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ABSTRACT 

The purpose of the investigation was to elucidate the mechanisms 

enabling the survival of euryhaline f i s h i n s a l t water* Steelhead trout (Salmo  

gairdneri) were transferred to 60$ seawater and s e r i a l measurements made of the 

serum and muscle sodium and potassium content and of the tissue water during a ten 

day period after transfer* 

The i n i t i a l 24 hours i n seawater were characterized by a dehydration of 

the tissues and a great increase i n the body electrolytes. This was followed by a 

regulatory phase which represented the mobilization of active transport mechanisms 

i n the muscles and g i l l tissues, enabling the excretion of the dominant extracellular 

cation, sodium. The regulation of potassium, the main i n t r a c e l l u l a r cation, was 

assigned to the kidney. The regulation of tissue potassium and water appeared to 

be dependant on the regulation of sodium. 

After 110 hours i n seawater the regulatory processes had returned the 

animal to a new equilibrium which was characterized by: l ) serum cations only 6% 

higher than fresh water controls, 2) muscle potassium 15% higher than fresh water 

controls, and 3) a lower tissue water content than the fresh water controls. 

The control of t h i s osmoregulatory adaptation to a hypertonic environment 

i s discussed and possible hormonal action considered. 
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The capacity of teleost f i s h , whether they be freshwater or marine species, 

to withstand the varying osmotic demands of their environments i s a remarkable 

physiological phenomenon. Fresh water f i s h must maintain concentrations of 

electrolytes i n t h e i r body f l u i d s which have an osmolarity s i g n i f i c a n t l y greater 

than their environment. Marine teleosts, on the other hand, maintain their body 

f l u i d s against a hypertonic environment which tend3 to dehydrate the tissues and 

flood the body f l u i d s with electrolytes. It is clear, therefore, that any fresh water 

f i s h which i s capable of adjusting i t s regulatory mechanisms to withstand the 

osmotic hazards of seawater i s well worthy of investigation. Such a euryhaline f i s h 

i s the Steelhead trout (Salmo gairdneri). 

The principal osmoregulatory mechanisms i n fresh water f i s h are the 

e f f i c i e n t reabsorption of ions by the kidney tubules, the production of a copious 

hypotonic urine, and possibly the active uptake of ions through the g i l l epithelium. 

In order to conserve water, marine teleosts drink s a l t water and i n effect d i s t i l l 

i t , since the g i l l s appear to be able to a c t i v e l y excrete salt s , possibly v i a the 

"chloride secreting c e l l s " . The kidneys of marine teleosts would seem to play a 

minor regulatory role by producing the minimum amount of urine necessary to remove 

toxic waste products from the body. This urine, although hypotonic to the body 

f l u i d s , i s more concentrated than that of fresh water f i s h , indicating a possible 

anti-diuretic action.. These adaptations have been comprehensively reviewed by 

Krogh (1939) and Black (1957). 

In freshwater f i s h , where sa l t retention i s imperative, one would expect 

a p r i o r i that a s a l t retaining mechanism would be present. In mammals the adrenal 

cortex produces compounds which function in s a l t retention, and the most active of 

these, aldosterone, has recently been demonstrated i n the peripheral blood of 

spawning salmon ( P h i l l i p s et a l , 1959) while the anterior interrenal has been 

ide n t i f i e d as i t s s i t e of synthesis i n Fundulus ( P h i l l i p s and Mulrow, 1959), This 
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would seem to be further indication of the homology thought to exist between the 

interrenal tissue of teleosts and the mammalian adrenal cortex. However, there i s 

no evidence extant to indicate whether this aldosterone i s physiologically active 

i n the f i s h and i f so what i t s action may be. The observation that the interrenal 

of Fundulus i s quiescent i n s a l t water (Pickford et a l , 1957) supports the view 

that sodium retaining steroids (viz. aldosterone) produced by the interrenal promote 

survival i n fresh water. The quiescence of the interrenal i n s a l t water i s 

considered to be a result of the decreased demand for s a l t retaining steroids 

(Chester Jones, 1956). The v a l i d i t y of this interpretation i s open to question 

since Holmes (1959) has shown that the corticosteroids, DCA and hydrocortisone, 

promote loss of sodium through the g i l l s i n a s a l t loaded f i s h , and Sexton (1955) 

has demonstrated that DCA depressed the uptake of sodium against a d i f f u s i o n gradient 

i n the goldfish g i l l , Other steroids, which i n the mammal effect predominantly 

carbohydrate metabolism, have been i d e n t i f i e d i n the serum and interrenal tissue of 

salmonid f i s h . An increase i n serum 17-hydroxycorticosteroids and an increase i n 

interrenal volume have been observed i n smolting salmon (Fontaine and Hatey, 1954; 

Olivereau, I960). It is s i g n i f i c a n t to note that during the smolting period salmonid 

fishes are most able to withstand transfer to seawater (Houston, 1959; Koch, 1959)« 

In addition, structures other than the interrenal tissue have been postulated as 

possible organs of osmoregulation. Fontaine and Hatey (1959) claimed the i d e n t i f i c a t i o n 

of corticosteroids i n the corpuscles of stannius, although this observation i s at 

variance with the findings of Ford (1959) and P h i l l i p s (pers. comm.). Enami (1959) 

has described the urohypophysis which may well have an osmoregulatory r o l e . 

I t i s postulated that a neurohumour associated with the posterior p i t u i t a r y 

i s important i n the maintenance of osmotic balance i n teleosts upon transfer to sea 

water (e.g. Chester Jones, 1956). This postulate i s based on the work of Arvy and 

Grabe (1954) who demonstrated an increase i n neurosecretory material i n the supra-optic 
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nucleus less than one half hour after transfer to seawater. Recent work by 

Fridberg and Olsson (1959) have confirmed these observations i n G-asterosteus, As 

i n the higher vertebrates, compounds having ADH, pressor, and oxytocic a c t i v i t y 

have been i d e n t i f i e d i n the teleost neurohypophysis (Herring, 1915j Heller, 1941), 

The fact that p i t u i t a r i e s from marine teleosts are more active than those of fresh 

water f i s h i n promoting water retention i n the frog indicates the presence of a 

greater amount of oxytocin i n the marine f i s h (Weise, 1959). Holmes (1959) showed 

that i n vivo injections of oxytocin decreased the i n v i t r o respiratory rate i n the 

kidney i n Salmo c l a r k i c l a r k i , while a large dose of vasopressin enhanced kidney 

respiration. Furthermore, Holmes (1959) has demonstrated that vasopressin diminished 

the renal excretion of sodium i n sodium loaded trout. 

It would appear that the posterior p i t u i t a r y hormones are active i n sea 

water teleosts, although their mode and sit e of action i s by no means well understood. 

When a f i s h i s transferred from fresh to s a l t water, i t must be able to 

pump out the incoming ions i f i t i s to survive. If measurements are made of the 

changes observed i n ionic content of the blood and tissues after a euryhaline f i s h 

i s transferred to saltwater, then an insight into the osmoregulatory mechanism may 

be made. The purpose of th i s investigation was to examine these changes i n electrolyte 

composition and tissue water. Steelhead trout, therefore, were transferred from 

freshwater to seawater and s e r i a l measurements were made of the changes i n serum and 

muscle sodium and potassium levels and i n tissue water content. In this way an 

adequate description of the normal osmoregulatory changes under these conditions could 

be obtained. 



MATERIALS AND METHODS 
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1. Care and Maintenance of Fish 

Hatchery raised yearling steelhead trout (Salmo gairdneri) of similar 

genetic stock were obtained from Cultus Lake Hatchery, B r i t i s h Columbia, by the 

courtesy of the B.C. Game Department, In Vancouver the f i s h were stored i n outdoor 

cement tanks supplied with running dechlorinated water, the temperature of which 

remained between 4,5 and 5.0° C, during the experimental period. Stock f i s h were 

fed weekly (Clark's f i n g e r l i n g f i s h food), whereas the experimental f i s h were not 

fed for a week prior to, nor during time i n seawater. A l l f i s h were allowed to 

equilibrate for at least a week after transportation before being used experimentally, 

2. Experimental Treatment 

Flame photometric (Zeiss FP 5) estimations of sodium and potassium for 

muscle and serum samples were made on each f i s h . These values were expressed i n 

milliequivalents (meq.) of ion per kilogram of serum and muscle respectively. The 

water content of a l l muscle samples was calculated from fresh and dry weights of 

the samples. 

Upon removal from the tank, the body weight and forklength were recorded. 

Paper towels were wrapped around the cloaca to prevent contamination of the blood, 

the caudal f i n severed one inch posterior to the anus and the efferent blood collected 

i n a centrifuge tube. Muscle samples were then taken. This process took about 8 

minutes per f i s h to complete. 

A l l glassware used i n analyses was pyrex and a l l chemicals used were CP 

reagent grade. 

a. Treatment and Analysis of Blood 

The collected blood was allowed to c l o t i n a refrigerator for 30-45 minutes. 

It was then centrifuged for 15 minutes at 1500 RPM, and the serum was pippetted off 

and stored i n stoppered tubes. 

Analyses were made on 0,2 or 0.5 ml, serum, which was digested with a drop 
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of HC1 and diluted to 25 ml. (1/125 dilution) or to 50 ml,,(l/lOO dilution) 

respectively. I n i t i a l l y , duplicate dilutions were made from a series of samples 

i n order to test the accuracy of d i l u t i o n . Subsequently, only one d i l u t i o n per f i s h 

was analyzed. 

Sodium and potassium values were read on the same dilutions (l/lOO). 

Sodium was read against a 10 mgm.% sodium standard and no interference standard was 

necessary. Potassium values were read against a 0.5 mgm,% interference standard. 

Standard curves were obtained for sodium and potassium flame photometer readings 

and unknown samples were calculated from these standard curves. Precision for 

sodium was - 2 meq./L and for potassium was - ,5 meq./L, 

b. Treatment and Analysis of Muscle 

Duplicate muscle samples (about 1 gram) were removed from the dorsal muscle 

mass on either side of the vertebral column just anterior to the dorsal f i n . After 

the adhering skin and f a t was removed, the sample was placed i n a tared aluminum 

pan and weighed. Samples were dried to constant weight at 109° C., reweighed, and 

the per cent water content calculated. 

Two methods of freeing the ions i n the muscle were used. The f i r s t was an 

ashing technique. Weighed dry muscle samples (about 0.2 gram) were ashed i n 

platinum crucibles at 1000° C. for s i x hours. The white cr y s t a l l i n e material 

remaining was then dissolved i n concentrated hydrochloric acid and diluted to 100 ml, 

i n a volumetric f l a s k . 

The ashing technique i s tedious and therefore the majority of the muscle 

samples were digested, using a modification of the technique described by Gordon 

(1959). Each muscle sample was placed i n a test tube and to this was added 1,0-1,5 ml. 

ION n i t r i c acid, 0,2 ml, 30% H ?0 2, and a drop of caprylic alcohol. This was then 

heated for one hour at 60° C, The resulting solution was neutralized by the addition 

of 1 ml. 15N ammonia hydroxide, and made up to 100 ml, with d i s t i l l e d water. 

An interference standard for potassium determination was found to be 
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unnecessa ry . The c o n c e n t r a t i o n o f po tass ium was r e a d a g a i n s t a 10 mgm,$ s t a n d a r d 

cu rve and each v a l u e r e c o r d e d was a mean o f d u p l i c a t e samples. Sodium v a l u e s were 

read, a g a i n s t a 0 .768 mgm.$ i n t e r f e r e n c e s t a n d a r d and s i m i l a r d u p l i c a t e samples were 

a n a l y s e d . The accu racy o f each mean v a l u e was c a l c u l a t e d f r o m the average d e v i a t i o n 

f r o m t h e mean o f t w e n t y d u p l i c a t e samples. The a c c u r a c y f o r t he po tass ium was 

- 2 ,5 m e q . / k g , wet w e i g h t , and f o r sodium - 0 .5 m e q . / k g . wet w e i g h t . 

3, F i s h T r a n s f e r r e d t o S a l t Water 

E x p e r i m e n t a l f i s h were t r a n s f e r r e d ' d i r e c t l y f r o m f r e s h wa te r 

t o 60$''' seawater (Na 287 m e q , / L , K 5.95 m e q , / L ) . The seawater tanks were a e r a t e d 

and t h e t e m p e r a t u r e was c o n s t a n t a t 1 0 ^ 0 . 5 ° C, F i s h were removed f o r a n a l y s i s a t 

v a r i o u s i n t e r v a l s a f t e r t o sea wa te r d u r i n g a t e n day p e r i o d . 

4 , S t a t i s t i c a l A n a l y s i s 

The s t a t i s t i c a l t r e a t m e n t o f t h e d a t a c o l l e c t e d i n t h i s i n v e s t i g a t i o n 

f o l l o w s t h e i n s t r u c t i o n s g i v e n by Snedecor (1956) f o r t t e s t s , r e g r e s s i o n a n a l y s e s , 

and c o v a r i a n c e a n a l y s i s . 

S a l i n i t y was measured on an e l e c t r i c a l conductivity bridge, using a 
s a l i n i t y of 31.88 was considered 100$ seawater. 
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RESULTS 
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1 . Comparison o f Muscle Techniques 

I t was necessary f i r s t o f a l l t o de te rm ine whether t h e sodium and 

p o t a s s i u m v a l u e s o b t a i n e d f r o m t h e two d i f f e r e n t t y p e s of muscle a n a l y s i s (ash ing 

and d i g e s t i o n ) were comparab le , o r whether t h e t ype o f t r e a t m e n t i n t r o d u c e d a 

s y s t e m a t i c e r r o r wh ich wou ld r e n d e r t he two t r e a t m e n t s n o t s t r i c t l y comparab le . 

Sodium and p o t a s s i u m v a l u e s o b t a i n e d i n t h e two t r e a t m e n t s were compared u s i n g a 

t t e s t (Snedecor , 1 9 5 6 ) , I n o r d e r t o a v o i d d i f f e r e n c e s due to the v a r y i n g wa te r 

c o n t e n t o f t h e t i s s u e s , t h e i o n i c c o n c e n t r a t i o n s were expressed as meq»/kg , d r y 

w e i g h t . The r e s u l t s o f t h i s compar ison a re p r e s e n t e d i n Table 1 , 

Bo th t h e sodium and po tass ium v a l u e s o b t a i n e d by a s h i n g were c o n s i s t e n t l y 

h i g h e r t h a n t h o s e o b t a i n e d by d i g e s t i o n , a l t h o u g h o n l y t h e po tass ium v a l u e s were 

s i g n i f i c a n t l y d i f f e r e n t (p = < . 0 l ) . Bo th the a s h i n g t e c h n i q u e and the d i g e s t i o n 

t e c h n i q u e have the same l e v e l o f a c c u r a c y , as shown i n Table 2 , 

A l l muscle c a t i o n , c o n c e n t r a t i o n s r e p o r t e d i n t h i s i n v e s t i g a t i o n were 

o b t a i n e d u s i n g the d i g e s t i o n t e c h n i q u e , 

2 . Va lues o f Sodium and Potass ium i n F r e s h Water P i s h 

A s e r i e s o f f r e s h w a t e r s t e e l h e a d were sampled t o e s t a b l i s h the normal 

c o n c e n t r a t i o n s o f serum and muscle sodium and po tass ium i n t h i s h y p o t o n i c e n v i r o n m e n t . 

The r e s u l t s were ana lyzed i n o r d e r t o e s t i m a t e t h e i n f l u e n c e o f s i z e and sex on 

the v a r i a b l e s measured. 

No s i g n i f i c a n t c o r r e l a t i o n was demonst ra ted between body w e i g h t i n the 

range o f 60-200 grams and t h e v a r i a b l e s measured. Nor c o u l d any s i g n i f i c a n t 

d i f f e r e n c e s i n b l o o d and muscle v a l u e s be demonst ra ted between male ( immature and 

matu re ) and fema le f i s h , . However t h e serum sodium c o n c e n t r a t i o n o f t he female f i s h 

f e l l i n t h e upper l i m i t s o f t h e normal range and t h a t o f the males i n the lower p a r t 

(Tab le 1 , A p p e n d i x ) . 
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Table 1. A Comparison of the Ashing Technique and 
the Acid Digestion Technique of Muscle Analysis* 

Ionic Concentration 
i n meq./kg. dry weight 

Technique Na K 

Ashing 43.5 i 1.95 526 i 11.2 
(N = = 11) (N = 11) 

Acid Digestion 39.8 t 1.55 486 1 10.7 
(N = = 16) (N = 16) 

t = 1.18 t = 2.60* 
), >.l P^.02,^.01 

Table 2. A Comparison of the Precision of the 
Ashing Technique and the Digestion Technique of 
Muscle Analysis. 

Technique Average Deviation Prom the Mean 

Wet Weight 1 Dry Weight 2 

Na K Na K 

Ashing . 0.57 2.62 1.63 " 5.70 

Digestion 0.51 2.50 1.56 5.92 

Expressed i n meq./kg. wet weight 

Expressed i n meq./kg. dry weight 



Table 3» Salmo gairdneri Fresh Water Values of Serum and Muscle Electrolytes 
January, 1960 

Na K Na/K 
Mean SE N Mean ± SE N Mean + SE N 

Serum 
meq./L 150.0 ± 146 (13) 3.24 ± .14 (13) 47.8 i 3.4 (13) 

Muscle 

meq./kg. wet muscle 8.88 ± .32 (16) 109 2.30 (16) 12.5 - .5 (16) 

meq./kg. dry muscle 39.8 ± 1.5 (16) 486 ± 10.7 (16) 

io water content 77.8 i ,15 (24) 



Table 4, The Effect of Exercise and Temperature on the Ionic Concentrations i n 
the Serum and Muscle of Salmo gairdneri. 

Treatment Serum Muscle 
Na K $ H 20 Na K 

Exercise 151 t 3 
(3) 

1.68 1 .3 
(3) 

77.7 i 3.4 
(3) 

8.97 i .32 
(3) 

106 i 2 
(3) 

Controls 150 i 1 
(13) 

3.24 - .1 
(13) 

77.8 i .2 
(13) 

8.88 i .32 
(13) 

107 i 2 
(13) 

P value >.5 <.01 >̂.5 

6 hours at 2° C 135 i 6 
(3) 

2.7 i .1 
(3) 

Controls at 6° C 134 - 2 
(10) 

3.46 - .2 
(9) 

P value >.5 P<.08,>.02 

Ionic concentrations expressed i n meq./L serum, or meq./kg. wet weight 
i One standard error of the mean, (S.E.). Sample size i s indicated i n parentheses. 
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It appears that f or the purposes of these experiments neither sex nor 

body weight exerted a s i g n i f i c a n t effect on serum and muscle electrolytes. 

An attempt was made to evaluate the effects of two factors, exercise and 

temperature, which could possibly bias the experimental results. Pish exercised 

for 30 minutes showed a serum potassium concentration s i g n i f i c a n t l y lower than the 

unexercised controls, although none of the other variables measured was changed. 

A similar decrease i n serum potassium was recorded for f i s h kept at 2° C. for six 

hours (when compared with controls kept at 6° C«), although again none of the other 

variables was changed (Table 3). 

3. Transfer of Pish to Seawater 

The response of Salmo gairdneri after transfer to 60% seawater i s shown 

i n Figures 1 and 2 (and i n Tables 9, 10, and 11 of the Appendix), This response may 

be divided into three d i s t i n c t phases: ( l ) a stage of adjustment; (2) a stage of 

active regulation; and (3) a stage of equilibrium. 

The i n i t i a l adjustment phase, which continued for the f i r s t 24 hours, was 

characterized by an increase i n the t o t a l cation concentration of both blood and 

muscle* and by a dehydration of the tissues. During t h i s period the serum and muscle 

sodium rose 24% and 125% respectively, while the tissue water and potassium both 

f e l l 4% below the control values. A l l these changes, with the exception of muscle 

potassium, were s i g n i f i c a n t l y different from fresh water values (P<»01). 

This phase of adjustment was followed by a regulatory phase during which 

time (24-110 hours) the ionic balance of the f i s h was returned to equilibrium. This 

regulation f i r s t became apparent i n the muscles after 24 hours i n seawater. It 

* Tissue concentrations referred to i n the text w i l l be expressed i n terms of dry 
tissue weight, since values expressed i n terms of wet weight would be influenced 
by the degree of hydration of the tissues. 



Figure 1, S e r i a l Changes i n Sodium Content of 
Serum and Muscle After- Transfer to 
60% Seawater, 

,,,to follow page 14 





Figure 2» Se r i a l Changes i n Potassium Content of 
Serum and Muscle After Transfer to 60$ 
Seawater, 

•«»»to follow page 14 
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consisted of the active extrusion of sodium accompanied by an active accumulation 

of potassium i n the muscles* After 36 hours i n s a l t water the serum sodium value 

and the water content of the tissues started to return to normal, and appeared to 

reach an equilibrium after 110 hours i n s a l t water* Presumably the f i s h had returned 

to a steady osmotic state and a new combination or balance of regulatory factors 

enabled them to maintain t h i s constant milieu interieur • i n the hypertonic environment, 

a. Changes i n Serum Electrolytes 

The i n i t i a l increase i n serum sodium represents the inward d i f f u s i o n of 

ions with the osmotic gradient* The regulatory processes i n i t i a t e d after about 36 

hours i n s a l t water enabled the animal to excrete sodium at the rate of 0*41 meq»/liter 
't' 

of serum/hour* 

Th?" changes observed i n serum potassium were very d i f f i c u l t to interpret 

as only f i v e values were s i g n i f i c a n t l y different from the fresh water controls* 

Since potassium occurs i n such a low concentration i n the serum when compared to 

sodium, any small errors i n d i l u t i o n could s i g n i f i c a n t l y affect the measurement of 

potassium but not influence the measurement of sodium. For th i s reason a linear 

regression of serum potassium against time i n s a l t water was constructed. The 

formula so obtained (Y = 3*90 - *0045X ) expresses the relationship between these 

two variables. The slope of -.0045 did not d i f f e r s i g n i f i c a n t l y from a slope of 

zero, indicating that there was probably no si g n i f i c a n t change i n serum potassium 

during the experimental period. 

. The r a t i o of sodium to potassium was calculated for the serum to determine 

whether the cations varied independently during the treatment, or whether they 

remained proportional to each other throughout the experimental period. Serum 

sodium/potassium values showed no clear cut trend and hence are very d i f f i c u l t to 

interpret. One can say f i r s t that the value of 66, maintained after 216 hours i n 

sa l t water i s s i g n i f i c a n t l y higher than the fresh water sodium/potassium ratio (P<^.0l), 
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and second that although the proportion of sodium/potassium did vary considerably, 

i t was maintained between the l i m i t s of 77 and 38. 

b. Changes i n Muscle Cations 

During the period 24-66 hours after transfer to s a l t water, there was a 

lin e a r decline i n the dry muscle sodium concentration, according to the regression 

I ss 108 - 0.69 X. This rate of sodium loss of 0.69 meq./kg. dry weight/hour was 

highly s i g n i f i c a n t with a correlation c o e f f i c i e n t (r) of 0.92. Also during 24-96 

hours after transfer to s a l t water there was a r i s e i n muscle potassium according 

to the formula I = 434 + 1.24 X. This rate of increase i n muscle potassium of 

1.2 meq./kg./hour was also highly s i g n i f i c a n t (r = 0.89). Comparison of the rate 

of loss of sodium with the rate of gain of potassium showed that these rates are 

not s i g n i f i c a n t l y different (Figure 3)« 

Expression of the changes i n muscle sodium and potassium i n terms of fresh 

weight indicated trends similar to those described f o r the dry weight values although 

the changes were less dramatic* 

The r a t i o of potassium to sodium i n the muscle tissue shows a sigmoid 

r e l a t i o n when plotted against time i n seawater (Figure 4)« Upon transfer to seawater 

an- increase i n extracellular sodium caused the r a t i o to f a l l from a value of 12 to 

5 i n 24 hours, thereafter r i s i n g to an equilibrium lev e l at 110 hours. The new 

equilibrium value of 10 i s lower than the fresh water control although the difference 

i s not s i g n i f i c a n t , (>.50 P<.10). 

c« Changes i n Muscle Water Content 

During the i n i t i a l 36 hours i n s a l t water the tissue water content f e l l 

from 77.8 % to 75.0 %. Thereafter the tissues slowly regained water u n t i l a new 

equilibrium of 76.5 % water content was established i n the tissues after approximately 

110 hours i n seawater. 



Figure 3# A Comparison of the Rates of Sodium Loss 
and Potassium Accumulation i n the Muscle 
During Active Regulatory Phase, 

,«to follow page 16 





Figure 4, K/Na Ratio i n Muscle Tissue During Transfer 
to Seawater, 

• to follow page 16 



K / N a RATIO IN MUSCLE 
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d. Comparison of the Equilibrium Values With Fresh Water Fish 

Comparison of these equilibrium values with those of the fresh water 

controls (Table 5) emphasizes the f a c t that a new equilibrium had indeed been 

established. This equilibrium was characterized by the following: ( l ) serum cation 

values only 6% higher than the fresh water controls; (2) a dry muscle cation 

concentration 15% higher than the controls; and (3) a lower water content of the 

tissues. I t i s interesting to note that the regulatory process(es) returned the 

blood ions to a l e v e l only s l i g h t l y higher than the fresh water controls, while the 

cation content of the wet tissues was 21% higher than that i n the controls. 
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Table 5. A Comparison of the Cation Levels of Serum and Muscle Between Fresh 
Water Controls and Fish Equilibrated to Salt Water. 

Substance Variable Fresh Salt Water % Change Probability 
Water Equilibrium 

Blood Na meq./L 150 160.4 + 6$ <£.02>.01* 

K meqe/L 3.24 3.29 - 1.5 >.50 

Total Cations 153 163 + 6.53 

Na/K 48 51 + 7.3 >.50 

Muscle $ H 2 0 77.8 76.7 - 1.4 
** 

<.01 

dry Na+ meq./kg. 40 54 + 35 ** 
^1.01 

lfmeq./kg. 486 562 + 16.0 ** 
<.01 

Total Cations 538 614 + 14.1 

Na/K 12.5 10.4 - 16 <i .10 > .05 
wet Na meq./kg. 8.88 12,6 + 42.0 ** 

^-.01 
K*"meq./kg. 108.6 131.0 + 20.0 ** 

<.01 
Total Cations 117.5 143 + 21.7 

Extracellular grams/kgm. 
space wet tissue 61 93 + 30 
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DISCUSSION 
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1 . Comparison W i t h Va lues Repor ted i n t he L i t e r a t u r e 

The v a l u e s o b t a i n e d i n t h e normal f r e s h wa te r f i s h compare w e l l w i t h , 

those d e s c r i b e d i n t h e l i t e r a t u r e f o r Salmo g a i r d n e r i and o t h e r c l o s e l y r e l a t e d 

sa lmon id f i s h e s (Tab le 6 ) . The o b s e r v a t i o n t h a t t h e serum sodium l e v e l s were h i g h e r 

i n t he fema le f i s h i s i n l i n e w i t h the w e l l e s t a b l i s h e d f a c t t h a t female sex 

hormones are more a c t i v e t h a n androgens i n p romo t ing sodium r e t e n t i o n ( e . g . Gennes 

and B r i c a i r e , 1 9 5 1 ) . I t i s w o r t h w h i l e s t r e s s i n g t h e f a c t t h a t i n a s t u d y o f 

e l e c t r o l y t e m e t a b o l i s m , t h e age, sex and p h y s i o l o g i c a l c o n d i t i o n o f t he an ima ls must 

be t a k e n i n t o a c c o u n t , s i n c e t h e v a r i a b i l i t y observed by d i f f e r e n t wo rke rs i s no 

doubt r e l a t e d t o one o r more of t h e s e f a c t o r s . 

The g e n e r a l p a t t e r n o f a r i s e i n serum e l e c t r o l y t e s d u r i n g t h e f i r s t 36 

hours a f t e r t r a n s f e r t o sea w a t e r a,nd t h e g r a d u a l r e t u r n t o a new e q u i l i b r i u m wh ich 

i s reached a f t e r about 100 hours i n t h i s h y p e r t o n i c medium, agrees w i t h r e s u l t s o f 

Koch ( 1 9 5 9 ) , Gordon (1959) and Houston ( i 9 6 0 ) , as shown i n Table 7. 

The o b s e r v a t i o n t h a t t h e muscle po tass ium c o n t e n t of t he f i s h e q u i l i b r a t e d 

t o seawater remains a t a l e v e l 15% h i g h e r t h a n t h e f r e s h wa te r c o n t r o l s i s a t v a r i a n c e 

w i t h t h e f i n d i n g s o f Gordon ( o p . c i t . ) who r e p o r t e d t h a t t he muscle po tass ium a f t e r 

240 hours i n seawater had r e t u r n e d t o the f r e s h w a t e r v a l u e . 

2 , R e g u l a t i o n o f Serum C a t i o n s 

The s t e e l h e a d t r o u t s u r v i v e s w e l l when t r a n s f e r r e d t o 60% seawater . I f we 

examine i t s c o n d i t i o n when a s t e a d y s t a t e has been r e a c h e d , t h a t i s 110 hours a f t e r 

t r a n s f e r , t h e n we see t h a t the f i s h has p r o g r e s s e d i n some degree towards the 

c h a r a c t e r i s t i c s o f a mar ine f i s h ( P r o s s e r , 1 9 5 0 ) . Thus, t h e c o n c e n t r a t i o n o f sodium 

i n t h e b l o o d i s somewhat e l e v a t e d above t h a t f o u n d i n t h e f r e s h wa te r f i s h , w h i l e the 

po tass ium c o n c e n t r a t i o n remains v i r t u a l l y unchanged. I n t h e t i s s u e s , as r e p r e s e n t e d 

by musc le , t he w a t e r c o n t e n t has decreased i n t h e seawater phase compared w i t h t h a t 

i n t h e f r e s h wa te r s t a t e . A t the same t i m e both t h e amount o f sodium and po tass ium 



Table 6* A Comparison of Sodium and Potassium Concentrations 
i n Serum and Muscle of Salmonid Pish Sampled i n Fresh Water, 

Species Date Sampled Treatment 
Serum meq./L 

Na K-

Muscle meq./kg. 
wet muscle 

$ H 2 0 Na K Author 

Salmo gairdneri January Fresh Water 150 3.24 77.8 8.8 109 This investigation 

Salmo gairdneri January 162,5 6.04 Houston (1959) 

Salmo t r u t t a Summer Fresh Water 155 5.0 P h i l l i p s and Brockway (1958) 

Salmo t r u t t a Sept-April Fresh Water 
10°C 147 2.4 

9.0 
spring 138.2 Gordon (1959) 

Salmo t r u t t a Sept-April 
Breeding Season 

Fresh Water 
20°C 148 4.2 14.4 143 Gordon (1959) 

Salmo t r u t t a 144 8.93 17.2 122 Spalding (1956) 

Oncorhyncus Juveniles catadromous migrants 10.3 123 McLeod (1958) 

Table 7. A~ Comparison of Sodium and Potassium Concentrations 
i n Serum and Muscle of Salmonid Pish Equilibrated to Sea Water, 

Salmo gairdneri January 110 hours 
i n 60$ Sea
water 10°C 160 2.8 76 14 125 This investigation 

Salmo t r u t t a Sept-April 240 hours 
i n 50$ Sea-
Water 20°C 162 3.8 9.7 141 Gordon (1959) 

Breeding Season 240 hours 
i n 50$ Sea
water 20°C 18 

Salmo salar Downstream Migrants 110 hours 
in f u l l Sea- 170 
Water 6.3°C 

Koch and Evans (1959) 
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f o u n d i n wet samples o f muscle i s g r e a t e r when t h e t r o u t i s i n a h y p e r t o n i c medium. 

We know t h a t on t r a n s f e r t o seawater t h e f i s h t a k e s seawater i n t o i t s g u t 

( S m i t h , 1 9 3 0 ) . The g u t mucosa, a l t h o u g h capable o f some d i s c r i m i n a t i o n , n e v e r t h e l e s s 

a l l o w s sodium c h l o r i d e t o pass i n t o t h e body f l u i d s i n a c o n c e n t r a t i o n o f 287 m e q . / L . 

T h i s i n g e s t i o n o f seawater i s r e s p o n s i b l e f o r t h e r i s e i n t h e serum sodium d u r i n g 

t h e f i r s t t w e n t y f o u r hours i n seawate r . N e v e r t h e l e s s , t he i n i t i a t i o n o f a d d i t i o n a l 

a c t i v e t r a n s p o r t mechanisms enable t h e an ima l t o r i d i t s e l f o f t h e excess i o n s , 

and e v e n t u a l l y a t e q u i l i b r i u m t o m a i n t a i n an i n t e r n a l c o n c e n t r a t i o n o f 160 meq . /L 

a g a i n s t an e x t e r n a l medium c o n t a i n i n g some 287 m e q . / L . The work o f Smi th ( 1 9 3 0 ) , 

Keys ( 1 9 3 2 ) , Krogh (1939) and Holmes ( 1 9 5 9 ) , have demons t ra ted t h a t t h e g i l l s a re 

t h e s i t e o f t h i s a c t i v e e x c r e t i o n o f sod ium. 

I n t r u e mar ine f i s h , s t e n o h a l i n e to seawate r , t h e po tass ium c o n t e n t of the 

b l o o d does n o t d i f f e r s i g n i f i c a n t l y f r o m t h a t i n f r e s h w a t e r s t e n o h a l i n e spec ies 

( P r o s s e r , 1 9 5 0 ) . So i t i s i n t he case of t h i s e u r y h a l i n e t r o u t w h e r e i n the po tass ium 

c o n c e n t r a t i o n a f t e r 110 hours i n seawater d i d n o t d i f f e r g r e a t l y f r o m the f r e s h 

w a t e r c o n t r o l f i g u r e s . S ince Krogh (1939) demonst ra ted t h a t t he g i l l membranes o f 

t he g o l d f i s h were unable t o t r a n s p o r t po tass ium i o n a g a i n s t a c o n c e n t r a t i o n g r a d i e n t , 

w h i l e sodium and c h l o r i d e i o n s were t r a n s p o r t e d w i t h ease, we are j u s t i f i e d i n 

a s s i g n i n g t h e r e g u l a t i o n o f po tass ium t o the k i d n e y . I n mammalian p h y s i o l o g y , t he 

c u r r e n t concept o f r e n a l r e g u l a t i o n of po tass ium i n v o l v e s t h r e e p r i n c i p l e s ; f i l t r a t i o n 

t h r o u g h t h e g l o m e r u l u s , complete o b l i g a t o r y r e - a b s o r p t i o n i n t he p r o x i m a l t u b u l e s 

and r e s e c r e t i o n by d i s t a l t u b u l e s , i n accordance w i t h t h e needs o f t h e a n i m a l . I t 

i s p o s t u l a t e d t h a t t h e r e e x i s t s in. t he d i s t a l t u b u l e some exchange mechanism whereby 

a sodium i o n i s r o t a t e d i n t o the t u b u l e c e l l f o r e v e r y po tass ium i o n s e c r e t e d (Mudge, 

1 9 5 8 ) . The hormonal c o n t r o l o f r e n a l f u n c t i o n i s by no means w e l l u n d e r s t o o d , b u t 

i t has been observed t h a t m i n e r a l o c o r t i c o i d s i n c r e a s e u r i n a r y p o t a s s i u m , and a t t h e 

same t i m e decrease t h e c o n c e n t r a t i o n s of t h i s c a t i o n i n t h e body f l u i d s and t i ssues . , . 
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I t i s p o s t u l a t e d t h a t these hormones f a c i l i t a t e t h e a c t i v e s e c r e t i o n o f po tass ium 

i n t h e d i s t a l c o n v o l u t e d t u b u l e . 

Th i s a c t i v e e x c r e t i o n o f po tass ium i n the f i s h e q u i l i b r a t e d t o seawater 

i s c o n s i s t e n t w i t h the enhanced oxygen consumpt ion observed i n t h e k i d n e y of 

Salmo c l a r k i c l a r k i s i m i l a r l y adapted t o 60% seawater , (Holmes and S t o t t , I 9 6 0 ) . 

I t appears t h e n , t h a t r e n a l e x c r e t i o n o f po tass ium i o n s accounts f o r t h e maintenance 

o f a r e l a t i v e l y c o n s t a n t po tass ium c o n c e n t r a t i o n i n the b l o o d , d e s p i t e the v a r y i n g 

i o n i c c o n t e n t o f t he serum, 

3+ Changes i n Muscle C a t i o n s 

I n o r d e r t o i n t e r p r e t t h e changes observed i n t he muscle t i s s u e , one must 

f i r s t c o n s i d e r t h e c o n s t i t u e n t p a r t s o f t h i s t i s s u e . A c c o r d i n g t o Manery (1954) 

any a n a l y s i s o f muscle e l e c t r o l y t e ? must t a k e i n t o accoun t the two compartments 

i n t o wh ich a l l t i s s u e s a re d i v i d e d ; v i z t he e x t r a c e l l u l a r space and t h e i n t r a c e l l u l a r 

+ 1 
space. I t has l o n g been e s t a b l i s h e d t h a t Na and C I are p r e d o m i n a n t l y 

+ HI 
e x t r a c e l l u l a r i n t h e i r d i s t r i b u t i o n , and t h a t K and P0, are f o u n d i n s i d e t h e 

c e l l s . S t u d i e s w i t h r a d i o a c t i v e sodium have c o n t r i b u t e d t o our u n d e r s t a n d i n g o f 

t h i s e l e c t r o l y t e i n e q u a l i t y , f o r i t has been demons t ra ted t h a t r a d i o a c t i v e N a + i s 

permeable t o the c e l l membrane and w i l l r e p l a c e u n l a b e l l e d N a + p r e s e n t w i t h i n the 

c e l l . The p r e s e n t concept o f t he c e l l i s one o f a dynamic e q u i l i b r i u m ; Na wh ich i s 

p r e s e n t i n a h i g h c o n c e n t r a t i o n i n t h e e x t r a c e l l u l a r f l u i d d i f f u s e s i n t o t h e c e l l , 

b u t i s j u s t as r a p i d l y removed by an a c t i v e p r o c e s s , w i t h the n e t r e s u l t t h a t t h e 

c e l l s c o n t a i n v i r t u a l l y no sodium. K + , on the o t h e r hand, tends to d i f f u s e ou t o f 

t he c e l l w i t h the c o n c e n t r a t i o n g r a d i e n t b u t i s pumped back i n t o the c e l l u l a r 

compartment a t a r a t e which m a i n t a i n s a h i g h i n t r a c e l l u l a r K c o n c e n t r a t i o n . The 

a c t u a l mechanism o f t r a n s p o r t ac ross t h e c e l l membrane i s obscu re , b u t t h e f a c t t h a t 

i t i s i n h i b i t e d by c e r t a i n m e t a b o l i c po i sons and the r e c e n t i s o l a t i o n o f ATPase f r o m 
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t h e c e l l membrane shows t h a t i t i s indeed dependent on m e t a b o l i c p r o c e s s e s . 

Keeping i n mind t h a t muscle t i s s u e i s composed o f l ) an i n t r a c e l l u l a r 

space w h e r e i n 99% o f t he K + i s l o c a t e d ; and 2) t h e e x t r a c e l l u l a r space wh ich i s 

e s s e n t i a l l y a p lasma u l t r a f i l t r a t e c o n t a i n i n g 99% o f t h e t o t a l muscle N a + , we can 

c o n s i d e r t h e movements o f i o n s i n t h e muscle a f t e r t r a n s f e r t o seawa te r . 

The i n i t i a l r i s e i n serum sodium r e s u l t e d i n a more c o n c e n t r a t e d 

e x t r a c e l l u l a r f l u i d (ECF) and poss ib ly the d i f f u s i o n o f some sodium i n t o t h e c e l l s * T h i s 

i n c r e a s e i n osmot ic p r e s s u r e o f t h e HGF tended t o dehydra te t h e c e l l s and some K + 

appeared t o l eave the c e l l s , p resumably w i t h the osmot ic w a t e r . A c t i v e r e g u l a t i o n 

o f t h e t i s s u e e l e c t r o l y t e s commenced t w e n t y - f i v e hours a f t e r t r a n s f e r , t he sodium 

b e i n g removed a t a r a t e o f 0 .69 m e q . / K g , d r y musc le /hour and t h e K b e i n g d e p o s i t e d i n 

the muscle a t a r a t e o f 1.24 m e q / k g . / h o u r , ( F i g u r e 3 ) . The removal of Na may be 

i n t e r p r e t e d as a c o m b i n a t i o n o f t h e i n i t i a t i o n o f t h e N a + e x c r e t o r y mechanisms i n 

the g i l l s o r t he k i d n e y , t h u s d e c r e a s i n g t h e Na c o n c e n t r a t i o n o f t h e MSFj; and 

p o s s i b l y o f t h e a c t i o n o f a pump w h i c h removed any excess sodium f r o m t h e muscle 

c e l l s . The a c c u m u l a t i o n o f K can o n l y be e x p l a i n e d by t h e presence of an a c t i v e 

t r a n s p o r t mechanism wh ich c a r r i e s t h e K + i n t o t h e c e l l . Whether t h i s pump i s a l s o 

r e s p o n s i b l e f o r t he remova l o f Na f r o m t h e c e l l i s q u e s t i o n a b l e f o r we have no 

c o n c l u s i v e p r o o f t h a t N a + a c t u a l l y accumulates i n t he c e l l s o r whe ther t he i n i t i a l 

i n c r e a s e i n muscle sodium m e r e l y r e p r e s e n t s a more c o n c e n t r a t e d e x t r a c e l l u l a r f l u i d . 

I t i s i m p o s s i b l e t o d e s c r i b e a c c u r a t e l y the mode o f a c t i o n o f t he K pump, 

o r t o d e t e r m i n e whether i t i s l i n k e d w i t h the t r a n s p o r t o f Na o u t o f t h e c e l l , 

w i t h o u t a knowledge o f the d i s t r i b u t i o n o f t h e two c a t i o n s between t h e i n t r a c e l l u l a r 

and e x t r a c e l l u l a r compar tments . L e t us c o n s i d e r f i r s t of a l l t he d i s t r i b u t i o n o f K 

i n t h e m u s c l e . S ince the serum K, and t h e r e f o r e the i n t e r s t i t i a l f l u i d , d i d n o t 

change a p p r e c i a b l y d u r i n g t r a n s f e r t o seawate r , we may be c o n f i d e n t t h a t any i n c r e a s e 

i n t h e t o t a l muscle K r e p r e s e n t e d an i n c r e a s e i n t h e i n t r a c e l l u l a r c o n c e n t r a t i o n 

o f t h i s c a t i o n . 
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The d i s t r i b u t i o n o f sodium on t h e o t h e r hand cannot be d e f i n i t e l y 

de te rm ined f r o m the d a t a a v a i l a b l e . C o n s i d e r i n g t h e o b s e r v a t i o n t h a t y e a s t and 

f r o g muscle c e l l s have been shown t o accumulate Na when p l a c e d i n media h a v i n g a 

h i g h Na c o n c e n t r a t i o n ( S t e i n b a c h , 1 9 5 4 ) , i t i s r e a s o n a b l e t o assume t h a t a 30$ 

i n c r e a s e i n t h e e x t r a c e l l u l a r Na c o n c e n t r a t i o n would r e s u l t i n a n e t i n c r e a s e i n 

the i n t r a c e l l u l a r Na c o n c e n t r a t i o n d u r i n g t h e i n i t i a l a d j u s t i v e phase. Second ly 

a c o n s i d e r a t i o n o f t h e muscle c a t i o n c o n c e n t r a t i o n s f u r t h e r c l a r i f i e s t h e s i t u a t i o n . 

A t e q u i l i b r i u m the muscle t i s s u e c o n t a i n s 23 and 76$ more K and Na r e s p e c t i v e l y t h a n 

t h e f r e s h wa te r a n i m a l s . We wou ld assume " a p r i o r i " t h a t such a l a r g e i n c r e a s e i n 

i n t r a c e l l u l a r K must be accompanied by a p r o p o r t i o n a t e i n c r e a s e i n c e l l u l a r sodium 

i n o r d e r t o m a i n t a i n the e l e c t r o l y t e balance b a s i c t o a l l b i o l o g i c a l p r o c e s s e s . 

That the i n t r a c e l l u l a r sodium c o n c e n t r a t i o n i s h i g h e r i n t h e seawater an ima l i s 

f u r t h e r s u p p o r t e d by a c o n s i d e r a t i o n o f t h e e x t r a c e l l u l a r volume i n t h e two m e d i a . 

The s imp le f o r m u l a : 

ECS - Nar X M s (Manery, 1954) 
Na « i g r Na 

where ECS = the volume o f t h e e x t r a c e l l u l a r space, based on t h e assumpt ion t h a t 

a l l t h e muscle sodium i s l o c a t e d e x t r a c e l l u l a r l y 

Na = serum sodium c o n c e n t r a t i o n i n meq . /L 
s 

Na ^ = t o t a l sodium c o n c e n t r a t i o n i n muscle i n m e q . / k g . wet t i s s u e 

rNa = .95 (Donnan f a c t o r ) 

HgO- = gms. H^O/kg. serum 100 (assuming a s p e c i f i c g r a v i t y o f l ) g i v e s an 

approx imate e s t i m a t i o n o f t he e x t r a c e l l u l a r volume 

C o n s i d e r i n g the f i s h wh ich have been i n sea w a t e r f o r 110 hours as 

r e p r e s e n t a t i v e o f an an ima l wh ich i s i n e q u i l i b r i u m w i t h i t s env i ronment and 

s u b s t i t u t i n g the v a l u e s f o r serum and muscle sodium o b t a i n e d a t t h i s t i m e i n t h e 

above f o r m u l a , t h e n 

ECS = 14_ x 1000 = 92 g / k g . wet muscle 
160 .95 
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S i m i l a r l y f o r t h e f r e s h w a t e r f i s h 

ECS _ 8 . 8 1000 _ . . . , 
_Y5o — 9 5 " g/kgs wet muscle 

T h e r e f o r e , i t wou ld appear t h a t t he e x t r a c e l l u l a r space o f t he e q u i l i b r a t e d 

seawater f i s h i s a p p r o x i m a t e l y 30% g r e a t e r t h a n t h e f r e s h wa te r v a l u e . I f , however, 

the assumpt ion t h a t a l l t he N a + i s d i s t r i b u t e d i n the e x t r a c e l l u l a r compartment 

i s u n t r u e , t hen a r e a l i n c r e a s e i n t h e i n t r a c e l l u l a r sodium must i n p a r t account 

f o r t he i n c r e a s e i n t h e t o t a l muscle sodium o f t he e q u i l i b r a t e d f i s h * 

I n v i e w o f t h i s ev idence i t seems most l i k e l y t h a t Na d i f f u s e s i n t o t h e 

i n t r a c e l l u l a r compartment d u r i n g t h e f i r s t t w e n t y - f i v e hours i n seawater . The 

onse t o f r e g u l a t i o n i s marked by the a b i l i t y o f t he c e l l s t o pump ou t some o f t he 

excess sod ium, and t r a n s p o r t K + i n t o t h e c e l l s . Covar iance a n a l y s i s showed t h a t 

t h e r a t e s a t wh ich these two i ons moved i n l a n d o u t o f t h e muscle do n o t d i f f e r 

s i g n i f i c a n t l y f r o m one ano the r (P/LT25) > , 1 0 ) , and we may t h e r e f o r e p o s t u l a t e t h a t 

t he movement o f these i o n s i n o p p o s i t e d i r e c t i o n s i s c o n t r o l l e d by t h e same t r a n s p o r t 

mechanism. 

4. P o s s i b l e R e g u l a t o r y Mechanisms 

S ince t w e n t y - f o u r hours e lapsed between the t r a n s f e r o f S tee lhead t r o u t 

to seawater and t h e i n i t i a t i o n o f r e g u l a t o r y p r o c e s s e s , we may i n f e r t h a t t h i s s low 

r e t u r n t o osmot ic e q u i l i b r i u m was p o s s i b l y under hormonal c o n t r o l . We are t h e n 

j u s t i f i e d i n c o n s i d e r i n g c e r t a i n endocr ine o r g a n s , a l b e i t o f u n c e r t a i n o s m o r e g u l a t o r y 

i m p o r t a n c e , and t h e i r p o s s i b l e p a r t i c i p a t i o n i n t he a d a p t a t i o n o f t h i s e u r y h a l i n e 

t e l e o s t t o s a l t w a t e r . The e s t a b l i s h e d a c t i o n o f t he hormones produced by t h e 

i n t e r r e n a l t i s s u e , t he t h y r o i d , and the neurohypophys is w i l l be d i s c u s s e d i n l i g h t 

o f t h e d a t a o b t a i n e d i n t h i s i n v e s t i g a t i o n . 
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I t i s d i f f i c u l t t o de te rm ine whether t h e hormones of t h e i n t e r r e n a l 

a re a c t i v e i n the a d a p t a t i o n o f t h i s an ima l t o sea w a t e r . The decrease i n sodium 

c o n t e n t o f t he serum and muscles and i n c r e a s e i n t h e muscle po tass ium c o n c e n t r a t i o n 

r e c o r d e d d u r i n g the r e g u l a t o r y phase, resemble the changes observed a f t e r ad rena lec tomy 

o r d u r i n g a d r e n a l i n s u f f i c i e n c y i n h i g h e r v e r t e b r a t e s (Ches ter Jones , 1957)-. However, 

i f we c h a r a c t e r i z e t h e r e g u l a t o r y mechanisms as i n i t i a t i n g the e x c r e t i o n o f sodium 

f r o m t h e muscle c e l l s and a l s o f r o m the g i l l e p i t h e l i u m , we must i n c l u d e t h e a d r e n o -

c o r t i c o i d s as p o s s i b l e r e g u l a t o r s , f o r i n v i v o t r e a t m e n t w i t h DOC promotes e x t r a r e n a l 

e x c r e t i o n o f sodium i n the s a l t l oaded Salmo g a i r d n e r i (Holmes, 1 9 5 9 ) . On t h e 

o t h e r hand , i n j e c t i o n s o f t h e same hormone (DOC) caused an i n c r e a s e i n t h e sodium 

and decrease i n t h e po tass ium c o n t e n t o f the muscles o f Salmo t r u t t a ( S p a l d i n g , 1956 ) , 

changes wh ich a re o p p o s i t e t o t h o s e d e s c r i b e d i n t h i s i n v e s t i g a t i o n . A l t h o u g h 

s m o l t i n g f i s h w h i c h have an a c t i v e i n t e r r e n a l g l a n d , a re more a b l e t o w i t h s t a n d 

t r a n s f e r t o seawater t h a n nonr -smol t ing f i s h , (Koch, 1959j Hous ton , 1959; O l i v e r e a u , 

I 9 6 0 ) , i t has y e t t o be demons t ra ted t h a t a d r e n o — c o r t i c o i d s i n c r e a s e t h e s a l i n i t y 

t o l e r a n c e of any e u r y h a l i n e f i s h . 

The t h y r o i d appears t o p l a y an i m p o r t a n t p a r t i n e n a b l i n g t h e s u r v i v a l o f 

e u r y h a l i n e f i s h i n s a l t w a t e r . Hickman (1959) has c o r r e l a t e d the h i g h e r m e t a b o l i c 

r a t e o f t he e u r y h a l i n e s t a r r y f l o u n d e r ( P l a t y i c h t h y e s s t e l l a t u s ) w i t h an i n c r e a s e d 

t h y r o i d a c t i v i t y i n s a l t w a t e r . He suggests t h a t i t r e q u i r e s more energy t o pump 

o u t excess i o n s , as i s necessary i n seawate r , t h a n t o produce a h y p o t o n i c u r i n e , as 

occurs i n f r e s h wa te r t e l e o s t s . The r e s u l t s o f t h i s i n v e s t i g a t i o n seem t o c o r r o b o r a t e 

h i s f i n d i n g s because the a c t i v e t r a n s p o r t mechanisms i n i t i a t e d d u r i n g t h e r e g u l a t o r y 

phase wou ld c e r t a i n l y r e q u i r e a d d i t i o n a l m e t a b o l i c e n e r g y . 

I n mammals t h e p o s t e r i o r p i t u i t a r y hormone v a s o p r e s s i n i n f l u e n c e s the 

w a t e r - e l e c t r o l y t e metabo l i sm i n two ways, F i r s t , i t has an a n t i - d i u r e t i c a c t i o n , 

p r o m o t i n g r e e . b s o r p t i o n o f w a t e r f r o m t h e k i d n e y t u b u l e , and second, i t promotes t h e 
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r e n a l e x c r e t i o n o f the sodium i o n . A l t h o u g h a l l a v a i l a b l e ev idence i n d i c a t e s t h a t 

t he hormones o f t h e neurohypophys is a re i m p o r t a n t i n t h e a d a p t a t i o n o f e u r y b a l i n e 

t e l e o s t s t o s a l t w a t e r (A rvy and Grabe, 1954; F r i d b e r g , 1959; W e i s e l , 1 9 5 8 ) , t h e 

r e s u l t s o f F o n t a i n e and R a f f y (1950) i n d i c a t e t h a t t h i s a c t i o n i s c e r t a i n l y n o t 

one of w a t e r r e t e n t i o n . The r e s u l t s o b t a i n e d i n t h i s i n v e s t i g a t i o n i n d i c a t e t h a t 

wa te r r e t e n t i o n i s secondary t o the removal o f excess sodium f r o m t h e body t i s s u e s 

and f l u i d s , as the t i s s u e w a t e r c o n t e n t s t a r t e d t o r i s e o n l y a f t e r t he a c t i v e 

e x c r e t i o n o f sodium was i n i t i a t e d . The absence o f an a n t i - d i u r e t i c a c t i o n i n a q u a t i c 

v e r t e b r a t e s i s i n l i n e w i t h the s u g g e s t i o n o f H e l l e r (1956) and Sawyer (1956) t h a t 

t h e development of wa te r r e t a i n i n g mechanisms, as f o u n d i n amphib ians and h i g h e r 

v e r t e b r a t e s , i s a s s o c i a t e d w i t h the a d a p t a t i o n o f an ima ls t o a t e r r e s t r i a l l i f e . 

I t i s p o s s i b l e i n p r i m i t i v e v e r t e b r a t e s , such as the t e l e o s t f i s h , t h a t t he 

neurohypophysea l hormones e x e r t t h e i r e f f e c t o n l y on e l e c t r o l y t e b a l a n c e , Maeta 

(1959) has i s o l a t e d a f r a c t i o n , n a t r i f e r i n , f r o m t e l e o s t neurohypophys is which 

promotes t h e passage of sodium t h r o u g h i s o l a t e d f r o g s k i n . I t would be i n t e r e s t i n g 

t o i n v e s t i g a t e t h e e f f e c t o f n a t r i f e r i n and o x y t o c i n on the e x t r a r e n a l e x c r e t i o n 

o f sod ium. 

I t t h u s appears t h a t the o s m o r e g u l a t o r y mechanisms wh ich f a c i l i t a t e s u r v i v a l 

o f e u r y h a l i n e f i s h i n s a l t w a t e r are hormonal i n n a t u r e and enable t h e an imal t o 

pump ou t excess sodium w h i c h would o t h e r w i s e accumulate i n t he t i s s u e s and body 

f l u i d s . The ev idence i n d i c a t e s t h a t t h e p o s t e r i o r p i t u i t a r y hormones accompanied by 

an i n c r e a s e i n t h y r o i d a c t i v i t y a re r e s p o n s i b l e f o r t h i s a d a p t a t i o n . The r o l e o f 

i n t e r r e n a l hormones has y e t t o be d e m o n s t r a t e d . 
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SUMMARY 

1, Cation concentrations of Steelhead trout i n fresh water were found to be: 

for serum: 150 meq. N a + / l i t r e 

3,24 meq. K + / l i t r e 

for muscle: 8.8 meq, Na +/kg« w e t tissue 

109 meq, K +/kg. wet tissue 

and a tissue water content of 77,8$, 

2, Upon transfer to 60$ seawater, the increase i n the sodium content of the serum 

and muscle tissue, was accompanied by a dehydration of the tissues during the f i r s t 

twenty-four hours after transfer. 

3, The regulatory processes, i n i t i a t e d after twenty-four hours i n seawater, enabled 

the animal to excrete excess sodium ions from the blood and from the i n t r a c e l l u l a r 

compartments I t i s suggested that active transport mechanisms mobilized i n the g i l l s 

and i n the muscle c e l l s enabled the removal of the excess cations, 

4, Since the excretion of sodium from the muscle c e l l s was accompanied by an active 

deposition of potassium i n the i n t r a c e l l u l a r compartment, i t i s proposed that an 

active cation exchange mechanism was acting at the membranes of these cells, 

5* After 110 hours i n seawater, the f i s h were returned to a new equilibrium which 

was characterized by: l ) a serum cation concentration only 6$ higher than the fresh 

water f i s h , 2) a muscle cation concentration 15$ higher than the fresh water f i s h , 

and 3) a tissue water content lower than that of fresh water f i s h . 
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Although the serum concentrations d i f f e r e d only s l i g h t l y from the fresh 

water controls, the increased electrolyte concentration i n the tissues decreased 

the concentration gradient between the external environment and the c e l l u l a r 

compartment, thus decreasing the osmotic i n f l u x of ions. 

6. The serum potassium values did not vary s i g n i f i c a n t l y during the treatment, 

presumably due to the e f f i c i e n t renal excretion of t h i s ion. 

7* The possible role of the hormones of the thyroid gland, the neurohypophysis 

and the interrenal tissue i n the i n i t i a t i o n and continuance of the regulatory 

mechanisms enabling the survival of t h i s euryhaline f i s h i n seawater are considered. 
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APPENDIX 



Table 8« Analysed as to Sex Differences* 
(Cation Values) 

Serum meq./L serum Muscles ion meq./kg. wet muscle 
Sex Na 

SE 
K 
M SE 

Na/K % Eo0 
M SE 

Na 
M SE 

K 
M SE 

K/Na 
M SE 

Total 150.0 1.46 3.24 .139 478 3.43 77.8 .15 8.88 .322 108.6 2.31 12.47 .512 
(13) (13) (13) (24) (16) (16) (16) 

Male f i s h 147.8 2.30 3.35 .246 44.9 3.55 78.0 .559 8.84 1.14 101.7 5.75 12.14 1.21 
mature (5) .85 (5) .968 (5) .203 (8) 15.3 (5) (5) (5) 

Male f i s h 148.5 3.33 44.8 77.5 0.27 8.97 0.42 113.9 3.6 12.80 .79 
immature (5) (2) (2) (5) (5) (5) (5) 

Female f i s h 152.5 2.33 3.13 .255 50.3 4.61 77.8 .34 8.83 .44 109.9 2.82 12.57 .738 
(6) (6) (8) (5) (5) (5) 
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Table 9» Transfer to 60 % Seawater. 1. Serum Sodium and Potassium meq./L. 
2. Serum Na/K Ratio. 

Treatment Sample Size •Na K Na/K 
Hours i n 60 % 

Seawater N Mean i SE Mean t SE Mean - SE 

10 9 165.1 4.9 2.85 3.80 

20 3 176 7.0 4.28 1.25 47 

25 4 190 3.4 3.59 .55 55.3 7.42 

36 5 193 4.9 4.21 1.08 52.1 7.65 

48 3 182 19 4.84 .37 38.1 2.8 

60 4 183 9.5 2.81 .37 66.8 6.3 

66 4 182 4.8 3.95 .23 46.3 1.9 

94 4 168 5.3 2.18 .15 77.3 8.7 

110 4 160 5.6 3.29 .59 51.3 6.7 

140 8 161 2.6 3.57 .30 46.8 3.1 

166 8 168 6.2 4.30 

192 4 156 8.2 

216 4 151 3.8 2.38 .32 67.3 12.7 

240 10 160 2.5 2.42 .20 69.7 5.6 
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Table 10. Transfer to 60 % Seawater. 3. Muscle Sodium and Potassium/Kg. Wet 
Muscle. 4. Potassium : Sodium Ratios. 

Treatment Sample Size Na K K/Na 
Hours i n Seawater N Mean i SE Mean - SE Mean - SE 

25 4 22.6 2.0 115 3.0 5.18 0.52 

36 5 20.3 1.7 120 2.5 6.03 0.48 

48 4 19.3 0.6 120 1.9 6.26 0.21 

60 4 17.5 2.4 123 3.1 7.32 0.98 

66 4 14.1 0.4 125 2.7 8.90 0.34 

94 4 15.3 0.8 135 6.7 8.82 0.57 

110 4 12.6 0.7 131 4.2 10.5 0.34 

140 8 12.3 0.4 125 2.5 10.3 0.43 

166 4 15.3 1.2 132 0.5 8.7 0.53 
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Table 11. Transfer to 60 % Seawater. .. 5. % Tissue Water. 6. Sodium and 
Potassium meq«/Kg Dry Weight. 

Na meq./kg. K meq./kg. 
Treatment Sample Size % Water Dry Muscle Dry Muscle 

Hours i n Seawater N Mean - SE Mean i SE Mean i SE 

25 4 75.3 0.31 90.2 6.6 466 10.7 

36 5 74.9 0.31 80.8 6.1 478 9.5 

48 4 75.8 0.75 80.5 5.2 500 16.9 

60 4 75.8 0.68 72.1 7.7 507 24.5 

66 4 75.6 0.71 57.8 2.6 513 7.9 

94 4 75.7 1.44 63.1 4.3 554 10.8 

110 4 76.7 0.55 53.9 1.4 561 17.0 

140 8 77.0 0.40 53.6 1.5 547 11.4 

166 4 76.1 0.95 63.8 3.8 552 9.5 


