. represent gill area. 0 represent total area (gill + body surface area). This figure
shows the relatively constant ratio between gill surface and body surface.



37

and the gill surface area. Sedentary forms such as the fluke, toadfish

and sand flounder all had ratios of approximately 1. The catfishes are

generally considered to be less active than other fresh-water species

such as minnows, etc.

Water Exchanges

Uptake

Osmotic uptake of water measurements involve anesthetization

and handling of the animals (see Methods). In order to assess the

effects of handling, a comparison was made between water uptake rates

of a group of fishes that was anesthetized and weighed at short intervals

and several groups that were weighed only at the termination of

experiments of varying lengths. The results are shown in Figure 6.

From this it is seen that animals anesthetized and handled regularly do

not take up water at rates different from those animals handled only

for the initial weighing. Evans (1969) has shown that MS-222 (the

anesthetic used here) does not affect water flux in the goldfish. In

contrast, Hunn and Willford (1970) have shown that anesthetization of

the rainbow trout, Salmo gairdneri, causes a marked diuresis during

the first two to four hours post-anesthesia. This is probably due to

hypoxia associated with the period of anesthetization since Hunn (1969)

has found that diuresis occurs in this species following hypoxic stress.

The effect of temperature on osmotic uptake of water is shown in



300-

5 10
Time (hrs)

Figure 6. Effects of handling and anesthesia on osmotic uptake of water by Ictalurus at 10°C.
Each represents the uptake by a separate group of animals (five animals per
group) that was anesthetized and weighed only at the beginning and the end of the
experiment. 0 represent the rates of uptake of a single group of animals that
was anesthetized and weighed at each of the points indicated. There were no
significant differences between the rates of uptake by animals subjected to the two
treatments.
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The Q10 for this temperature range is 2. 34 and agrees well

with the values of Wikgren (1953) for urine production in the lamprey

and those of Mackay and Beatty (1968) for the white sucker. The

relationship between size and water uptake at 10 and 20°C is shown in

Figure 7. A regression analysis of the water uptake at 20°C versus

body weight revealed the following relationship:

where

Jl = k Wx ,os

Jios = osmotic uptake of water,

(8)

k = Y intercept,

W = weight in g, and

x = slope.

The value of x was 0. 62. The analogous plot of combined gill and

body surface areas versus body weight yields a value of x equal to

0. 66. This indicates that total area is closely correlated with water

uptake. Evans (1969) has examined the relationship between water

uptake and size in a number of teleosts and has found values of x rang-

ing from 0.81 to 0. 92.

Table 8. Osmotic uptake of water at 10 and 20°C.

Temperature
C

Uptake
N

Weight Rate ill /cm2 -hr Q10in g (ml/kg-hr)
10 9 16.8 ± 1.1 4.27 0.4 0.68

2. 34
20 22 19. 3 * 2. 3 9. 99 * O. 6 1. 93
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Figure 7. Relationship between body weight and osmotic uptake of water of Ictalurus at 10 and 20°C.
0 represent uptake at 20°, represent uptake at 10°. Each point represents a single
animal. This illustrates the constant uptake as a function of weight and the similarity inr
temperature effects on different sized animals.
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Other than osmotic uptake of water, the only route by which

water can enter the fish is by drinking. This was originally reported

not to occur in fresh-water fishes by Homer Smith (1930). However,

recent investigations have shown that some species of fish in fresh-

water do drink small but measurable quantities of the medium. These

species were almost all euryhaline (Da 11 and Milward, 1969; Foster,

1969; Potts et al., 1967; Evans, 1967). In view of these recent

findings, an experiment was designed to determine if this species

drinks water. Fish were placed in a bath containing 14 C-inulin at an

activity of 1µC /50 ml. After 12 hours, the fish were carefully

transferred to a "cold" bath and allowed to swim for 30 minutes to

remove isotope from the body surface. The fish were then anesthetized

and rinsed in tap water. The alimentary canal was removed and

divided into three sections which were assayed for radioactivity. None

of the fish appeared to have consumed any of the bath. If catfish drink

water at rates comparable with the fresh-water fishes that do drink,

approximately 3 ml of the bath should have been ingested during the

experiment. This would have caused the gut to contain a high amount

of radioactivity.

In order to determine the absolute permeability of the skin and

gills, an experiment was designed to measure osmotic uptake of

water across the head region and body of the animal. Animals were

partitioned with a rubber bag. In order to measure osmotic uptake
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across one region only, the remainder of the fish was bathed in

isosmotic sucrose. This has been shown to prevent a net uptake of

water across epithelia (Kirschner et al. , 1960). The results of this

experiment are shown in Table 9.

Table 9. Comparison of osmotic uptake of water by head region and
body of the catfish at 10 C. Values are expressed in
H.1 /cm2-hr.

Bathing Medium
N

Rate of Uptake
(ill /cm2-hr) Size in gHead Body

Sucrose Water 10 1.38 + 0.15 21.0 ± 1.1

Water Sucrose 9 1.08 ± 0.19 16.1 ± 0.6

Sucrose Sucrose 8 0.09 ± 0.04 18.2 ± 1.4

Water Water 5 1.73 ± 0.13 21.2 ± 1.2

From the measurements in which water uptake was restricted

to the body alone, the permeability constant was determined using the

following equation:

where

J oP - s
os A Aq

s

Ps = osmotic permeability constant of the skin in p./sec,os

= water uptake in cm3Jos /sec,

As = area of the skin exposed in cm2,
and

(9)

Aq = difference between the mole fractions of water of plasma

and bathing media.

Since the water passage across the entire animal is a summation of
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partial functions of the skin and gill permeabilities, derivation of the

permeability constant for the gill alone is possible:

where

Ji = Aq(Ps A + Pg A ), (10)
sos os os

Pg = osmotic permeability constant of the gills in pisec, andos

A = area of the gills in cm2.
g

By rearrangement:

Jios - P A
Pg =

Aq OS s
(11)os A

g

If one makes the assumption that the osmotic permeability of the skin

of the head is identical with that of the body, measurements of osmotic

uptake of water by the head region allow computation of the permea-

bility constant for gill epithelium. Using the data from the fish in

which sucrose bathed the body and water bathed the head, the perme-

ability constant was calculated. This value, along with that of the skin

alone and the average constant derived from partitioned fish that were

completely bathed in water, are shown in Table 10.

The gill surface is considerably less permeable to water than the

skin. The permeability constant of the whole animal is calculated to be

intermediate between that of the skin and the gill. This is exactly what

would be predicted if the gill area equals body area as shown in Figure

5, page 36.
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Table 10. Osmotic permeability constants of gill, skin and whole
animal at 10°C. Values are given in ii/sec.

Surface Permeability Constant

Gill

Skin

Whole animal

0.50

0.85

0.63

± 0.10

± 0.08

± 0.06

(9

(5)

*
Significant difference.

Since stress woulcj undoubtedly be involved in the partitioning

experiments, a similar computation was made to determine the

permeability constant for the entire animal using data from Table 8.

The constant for the average animal in this case was 0.22 il/sec.

Water Loss

Since in the steady state the net movement of water into the

animal must be balanced by an equal amount removed by the kidneys,

urine flows must equal osmotic uptake of water. Table 11 shows the

rates of urine production at 10 and 20°C. There is no significant

difference between the rates of urine flow and the rates of osmotic

uptake of water shown in Table 8.

Table 11. The effect of temperature on urine flow rates in the catfish.
Temperatureoc

10 9

20 10

Weight
(:)

31.5 ± 3.3

29.1 ± 2.2

Rate
(ml /k: -hr) Q1

4.02 ± 0.3

8.80 * 0.47
2.19
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The formation of urine involves (1) filtration of blood plasma into

the glomerular capsule of the nephron, (2) reabsorption of a portion of

the water and solutes by the kidney tubules, and (3) secretion of solutc.:

into the renal tubules. Glomerular filtration rate is a basic parameter

in evaluating renal function. The GFR values at 10 and 20°C are shown

in Table 12 along with urine flow rates.

Table 12. Glomerular filtration and urine flow rates in the catfish at
10 and 20°C. Rates are expressed in ml/hr-kg. Reabsorp-
tion of water is expressed as the percentage of glomerular
filtrate.

Temperature
N Size Urine Glomerular % Reab-

( C) (g) Production Filtration Rate sorbed
10 9 31.5 ± 3.3 4.02 ± 0.3 14.2 ± 1.2 71.6
20 6 30.8 ± 1.4 8.43 ± 0.5 22.8 ± 1.9 57.8

From this it is evident that less water is reabsorbed at the

elevated temperature. The Q10 for GFR is 1.6 in contrast to that of

urine flow which is 2.1. The meager data in the literature dealing with

temperature effects on GFR are conflicting. Hickman (1965) has in-

dicated that tubular reabsorption increases with temperature in the

white sucker while Mackay and Beatty (1968) found no effect.

Ion Fluxes

The loss of ions across the body surface and in the urine must be

replaced by active uptake from the environment. The rates of exchange

of sodium and chloride are shown in Table 13.

The animals were very close to being in a steady state. The
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Table 13. Influx and outflux of sodium and chloride
tained in pond water and tap water at

in Ictalurus main-
10°C.

Ion
Ion Concentration

in Medium
(mM /1)

N
Weight

(g)
p_Moles /10 g-hr

Influx Outflux

Na 0.2 (tap) 8 8.3 +0.9 1.08 ± 0.15 1.09 ± 0.21

Na 1.5 (pond) 10 17.1 ± 1.04 ± 0.23 1.06 ± 0.19

Cl 0.12 (tap) 10 11.6 ± 2.1 0.69 ± 0.08 0.82 ± 0.25

Cl 3.0 (pond) 9 13,1 ± 1.12 0.73 ± 0.22 0.79 ± 0.30

outflux of ions represents the combined losses from renal and extra-

renal sources. The concentrations of ions in the urine have been

measured and are shown in Table 14.

Table 14. Urine composition of catfish at 10 and 20°C. Ion concen-
trations are given in mM/1 and total solute concentrations
expressed in mOsm/1.

Ion
Temperature

10° 20°

Na 7.6 ± 1.4 (9) 8.45 ± 1.3 (10)

Cl 5.5 ± 1.3 (8) 6.2 ± 1.3 (11)

K 0.18 ± 0.02 (5) 0.45 ± 0.11 (7)

Total Solute 23.5 ± 2.6 (13)

The summed concentrations of electrolytes measured in the

urine of 100 animals accounts for approximately half of the total

solutes. This pattern is typical of fresh-water teleosts (Hickman,

1965; Holmes and Stainer, 1966). A large portion of the remaining

solutes are nitrogenous compounds (Smith, 1929). The total loss of

ions via urine is the product of concentration and urine flow rates.

Total ion losses via urine have been calculated and are shown in Table
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15. The percentage of the total outflux has been calculated using data

from Table 13.

Table 15. The rate of renal loss of Na and Cl from Ictalurus
at 10°C.

Ion

Na

Cl

Rate of Loss
Moles /10 -hr)

% of Total
Outflux

0. 3

0. 22

27. 5

27. 9

Since two other sites for ion loss exist (skin and gill epithelium)

an experiment was designed to measure the efflux of sodium across

the body surface. Radioactive sodium was injected into the peritoneal

cavity of an animal partitioned with a rubber bag as described in water

flux experiments. The urogenital aperture was blocked and the efflux

was measured with the bag open for 18 hours. At the end of that time,

the bag was closed and effluxes inside and outside measured. Since

the only avenue of escape for sodium inside the bag was the skin, an

estimate of the diffusive loss of sodium across the skin was possible.

The results of the experiment are shown in Table 16. Corrections

have been made for the skin that was present in the "head region. "

This shows that very little loss occurs from the skin. Since the total

area of the fish is approximately equally divided into gill and body

epithelium, it is shown that the permeabilities differ ten-fold.

A similar experiment was performed to determine if uptake

occurs across the body surface exclusive of the gills. In this experi-

ment, animals were placed in bags as before and fluxes measured
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Table 16. Outflux of sodium across gill and skin of the catfish

at 10°C. The animals were in tap water. They
weighed 14 ± 1 g.

Surface Loss
(11Moles /10 g-hr)

Skin 0.19 ± 0.03 (11)

Gill 1.52 ± 0.13 (8)

during a 12 hour period with the bag open. At this time, the animals

were anesthetized and the urogenital papilla ligated. The bags were

then closed and fluxes measured inside and outside the bag for a period

of 12 hours. The results are shown in Table 17. This indicates that

all of the uptake of sodium and chloride occurs across the gills. The

efflux of ions of the animal takes place mainly across the gills also.

Losses across the skin constitute only 1/10 of the total. Renal loss,

estimated by difference, is about 27% for sodium and 23. 5% for

chloride. These compare quite well with the values obtained in Table

15 from urine flows. In comparing the flux values for these experi-

ments with those determined in non-partitioned fish (Table 13), it is

seen that the rates are about 2.5 times higher in partitioned fish. It is

interesting to note that the rates of water uptake measured under the

same stress conditions were also increased 2.5 times (see Tables 8

and 9).

Trans e ithelial Potentials

The potential difference generated across the epithelia of



Table 17. Sodium and chloride fluxes across different body surfaces of Ictalurus at 10°C. Values are
expressed as p.M/10 g-hr.

Ion N
Size

(g)
Region Outflux

Flux
(% of
Total)

Influx % of
Total

Na

Cl

5

5

11.6 + 2

30.9 ± 16

Whole animal

Gill

Skin
*

Renal

Whole animal

Gill

Skin
*

Renal

2.99 ± 1.30
1.87 ± 0.70
0.30 ± 0.08

0.82

1.8 ± 0.60
1.18 ± 0.28

0.20 ± 0.05

0.42

100

63

10

27

100

65

12.3

22.7

2.88
2.85

-0.06
--

1.5

1.76

-0.002
---

± 1.30

1 0.59
1 0.08
-

1 0.30
± 0.45

1 0.03

100

99+

--
--

100

100

--
--

Calculated by difference.
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amphibians has been shown to be dependent upon active transport of

sodium (Ussing and Zerahn, 1951). The magnitude has been shown to

be influenced by sodium and independent of anions in larval salamanders

(Dietz et al. , 1967) whereas adults show a definite dependence upon

chloride (Alvarado and Stiffler, 1970). Very few potential measure-

ments have been made on fish. Of those that have been reported, a

conflict with respect to the polarity has been observed (House, 1963;

Maetz and Campanini, 1966; Knoll, 1962; Kerstetter,et al. , 1970).

Potentials were measured in the catfish in pond water and tap water at

10
oC. The results are shown in Table 18.

Table 18. Potential differences between body fluids of intact catfish
and tap water or pond water.

N Potential Difference
mV

Tap Water
Cl = 0.12 mM
Na= 0.2 mM

Pond Water
C1= 3.0 mM
Na= 1.5 mM

6 2.5 (inside +)

6 2.0 (inside +)

In order to assess the effects of Na and Cl alone on the potential

difference, a series of measurements were made in which Na and Cl

concentrations varied independently. This was accomplished by using

'MgSO4 mixed with either Na2SO4 or MgC12. Diluting the MgC12 and

Na2SO4 with MgSO4 of the same molar concentration allowed a graded
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series of Na and Cl concentrations to be made. Similarly, mixing the

MgC12 with Na2SO4 produced a graded series of NaCl. This system

offers the advantage of maintaining a constant ionic strength. Poten-

tials measured in these three solutions are shown in Figure 8. This

reveals that increasing sodium concentrations independently of

chloride had no effect on the potential. Similarly, simultaneous

increases of Na and Cl did not affect the potentials until the concentra-

tion reached 100 mM/1. In contrast, increasing Cl concentration out-

side sharply reduced the potential.

In any event the potential differences between the body fluids and

pond water is not sufficiently high enough to account for the distribu-

tions or the fluxes of Na and Cl observed. This is revealed by applica-

tion of the flux ratio equation (Ussing, 1949):

where

i and o =

M =

c =

z =

F =

E =

M. /M = (c /c.) exp (zFE/RT) (12)
1 o o 1

inside and outside compartments,

flux in microequivalents /unit wt-hr,

ionic concentration in microequivalents /ml,

valency of the ion,

Faraday, 96500 joules volt-'mole 1,

electrical potential difference across the membrane

separating the two compartments with reference to the

outside, in volts,



0.1 1.0 10.0
r

100.0
Concentration (mM/1)

Figure 8. Influence of sodium and chloride ion concentrations on transepithelial potential
differences of the intact catfish. © represent NaC1 (as Na SO4

gC1ZMgCl).). 4Concen
are expressed In terms of m-1/1/liter of the ion. Each point represents the mean
of seven animals.
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R = gas constant in electrical units of 8. 3 joule degree-1

mole-1, and

T = temperature, in degrees.

This is shown in Table 19.

Table 19. Calculated and observed flux ratios for Na and Cl in the
catfish at 10°C (observed fluxes from Table 13).

Ion
Concentration

in Medium
(SEq /ml)

Expected
M. /M

1 o

Observed
M. /M

o

Na

Cl

1. 5 (PW)*

0.2 (TW)**

3. 0 (PW)

O. 12 (TW)

O. 006

O. 0016

O. 023

O. 0016

0. 972

0. 992

0. 924

0. 824

Failure to obey the ratios is usually taken as evidence that the

ion in question is subject to active transport.
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DISCUSSION

Water Content and Compartmentalization

The water content of Ictalurus is quite similar to that of other

fresh-water fishes. A survey of literature values for water content of

fresh-water fishes (Thorson, 1961; Foster, 1969; Sharratt et al. , 1961;

Butler, 1969; Towes and Hickman, 1969; Vinogradov, 1953) revealed

that the total water content of fresh-water fishes is very constant

(about 78%) between species. The only notable exception is the gar

which is lower. This can be attributed to the heavy ganoid scales

which make up a large portion of the weight. The water partitioning

in the catfish is also very similar to the "average" fresh-water teleost

described by Thorson (1961); the blood volume of the catfish is higher

than his average. This may reflect a basic difference in method.

The values given by Thorson were obtained indirectly by following

dilution curves of Evans blue dye whereas I used a direct method that

measured total extractable hemoglobin. Prosser and Weinstein (1950)

have estimated the blood volume of a similar species, Ictalurus natalis,

to be 1. 76% of the body weight. I have observed that a greater per-

centage than this can be removed with a syringe from the sinus venosus.

The extracellular space (inulin space) of the catfish (11. 3% at 20°)

is only slightly lower than those reported for other fresh-water fishes

(avg. 14%) by Thorson (1961), who measured sucrose space. Sucrose
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space is usually higher than inulin space (Holmes and Donaldson, 1969).

Prosser and Weinstein (1950) determined the extracellular space in

Ictalusus natalis to be only 4%, a value which has been questioned by

Thorson (1961).

The low extracellular space and plasma volume of the catfish

place it high in the evolutionary pattern postulated by Thorson (1961).

This is in accord with the generally held belief that the catfish is a

recent, highly specialized teleost (Lag ler et al. , 1962).

Ion Composition and Compartmentalization

Similar to the water content, the total ion content of Ictalurus

does not differ appreciably from other fishes (Vinogradov, 1953;

Warren and Flemming, 1966; Gordon, 1959). Ion contents of individual

organs of fishes have not been reported heretofore. However, the ion

contents of muscle agree well with those for higher vertebrates

(Manery, 1954; Potts and Parry, 1964).

Over 75% of the ions in Ictalurus are in the muscle and suppor-

tive tissue (Figure 1). About 12% of the total Na and Cl and 38% of the

total K are in muscle. The rest must be in bone, cartilage or con-

nective tissue. Presumably the latter is also the site of the inex-

changeable pool which amounts to about 16% of the total Na and Cl in

intact animals. Exchangeability of K was note measured but it is usually

considered to be completely exchangeable. The intracellular
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compartment contains most of the Na, K and Cl in the animal.

The concentrations of ions in the intracellular and extracellular

spaces in intact animals are at best gross values because they reflect

an average of very diverse tissues and cell types. Nevertheless the

general pattern of ion distribution, high K and low Na and Cl inside,

is evident.

A far better pattern emerges when a single tissue, muscle,

which amounts to 40% of the total mass of the fish, is examined (Table

7). The intracellular concentrations of Na, K and Cl are in excellent

agreement with published values for lower vertebrates (Conway, 1957).

The Gibbs - Donnan ratio ([Kin
in]

Kout.1 CloutI ) is not perfectly

satisfied but certainly is close enough to be within the limits of my

methods.

The concentrations of electrolytes in the plasma of the catfish

are slightly lower than those reported for scaled fresh-water fishes

(Holmes and Donaldson, 1969). The average total solute content of

the scaled fishes surveyed by these authors was 283 mOsm/1. The

total solute concentration in Ictalurus at 10°C C s 247 mOsm/1. The

only other data available for fresh-water scaleless fish are those

summarized by Holmes and Donaldson (1969) for the cyclostomes. The

plasma solute concentration of fresh-water forms of these animals is

approximately 250 mOsm/1 or less. This would indicate a slight

dilution of body fluids in scaleless forms.
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The concentration of sodium and chloride in the plasma are

reduced with decreased temperature. Toews and Hickman (1969)

have shown that a significant fraction (15%) of plasma chloride is

"bound" at low temperatures in the trout. Presumably the binding is

to plasma proteins. This may explain in part the reduced plasma

chloride observed in the catfish at low temperatures. In addition, a

shift of the chloride into the cells at lower temperatures is indicated

by the higher contents of both sodium and chloride in tissue (Table 2).

Water Exchanges

The osmotic uptake of water in the catfish is 4. 3 and 10 mg/hr-

kg at 10 and 20°C respectively.

The relative permeabilities of the skin and gills of Ictalurus to

water are interesting. It is often stated in the literature that the

integument of teleosts is virtually impermeable to water (e. g. , Parry,

1966). This is not the case in the catfish; the permeability constant of

the skin is 60% higher than that of the gill epithelium. It may seem

difficult to envision water moving across the skin of the catfish at a

rate higher than the gill epithelium when the thickness of the two

boundaries are considered. However, the skin of the frog is approxi-

mately the same thickness as that of the catfish and has a permeability

to water that is ten times greater (Hevesey et al. , 1935). The answer

may lie in the fact that both the skins of the frog and catfish are
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glandular. The location of the glands in the frog is such that vascular-

ization is much closer to the exterior than would be supposed. This

would reduce the distance to be traversed by water.

A few values on gill permeability to water are available. Motais

et al. (1969) found a value of 0.79 pisec for gills of the eel (Anguilla)

and 2.08 pisec in the goldfish (Carassius). These measurements

were made at 19 oC whereas mine were made at 10 o
C. The Q10 for

the osmotic uptake of water is about two, so that my values for the

osmotic uptake of water across the gills would be intermediate between

these values.

In the steady state, fresh-water fish, the osmotic uptake of water

is balanced by the excretion of urine. Urine flow rates measured by

direct catheterization agreed with the rate of osmotic uptake of water.

Urine flow rates in Ictalurus which have been acclimated several hours

are higher than found in scaled fishes (Table 20). The only exception

is for Carassius (Bourquet, 1964). However in this case the measure-

ments were made immediately after catheterization when urine flows

are much higher than normal. The flow rates in catfish more closely

approximate those in lamprey reported by Morris (1960). It is note-

worthy that the frequently cited urine flow rates for the lamprey pub-

lished by Wikgren (1953) are high because his animals were stressed

(see Morris, 1960).

Urine formation in fresh-water fishes is primarily by filtration



Table 20. A summary of literature values for various aspects of renal function in fresh-water fishes.

Type
Scale Species Urine Flow

( ml/kg-hr)
No.
Fish

Temp. Size
GFR

( gl
U/P Ratio Reference

Naked A meirus nebulosus 6. 4 13.6 1 ? ? 17.1 1.7 Marshal 1934
6. 4 (1. 33-14. 2) 34 ? ? 9. 36 (3. 4-24. 2) Lavoie et al. , 1959
2.05 2 "winter fish" 333, 241 Haywood & Clapp 1942

Lampetra fluviatilis 13.6 13 ? ? 20.4 1.5 Bentley & Follett 1963
13.7 ± 2.6 19 ? ? 20.6 ± 1.5 1.5 ± .09 (19) Morris 1960

Lampetra planeri (larvae) 8.25 10 ? 2-3 g Bull & Morris 1967
Pe tromyzon fluviatilis 2.5 ? 2-3 about 50 Wikgren 1953

6.67 7-9
14.9 ? 16-18

Bony Ridge Cyprinus c al 1. 38 1 ? ? - Smith 1929
2.11 6 ? 482 (315-600)
I. 1 1 6 540 Pora & Prekup 1960
2.0 1 12 560
7.1 1 19 245

Carassius auratus 2.5 2 ? ? - Smith 1929
1.9 2 ? 245
10.7 19 18-23 155 14.4 (12. 6-17. 2) 1.34 Bourquet et al. 1964

Catastomus commersonii 1.15 6 4 1395 2.2 (1.03 -3. 24) 1.91 Hickman 1965
" (cycloid) 1.23 2 10 967 3. 99 (0.78 -14. 31) 3. 21

0. 29 5 "winter fish" 959 Haywood & Clapp 1942
1.10 2 "spring fish" 928 -

. 1.21 ± 0.19 7 2 1300 1.99 1.64 Mackay & Beatty 1968
2.45 ± 0. 47 11 10 1300 3.67 1.50
4. 39 ± 0.45 2 18 1300 5. 96 1.36

Salmo gairdneri 4. 22 ± O. 33 32 12-14 138 ± S Fromm 1963
3.83 2 .12 10 "seasonal" 182 7. 3 ± 0.4 1.92 Holmes & Stainer 1966

- 14 6 186 ± 5.9 . 6.53 ± .37 Holmes & McBean 1963
Salmo irideus 10-18 1 10 170 - Krogh 1937

,1 3.4 (3.1-3.7) 10 215 - Holmes 1961

Subderm al Anguilla anguilla 3.5 11 18 ? 4. 6 (2. 3 -7.8) 1.31 Sharratt et al. 1964
Calcerous 1.75 5 12-14 ? ? ? Chester Jones et al. 1965
"Denticles" Anguilla rostrata 1.44 ± 1.6 14 10 1153 Butler 1969

Anguilla crysypa 1.04 2 ? ? Smith 1929
Anguilla anguilla 1.1 ± . 23 8 12 625 1.51 ± 0.18 1.37 Chester Jones et al. 1969

Cycloid A mia calvius 0.6 1 ? ? - Smith 1929
Ganoid Le pidosteus 0. 8 1 ? ?
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and reabsorption in contrast to the basic mechanism in marine fishes

which is secretion (Marshall and Smith, 1930). The mean GFR in the

catfish was 14 ml/kg-hr at 10°C and 22 ml/kg-hr at 20°C. These

values are high relative to scaled teleosts which bears out the high

filtration surface to body surface theory of Marshall and Smith (1930).

It is also noteworthy that the Q10 is only 1.5, whereas the Q10 for

urine production is 2.5. At the higher temperature relative reabsorp-

tion of water and solutes is less than at 10 o
C.

The central role played by the kidney in osmoregulation in fresh-

water animals results from the capacity of the renal tubules to re-

absorb large amounts of solute from the glomerular filtrate without the

concomitant reabsorption of water. Ideally there would be no reab-

sorption of water and the U to P ratio for inulin or glofil would be one.

This would involve the evolution of water impermeable tubules, not a

likely eventuality. The ability of the kidney to "bail" out water is

usually expressed in terms of free water clearance (Smith, 1956):

where

CH 0 = V - C osm
2

C
Uosm

osm osm

V = rate of urine production,

C = osmolar clearance, andosm

CH 0 = free water clearance.
2

(13)

(14)



At 10° the CH would be 3.64 ml/hr-kg for the catfish.Hz0

The net quantity of specific ions reabsorbed by the renal

tubules per unit time can be computed fromt

GFR= FR P. - V U.
1 1 1

where

T. = rate of reabsorption of ion (p.eq/hr-kg),

GFR = glomerular filtration rate in ml/hr-kg,

P. = plasma concentration of ion,

U. = urine concentration of ion, and
1
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(15)

V = rate of urine production in ml/hr-kg.

Table 21 shows T. values for Na and Cl in catfish maintained at
1

10° and 20°C.

Table 21. Reabsorption of Na and Cl in renal tubules of Ictalurus
nebulosus at 100 and 20 °C. The numbers in parentheses
represent the percent of the filtrate reabsorbed.

GFR Pi Ti
Ion (fiEq /kg-hr) ( E

zoo 100 zoo
Na

Cl

1475 2650 1444 (98) 2579 (98)
1220 2140 1198 (98) 2088 (98)

It is quite clear that the renal tubules possess extremely

efficient ion transport systems. This is particularly true in view of

the fact that the filtrate passes through the tubules at a relatively

rapid rate.



where

Water uptake and loss can be summarized by an equation:

=
ig + JosisJos

net - Ju

Jnet = net flux of water in ml/kg-hr,

Jig = uptake across gill epithelia in ml/kg-hr,os

Jis
= uptake across skin in ml/kg-hr, and

OS

Je = loss as urine in ml/kg-hr.
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(16)

In an animal in the steady state, Jig and J is are 37 and 63% ofos os

Ju respectively.

Ion Exchanges

Despite their highly efficient kidney, fresh-water fishes suffer

a net loss of ions in the urine. In addition there is a diffusive loss of

ions across the skin and gills. At 10°C the mean total efflux of Na

from a catfish in tap water is 1.09 p.eq/10g-hr. About 27% of this

represents renal loss, 59% loss across the gills, and 14% across the

skin. For Cl the mean efflux is 0.82 fleq/10g-hr of which 28% is

renal, about 65% is gill, and 7% is skin. The area of the skin approxi-

mately equals the area of the gills so that the permeability of the skin

to ions is much lower than the gills. Thus there appears to be an

inverse relationship between water permeability and ion permeability

in the skin and gills. While difficult to explain this phenomenon is not
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unheard of. For example, salt-water adaptation in eurhaline fishes

involves a decrease in permeability to water (Oide and Utida, 1968)

and an increase in ion permeability (Motais et al. , 1966).

Relative to the total quantity of Na and Cl in the animal the loss

rates are low. Thus for Na the turnover rate is 5% of total body Na

per day and for Cl it is 6% per day. These values are comparable to

published values for other fresh-water fish (Lahlou et al. , 1969).

Starved fish maintain themselves in a steady state with respect

to Na and Cl for several weeks. This is possible cause of the active

transport of each of these ions across the gills. Uptake across the

skin is negligible. The active inward transport of Na and Cl does not

generate a sizable potential difference between the bath and the body

fluids (2. 5 mV inside +). Sodium and chloride are transported at

different rates; there is substantial evidence that they are transported

by separate "pumps" each operating by exchanging for an ion of like

charge (Krogh, 1937; Garcia-Romeau and Maetz, 1964).

The overall ionic regulatory pattern of the catfish in the steady

state at 10°C may be represented by the equation:gg suMnetMi-Mo-Mo-Mo (17)

where the partial functions are represented by the relative percentages

indicated in parentheses:

Mnet .-,-- net flux,



64

Mg = influx across the gills (Na-100%, C1- 100 %)

Mg = outflux across the gills (Na-59%; Cl- 65 %)0

Ms = outflux across the skin (Na-14%; Cl -7 %)

Mu = outflux via the urine (Na- 27 %; C1-28%).

Prospectus

This investigation represents the only known comprehensive study

of hydromineral balance in a stehohaline freshwater teleost. The

fundamental patterns of ionic and water distribution have been defined

as well as the kinetics of osmoregulatory processes. With respect to

osmoregulation the bullhead catfish, Ictalurus nebulosus, appears to

be an ideal representative of freshwater teleosts. In view of the lack

of a "standard" animal to represent this physiological group, it is pro-

posed that the data from this investigation serve as a reference for

future studies dealing with osmoregulation in fresh-water fishes.
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