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Three studies were conducted  to evaluate the relationship between 

insulin and nutritional   parameters  in rainbow trout.    In the first study 

effects on growth parameters and  tissue composition of rainbow trout were 

investigated following  injection of bovine insulin at two dose levels 

14 
every 48  hr for 56 days.     In addition,  [    C]-leucine incorporation  into 

plasma,  liver, and  skeletal  muscle was studied  for the two  insulin treat- 

ments and a  group of the saline-injected controls given a single shock- 

dose of insulin (5.0 ID/kg).    Hypoglycemic responses were observed with 

all   insulin treatments.    In comparison to controls,  high insulin treatment 

gave a  significant body weight increase.    At both levels,  insulin  increa- 

14 
sed the content of protein, lipid, and also the  incorporation of [    C]- 

leucine activity in skeletal muscle.    Simultaneous decreases in specific 

14 
activity of plasma and liver  tissue indicated a  net movanent of [    C]- 

leucine toward the peripheral musculature.    No  effect of the hormone was 

seen on the glycogen content of liver or muscle tissue over the 56-day 

period. 

In a second study, the effect of bovine insulin on tissue incorpora- 

14 3 
tion of [    C]-glucose and  [ H]-leucine was  investigated  in fed and fasted 



rainbow trout reared on a control  and high-protein diet.    Insulin pro- 

duced marked hypoglycemia and mobilization of liver glycogen in all   treat- 

ments.    Although insulin gave no evidence of glycogenic stimulation it 

did appear to  promote oxidative clearance of [    C]-glucose.    Compared to 

14 3 
[   C]-glucose much greater tissue incorporation of [ H]-leucine was 

3 
observed in fasted fish;  insulin stimulated the incorporation of [ H]- 

leucine into skeletal muscle protein.    In plasma, liver, and  skeletal 

muscle of all  treatments,  the summed specific activities of [ H]-leucine 

was considerably greater than that of the summed values of I    C]-glucose 

following  insulin administration.    Four weeks of fasting apparently 

lowered basal  metabolism but no changes were observed  in  plasma glucose 

and glycogen stores.    There was some evidence of gluconeogenic activity 

in the high protein-fasted fish and the data   indicated in all  fasted 

14 3 
treatments a stimulation of [    C]-glucose and  [ H]-leucine metabolism 

following  insulin administration. 

125 
As a third investigation,  [      I]-iodoinsulin binding studies in 

the presence of a concentration range of bovine insulin were conducted 

to establish specific insulin binding levels  in erythrocytes,  skeletal 

muscle plasma membranes and isolated hepatocytes of rainbow trout 

reared on control-, high-protein and high-carbohydrate diets.    Negative 

cooperativity was observed and receptor concentrations and apparent 

dissociation constants established for each preparation.    No differences 

of specific binding attributed to diet were detected  in either erythro- 

cytes or  skeletal muscle plasma membrane preparations,  Fiowever, the 

receptor concentration of isolated hepatocytes from high-carbohydrate 

reared trotit was increased.    This contrasted to comparable mammalian 



studies.    In view of an apparent depression of receptor concentration in 

skeletal muscle plasma membranes and   isolated  hepatocytes of htgh- 

protein reared trout, these data were interpreted according to the 

reciprocal  relationship observed between endogenous insulin and  insulin 

receptor concentrations  established for mammals.    Unlike mammals where 

glucose was shown to be the primary insulin secretagogue,  endogenous 

insulin levels  in. rainbow trout have been closely correlated to circula- 

tory amino acids and are thought to  be primarily controlled  by these 

protein metabolites. 
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AN INVESTIGATION OF THE EFFECTS OF NUTRITIONAL STATUS ON THE 

ACTION OF INSULIN IN RAINBOW TROUT (Salmo gairdneri) 

I.  INTRODUCTION 

The field of aquaculture has developed rapidly and extensively over 

the last decade resulting in a greater interest in the nutritional 

requirements of teleosts,   including salmonids.    This has required a 

clearer understanding of the associated metabolic and endocrine processes 

of these species.    Prior to this period, relatively little was known of 

these aspects and of what was known, much had been extrapolated from 

more extensive mammalian studies. 

Clearly, many differences of metabolism would be expected between 

teleosts and higher mammalian species.    With  the emergence of homoio- 

thermy to attain independence from the fluctuating  terrestrial   environ- 

ment and also uricotelism providing  effective water conservation in 

nitrogen excretion, the latter have undergone extensive biochemical 

adaptation.    In contrast,  the relative stability of the aquatic environ- 

ment imposes  less metabolic constraints.    It is not surprising    that 

teleosts are able to successfully utilize high levels of dietary protein 

by virtue of ammonotelic nitrogen excretion and show much less require- 

ment for dietary carbohydrate.    In mammals,  the latter provides  the most 

economic source of metabolic energy for maintenance of a constant and 

elevated body temperature. 

In view of a high protein but low dietary carbohydrate requirement 

to attain optimum growth rate in rainbow trout,  the question arises as 

to whether the principal metabolic control  mechanism through insulin 
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action is the same as observed in h.igh.er species.    Briefly,  intnammals, 

it has  been clearly established that insulin facilitates blood clearance 

primarily of carbohydrate but also of protein and lipid metabolites.    The 

mechanism involves enhancement of cellular uptake with subsequent incor- 

poration into either storage or oxidative metabolic pathways.    Present 

day lower vertebrates, despite their phylogenetic status,  have a  long 

history of their own and  parallel   evolution of homologous related control 

mechanisms   is   frequently encountered.    For example, prolactin, a  polypep- 

tide hormone produced  in the adenohypophysis of the pituitary of lower 

and higher vertebrates, shows a predominant role in the control  of spawning 

migration in teleosts;  but in mammals the same hormone forms the principal 

agent for stimulation of lactation. 

This thesis sought to  investigate the hypothesis that the functional 

role of  insulin might have shifted through phylogeny from a  predominant 

role in control  of protein metabolism in teleosts   to a more important 

role in control  of carbohydrate metabolism in hqmoiothermic  higher species. 

In approaching this hypothesis, a series of studies were designed which 

were intended to substantiate,  if possible, recent findings in this field 

and also to provide further insight into the general  action of the hormone 

and its relationship to nutritional   status.    An initial  study evaluated 

the overall   effect of the hormone at the target organ level,  by assessment 

of protein, lipid and glycogen profiles after chronic administration of 

exogenous insulin.    A second study attempted to evaluate the preference 

of metabolite uptake,  by insulin stimulation.    This was accomplished  by 

quantifying ttie simultaneous incorporation of glucose and leucrne into 

protein,  lipid and glycogen compartments associated with the major 



target organs.    Additional   inforniatton for metabolite routing was obtained 

by use of fasted rainbow trout.    A ftnal  study    was Bnployed to establtsh 

any relationships between endogenous insulin receptors and the nutritional 

status of rainbow trout.    This investigation attempted to indirectly 

evaluate insulin action at a phystological  level  and where possible to 

compare findings to those observed  in mammals. 



H.    LITERATURE REVIEW 

Introduction 

The study reported in this  thesis combined information from the 

fields of nutrition and endocrinology.    To afford clarity and understanding 

of the rationales behind experimental   protocols, the   following 

review of the literature was arranged to provide information 

pertaining directly to rainbow trout studies.    The first section was 

concerned with nutrition status and requirements and the second appraised 

what is known about the activity of endogenous and exogenous  insulin   in 

this and other teleost species. 

Nutritional  Status of Rainbow Trout 

Carbohydrate utilization and metabolism 

Several  investigators have established the optimal  carbohydrate 

requirements for rainbow trout (Buhler and Halver 1973; Austreng et al ., 

1977;  Edwards et al_., 1977).    At dietary levels  in excess of fifteen 

percent, generally inferior growth rates and liver abnormalities were 

encountered (Nagai and Ikeda 1971b;  Lee and Putnam, 1973; Austreng  et al ., 

1977;  Pieper and Pfeffer,  1979).    Singh and Nose (1967) and Smith  (.1971) 

showed a low digestability of raw starch that was not improved with 

increased levels in the diet.    More recently, diets prepared with pre- 

cooked starch, sucrose or glucose were shown to he more effectively 

utilized at substantially higher levels than raw starch [Trews et al., 



1976;  Pieper and Pfeffer,  1979; Bergot, 1979a, 1979b; Abel, et al.,  1979). 

Studies to assess digestive enzymes in rainbow trout revealed a-amylase 

to be present in greater quantity (Kitamikado and Tachino, 1960; Ushiyama, 

et al_.,  1965) compared to much lower levels of the disaccharide hydrolyzing 

enzymes a and B-glucosidase and 3-galactosidase (Nagayama and Saito,  1969). 

The relative absorption efficiencies for sugars were evaluated and revealed 

monosaccharide >disaccharide>starch (Singh and Nose,  1967; Smith, 1971). 

Compared to mammals, pronounced variation and generally lower levels 

of plasma glucose were seen in rainbow trout (wedemeyer and Chatterton, 

1970;  Palmer and Ryman,  1972; McCarthy et al_., 1973) and other teleost 

species  (Table 1).    In addition,  storage levels of glycogen in the liver 

(Table 2) and muscle of rainbow trout were low (Black et al_., 1960) and 

showed considerable seasonal   fluctuation  (Gordon and McLeay, 1978). 

Several   investigators have concluded that interspecific variability in 

glycemic levels and glycogen stores reflected a reduced dependence and 

control  of carbohydrate foodstuff and its metabolites in     teleosts 

(Palmer and Ryman, 1972; Cowey et al_., 1977a;  Cowey and Sargent, 1977). 

These conclusions,  supported by evidence of a low dietary requirement 

for carbohydrates,  limited digestability and low turnover rates of 

glucose (Bever et al_., 1977;  Lin et al_., 1978) were substantiated in 

rainbow trout by the observation of minimal   hepatic phosphorylating 

capacity, (Cowey et al_., 1977a). These authors found that feeding high- 

carbohydrate diet had little effect on hexokinase activity or on induction 

of glucokinase. 

In studying the effect of fasting on glycogen  content of tissues some 

trends common to and at variance with the mammalian pattern were established. 



For example, with onset of fasting, mobilization of hepatic glycogen 

showed some inconsistency to the pattern of rapid depletion observed in mammals 

In compliance with hepatic mobilization. Vernier and Sire (1978) observed 

in rainbow trout a fifty percent decrease in liver glycogen following 

one week of fasting.    This was in agreement with the findings of Black 

et al_.,   (1966) who showed similar decreases in both liver and skeletal 

muscle glycogen.    Rapid depletion of liver and muscle glycogen was also 

observed in other teleost species (Nagai and  Ikeda, 1971b; Ahsan and 

Ahsan,  1975;  Ince and Thorpe, 1976a).    In contrast to these findings, 

stability of glycogen storage levels during prolonged fasting periods was 

observed  in goldfish, Carassius auratus  (Chavin and Young, 1 970), catfish, 

Clarias  batrachus  (Khanna and Bhatt,  1972) and carp, Cyprinus carpio 

(Nagai and  Ikeda, 1971b; Murat et a_l_, 1978).    A possible explanation for 

these findings was that gluconeogenesis was shown to be able to replete 

and maintain stored levels of glycogen during periods of fasting in rain- 

bow trout (Cowey et al_., 1977a) and the American eel, Anguilla rostrata 

(Renaud   and Moon,  1980a,  1980b). 

Protein utilization and metabolism 

Feeding  trials in which graded levels of protein were fed to rainbow 

trout revealed optimal  growth when the protein content of the diet was 

between forty and fifty percent (Satia, 1974; Cho et al_., 1976; Tiews 

et aT_.,  1976;  Rychly and Spannhof, 1979; Austreng and Refstie, 1979). 

The quality of protein was important, with herring meal, anchovy meal, 

fish protein concentrate and casein giving the greatest growth rates for 



rainbow trout CRumsey, 1978).    Inferior growth, was observed when protein 

sources were derived from soybean meal   (.Dabrowska and Wojno, 1977) 

rapeseed CYurkowski et aj_., 1978) and acidified wet feeds CRungruangsak 

and Utne, 1981).    Evaluation of the amino acid requirements of salmonids, 

including rainbow trout, revealed the nine essential amino acids of man 

also  to be indispensible for these species  (DeLong et aj_., 1958;  Philips 

and Brockway, 1959).    In addition, an active transport mechanism resembling 

that seen in mammals was shown to be responsible for intestinal  absorp- 

tion of amino acids (Ingham and Arme,1977).    However, unlike the mammalian 

intestine, rainbow trout showed a short retention and absorption time 

for food, from which it was concluded that   rapid absorption of either 

digested proteins or peptides in relatively large fragments was  needed 

to fulfill   the dietary needs.    Other authors  (Nose,  1972; Timoshina and 

Shabalina,  1972;  Kaushik,  1979)  have shown that plasma amino acid and 

tissue protein levels of rainbow trout demonstrated both postprandial 

and seasonal  changes which were dependent upon endogenous energy require- 

ments . 

Unlike mammals, where tissue protein was shown to provide the last 

source of energy under fasting conditions,  tissue proteins  in carp were 

shown to be rapidly and easily metabolized via gluconeogenesis  in 

sufficient quantity to satisfy most of the energy requirements during 

fasting (Gas,  1972; Creach and Serfaty,  1974).    No direct evidence of 

the priority of protein utilization was available for rainbow trout, but 

Carbery 0 970) and Kawatsu  (1974)  showed a decline in both total  serum 

proteins and the albumin: globulin ratio during fasting.    Similarly, 

Nose (1972) demonstrated  with the exception of a high taurine level. 



8 

that the plasma amino acid spectrum declined in a manner similar to those 

of fasted mammals.    Essentially no change in tissue-bound protein levels 

of rainbow trout was observed by Timoshtna and Shabalina   (1972), although 

decreased free amino acid levels were observed in the musculature of 

fasted Atlantic salmon, Salmo salar  (Fontaine and Marchelidion, 1971). 

Fat utilization and metabolism 

Optimal   growth of rainbow trout was obtained with up to fifteen 

percent dietary lipid levels  (Phillips eit al_., 1963) and  it was also 

shown that at this level, high fat diets to some extent spared ingested 

protein which then became available for growth processes  (Atherton and 

Aitken,  1970).    Early studies established the linolenate w-3 series of 

fatty acids as essential   for growth and maintenance of salmonids 

(Sinnhuber et al_., 1972;  Yu and Sinnhuber, 1972; Caste! 1   et aK, 1972a; 

1972b).    Exclusion of this series from the diet was shown to cause caudal 

fin erosion, myocarditis and shock syndrome in rainbow trout (Castell 

et al_.,  1972a;  Cowey and Sargent,  1977).    Further investigation  indicated 

that to some extent the unsaturated dietary lipids of the w-3 and w-6 

series could be replaced with higher melting point saturated fats such 

as lard without decreasing growth rates  (Yu et aj_., 1977).    However,  it 

was recognized that digestability of dietary fat was also reduced as the 

melting point was increased (Austreng et aj_., 1980).    Other studies showed 

that variation of the lipid composition of diets    caused changes in the 

fatty acfd composition of liver lipids in rainbow trout (Varesmaa et al., 

1968)  and this change was subsequently reflected  in the phospholipid 

profile of the skeletal musculature (de la Higuera et aK, 1976). 



Takashima et al..,  0 971) demonstrated in rainbow trout under condi- 

tions of fasting,the lipid depletion of the liver, viscera and plasma 

occurred in preference to mobilization of muscle lipids.    After five 

weeks of fasting, white muscle lipid stores were mobilized and to a 

greater extent than that observed for the smaller quantities of lipid 

stored  in the myoglobin-rich dark muscle.    As a consequence of lipid 

mobilization during fasting,  elevated plasma free fatty acid levels 

were detected  in  rainbow i trout (Shibata et al_.,  1974). 

Insulin In Teleosts 

Occurrence of insulin 

It is generally thought that  during the evolution of teleosts, the 

exocrine pancreas was split into small   strands of tissue which became 

diffusely arranged around the gastro-intestinal   tract.    In rainbow trout, 

the pancreas remained typically diffuse, and acinar exocrine tissue con-- 

taining the endocrine islets became dispersed among the visceral   lipid 

deposits of the gut cecae (Figures 1  and 2).    The islets of rainbow 

trout were shown to contain mainly granular A-, B-, and D- cells with 

agranular C-cells present in lesser quantity than seen in mammalian 

islet tissue (Epple, 1969).    Because of the diffuse nature of the pancreas 

in rainbow trout, insulin has not yet been isolated from this species. 

However, the hormone was successfully isolated from the more discrete 

and compact islet tissue of cod, Gadua morhua  (Wilson and Dixon, 1961); 

bonito,  Sarda chili ens is  (Kotaki, 1963)"; goosefish, Lophius americanus 

(Smith,  1966); and more recently from carp (Rapoport et al_., 1978) and 
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the Humpback salmon, Oncorhynchus gorbuscha  (Rusakov and Bondareva, 1979). 

In mammalian islet tissue, the double-chain polypeptide insulin 

molecule was shown to be synthesized in the B-cells as a single chain 

precursor,  proinsulin,  in which a connecting peptide linked the amino- 

terminus of the A-chain to the carboxy-terminus of the B-chain  (Steiner, 

1976). 

Among teleost insulins so far studied, a  proportion of the primary 

structure of cod insulin was identical, and common amino acid sequences 

present in the B-chain were discernable against mammalian types when the 

whole sequence was advanced one portion toward the N-terminal   (Eck and 

Dayhoff,  1966;  Grant and Reid, 1968).    Compared to many other proteins, 

insulin was shown to  be highly conserved  in evolution, with an amino 

-9 
acid  substitution rate of about 1  x 10    /locus/year (Blundell  and Wood, 

1975).    Major substitutions were observed in the connecting peptide of 

bovine,  porcine and human proinsulin,  such that these hormones differed 

in almost fifty percent of their amino acid content (Steiner et al., 

1973;  Steiner, 1976).    These findings were considered by the authors 

to be consistent with the notion that functionally less operative parts 

of molecules undergo more mutant substitutions in evolution than more 

important components. 

Endogenous insulin levels and secretion 

Epple (1969) examined the seasonal  cycle of islet tissue in a 

sedentary population of brown trout, Salmo trutta and reported no changes 

in islet tissue histology.    It was concluded that local   factors including 

water temperature and food supply interacted with the life cycle of this 
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species to yield a fairly constant insulin requirement throughout 

the year.    In rainbow trout,  however, reduced islet numbers were corre- 

lated to the addition of fat or fat and carbohydrate in the diet (Hess, 

1935).    Further,  islet hyperplasia was observed during the spawning 

migration of steel head rainbow trout (Robertson et al_., 1961) and this, 

with similar observations of islet proliferation during  the spawning 

migration of Pacific Salmon, Oncorhynchus nerka  (McBride, 1967) and Hump- 

back salmon (Makismovich et_ aj_., 1978), indicated a lability of islet 

tissue in anadromous salmonids in response to the metabolic requiranents 

of the reproductive cycle. 

Early measurements of endogenous insulin levels in teleosts used 

techniques which lacked sensitivity and species specificity (Tashima and 

Cahill, 1968; and Patent and Foa, 1971;  Plisetkaya and Leibush, 1974). 

More recently, a codfish radioimmunoassay system employed a modified 

charcoal   separation technique (Thorpe and  Ince, 1976) and  provided a 

more accurate evaluation of circulating plasma  insulin levels in rainbow 

trout and several  other species.    Ambient levels  (1.60-6.80 ng/ml) of 

rainbow trout insulin agreed with the average range observed in mammals 

(Table 3).    In addition,  increased postprandial   insulin levels were also 

observed that subsequently became depressed during times of fasting. 

Thorpe and Ince (1976) concluded that the activity of pancreatic B-cells 

in rainbow trout, like those of mammals, were greatly modified by changing 

nutritional  status.    These authors also correlated increased levels of 

plasma amino nitrogen,  but not plasma glucose, with elevated plasma 

insulin levels, following ingestion of high-protein diets.    This was 
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taken to indicate a closer relationship of insulin with plasma ajnino 

acid levels in preference to plasma glucose in this species. 

Patent and Foa (1971)  first demonstrated by an in yitro study in 

toadfish., Qpsanus tau that glucose in the presence of leucine stimulated 

insulin release from islet tissue.    Thus,  it was suggested that the 

stimulus for insulin secretion in this species was essentially the same 

as that seen in mammals in which glucose and to a lesser extent ami no 

acids served as the primary secretion stimuli.    The more recent evidence 

of Ince and Thorpe (1977)  suggested that this conclusion was premature. 

These authors showed in cannulated European silver eels, Anguilla 

anguilla that intraarterial   injection of glucose, arginine or lysine 

stimulated in vivo release of insulin,  but both arginine and lysine over 

dose ranges of 10-100 mg/Kg" produced significantly greater plasma insulin 

levels  than did the same dose range of glucose.    Subsequent studies using 

perfused eel   pancreas  in situ confirmed both arginine and lysine as more 

potent insulin secretagogues than glucose (Ince,  1979a;  1980).    From these 

data,  it was suggested that amino acids and not glucose might serve as 

the major stimulus for insulin secretion in eels and other teleosts.    The 

only direct study to support this hypothesis in rainbow trout    revealed 

increased levels of insulin secretion following ingestion of a seventy 

percent protein diet for a period of three weeks  (Ahmad and Matty,  1975b). 

It was inferred by these authors that high postprandial  amino acid 

levels were responsible for stimulating the release of insulrn. 

The Action Qf Insulin 

Among  the methods available for evaluation of the action of insulin 
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in fish,  surgical  pancreatectomy, chemical  tsletectomy and administration 

of exogenous insulin constituted the three most common approach.es. 

Surgical   pancreatectomy 

The diffuse nature of the pancreas among the gut cecae CFtgures 1 

and 2)  has prevented surgical   pancreatectomy investigations in rainbow 

trout.    However, removal  of the pancreas was performed in the American 

eel,  (Lewis et al_., 1977; Epple and Kocsis,  1980) and the Northern pike, 

Esox lucius  (Ince, 1979b).    In these studies, surgical  stress factors 

were recognized and thus findings interpreted with caution.    Briefly, 

after a  period of recovery,  the American eel  revealed no diabetogenic 

signs;  neither hypergiycemia,  breakdown of adipose tissue nor an increase 

in plasma free fatty acids was observed.    Similarly,  in the Northern 

pike,  plasma glucose, amino acid nitrogen and cholesterol   levels remained 

unaltered.    However,  intraarterial  loading of glucose and amino acids 

in pancreatectomized pike did result in impaired clearance of plasma 

amino acids, whereas clearance of glucose was not different to controls. 

The authors tentatively inferred    that in contrast to the mammalian 

role,  a more dominant effect of endogenous insulin was on blood clear- 

ance of amino acids in preference to glucose. 

Chemical  isletectomy 

Use of the specific B-cell  cytotoxins alloxan and streptozotocrn 

overcame some of the wide physiological  disturbances incurred with 

surgical  removal  of the pancreas-.    The morphology of B-cell  destruction 
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by alloxan was documented by Falkmer  (1961) and as reviewed by Epple 

(1968)  the diabetogenic action of this compound was observed in a variety 

of teleosts.    In most species, alloxan produced  hyperglycemia  but the 

duration and severity of the response was variable.    In addition, in 

both rainbow trout (Brinn, 1973) and the Northern pike (Ince and 

Thorpe, 1975),  it appeared that hepatic and renal   lesions accompanied 

elevated plasma glucose.    Thus, the authors concluded that the observed 

effects were most likely complicated by the toxic effects of alloxan at 

loci  other than the islet tissue. 

The use of streptozotocin as a cytotoxin for islet tissue    was 

shown to be less toxic than alloxan at diabetogenic levels in mammals 

(Cech et al_, 1980).    Of the few studies available for teleosts, Minick 

and Chavin (1972a) with goldfish, and Khanna and Rekhari  (1973) with the 

catfish, Keteropneustes fossil is reported hyperglycemic responses and 

increased plasma fatty acid levels accompanied by reduced liver glycogen 

and  extensive B-cell  degradation in the islet tissue.    In contrast to 

these findings,  studies in the cod  (Thomas,  1971), American eel   (Brinn 

and Epple, 1972), Northern pike (Ince and Thorpe, 1975) and rainbow 

trout  (Cowey,  et a_l_., 1977a) revealed negligible effects on B-cell  cytology. 

Thus,  these inconclusive data indicated that induction of diabetic signs 

using streptozotocin was difficult to accomplish in many teleost species; 

this is in contrast to most manmalian species which exhibited more 

consistent diabetic responses following administration of streptozotocin 

at similar pharmacological  levels  (Bloxham,  1972). 
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Administration of exogenous insulin 

Exogenous hormone administration has long been a standard method 

for studying endocrine effects and sucK experiments in teleosts have 

proved useful   but limited indicators of the role of insulin.    Thus,  it 

was noted that in all  teleost studies exogenous insulin was administered 

at pharmacological  dose levels  (Table 4).    In addition, most of the 

investigations showed a degree of mammalian bias in their design,  in 

that glycemic levels constituted the major index of hormonal  activity. 

Both intraperitoneal  administration of exogenous cod insulin in Northern 

pike (Ince and Thorpe,  1974;  1976b) and mammalian bovine insulin in 

rainbow trout (Cowey et al_.,  1977a;  1977b) and other teleosts  (Gray, 

1929;  Seshadri,  1959;  1967; Tashima and Cahill,  1968;  Inui  and Yokote, 

1975;   Lewander et al.,  1976;  Ludwig etaU,  1977;  Akhtar eta]..,  1979) 

caused prolonged hypoglycemia.    In most instances,  hypoglycemic  initia- 

tion was later than encountered in mammals, usually between six to eight 

hours  postadministration and the duration of hypoglycemia  extended over 

several  days.    In only four studies,  however,  insulin caused an increase 

in the glycogen content of liver and skeletal muscle tissue (Seshadri, 

1967;  Tashima and Cahill,  1968;  Lewander et al_.,  1976; Akhtar et al_., 

1979),  an effect that has long been established as a major action of the 

hormone in mammals (Steiner,  1976). 

In other studies, lowered plasma amino acid levels were observed 

following administration of bovine Insulin (Seshadri  1959; Jackim and La 

Roche,  1973; Ahmad and Matty, 1975a;  Inui and  Yokote 1975;  Inui  et_ al_., 

1975).    This effect with increased incorporation of amino acid nitrogen 
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(Seshadri, 1959; Thorpe and Ince, 1974; Ahmad, 1977) and radi.olabeled 

amino acid precursors into skeletal muscle eight to twelve hours after 

administration,  signified a  proteogenic response to the hormone (Tashima 

and Cahill, 1968; Jackim and LaRoche, 1973; Ahmad and Matty,  1975a; 

Ince and Thorpe, 1976b).    A supportive study,  in Coho salmon, Oncorhynchus 

kisutch al so revealed an anabolic response following prolonged administra- 

tion of bovine insulin (3.2 lU/Kg)  for seventy days which was apparent 

as a twenty-two  percent increase in body weight (Ludwig et al_., 1977). 

Insulin has been shown to produce similar proteogenic responses in 

mammals  (Castles, 1970). 

Several   investigators  have indicated an effect of administered 

bovine insulin on lipid levels in teleosts  (Minick and Chavin, 1972b; 

Lewander et al_., 1976;  Goran et^ al_., 1979).    Moreover, decreased plasma 

free fatty acid levels were observed eight to twelve hours after insulin 

injection.    These findings,  in association with increased  incorporation 

of glycine into muscle lipid  (Tashima and Cahill, 1968;  Ince and Thorpe, 

1976b)   indicated a role of insulin in stimulation of lipogenesis similar 

to that established in mammalian studies  (Butcher et al_.,  1968). 

Few studies for the action of exogenous  insulin in rainbow trout 

are available,  but findings similar to those observed  in other teleosts 

were recognized.    Thus, Cowey, et al_-    (1977a) demonstrated lowered 

plasma glucose and amino acid levels some twenty-four hours following 

intraperitoneal  administration of a single dose of bovine insulin 

(5.0 Ill/Kg).    In the same study,  bovine insulin also reduced the activity 

of the hepatic gluconeogenic enzymes, phosphoenolpyruvate carboxykinase 
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and fructose diphosphatase.    This observation reflected a mammalian role 

of insulin in depression of gluconeogenic activity (Cahill   et aJL, 1966). 

In support of this, a subsequent study also revealed reduced gluconeo- 

genesis from alanine following bovine insulin administration  (4.0 Ill/Kg), 

but in part this effect was attributed to reduced availability of plasma 

levels caused by the peripheral   proteogenic action of insulin (Cowey 

et a1_.,  1977b). 

Considering some of the problems associated with the use of 

pharmacodoses of exogenous insulin,  Ince and Thorpe (1978) assessed the 

metabolic  kinetics and distribution  in rainbow trout of single-bolus 

131 125 
administered bovine [      I]-insulin,  bovine [      I]-monoiodoinsulin and 

125 
[      I]-codfish insulin.    The study revealed that the choice of labeled 

125 
insulin was important for  in vivo  kinetics studies.    Bovine [      I]-mono- 

iodoinsulin    showed the fastest metabolic clearance rate and  this agreed 

125 
with a  study in dogs in which the clearance rate using bovine [      I]-mono- 

iodoinsulin was comparable to the metabolic clearance of endogenous 

insulin  (Wisher et aL, 1977).    This finding  supported the use of bovine 

125 [      I]-monoiodoinsulin as an exogenous source in rainbow trout.    Morever, 

the expectation that labeled codfish insulin would be more appropriate 

for work in the trout, in the absence of trout insulin, was not realized. 

1 25 
The metabolic  clearance rate and T 1/2 values of [      I]-codfish insulin 

closely resembled the relatively slow clearance obtained for the randomly 

131 labeled  [      I]-bovine source and the authors suggested that the method of 

iodination and  subsequent purification were more important than the 

variety of insulin used.    Overall,  the clearance rates of all  the insulin 

types tested in rainbow trout were considerably slower than seen  in dogs 
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and this was attributed to the poikilothermic nature of trout. 

As  in mammals, the kidney cortex and skeletal muscle provided major 

sites of insulin uptake and subsequent degradation.    Of interest    was 

the finding that relatively greater accumulation and degradation of 

insulin occurred in the skeletal musculature compared to that observed 

in rats  (Elgee, et_ a]_., 1954).    In addition,  the gill   tissue also revealed 

high levels of labeled  insulin accumulation which was attributed  in part 

to the well  developed vascular supply to this tissue.    Munford and 

Greenwald  (1974) demonstrated hypoglycemia in trout following immersion 

in solutions of insulin and  Ince and Thorpe (1978)  speculated that this 

tissue may serve as a  transport site to remove excess levels of exogenous 

administered hormone into the external medium.    Unlike mammalian studies, 

it was  possible that removal  of pharmacological   hormone doses by methods 

other than endogenous degradation played a significant role in experi- 

ments with fish' species. 

Early studies in teleosts demonstrated that mammalian and fish 

insulins showed comparable biological  activities despite structural  and 

sometimes   serological     differences  (Falkmer,  1961;  Falmer and Wilson, 

1967).     It was later recognized from mammalian studies    that naturally 

occurring vertebrate insulins when tested in mammals actually demon- 

strated considerable differences in biological   potency (Blundell   et al ., 

1972).    .Insulin from guinea  pigs and other hystricomorphs was only a few 

percent as active as porcine or bovine insulin, whereas, both in vivo 

and  in vitro studies revealed chicken-and turkey-derived  insulins to 

be two-to three-times more potent than porcine insulin (Simon et al ., 
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1 25 
1974).    Using [      Ij-iodoinsulin,  it was shown that differences in the 

potencies of insulins from different species    were entirely-due to 

differences in the affinity of the insulin receptor for the hormone 

(Freychet et al_.,  1971; Gavin eta].., 1973;  Freychet, 1976).    Thus, 

insulins from different species bound to the receptor in direct propor- 

tion to their biological   potency in generating metabolic responses in 

mammalian tissue.    Recently, a range of studies conducted in mammalian 

and non-mammalian species has excluded the possibility of species-specificity 

among  insulin receptors  (Kemmler _et al_.,  1978).    The only study conducted 

in brown trout using erythrocytes clearly demonstrated that a variety 

of exogenous  insulins  including bonito,  porcine proinsulin, guinea  pig, 

chicken and bovine insulin,  bound to insulin receptor sites with similar 

absolute affinities of the same magnitude observed in mammals.    Moreover, 

exogenous insulins also exhibited the same negative cooperativity as that 

observed for mammals  (Muggeo j3t a]_.,  1979).    On the basis of this compar- 

ative study which included fish, amphibian,  bird and  mammalian species, 

these authors concluded that the insulin receptor of vertebrates has 

been functionally more highly conserved during evolution than the insulin 

molecule itself. 

Sources Of Insulin Action Modification 

A variety of endogenous sources have been shown to modify and regulate 

the action of insulin at both the systemic and cellular level.    For 

mammals, it was established that glucagon, produced by the A-cells of 

pancreatic Islets showed actions that counter-balanced and opposed the 

biological  activities of insulin.    In particular, glucagon caused pro- 
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nounced  hyperglycemia and decreased glucose oxidation resulting  in the 

stimulation of both glycogenolysis and gluconeogenesis in the liver 

(Villar-Palasi  et al., 1971).    No endogenous studies are available for 

rainbow trout,  but several   investigations examined the effect of mammalian 

glucagon in metabolism of other teleosts and showed that administration 

of exogenous mammalian glucagon produced relatively slight hyperglycemia 

but the sensitivity appeared to be different among the species studied 

(Young  and Chavin, 1965; Larsson and Lewander, 1972; Thorpe and  Ince, 

1974;  Gill  and Khanna, 1976).    More recent investigators used mammalian 

glucagon at smaller dose levels  (50 yg/Kg) of the same magnitude used for 

mammalian studies  (Bromer and Chance, 1969).    Thus,  in carp, a transient 

hyperglycemia was accompanied by pronounced simulation of gluconeogenesis 

(Murat et_ aj_.,  1978) and in Japanese eels, Anguilla japonica a similar 

response was observed where glucagon depressed  plasma amino nitrogen by 

stimulation of amino acid incorporation into liver tissue (Inui and Yokote, 

1977).     In the latter, no effects on hepatic glycogenolysis were observed. 

These authors tentatively concluded a more important role of glucagon in 

stimulation of gluconeogenic processes in these species, a role antagonistic 

to insulin's positive effect on proteogenesis. 

Experimental   stresses including,  handling, muscular agitation, 

asphyxia,  hemorrhage and wounding produced increased plasma levels of 

catecholamines and cortisol   in carp and rainbow trout and it was specu- 

lated that such traumas might cause pronounced metabolic disturbances 

under laboratory conditions  (Donaldson and McBride, 1967; Mazeaud, 1964). 

Later,  it was shown that catecholamine hormones including epinephrine 
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and norepinephrine antagonized the action of insulin during stress 

periods in carp GMurat,  1976) and the bullhead,  Ictalurus nebulpsus 

(Umminger and Benziger,  1975).    In support of this, Vernier and Sire 

(1978)    demonstrated that administration of epinephrine in rainbow trout 

produced rapid hyperglycemia accompanied by increased glycogen phosphory- 

lase activity and reduction of hepatic glycogen stores, effects in classical 

opposition to  the recognized role of insulin. 



Figure II.  1 Morphology of the pyloric cecae of rainbow trout containing 
the diffused pancreas. 
(a) Liver 
(b) Pyloric cecae 
(c) Spleen 
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Figure II. 2. Low power ( X40) transverse section of pyloric cecae 
shows interspersed pancreatic tissue.    High power 
( X400  ) of pancreatic tissue shows exocrine acinar 
and endocrine islet tissue. 
(a) Pyloric cecae 
(b) Exocrine pancreas containing fat cells and 

acinar tissue 
(c) Islet of Langerhans 
Cd)    Blood vessel 
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Table II. 1. Comparison of blood glucose data. 

Species IIKJ ; 

CUM n.a 
Cat 9U.I 

Rat 91.3 

Fiy 94./ 

Sheep 100.1 

DOIJ 109.0 

Huiuan 109.0 

Guinea Piy 120. U 

Mouse 120.0 

Plaice 21.0 

Toadf iili 40.0 

l)j|> 40.8 

tel 42.2 

Kelp bass 4H.0 

Rainbow trout 61.6 

Coho salmon 63.0 

Coil 63.U 

Carp n.u 
Pike 81.0 

Hayfisltb 23.0 

lauiprey 2S.0 

Lawprey 30.0 

lto(jfislib 4S.0 

Mean Blood Ulua 

HAHHA1.S 101.0 

TElfOSIS 53.0 

(s.d.) 

4.0 

1.9 

4.5 

5.8 

12.3 

3.0 

5.0 

6.0 

4.0 

4.1 

4.0 

8.9 

5.0 

8.0 

8.2 

2.0 

9.3 

12.0 

7.6 

5.0 

6.0 

7.0 

5.2 

Source 

Jenny et ah   (1974) 

Morris  and Kogers  (19/a) 

llallfriscli et a].   (19/9) 

Bengtsson et ah   (1969) 

Prior (1978) 

Brady et a].   (1977) 

Re^ek et ai.   (1979) 

Preston et a].   (1976) 

Thenen    and Carr (1980 

lliorpe and luce (1976) 

Tasliima and Caliill  (196U) 

lliorpe and Ince (1976) 

lliorpe and  Ince (1976) 

Bever et ah   (1977) 

lliorpe and Ince  (1976) 

Lin et al.   (1978) 

lliorpe and  Ince  (1976) 

Hagai  and  Ueda (1971b) 

lliorpe and  Ince  (1976) 

Inui  and Gorbman  (1978) 

tarsen (1976) 

Saviua and Hojlczal.  (19/7) 

OeKoos and UeRoos  (19/9) 

Mean  intraspecific SO. 

5.16 (  5.1)d 

6./5  (12.7) 

interspecific S.l). 

15.4  (15.2) 

1/8 (33.5) 

Values in parentlieses represent the percentage of mean blood glucose levels. 

Data of non-teleost species not evaluated. 

en 



Table II. 2. Liver glycogen of teleosts. 

Species % wet wt. Source 

Rainbow trout 

Catfish 

Rainbow trout 

Rainbow trout (Kamioops) 

Rainbow trout (Shasta) 

European eel 

Toadfish 

Carp 

Goldfish 

Carp 

Japanese eel 

Carp 

1.00 

1.40 

1.50 

1.73 

1.77 

3.00 

3.20 

4.20 

5.40 

7.65 

8.40 

9.74 

0 

0 

0 

0 

0 

0 

0 

0 

(3 

0 

1 

0 

.48)a 

.15) 

02) 

28) 

64) 

90) 

,90) 

28) 

.20) 

94) 

20) 

97) 

Palmer & Ryman (1972) 

Ahsan & Ahsan (1975) 

Cowey et jfL (1977a) 

Black et aK (1960) 

Lee & Putnam (1973) 

Lewander et aK (1976) 

Tashima & Cahill (1968) 

Murat et aK (1978) 

Palmer & Ryman (1972) 

Nagai & Ikeda (1971b) 

Inui & Yokote (1975) 

Nagai & Ikeda (1971b) 

Values in parentheses represent standard deviations 



Table II. 3. Comparison of plasma insulin levels. 

Species (ng/ml) Source 

Cow 0.81 Jenny et al. (1974) 

Rat 1.24 Kaul and Berdanier (1975) 

Sheep 1.75 Trenkle (1971) 

Rainbow trout 3.00 Thorpe and Ince (1976) 

Plaice 0.58 Thorpe and Ince (1976) 

Pike 0.26 Thorpe and Ince (1976) 

OO 



Table II. 4. Survey of insulin dose levels. 

Species Insulin type Dose (lU/Kg) Injection route Source 

Coho salmon bovine 0 32 , 1.0; 3.2; 10.0 P 
a 

Ludwig et al. (1977) 

European eel bovine-pork 100.0 P Lewander et al. (1976) 

Goldfish bovine 0.16 m b Ahmad and Matty (1975) 

Japanese eel pork 5.0 P Inui and Yokote (1975) 

Japanese eel pork 5.0 P Inui et al. (1975) 

Murrel bovine 5. 
4C 

0; 
).0 

10.0; 15.0; 
, 60.0 

20.0; P Seshadri (1967) 

Northern pike bovine 2. 0; 10.0; 25.0; 50.0 V 
c 

Thorpe and Ince (1974) 

Northern pike codfish 2.0 V Thorpe and Ince (1974) 

Northern pike codfish 2.0 V Ince and Thorpe (1976b) 

Rainbow trout bovine 5.0 P Cowey et al. (1977a) 

Rainbow trout bovine 4.0 p Cowey et al. (1977b) 

Toadfish bovine-pork 100.0 V Tashima and Cahill (1968) 

Dogfishd bovine 0 5; 50.0 a d DeRoos and DeRoos (1979) 

Hagfishd bovine 0 5; 1.0 m Inui and Gorbman (1978) 

Lamprey bovine-pork 0 5; 12.0 V , i.p. Larsen (1976) 

intraperitoneal; intramuscular; 
c ,.        d intravenous;   non- •teleost species 
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ABSTRACT 

Effects of growth parameters and tissue composition of rainbow trout 

were investigated following injection of bovine insulin at two dose 

levels every 48 hours for 56 days. In addition, [ C]-leucine incorpor- 

ation into plasma, liver, and skeletal muscle was studied for the two 

insulin treatments and a group of the saline-injected controls given a 

single shock-dose of insulin (5.0 lU/Kg). Hypoglycemic responses were 

observed with all insulin treatments. In comparison to controls, high 

insulin treatment gave a significant body weight increase. At both levels, 

insulin increased the content of protein, lipid and also the incorporation 

of [ C]-leucine activity in skeletal muscle. Simultaneous decreases in 

specific activity of plasma and liver tissue indicated a net movement 

of [ C]-leucine toward the peripheral musculature. No effect of the 

hormone was seen on the glycogen content of liver or muscle tissue over 

the 56-day period. 
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INTRODUCTION 

Numerous studies have been made on the role of insulin in the lower 

vertebrates. Recent data suggested a primary role of this hormone in the 

regulation of protein metabolism in these species (Inui et al_., 1978). In 

contrast to mammals, where glucose forms the major stimulus for insulin 

release (Yalow and Berson, 1960), evidence was shown in teleosts of a 

preferential release of insulin by amino acid stimulation (Ince and Thorpe, 

1977). In trout this phenomenon was enhanced by raising the dietary pro- 

tein levels (Ahmad and Matty, 1975a). 

A lack of dependence on carbohydrate in fish was indicated by rela- 

tively inefficient glucose utilization (Nagai and Ikeda, 1972), low 

dietary requirement (Edwards et al_., 1977) and low levels of glycogen in 

tissue compartments (Black et aK, 1960). Compared to rats, the turnover 

rate of radiolabeled glucose in Kelp bass was about five percent (Bever 

et al_., 1977) and in Coho salmon the overall glucose mass was less than 

fifty percent (Lin et al_., 1978). Such trends in teleosts were attribu- 

ted in part to lower basal metabolism which is a feature of poikilotherms 

(Umminger, 1977). It seems that carbohydrate substrates are used by fish 

for provision of energy but with minimal direction toward storage pathways 

(Phillips, 1969). In view of this and the high dietary protein needs of 

most fish species for growth (Davis and Stickney, 1978; Rychly and Spannhof, 

1979), it is possible that the recognized anabolic action of insulin may 

have greater significance on proteogenic and lipogenic pathways. 

Except for one prolonged administration study in Coho salmon (Ludwig 

et cfL , 1977) no evidence was available for the long term effects of 

insulin on protein, lipid, and carbohydrate content of fish tissue. The 
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present study used two dose levels to examine the effect of prolonged 

bovine insulin administration on growth parameters and the composition 

of liver and muscle tissue. 
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MATERIALS AND METHODS 

Fish 

Nine-month old shasta-strain rainbow trout of 82 ± 17 g were tagged 

and divided randomly into three groups of forty each. The fish were held 

in circular 90-cm diameter glass-fiber tanks receiving constant tempera- 

ture (120C) well water at a flow-rate of 7.6 liters per minute. Groups 

were acclimated to the tanks and fed a fixed ration of 100 g diet per day 

for two weeks. Individual weight and fork-length measurements were made 

at the start and finish of the experimental period. Rations and insulin 

doses were determined from mean group weights, assessed every fourteen 

days. 

Diets 

The fish were fed twice daily a total of one percent of mean body 

weight (one percent dry weight of food (g)/mean wet weight of fish (g)) 

with an optimal semipurified diet (Sinnhuber et^ al_., 1977). Rations were 

adjusted for weight increases and mortalities among stock. Fixed dietary 

levels reduced problems of feeding competition and aided recognition of 

growth trends due to hormone responses. 

Insulin administration 

A suspension of crystalline bovine insulin (Sigma Chemical Co., St. 

Louis, MO) in 0.75% saline was prepared directly before use. Fish were 

anesthetized with MS 222 (Sandoz Pharmaceuticals, Basel, Switzerland) at 

a dilution of 1:13,000 (w/v) immediately before intraperitoneal injection 
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with 22-gauge stainless-steel needles and disposable syringes. Insulin 

doses (Table 1) calculated to the mean weight of each group were delivered 

every 48 hours in volumes of 100 microliters to day 30, and 200 microliters 

to day 56. Controls were injected with the same volumes of 0.75 percent 

saline. 

rl4 n [ Cj-Leucine studies 

Insulin's effect on protein synthesis was measured in subgroups of 

six fish from each hormone treatment and twelve fish from the control group. 

The fish were fin-clipped for identification and given intraperitoneal 

injections of L-[U- C]-leucine (specific activity > 270 mCi/mmole., New 

England Nuclear, Boston, MA) dissolved in 0.75 percent saline. A 100 

micro!iter delivery volume providing 2 yCi/100 g was adjusted accordingly 

for accurate labeling of preweighed fish. Label was administered on Day 

57, twenty-four hours after the final insulin injections and all experi- 

inental fish were sacrificed eight hours later. On Day 56, six of the twelve 

control fish selected for labeling were given one shock-dose of insulin, 

instead of saline, at the same dose level as the final injection received 

by the high-dose group. The purpose of this was to detect any adaptive 

responses to exogenous insulin in the prolonged treatments. 

Sampling 

Fish were killed by'a cranial blow and blood samples taken by cardiac 

puncture using 22-gauge stainless-steel needles and disposable syringes 

flushed with heparin. Weighed excised livers and 2 to 3 g portions of 

skeletal muscle, dissected from the caudal flank, were quickly frozen 

over dry ice. The samples were wrapped in foil and stored at -40oC prior 
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to analysis. 

Plasma 

After removing the blood cells by centrifugation, the plasma was 

deproteim'zed with three volumes of 5.3 percent sulphosalicylic acid. 

Following centrifugation at lOOOxg for ten minutes glucose determination 

by the method of Dubois et al_., (1956) was carried out on 200 microliter 

aliquots of the supernatant. Additional 100 microliter aliquots 

added to 14.0 ml Aquasol (New England Nuclear) were counted at 40C in a 

Nuclear Chicago Model 725 liquid scintillation counter to assess plasma- 

free [ C]-leucine. The plasma protein precipitates of labeled fish were 

solubilized in 2.0 ml NCS (Amersham Radiochemicals Corp., Arlington Heights, 

IL) and counted in 14.0 ml of a toluene scintillation cocktail containing 

6.0 g PP0 and 0.05 g P0P0P per liter. Samples were counted in duplicate 

for ten minutes and disintegrations per minute obtained by channels ratio 

calculation. 

Liver and skeletal muscle 

Protein evaluation was made on homogenates of liver and skeletal 

muscle according to the method of Lowry e^t al_., (1951). Total lipids 

extracted from skeletal muscle and liver by the procedure of Folch et al., 

(1957) were assessed gravimetrically under nitrogen following desiccation 

in vacuo to constant weight. Glycogen was extracted by boiling freshly 

excised liver and portions of skeletal muscle in an^qual weight of forty 

percent potassium hydroxide (Good et aJL, 1933). This hydrolysis permitted 

maximal recovery and subsequent assay of glycogen as total sugars by the 
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method of Dubois et al_., (1956). 

[ C]-Leucine-labe1ed tissue 

The technique of Jackim and LaRoche (1973) was used to prepare 500- 

mg samples of muscle and 200-mg samples of liver for scintillation counting. 

All tissues were homogenized 1:6 (w/v) in 0.75 percent ice-cold saline 

using a Potter-Elvehjem Teflon pestle. Precipitation with 10 percent TCA 

and subsequent washing with 5 percent TCA, followed by repeated centrifu- 

gation at 1000 x g for ten minutes yielded a supernatant containing unbound 

[ C]-leucine. Aliquots of 1.0 ml were added to 14.0 ml Aquasol for liquid 

scintillation counting. The precipitates were solubilized overnight at 

50oC in 3.0 ml NCS to which 13.0 ml of the toluene cocktail was added. 

All samples were counted in duplicate for ten minutes and expressed as 

disintegrations per minute per 100 mg wet weight tissue. 

Statistical analysis 

All morphometric and biochemical measurements were made on fish with 

initial weight values between the standard deviation of the mean. Compar- 

isons were made against saline-injected controls using Student's t-test 

and values with P < 0.05 were considered significant. 
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RESULTS 

Morphometric parameters 

The high-dose range of insulin produced a significant weight increase 

of 18.5 percent over saline-injected controls (Table 2). A 10.2 percent 

increase was observed with the lower hormone dose. Body-length increases 

of 13.6 percent and 12.5 percent above controls were recorded for high and 

low doses, respectively. These trends, reflected in significantly improved 

condition factors, indicated an overall growth response due to insulin 

(Table 2). Hepasomatic indices revealed a significant rise in liver 

weight with increasing insulin doses. 

Hypoglycemic action of insulin 

Figure 1 shows the effect of prolonged insulin administration on 

plasma glucose levels on Day 57, 32 hours after the final insulin injec- 

tion. Compared to control levels, plasma glucose was lowered 6.5 percent 

in the low-dose and 24.6 percent in the high-dose range. Interestingly, 

the shock-dose group produced a pronounced.53.7 percent reduction, which 

suggested that prolonged bovine insulin doses caused an adaptation response 

in the fish. No attempt was made to quantify this phenomenon, but it is 

likely that the effectiveness of the hormone doses were progressively 

reduced over the 56-day period. 

Skeletal muscle and liver composition 

In comparison to controls, insulin-treated fish showed an increase 

in protein and total lipid content of skeletal muscle (Table 3). Protein 



52 

increases were 4.6 and 22.9 percent and lipid increases 12.3 and 37.4 

percent for the low and high-dose ranges, respectively. Skeletal muscle 

glycogen content showed no difference from the control values. It seems 

that insulin had little or no effect on this component. 

The protein content of liver tissue showed no trend at either insulin 

level. The lipid content of liver tissue showed an opposite trend to 

the increased skeletal muscle values. In comparison to controls, lipid 

content of the liver decreased 9.3 percent and 19.6 percent in the low 

and high-dose groups. As seen in muscle tissue, glycogen content of the 

liver at 56 days was unchanged. 

P14 _ 
[   C]-Leucine incorporation 

rl4 -i 
Insulin produced a marked decrease in [ CJ-leucine as "free amino 

acid" in the plasma (Figure 2). Compared to plasma glucose (Figure 1), 

the levels showed a similar though more pronounced trend. In comparison 

14 
to control fish, 26.6 percent and 35.0 percent decreases in  C activity 

were recorded for the low and high-dose levels. The shock-dose group 

activity was 72.0 percent less than the control value, supporting the 

adaptation responses noted with the plasma glucose data. 

The tissue incorporation data (Table 4) indicated that in comparison 

to controls, the specific activity (dpm/mg) of plasma showed a significant 

decrease with rising insulin doses. At the same time, [ C]-leucine 

decreased in liver tissue and increased in skeletal muscle, though these 

changes were not significant. This effect was also seen in the shock-dose 

group. Since raised protein and lipid levels were seen in the muscle of 

prolonged insulin treatments (Table 3), one might have expected greater 

[ C]-leucine incorporation into this compartment. 
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DISCUSSION 

The results of the present study indicated that the major anabolic 

role of insulin in trout metabolism was directed towards proteogenic anc' 

lipogenic pathways. Reflected as a dose-related growth increase this 

study was in agreement with data for Coho salmon, in which a 22 percent 

body weight increase was recorded following 70 days of twice-weekly bovine 

insulin (3.2 Ill/Kg) injection (Ludwig e^t aK, 1977). 

The greatest effect of the hormone was seen as an increase in the 

protein and lipid content of skeletal muscle (Table 3). A net increase of 

protein content in skeletal muscle was indicative of protein synthesis 

stimulation by the hormone, and was in accordance with the raised ami no 

acid nitrogen levels seen in muscle tissue of other teleosts following 

insulin injection (Seshadri, 1959; Ahmad, 1977). In the present study, 

the prolonged insulin injections marginally increased the incorporation 

of [ C]-leucine into skeletal muscle (Table 4). In similar studies with 

fish, Tashima and Cahill (1968) and Ahmad and Matty (1975b) showed increased 

14 
incorporation of [ C]-leucine into skeletal muscle after a short-term 

exposure to insulin. 

The raised lipid content of skeletal muscle (Table 3) agreed with an 

increased incorporation of [ C]-glycine into the lipid of skeletal 

muscle as shown in the Northern pike by Ince and Thorpe (.1976). In contrast 

to the findings of these authors, was the decreased lipid content of the 

liver tissue (Table 3) which agreed with the data of Yanni (1964) who 

found a reduced fat content in the liver of Clarias lazera after treat- 

ment with insulin. A significant reduction of [ C]-leucine incorporation 

into Northern pike liver following insulin treatment has been reported by 
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Thorpe (1976). In the present study we observed a slight reduction in 

incorporation of I C]-leucine into liver. These findings suggested a 

net effect of insulin on the movement of protein precursors from liver to 

peripheral musculature. However, these findings did not explain the 

increases in hepasomatic index after prolonged hormone administration 

(Table 2). 

A lack of glycogenic response in both liver and muscle tissue (Table 

3) was in accordance with the results of Inui and Yokote (1975) using 

[ C]-glucose incorporation in the eel and represented an important 

deviation from the mammalian response. That insulin showed a significant 

effect on glucose metabolism was demonstrated by the hypoglycemic response 

seen at 32 hours post-injection (Figure 1). This effect has been well 

documented in teleosts (Palmer and Ryman, 1972). It appears that the 

hormone served to promote oxidative pathways with minimal direction toward 

glycogenesis. In concert with hypoglycemia, insulin caused a pronounced 

decrease in [ C]-leucine activity of plasma-free amino acids (Figure 2). 

Such data agreed with a demonstration in teleosts that the whole spectrum 

of amino acids was depressed by insulin Clnu1 et^ aj_., 1975; Ince and Thorpe 

1978). In the present study, depression of both plasma glucose and free 

amino acids was complicated by an apparent adaptation response in the 

hormone treatments (Figure 1 and 2). This might have been due to an immune 

response following the repeated doses of exogenous insulin. Immunological 

differences have been recognized between teleost and mammalian insulin 

and attributed to differences in the sequence of amino acid residues 

comprising the polypeptide chain (falkmer and Wilson, 1967). 

It appeared from the results, of the present study that the apparent 
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lack of glucose conservation, but dominant effect of the hormone on 

proteogem'c and lipogenic pathways, may indicate an evolutionary shift in 

the role of the hormone.. In this initial study, no attempt was made to 

assess the extent of channeling of carbohydrate metabolites into lipid 

or protein. This may explain the lack of glycogenic response following 

administration of insulin. It is conceivable that the importance and 

mechanism of glucose control by insulin action may have gained signifi- 

cance with the development of homoiothermy in the higher species. 

More specific studies in fish, examining the relationship between 

the action of insulin on glucose storage pathways, proteogenesis, and 

lipogenesis, are needed for comparison with the more clearly understood 

mammalian response. Such work would enhance our understanding of inter- 

mediary metabolism in the lower species. 
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Figure III. 1 Plasma glucose values 32 hours after the final injection 
of (1) saline injected control, (2) low insulin dose, 
(3) high insulin dose or (4) shock insulin dose. Each value 
represents a mean of six fish per treatment ± standard 
deviation. 
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Figure III.  2, Activity of unbound [    C]-leucine in the supernatant fraction 
of deproteinized plasma of 0 )  saline injected control, 
(2)  low insulin dose,  (3)  high insulin dose, or  (4)  shock 
insulin dose.    Each value represents the mean of six 
per treatment ± standard deviation. 

fish 
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Table III. 1. Bovine insulin doses administered every 48 hours. 

Low insulin dose High insulin dose 
Day No. (0.05 - 0.5 lU/Kg)    (0.5 - 5.0 lU/Kg) 

1 0.05 0.50 

6 0.10 1.00 

12 0.15 1.50 

18 0.20 2.00 

24 0.25 2.50 

30 0.30 3.00 

36 0.35 3.50 

42 0.40 4.00 

48 0.45 4.50 

54 0.50 5.00 

56 0.50 5.00 



Table III. 2. The effect of low and high insulin doses on various morphometric parameters of 
rainbow trout treated for a 56-day period. 

Treatments 
Saline injected controls 

(n = 20) 
Low insulin dose 

(n = 25) 
High insulin dose 

(n = 20) 

Gain over initial wt. (%) 

Gain over initial length (%) 

Condition factor 

2 
Hepasomatic index 

Mortality 

42.1 ± 10.1 

12.0 ± 3.3 

1.24 ± 0.08 

0.84 ± 0.13 

1 

46.4 + 10.4 50.0    ± 12.7U 

13.5 + 3.9 13.6    ± 4.4 

1.31 + 
a 

0.11 1.30 ± 0.09 

0.91 + 

1 

0.15a 1.06 ± 

8 

0.21' 

1 3 
Condition factor = weight x 100/length . 

2 
Hepasomatic index = liver weight x 100/body weight. 

Values significantly different (P<0.05) from saline-injected controls, 



Table III.  3.    The effect of prolonged insulin administration on the level of lipid, protein, and 
glycogen of muscle and liver of rainbow trout'. 

Low insulin dose High insulin dose 
Saline injected controls        (0.05 - 0.5 lU/Kg) (0.5 - 5.0 lU/Kg) Treatments 

Skeletal muscle 
protein, mg/g wet wt. 

Liver protein, mg/g wet wt. 

Skeletal muscle lipid, 
mg/g wet wt. 

Liver lipid, mg/g wet wt. 

Skeletal muscle glycogen, 
mg/g wet wt. 

Liver glycogen, mg/g wet wt. 

180.9 ± 18.0 

265.5 ± 12.1 

19.5 ± 2.2 

51.0 ± 3.8 

10.9 ± 1 .2 

12.6 ± 1 .3 

189.4  ± 15.7 

249.0 ± 12.4 

21 .9  ± 2.7 

46.0 ± 3.2 

9.7 ± 0.95 

10.2 ± 0.90 

249.6  ± 16.7° 

282.0 ± 18.2 

26.8 ± 3.2a 

41.0 ± 3.0a 

11.6 ± 1.1 

11.2 ± 0.9 

All  values represent the mean of six fish per treatment ± standard deviation. 

Values significantly different (P <0.05)  from saline-injected controls. 

an 



Table III. 4.    The incorporation of [    C]-leucine into plasma, liver and skeletal muscle of rainbow 
trout treated with low, high, or shock dose of insulin^. 

Saline injected Low insulin dose High insulin dose Shock dose 
Treatments controls (0.05-0.5 lU/Kg) (0.5-5.0 lU/Kg) (5.0 lU/Kg) 

Total dpm/lOOmg 1474.0 ± 212 1135.2 ± 190 829.8 ±  105a 772.6 ±  llOa 

plasma 

Total dpm/100 mg 5529.0 ± 1331 5417.0 ± 1297 5137.0 ± 834 5019.0 ± 1815 
liver 

Total dpm/100 mg 903.6 ± 145 967.4  ± 215 1048.4 ± 126 930.0 ± 83.1 
skeletal muscle 

All  values represent the mean of six fish ± standard deviation. 

Values significantly different (P < 0.05) from saline-injected controls. 

en 
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ABSTRACT 

14 
The effect of bovine insulin on tissue incorporation of I    Cl-glucose 
3 

and [ H]-leucine was investigated in fed and fasted rainbow trout reared 

on a control  and high-protein diet.    Insulin produced marked hypoglycemia 

and mobilization of liver glycogen in all   treatments.    Although insulin 

gave no evidence of glycogenic stimulation it did appear to promote 

oxidative clearance of [    C]-glucose.    Compared to [    C]-glucose much 
3 

greater tissue incorporation of [ H]-leucine was observed in fasted fish; 
3 

insulin stimulated the incorporation of [ H]-leucine into skeletal muscle 

protein.    In plasma, liver, and skeletal muscle of all   treatments,  the 
3 

summed specific activities of [ H]-leucine was considerably greater than 

that of the summed values of [    C]-glucose following insulin administration, 

Four weeks of fasting apparently lowered basal metabolism but no changes 

were observed in plasma glucose and glycogen stores.    There was some 

evidence of gluconeogenic activity in the high protein-fasted fish and the 

data indicated in all  fasted treatments a stimulation of [    C]-glucose 
3 

and  [ H]-leucine metabolism following insulin administration. 
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INTRODUCTION 

In mammals strict homeostatic control over plasma glucose aids 

thermogenic regulation and ensures an adequate supply of substrate for 

energy producing pathways. Such strict control of carbohydrate metabol- 

ites appeared to be less vital in poikilotherms and considerable evidence 

in fish indicated generally low levels of plasma glucose with pronounced 

variability between species (Larsen, 1976, Lin e^t aj_., 1978; Inui et al., 

1978). In view of this difference, the question arises in these lower 

species as to the functional significance of insulin, the major glucoregu- 

latory hormone. 

It has been well established that as a main function of insulin in 

higher species, insulin facilitates transport of glucose across cell 

membranes with subsequent incorporation into energy synthetic and glyco- 

genic storage pathways (Fritz, 1970). At the same time it has been shown 

that the hormone exerted an overall anabolic effect by increasing cellular 

uptake of amino acids and free fatty acids, resulting in stimulation of 

proteogenesis and lipogenesis (Cahill et_ aL, 1972, Goldfine, 1977). Con- 

siderable evidence of depressed plasma glucose (Gray, 1929; Akhtar e^t 

al, 1979; DeRoos and DeRoos, 1979), amino acids (Inui et al_., 1975; Ince 

and Thorpe, 1978) and free fatty acids (Minick and Chavin, 1972) following 

administration of the hormone indicated a similar stimulatory action in 

teleosts. We presented evidence that prolonged administration of bovine 

insulin produced a pronounced proteogenic and lipogenic response in 

skeletal muscle of rainbow trout (Ablett et_ al_., 1981). In the same 

study, hypoglycemia was observed but not accompanied by measurable 
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glycogenesis. This to some extent represented a variance from the 

mammalian role of the hormone and it appeared that in trout, insulin's 

glucoregulatory role was to direct carbohydrate metabolites toward oxida- 

tive pathways or possibly storage compartments other than glycogen. In 

view of very low glucose oxidation rates in fish compared to mammals 

(Bever et_ al_., 1977; Armstrong et_ al_., 1979) the data indicated a great- 

er role for the hormone in control of protein and lipid metabolites, with 

less emphasis on carbohydrate regulation. This hypothesis was supported 

by the fact that diets for optimum growth in most teleosts required a 

high-protein and low-carbohydrate composition (Kesamuru and Miyazono, 

1978; Abel et_ al_., 1979). In addition, recent evidence showed teleosts 

insulin levels to be in the same range as that of mammals (Thorpe and 

Ince, 1976), but preferentially secreted from pancreatic islets by amino 

acid stimulation (Ahmad and Matty, 1975a; Ince and Thorpe, 1977; Ince, 

1980)-, a contrast to the predominant glucose-stimulated release which 

was shown to occur in mammalian islet tissue (Fajans and Floyd, 1972). 

The present study was undertaken to further investigate the action 

of bovine insulin on the simultaneous incorporation and retention of 

[ C]-glucose and [ H]-leucine in liver and muscle tissue of fed and 

fasted rainbow trout reared at different dietary protein levels. 
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MATERIALS AND flETKQDS 

Fish 

Mount Shasta rainbow trout were reared for 15 months on either 

control  or high-protein semipuriffed diets, made isocaloric by adjust- 

ment of the carbohydrate and fat content (Table 1).    Fish were fed ad 

1ibitum twice daily and held in 90-cm diameter glass-fiber tanks receiv- 

ing 120C well-water at a flow rate of 7.6 liters per minute.    Four weeks 

prior to experimentation half the stock was transferred to identical   tanks 

and fasted.    Weight and fork-length measurements were made 48 hours prior 

to hormone administration. 

Insul in 

Bovine insulin (Sigma Chemical  Co., St.  Louis, MO)  freshly suspended 

in 0.75 percent saline was administered in volumes of 200 microliters by 

intraperitoneal  injection at a dose level of 5.0 lU/Kg to both fed and 

fasted fish from each diet.    In all  instances prior to injections, fish 

were anesthetized with MS 222 (Sandoz, Basel, Switzerland) at a dilution 

of 1:13,000 (w/v).    Fed and fasted controls from each diet were injected 

with 0.75 percent saline only. 

Radiolabel administration 

14 A cocktail  containing 2 yCi; of D-[U-    C]-glucose (specific activity 
3 

323 mCi/mmol) and 2 yCi of L-I3,4',5, H (N)]-leucine Cspecific activity 

160 Ci/mmol) (New England Nuclear, Boston, MA) per millilrter was 

prepared by dilution with 0.75 percent saline and held at 40C. Twenty- 
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four hours after the insulin or saline injections, this cocktail was 

administered to anesthetized fish by intraperitoneal injection at 2 yd'/ 

100 g for each compound. Volumes were adjusted accordingly to provide 

accurate weight-determined doses of the cocktail. All fish were returned 

to tanks and sacrificed eight hours after radiolabel administration, 32 

hours postinsulin administration. This period of exposure was selected 

on the basis of previous findings that maximal response to pharmacological 

doses of insulin in fish occurred between 24-48 hours (Tashima and Cahill, 

1968; Cowey et al_., 1977). 

Sampling 

Fish were killed by a cranial blow and deproteinized plasma from 

cardiac-puncture blood samples were prepared for glucose assay and 

scintillation counting by a previously established method (Ablett et al., 

1981). Excised livers, weighed and quickly frozen over dry ice, with 2-3 

g portions of caudal flank muscle were stored at -40oC prior to analysis. 

Tissue preparation 

In accordance with the method of Folch et aJL (1957), duplicate 

0.5-g samples of liver and 1.0-g samples of muscle tissue were homogenized 

at a blade speed of 30,000 rpm for 60 seconds in twenty volumes of chloro- 

form: methanol (2:1) in a Virtis Tissuemizer '45' (Virtis Co., Gardiner, 

N.Y.). After initial filtration, samples were further homogenized at 

30,000 rpm for 30 seconds in 10 volumes of chloroform: methanol and 

refiltered through a Buchner funnel. The combined filtrate was trans- 

ferred to a 125.0 ml separatory funnel and phase separation was achieved 
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overnight following addition of 0.2 volumes of 0.58 percent saline. 

The lower phase containing extracted lipid was collected into 

preweighed scintillation vials and the solvent was evaporated under 

nitrogen at 30oC.    Following desiccation to constant weight in vacuo the 

lipid was  prepared for counting by addition of 1.0 ml  benzene, and 14.0 ml 

toluene scintillation cocktail  containing 6,0 g PP0 and 0.05 g P0P0P per 

liter.    Duplicate 3.0 ml  aliquots of the aqueous phase containing extrac- 

ted sugars and soluble protein were added to 12.0 ml Aquasol   (New England 

Nuclear)  for counting.    Glycogen was assayed as total   sugar in this 

aqueous fraction (Lee and Putnam,  1973),  by the method of Dubois et al ., 

(1956).    Samples  (100 mg) of the air-dried  homogenate residue containing 

insoluble protein-bound label  were solubilized overnight at 50oC in 2.0 

ml  NCS  (Amersham Corp., Arlington Heights,  IL) and counted in duplicate 

in 14.0 ml  of the toluene fluor. 

Adjustments for quenching were made by use of [    C]-glucose and 

[ H]-leucine standards added alone or in combination to unlabeled tissue 

fractions extracted as described and counted at 40C with either toluene or 

Aquasol   fluors  in a Nuclear Chicago Model   725 liquid scintillation counter, 

14 
Channel  settings were adjusted to enable tritium and      C activity to be 

counted simultaneously. 

Differences between morphometric measurements  (Table 2) were assessed 

for significance by two-way analysis of variance.    Radiolabel  data were 

expressed as disintegrations per minute and statistical  analysis of 

treatments was performed by three-way analysis of variance.    In all  cases 

differences were considered significant when P values < 0.05. 
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RESULTS 

Morphometric parameters 

After a period of fifteen months the high protein-reared fish showed 

greater length and a thirty-nine percent body-weight increase compared 

to control-protein fish.    This was reflected in an improved condition 

factor value (Table 2).    Four weeks of fasting reduced the condition 

factors at both protein levels but caused no significant reduction in 

body weight. 

Blood glucose and tissue glycogen 

As  shown in Table 3 marked hypoglycemia was  induced in all   treatments 

32 hours after injection of bovine insulin.    Pronounced variability 

occurred between fish and no differences of blood glucose level were de- 

tected with fasting in both dietary regimes.    The data showed no differ- 

ences  in liver glycogen between fed and fasted controls at either dietary 

protein level.    However,  in all  instances insulin reduced the glycogen 

content of liver.    Muscle glycogen showed no difference between treatments 

and was not affected by insulin administration (Table 3). 

14 3 
Incorporation of [    C]-g1ucose and  [ H]-leucine into plasma 

14 3 
Figures 1  and 2 show the activity of both [    C]-glucose and [ H]- 

leucine in the supernatant and the protein precipitate fractions of 

plasma for all  treatments.    Greatest [    C]-glucose activity was seen in 

the plasma supernatant of saline-injected controls (Figure 1A) with much 
14 

lower  [    C]-glucose activity in the protein precipitate fractions.    This 
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indicated a low level  of [    C]-glucose incorporation into plasma  protein 

(Figure IB).    Insulin reduced unbound  [    C]-supernatant activity by more 

than ninety percent in all   instances and depressed plasma  protein-bound 

activity by approximately forty percent.    Mo differences were apparent 

between dietary levels. 

In contrast to [    C]-glucose,  insulin had essentially no effect on 

[ H]-leucine in the supernatant fraction.    The data  (Figure 2)  show that 

the greatest [ H]-leucine activity was consistently located in the 

protein-bound  precipitate (Figure 2).    The hormone apparently enhanced 
3 

the incorporation of [ H]-leucine into precipitated protein of fed fish 

(Figure 2)  but an opposite effect was observed with fasting;  insulin 
3 

produced a  pronounced decrease of [ H]-leucine activity in the protein 

precipitate.    Again no differences were noted between dietary protein 

levels. 

14 3 
Incorporation of [    C]-g1ucose and  [ H]-1eucine into insoluble protein of 

liver and muscle 

3 14 The incorporation of [ H]-leucine and  [    C]-glucose into the insoluble 

protein fraction of liver tissue is shown in Figures 3 a,c.    Some 20-30 

times greater activity of [ H]-leucine compared to  [    C]-glucose was 

apparent in this fraction.    Clearly, as  seen in saline-injected controls 
3 

higher dietary protein reduced the degree of [ H]-leucine incorporation 

into liver protein and this effect was observed in both fed and fasted 

fish.    Insulin produced an apparent reduction of [ H]-leucine and [    C]- 

glucose activity for all  treatments.    In the insoluble protein fraction 
3 

of skeletal muscle (Figures 3b,d.)  [ H]-leucine showed the greatest 



77 

activity of the two isotopes with, nearly twice as much found in fed 

controls- compared to the fasted fisfi.    Insulin administraition caused an 

apparent reduction of [ H]-leucine activfty in fed treatments but an 

opposite trend was observed  in fasted fish;  the hormone produced increased 
3 

[ H]-leucine incorporaton in th.e control-protein diet.    A similar trend 

was seen with [    C]-glucose incorporation. 

14 3 
Incorporation of [    C]-q1ucose and [ H]-1eucine into the aqueous fraction 

of 1 iver and muscle 

Figures 4a, c. represent the incorporation of [    C]-glucose and 
3 

[ H]-leucine into the soluble protein and  total   extracted  sugar fraction 
3 

of liver tissue.    Of the two  isotopes,  [ H]-leucine showed  the greatest 

incorporation and this activity was  increased  in fasted controls compared 

to  fed fish at both protein levels.    [    C]-glucose counts were low and 
3 

represented about twenty-five percent of [ H]-leucine in all  cases 

(Figures 3a,c).    In both fed and fasted fish,  insulin produced reductions 

of both [ H]-leucine and [    C]-glucose activity.    In skeletal muscle 

3 14 
[ H]-leucine activity was greater than [    C]-glucose in all  treatments 

3 
(Figures 4b,d.).    Insulin produced a decrease in both [ H]-leucine and 

[    C]-glucose activity in fed fish and increased the incorporation of 

each  isotope in fasted fish,  however,  these results were not significant 

(P < 0.05). 

Incorporation of [    C]-qlucose and I H]-leucine into lipid of liver and muscle 

As can be seen in Figures   5a, c.  both [    C]-glucose and [ H]-leucine 

showed comparable incorporation into liver lipids.    No significant 
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differences were noted between fed and fasted treatments at either 

protein level.    Insulin produced a slight reduction of both [    C]-glucose 

and  [ H]-leucine activity in liver tissue of all  treatments.    The distri- 

bution of [    C]-glucose and  [ H]-leucine activity in the lipid from 

skeletal muscle was similar to liver but generally lower  (Figures  5b,d.). 

As demonstrated by both labels,  insulin appeared to be lipogenic in 

skeletal muscle with the most pronounced effect observed on [    C]-glucose 

in the high protein-fed fish. 

14 3 
Effect of bovine insulin on total   [    C]-qlucose and  [ H]-1eucine 

Data in Table 4 represented a summation of the radiolabel  activity 

recorded in plasma, liver and skeletal  muscle of all   treatments.    Insulin 

reduced the summed specific activity of both isotopes in  plasma,  liver 
3 

and skeletal muscle, but [ H]-leucine was reduced to a lesser degree than 

[    C]-glucose.    It also appears that levels of [ H]-leucine and  [    C]- 

glucose were affected by fasting at both protein levels;  there were 

generally lower counts of each isotope in the fasted treatments. 
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DISCUSSION 

The results of the present study agreed with our previous finding 

that in trout insulin served to promote glucose clearance toward oxida- 

tive pathways with minimal  direction toward carbohydrate storage compart- 

ments  (Ablett jjt aK, 1981).    Moreover,  the data  provided evidence which 

supported the hypothesis that insulin's action in this species is 

important in control of protein and lipid precursors. 

14 In fed and fasted controls on both diets, retention of [    CJ-glucose 

after eight hours was generally low (Table 4).    In all  treatments, 

insulin caused pronounced clearance of [    C]-glucose from the blood with 

a slight increase of activity being observed in skeletal muscle lipid. 

14 3 
The data suggested a channeling of [    C]-glucose and [ H]-leucine into 

lipogenic pathways  (Figure 5)  and were in agreement with similar findings 

reported for other fish species following administration of insulin 

(Tashima and Cahill, 1968;  Ince and Thorpe, 1976). 

The absence of a glycogenic response to insulin was indicated by 

two findings.   First, movement of glucose into the aqueous fractions 

of liver and muscle was minimal  and was generally reduced with insulin 

administration;  indicating that glucose oxidation was a favored action of 

the hormone.    Second,  in agreement with a study in the European eel 

(Lewander et aj_., 1976)  the total  glycogen level   in liver was reduced 

with insulin (Table 3) and indicated a mobilization of stored glucose 

which showed no subsequent increase as glycogen in skeletal muscle. 

Movement of glucose from blood and hepatic stores to the peripheral 

musculature was recognized as an action of the hormone in higher species. 
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with excess glucose not consumed by oxidation being converted to muscle 

glycogen (Harper, 1973).    In a  previous study we have shown an absence of 

glycogenesis in trout following prolonged administration of bovine insulin 

(Ablett et a]_., 1981) and it is conceivable that the lack of insulin's 

effect on glycogenesis was due to the generally low storage levels of 

glycogen in rainbow trout (Ahsan and Ahsan, 1975).    Alternatively, an 

explanation might lie in a stimulated release of endogenous catecholamines, 

following the high dose of bovine insulin.    These hormones were shown to 

cause hyperglycemia and Thorpe and Ince (1974) reported an elevation of 

blood glucose in Northern pike following the administration of exogenous 

epinephrine and norepinephrine. 

14 3 
Although not significant, the total  sum of [    C]-glucose and [ H]- 

leucine specific activities in plasma, liver, and skeletal muscle was 

greater in fasted controls than that observed  in fed fish (Table 4). 

This observation was taken to reflect a generally lowered rate of basal 

metabolism in the fasted treatments.    This response appears to be an 

adaptive feature of poikilothermy and was recognized  in other fasting 

studies of fish as providing a conservation mechanism for metabolic 

energy (Bouche and Vellas, 1975).    Other effects of fasting included 

increased  [    C]-glucose activity in the plasma supernatant of controls; 

the greatest being seen in the high protein-reared fish (Figure 1).    No 

differences were seen in plasma glucose levels between fed and fasted 

controls  (Table 3), a phenomenon not uncommon in fish species (Falkmer 

and Matty, 1966; Chavin and Young, 1970) and the raised plasma [    C]- 

glucose activity might have represented an increased turnover of glucose 

in the blood.    Since no changes were observed  in the glycogen content of 
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liver and muscle with fasting (Table 3) these data suggested the use of 

gluconeogenesis rather than glycogenolysis as a source of blood glucose. 

In support of this, Cowey et a_l_-»  (1977)  indicated that dependence on 

glycogenolysis for maintenance of endogenous glucose levels appeared to 

be low in trout and thus a more likely source was from gluconeogenesis, 

14 
Administration of insulin reduced the total   sum of [    C]-glucose 

specific activity in fed and fasted fish to about fifty percent and 

thirty-three percent respectively when compared to controls at both 

dietary protein levels  (Table 4).    The lower [    C]-glucose retention  in 

fasted insulin treatments indicated an enhanced action of insulin on 

glucose movement toward oxidation pathways under conditions of fasting. 

A similar observation in rats revealed increased glucose uptake by 

starved skeletal muscle following administration of the hormone (Goodman 

and Ruderman,  1979) and this indicated under conditions of fasting an 

overall  stimulation of metabolic rate following insulin administration. 

In this study,  [ H]-leucine was incorporated into tissue fractions 

more selectively than [    C]-glucose, the major site being the protein 

fraction of liver (Figures 3 and 4).    Clearance of [ H]-leucine from 

the plasma (Figure 2) following insulin administration was less pronounced 

than that seen for [    C]-glucose (Figure 1).    It was recognized that 

amino acids were less susceptible to direct oxidation and a certain amount 
3 

of recycling would be expected.    Insulin promoted incorporation of [ H]- 

leucine into  plasma protein of fed fish but markedly reduced its incor- 

poration into the plasma protein of fasted treatments (Figure 2).    Since 

plasma protein is synthesized de novo in the liver, the enhanced incorpor- 
3 

ation of [ H]-leucine under fed conditions supported a proteogenic 



82 

response of insulin.    The reduced activity of fasted treatments suggested 

a rerouting action of the hormone under conditions of food deprivation. 
3 

Further evidence of rerouting was seen in the apparent increased [ H]- 

leucine incorporation into the protein of skeletal muscle in fasted 

fish  (Figures 3 and 4).    The effect was not seen in fed treatments, but 

since protein and lipid stores were shown to become mobilized under 

condition of fasting  (Timoshina and Shabalina, 1972; Shakoori  et al ., 

1976),  it was possible in this instance, that the hormone functioned to 

restore depleted peripheral   protein and lipid levels.    Alternatively,  it 

was recognized that the action of the hormone may have been comparable to 

the fed situation, the effects being masked by the lowered rate of 

basal  metabolism in fasted fish which might have caused a time lapse of 
3 

insulin action between fed and fasted treatments.    Increased  [ H]-leucine 

incorporation  into protein of skeletal muscle of fed fish following 

insulin administration has been demonstrated in a number of species 

(Seshadri, 1959; Ahmad and Matty, 1975b).    In the present study,  its 

absence in fed fish at both protein levels, suggested that a  proteogenic 

incorporation peak due to insulin may have been surpassed at the eight- 

hour sampling period.    In part,  the phenomenon might have been attributed 

to the relatively higher metabolic rates of the fed fish but also to 
3 

the high specific activity of the [ H]-leucine label  which could  have 

been metabolized during the incubation period. 
3 

The higher retention of [ H]-leucine in both fed and fasted fish 

following insulin administration indicated greater conservation of the 

amino acid relative to glucose (Table 4).    To some extent this was to 
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be expected since leucine would be directed towards proteogenic and 

lipogenic pathways after stimulation of cellular uptake by insulin. 

The energy constraints on fish were shown to be less compared to mammals 

and with nitrogenous wastes readily excreted,  less energy expenditure 

in metabolism was observed.    Thus, fish, were able to synthesize more 

protein and lipid per unit of energy than mammalian species  (Lovell , 

1979).    This being the case, a functionally more important role of insu- 

lin would be stimulation of proteogenic and lipogenic pathways.    The 

possibility of phylogenetic shift in the function of insulin toward a 

more glucoregulatory control  with the emergence of homoiothermy provides 

an attractive explanation of the lack of insulin's effect on glycogenesis 

in rainbow trout.    In fish,  the possibility remains  that protein and 

lipid stores may provide adequate supplies of glucose without the need 

for extensive glycogen storage (Nagai and  Ikeda,  1971; 1972). 

More investigations are needed to determine the primary role of 

insulin in lower species.    Specifically,  studies to determine the 

relationship between glycogenesis and proteogenesis as affected by 

insulin may prove worthwhile. 
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Figure IV.  1.   Effect of bovine insulin  ( |      | ) on  plasma  [    C]-glucose 
activity in supernatant (A)  and precipitated  protein (B) 
fractions of plasma.    ( i-:-:-;-:-:-3)   Indicates control   protein-reared 
fish and(r1,",'Vindicate high protein-reared fish.    All  values 
represent the mean of six fish per treatment ± s.d.    Signifi- 
cant differences (P < 0.05)  between  insulin treatments  (-¥•)  and 
fed and fasted fish (-^l at both dietary protein levels are 
shown. 
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Figure IV.  2. Effect of bovine insulin ( ) on plasma [ H]-leucfne 
activity in supernatant (A) and  precipitated  protein (B) 
fractions of plasma.    (CvXv:-f)  Indicates control   protein- 
reared fish and  (L*»'»7 )  indicate high protein-reared 
fish.    All  values represent the mean of six fish per treat- 
ment ± s.d.    Significant differences  (P < 0.05)  between 
insulin treatments  (-¥•) are shown. 
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Figure IV.  3.    Effect of bovine insulin  (i       '   ) on the incorporation of 
C3H]-leucine (3H) and  [14c]-glucose (14C)   into the insoluble 
protein fraction of liver and skeletal muscl e.    ( K.::V3 ) 
Indicates control   protein-reared fish and  (I'.'.l)   Indicates 
high protein-reared fish.    All  values represent the mean of 
six fish per treatment ± s.d.    Significant differences 
(P < 0.05)  between insulin treatments  (■¥■),  fed and fasted 
fish  (-£■) and dietary protein levels of liver  (A)  are 

shown. 
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Figure IV.  4.    Effect of bovine insulin (i       i ) on the incorporation on 
C3H]-leucine (3H) and [l4C]-glucose (14C)  into  the    aqueous 
fraction of liver and skeletal muscle.  (c-:-:-:-:-.i )   Indicates 
control   protein-reared fish and  ( L'.'.l)   Indicates  high 
protein-reared fish.    All  values represent the mean of six 
fish per treatment ± s.d.    Significant differences  (P < 0.05) 
between insulin treatments  (*) and fed and fasted fish (^p) 
at both dietary protein levels are shown. 
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Figure IV.   5.    Effect of bovine insulin  ( i       i ) on the incorporation of 
[3Hj-leucine (3H) and [14c]-glucose C14C)  into  the lipid 
fraction of liver and skeletal muscle.    (.£553')   Indicates 
control   protein-reared fish and  ( CZZI3)  indicate high 
protein-reared fish.    All  values represent the mean of six 
fish per treatment ± s.d.    Significant differences 
(P < 0.05)  between fed and fasted fish (-^.) at both 
dietary protein levels are shown. 
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Table IV.  1.    Diet Regimes. 

Ingredient Control-Protein 
(%) 

High-Protein 

Casein 49.5 62.0 

Gelatin 8.7 8.0 

Duragel 0.0 6.0 

Dextrin 15.6 0.0 

Alpha-cellulose 8.2 6.0 

Carboxymethyl cellulose 1 .0 1.0 

Choiine chlori ide (70%) 1 .0 1 .0 

Mineral  Mix 4.0 4.0 

Vitamin Mix 2.0 2.0 

Salmon Oil 10.0 10.0 

Gee Sinnhuber et al ., 1977. 



Table IV.  2.    Morphometric measurements of fed and fasted groups reared on control and high protein 
dietsl. 

Weight (g)                                      Length (cm) Condition Factor2 

Fed            Fasted                                Fed          Fasted Fed              Fasted 

Control                       101.5a              88.5a                             19.8a           19.9a 1.26a             1 .09b 

Len igth (cm) 

Fed Fasi ted 

19 .8a 19 .9a 

±0 .96 ±1 .00 

22 .6b 23 .0b 

±0 .80 ±2 .10 

protein ±17.0 ±16.7 ±0.96 ±1.00 ±0.09 ±0.07 

High 168.8b 166.lb 22.6b 23.0b 1.41C 1 .29d 

protein ±32.0 ±48.5 ±0.80 ±2.10 ±0.12 0.09 

All  values represent the mean of six fish ± standard deviation. 

9 3 
^Condition factor = body wt.  x 100/length 

'   '   ' Values with the same superscript in rows and columns are not significantly different. 
In all  cases differences were considered significant at P value <0.05. 

U3 



Table IV. 3. Effect of insulin on plasma glucose, liver and muscle glycogen . 

Plasma Glucose (mg%) 
Control                    Insulin3 

Liver glycogen (mg/g)2 

Control                Insulin 
Muscle glycogen (mg/g) 
Control                Insulin 

Control-protein fed  80.0 ± 19.2a    47.5 ± 13.2b   6.96 ± 2.30a  1.56 ± 0.65b 4.68 ± 0.84a 5.16 ± 0.49a 

High-protein fed    61.2 ± 12.3a    36.8 ± 5.20b  . 7.62 ± 2.50a  2.08 ± 1.70b 4.30 ± 0.53a 4.29 ± 1.23a 

Control-protein 60.6 ±  12.5a 50.0 ±  15.5b        6.03±1.60a      1.09±0.62b    4.98±0.45a    5.22±1.54a 

fasted 

High-protein fasted      85.8 ± 25.2a 35.5 ± 4.40b        7.43±0.23a      1 .06 ± 0.35b    5.05 ± 0.29a    5.45 ± 0.60a 

1 Values represent the mean of six fish from each treatment ±   standard deviation. 
2 Expressed as mg/g wet wt. 

All   fish were injected with 5 lU/Kg bovine insulin 32 prior to sampling. 

'  Values with the same superscript in rows and columns are not significantly different.    In all  cases 
differences were considered significant at P values    < 0.05. 



Table IV.  4. Effect of bovine insulin on the retention of total  [14C]-qlucose and 
[3H]-leucinel. 

[    Cj-glucose 
Control Insulin 

[ H]-leucine 
Control Insulin 

Control-protein fed 

High-protein fed 

Control-protein fasted 

High-protein fasted 

11304° 6368 

±2714 ±577 

12671a 5771 

±2364 ±2244 

14296a 4735 

±2006 ±252 

16248a 5552 

±1311 ±167 

(56) 

(45) 

(33) 

(34) 

46214° 37259c (80) 

±387 ±5839 

38773b 32093f (82) 

±1987 ±7239 

61196° 407349 (66) 

±2035 ±5972 

48830C| 35375h (72) 

±4253 ±11035 

1 14 3 
Mean values of the sums of [    C] and [ H] dpm's of plasma  (dpm/0.1 ml),  liver 
(dpni/0;5 g) and skeletal muscle (dpm/1.0 g)  for six fish ± s.d. 

2 
All   insulin-treated fish were injected with 5 lU/Kg bovine insulin 32 hr prior 
to sampling and shown as  percentage of controls in parentheses. 

For each isotope values with the same superscript are not significantly different. 
In all  cases differences were considered significant at P values < 0.05. 

00 
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ABSTRACT 

1 ?% 
[  I]-iodoinsulin binding studies in the presence of a concentration 

range of bovine insulin were conducted to establish specific insulin 

binding levels in erythrocytes, skeletal muscle plasma membranes and 

isolated hepatocytes of rainbow trout reared on control-, high-protein 

and high-carbodydrate diets. Negative cooperativity was observed and 

receptor concentrations and apparent dissociation constants established 

for each preparation. No differences of specific binding attributed to 

diet were detected in either erythrocytes or skeletal muscle plasma membrane 

preparations. However, specific binding of insulin to isolated hepatocytes 

from high-carbohydrate reared trout was increased and attributed to an 

increased concentration of receptors. This contrasted to comparable 

mammalian studies. These data were interpreted according to the 

reciprocal relationship observed between endogenous insulin and insulin 

receptor concentrations established for mammals. Unlike in mammals 

where glucose was shown to be the primary insulin secretagogue, in rainbow 

trout, endogenous insulin levels have been closely correlated to circulatory 

ami no acids and are thought to be primarily controlled by these protein 

metabolites. 
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INTRODUCTION 

Many mammalian studies have established the relationshfp between 

insulin and its plasma membrane located receptor  (Cuatrecasas, 1974]. 

The hormone-receptor complex was shown to be directly linked to the cell- 

ular action of insulin by a mechanism which remains unclear  (Walaas and 

Horn,  1981).    In mammals,  it was recognized that under conditions of 

obesity and maturity-onset type diabetes,  endogenous  insulin showed 

reduced  binding to its receptor  (.Olefsky, 1976; Wigand and Blackard, 

1979)  and this effect has been attributed to  both reduced number and 

affinity of the plasma manbrane receptors for endogenous circulating 

insulin  (Bar et al_., 1976;  Kahn, 1979).    Thus,  it was shown that down 

regulation of insulin receptors  in mammals could  be effected under 

conditions of hyperinsul inemia  (Blackard et aj_.,  1978) and it appeared 

from both in vivo and in vitro  evidence that the basal  level  of the hormone 

ultimately regulates the insulin receptor in a reciprocal  relationship 

(Kahn,  1979).    Among a variety of factors which affect this balance,  it 

was established that reduced insulin binding could be induced either 

acutely, following glucose loading (Muggeo et al_., 1977), or chronically, 

following administration of high-carbohydrate diets in several mammalian cell 

types      including    hepatocytes, monocytes, erythrocytes and adipocytes 

(Freychet    et al_., 1972;  Kahn eta],.,   1973; Robinson et a]..,   197 9; 

Kolterman et al_.,  1979).    The significance of this phenomenon to the 

present study centered on the possibility that in rainbow trout the role 

of insulin was less directly oriented towards control  of carbohydrate 

metabol ism. 
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In previous studies we have shown that although insulin did promote 

clearance of blood glucose towards oxidative pathways no stimulation of 

hepatic or skeletal musculature glycogenesis was observed (Ablett et a!., 

1981a). Additionally, insulin stimulated greater overall retention of 

radiolabeled leucine compared with radiolabeled glucose, in protein and 

lipid compartments (Ablett et al_., 1981b). In teleosts, a general lack 

of blood glucose control, low storage level of glycogen, generally low 

carbohydrate utilization, and predominant amino acid stimulation of 

insulin release all indicate a more significant role of the hormone in 

control of other dietary metabolites, notably protein precursors (Black 

et al., I960; Singh and Nose, 1967; Palmer and Ryman, 1972; Ince, 1980). 

On the basis of these differences between mammals and fish one might 

expect less pronounced depression of insulin binding in rainbow trout 

following chronic administration of high-carbohydrate diets and by 

homology, to observe reduced insulin receptor binding as a result of 

chronically administered high-protein diet. 

Since previous studies in rainbow trout have examined the action of 

the hormone only at pharmacological dose levels (Cowey e£ al_., 1977a, 1977b; 

Ablett et al_., 1981a, 1981b) this present study provided a model for 

investigating insulin action at the physiological level in fish reared 

on either control, high-carbohydrate or high-protein diets. Further, 

because the peripheral skeletal musculature forms the major target organ 

of insulin, and no previous investigations of insulin binding activity 

have been made in purified skeletal muscle plasma membranes, it was 

considered important to determine insulin binding activity in this 

tissue. Additional comparative data were also provided by binding studies 
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performed on isolated hepatocytes and erythrocytes prepared from trout 

reared on the same experimental diets. 
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MATERIALS AND METHODS 

Animals 

Mount Shasta strain rainbow trout spawned at the Food Toxicology 

and Nutrition Laboratory, Oregon State University were reared over a 

period of fifteen months on three iso-caloric semi-purified diets for- 

mulated to provide either control,  high-protein or high-carbohydrate 

rations (Table 1).    High-protein diets contained no carbohydrate,  but a 

limited amount of protein (40 percent) was    essential  in the high- 

carbohydrate diet since rainbow trout do not survive in its absence. 

The control-diet was composed of intermediate protein (60 percent)  and 

carbohydrate (15 percent).    Lipid levels were not altered  between diets 

since we wished to exclude this as a variable   in the exoerimental  design, 

All  fish were maintained in 90-cm glass-fiber tanks receiving well  water 

(120C) at a flow-rate of 7.6 liters per minute and fed ad 1ibitum twice 

per day.    Experimental  samplings were made in the period between nine to 

fifteen months, and at the end of this period    weight and fork-length 

measurements were recorded for remaining stocks  (Table 2). 

Tissue Preparations 

Skeletal  Muscle Plasma Membranes 

Skeletal muscle plasma membranes were prepared by the method of 

Kidwai  et al_.,  (.1973) with modification at the filtration and sucrose 

gradient fractionation stages.    Fish, were killed by a cranial   blow and 

portions of the caudal  flank skeletal muscle rapidly excised onto ice. 
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whereupon the skin was removed and the tissue macerated  in the presence 

of 3.0 ml   ice-cold buffer (0.5 mM Trrs-HCl;  0.25 mM sucrose,  pH 7.4). 

Samples(15-g) were then homogenized in 40.0 ml   ice-cold buffer with six 

strokes in a Potter-Elvehjem Teflon pestle (30,000 rpm) and filtered 

under suction in a Buchner funnel   through 15, 30, 60 and 80 meshes/inch 

nylon gauze (Tetko  Inc., Elmsford, N.Y.)  to remove connective and unrup- 

tured myofibrillar tissue.    Aliquots of the filtrate representing the 

crude homogenate were rapidly frozen to -40oC and stored for subsequent 

enzyme activity and insulin binding determinations.    Following centri- 

fugation (Sorvall  AH-627 SW rotor) of the filtrate for 50 minutes at 

100,000 xg  (40C)  in a Sorvall   0TD-65 Ultracentrifuge,  the supernatant 

was discarded and  the pellets resuspended into a total  of 40.0 ml   ice- 

cold  buffer and rehomogenized by six strokes in a Potter-Elvehjan Teflon 

pestle (30,000 rpm).    After further centrifugation for 60 minutes at 

100,000 xg (40C)  the resulting pellets were resuspended  in ice-cold 

buffer and layered in aliquot volumes of 8.0 ml  onto freshly prepared 

discontinuous gradients composed of ice-cold 38% (9.0 ml), 35% (8.0 ml), 

33% (5.0 ml), and 25% (3.0 ml)  sucrose (w/v)  in 0.5 mM Tris-HCl   buffer, 

pH 7.4.    The gradients were centrifuged for 120 minutes at 100,000 xg and 

four resulting fractions  (F1-F4)  frozen rapidly to -40oC after transfer 

by pipet into  5.0 ml   ice-cold buffer with subsequent centrifugation for 

30 minutes at 10,000 xg.    Protein content of the filtrate and F1-F4 

fractions was assessed by the method of Lowry et aj_.,  (1951) on pooled 

samples obtained from separate isolations.    The fractions were subsequently 

characterized by use of enzyme marker assays, determination of cholesterol/ 
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phospholipid ratios and by electron microscopy. 

Marker Enzyme_Assays 

Na^K^-ATPase 

+    + 
Na -K -ATPase activity was determined on the initial   filtrate and 

in the F1-F4 fractions according to the method of Johnson et al (.1977). 

For each sample 0.2 ml  of both. 600 mM NaCl  and 300 mM KC1   (pH 7.2) or 

600 mM NaCl  and 300 mM KC1  and 1.25 mM oubain CSigma Chemical  Co., St. 

Louis, M0) were equilibrated for 10 minutes  to 280C in a waterbath with 

0.2 ml   25 mM Na2ATP (Vanadium free),  50 mM MgCl2 and 250 mM imidazole 

at pH 7.2.      Assays were initiated by addition of 100-150 yg protein and 

incubated for 20 minutes at 280C prior to termination in all  instances 

by addition of 0.25 ml   ice-cold 10% (w/v) trichloroacetic acid. 

Appropriate blanks were prepared by addition of trichloroacetic    acid to 

preparations  prior to incubation.    Following centrifugation of tubes 

for five minutes at 2000 xg, 0.5 ml  aliquots of the supernatant were 

transferred to 1.5 ml  deionized water and inorganic phosphate determined 

by absorbtion in a Bausch and Lomb Spectronic 20 Spectrophotometer 

(Bausch and Lomb,  Inc., Rochester,  N.Y.) according to  the method of Fiske 

and Subbarow (1925).    Following addition of 5.0 ml  0.2 mM ammonium moly- 

bdate with equilibration for 10 minutes at 230C, 1.0 ml  of 42 mM 1-amino- 

2-napthol-4-sulphonic acid (ANSA) was added and tubes incubated for 20 

minutes prior to reading against standards at 830 nm.    Appropriate blanks 

were prepared in all  instances using 2.0 ml deionized water.    Units of 

activity were defined as micromoles of phosphate liberated/mg protein/ 

hour (Table 3). 
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5'  Nucleotjdase 

S'-nucleotidase was determined in tfie initial  filtrate and the FI- 

FA fractions by the method of Mtchell  and Hawthorne 0965).     Tris-HCl 

buffer(50 mM; 1 .9 ml)   containing 100 mM KC1 , 10 mM MgCl2, 10 mM NaK 

tartrate and 5 mM AMP CpH 7.4) was equilibrated to 280C for 5 minutes  in 

a water-bath and 0.1  ml  aliquots of filtrate or  Fl-F4 fractions containing 

50-100 yg protein added and incubated for 20 minutes at 280C prior to 

termination by addition of 1.0 ml   ice-cold 25% (w/v)   trichloroacetic 

acid.    Appropriate blanks were prepared by addition of 1.0 ml   trichloro- 

acetic acid prior to incubation.    Following centrifugation for 5 minutes 

at 2000 x g, 2.0 ml  aliquots were assayed for inorganic phosphate by the 

method of Fiske and Subbarow (1925) as previously described.    In all 

instances, units of activity were defined as micromoles of phosphate 

liberated/mg  protein/hour  (Table 3). 

Succinate Dehydrogenase 

Succinate dehydrogenase as an indicator for mitochondria!  contam- 

ination was determined on filtrate and F1-F4 fractions by the method of 

Tomlins et a]_.,  (1971).    The reaction mixture contained 200 mM Tris-HCl 

buffer (pH 7.2);  10 mM KCN;  0.2 mM DPIP (2,  6-dichlorophenol-indophenol); 

0.1  mM phenozine methosulfate;  50 mM succinate and fixed aliquots of the 

filtrate or F1-F4 fractions containing 50-100 yg protein.    A decrease 

in absorbancy at 600 nm was measured for 5 minute intervals at 250C in 

a Perkin-Elmer 550 spectrophotometer (Coleman Instruments Div., Oak 

Brook,  IL) and final  specific activities were expressed as the moles of 

substrate reduced/mg protein/minute (Table 3). 
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Cholesterol/phospholipid Assay 

Cholesterol/phospholipid ratios were determined for the F1-F4 

fractions as supportive evidence of enriched plasma membranes.    Total 

lipids were extracted from pelleted samples of F1-F4 fractions according 

to the method of Bligh and Dyer (1959).    Following protein determination 

by the method of Lowry et al_.,  (.1951) membrane fractions resuspended in 

2.0 ml  deionized water were vortexed after addition of 5.0 ml methanol 

and 2.5 ml  chloroform, allowed to stand overnight (40C)  and extracted 

by addition of 2.5 ml  chloroform and 2.0 ml  deionized water with subse- 

quent centrifugation for 30 minutes at 3000 xg to achieve phase separation, 

The lower lipid phase was collseted,  taken to dryness under nitrogen 

(35°C), washed with 1.0 ml methanol  and taken to dryness again under 

nitrogen prior to final  solubili zation in 0.1 ml  chloroform. 

Total  phosphate was determined on the lipid extracts by the method 

of Bartlett (1959)  in which 5.0 microliter aliquots of extracted 

lipid were evaporated,  treated with 1.0 ml  70% perchloric acid for 45 

minutes at 180oC and incubated for 10 minutes in boiling water following 

addition of 4.5 ml  2.0 mM ammonium molybdate and 0.2 ml   freshly prepared 

42 mM ANSA.    Cooled digests, diluted to a total  volume of 10.0 ml  with 

deionized water were read against standards at 830 nm.    Blanks were 

prepared by use of 5.0 microliter aliquots of chloroform only.    Total 

phospholipid was calculated from the inorganic phosphate and expressed 

as micromoles phosphate/mg protein (Table 4). 

Total  cholesterol  was determined by the. method of Zlatkfs et al ., 

(1957)   in which 10.0 ug aliquots of the extracted lipid were  evaporated 

to dryness, mixed with 6.0 ml  glacial  acetic acid and 4.0 ml  ferric 
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chloride (diluted 1:25 with concentrated sulphuric acid), allowed to 

cool  for 10 minutes and then read against cholesterol  standards at 55Q 

nm.    Blanks were prepared by initial use of 10.0 microliters chloroform 

only.    Total  cholesterol was expressed as micromoles/mg protein and the 

cholesterol/phospholipid ratios calculated for each fraction (Table 4). 

Electron Microscopy 

Samples of pelleted F1-F4 plasma membrane fractions were fixed  in 

2.5% glutaraldehyde in 100 mM sodium phosphate buffer, pH 7.2, for 1 

hour, rinsed in buffer and mixed with iron agar to aid trimming.    Follow- 

ing a phosphate buffer wash, samples were post-fixed with 1% osmium 

tetroxide in phosphate buffer for one hour and simultaneously dehydrated 

and stained in 50% acetone,  70% acetone saturated with uranyl  acetate 

and 100% acetone,  each for periods of fifteen minutes.    Following 

infiltration overnight with one third acetone and two third's Spurr's 

low viscosity medium,  blocks were cured overnight at 70oC and cream- 

colored sections cut with a Sorvall  Porterblum Ultramicrotome.    Sections 

were mounted on 300 mesh copper grids,  post-stained with lead citrate 

and examined and photographed in a Phillips 300 electron microscope 

(Figure 1). 

Isolated Hepatocytes 

Isolated hepatocytes were prepared from 100-300 g rainbow trout from 

each diet (Table 1) according to the method of Hazel  and Prosser 0979). 

A two-step perfusion was used following intracardiac Injection of 560 U 

of heparin (0.2 ml, 0.9% NaCl)  two minutes prior to sacriftce by a 
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cranial  blow. Fol lowing exposure of the body cavity, the liverwas  cannulated 

via  the hepatic portal  vein with a blunt 20-guage stainless-steel   needle 

secured by ligatures and was perfused for twenty minutes (7.5 ml/min). 

with a  buffer (.100 mM NaCl ;  20 mM KC1;  1 mM MgS04; 8 mM NaHCQ3;  10 mM 

glucose;  20 mM NaHP04 buffer, pH 7.4) which was calcium-free and included 

heparin (250 U/ml).    The sinus venosus was severed at the start of the 

first perfusion to permit drainage of the buffer.    A second perfusion for 

fifty-five minutes was performed using the same buffer with added 2.5 mM 

CaClp,  collagenase (0.6 mg/ml  Sigma Chemical  Co., Type II or IV) and 

hyaluronidase (0.8 mg/ml;  Sigma Chemical  Co., Type I-S) at a slightly 

elevated flow-rate.    Cell   perfusion buffers were continuously gassed 

with 95-5, Op-CO^ and maintained at 230C;  neither was re-circulated. 

The liver tissue was dispersed in 20.0 ml  wash buffer  (same salt 

composition as the second perfusion buffer except that a 40 mM Hepes 

buffer,  pH 7.4, was used instead of phosphate), filtered through a 

nylon stocking, rinsed with 100.0 ml  wash buffer and centrifuged for 

2-3 minutes at 34 xg.    The cell  pellet was washed twice with wash buffer 

before suspension in an incubation buffer (same as  the wash buffer but 

also contained 2% BSA;  Sigma Chemical  Co.  Fraction V).    All   four buffers 

were aerated with 95-5, Op-COp for fifteen minutes and then adjusted 

to pH 7.4 immediately before use.    Cells were assessed for initial  via- 

bility in a hemocytometer after dilution into Trypan blue C0.5% in 

incubation buffer).    Lactate dehydrogenase leakage, determined by the 

method of Hoi brook et^ a]_.,  0 975), was also used initially and at the 

end of binding experiments to evaluate the viability of cells. 
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Erythrocytes 

Pooled samples of erythrocytes from six 100-300 g rainbow trout 

from each diet (Table 1) were prepared for insulin binding studies by 

the method of Muggeo £t al_., (1979a). Whole blood was obtained by 

cardiac puncture with heparinized 1.0 ml disposable syringes using 22- 

guage stainless-steel needles and kept on ice in the presence of 560 U 

heparin (0.2 ml, 0.9% NaCl) until the start of experiments. Each 

pooled sample was centrifuged twice at 2000 xg for five minutes and 

washed twice with saline (900 mOsmol/L, pH 7.4). Purified erythrocytes 

were obtained by discarding the supernatant and the top layer of cells 

containing leukocytes and erythrocyte ghosts. For binding experiments, 

erythrocytes were resuspended in an assay buffer (85 mM Tris-HCl, 425 mM 

NaCl; 10 mM glucose; 10 mg/ml BSA; pH 7.4) at a final concentration 

of 600-700 x 106 cells/ml. 

Design of Binding Studies 

Binding experiments with isolated cell suspensions and plasma membranes 

were performed directly in 1.5 ml microcentrifuge tubes (West Coast Scien- 

tific, Berkeley, CA) in a total volume of 0.5 ml containing 0.1 ng/ml single 
IOC 

atom substituted [      I]-iodoinsulin (specific activity > 50 yCi/ug, Amersham 

Radiochemical Corp., Arlington Heights,  IL).      Unlabeled bovine insulin 

(Sigma Chemical Co., St. Louis, M0) was added in 0.05 ml aliquots over 

a concentration range of 0-50 yg/ml.    In all instances binding studies 

were initiated by addition of either plasma membranes or cells and, after 

incubation to steady-state, studies were terminated by centrifugation 
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of the reaction vials for 10 minutes at 10,000 xg in a Sorvall  Super- 

speed RC2-B Centrifuge.    Supernatants  containing  unbound insulin .were 

transferred by pi pet to 4.5 ml Aquasol   CNew England Nuclear, Boston, MA) 

125 
and   counted in a Beckman LS 7500 Scintillation Counter adjusted for        1- 

iodine detection.    Similarly,  precipitates containing      the bound fraction 

were counted following overnight digestion in 0.3 ml  NCS  (Amersham Radio- 

chemical  Corp., Arlington Heights,  IL) with, subsequent transfer to 4.5 ml 

toluene scintillation fluor containing 6.0 g PP0 and 0.05 g P0P0P per 

1iter. 

Preliminary insulin binding studies in the presence of 1  ng/ml  or 

50 ug/ml   bovine insulin were conducted to determine the optimal   pH 

requirements of the skeletal muscle filtrate and isolated hepatoyctes 

from control-diet rainbow trout (Figure 2).    Similarly,  temperature 

requirements  to attain steady-state binding were established at 4°, 

12°,   23° and 37° for filtrate samples and isolated hepatocytes  in  the 

presence of 1   ng/ml and  50 yg/ml  bovine insulin (Figure 3).    A previous 

study established optimal   insulin binding of trout erythrocytes at 40C 

over 4 hours  incubation (pH 7.4) and an incubation period of 3  hours at 

40C was used in this study (Muggeo et aj_.,    1979b). 

Experiments with skeletal muscle plasma membranes  (Fl  fraction) 

were performed on 100-125 ug  protein samples, using 0.5 mM Tris-HCl, 

3% BSA,  pH 7.4 buffer as an incubation medium.    Hepatocyte and erythro- 

cyte binding studies were carried out using 20-30 yg protein and 45-50 

x 10    cells, respectively. • Each preparation was suspended in appropriate 

incubation buffer as previously described.    In all  instances, non-specific 

binding, defined as the radioactivity associated with the pellet in the 



117 

presence of a large excess of unlabeled bovine insulin (50 yg/ml) was 

substracted from total [  I]-iodoinsulin binding to yield specific 

binding values. 

Statistics 

Growth differences attributed to dietary regimes were evaluated 

against the control-diet by Student's t-test. Differences of mean 

values were considered significant with P < 0.05. In radiolabel 

studies, triplicate assays were performed for each bovine insulin con- 

centration (0-50 yg/ml) and all studies were repeated three times for 
0 

each tissue preparation of the deitary regimes. Mean values from 

dietary regimes were compared to the control-diet using Student's t-test 

and in every case differences were considered significant when P < 0.05. 

No comparisons were made between tissue preparations or between high- 

protein and high-carbohydrate diets. 
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RESULTS 

Horphometric Parameters 

As shown in Table 2 trout reared on high-protein for fifteen months 

yielded 31.6 percent greater body-weight and an elevated condition 

factor compared to trout reared on control-diets. Under the same condi- 

tions, the mean body-weight of high-carbohydrate reared trout was 49.3 

percent less than that of controls and this significantly reduced growth 

rate was accompanied by both a depressed body-length and condition factor. 

Characterization of Skeletal Muscle Plasma Membranes 

The preparative sucrose gradients yielded four distinct fractions 

(F1-F4) and, as shown in Table 3, the Fl fraction corresponding to the 

25-33 percent sucrose interface yielded the greatest enrichment of 

Na -K -ATPase and S'-nucleotidase activity. Also, succinate dehydro- 

genase activity as a marker for mitrochondrial contamination was low 

in the F1-F3 fractions but showed very pronounced enrichment in the F4 

fraction. The cholesterol/phospholipid ratio was greatest in the Fl 

fraction (Table 4) providing supportive evidence with the enzyme marker 

assays (Table 3) that this isolate was predominantly composed of plasma 

membranes. Electron microscopy provided morphological confirmation of 

these data and, as shown in Figure 1, the Fl fraction was typically 

comprised of laminated vesicles and sheet-like membranes with minimal 

contamination from cellular debris. Protein yields from the Fl fraction 

were low, but consistently ranged between 300-400 yg derived from 15 g 

of skeletal muscle. 
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Viability of Isolated Hepatoc.ytes 

In all  studies, initial  vfability of isolated^hepatocytes 

averaged 85.6 ± 9.0 percent by Trypan blue exclusion.   Viability deter- 

minations by lactate dehydrogenase leakage initially averaged 91.6 ± 2.3 

percent and this declined to 86.4 ±2.8 percent after three hours, 

representing an acceptable 5.6 percent reduction of viability through 

the experimental   period. 

Insulin Binding Studies 

pH Dependence 

125 
The binding of [      I]-iodoinsulin to skeletal muscle filtrate and 

isolated  hepatocytes was maximal  at pH 7.5 and showed a  sharp decline on 

either  side of this value (Figure 2a,b).    Compared with  isolated  hepato- 

125 
cytes,  slightly greater   [      I]-iodoinsulin binding was observed in the 

skeletal  muscle filtrate on the acidic side of the pH curve. 

Temperature Dependence 

125 
[      I]-iodoinsulin binding to the filtrate fraction of skeletal 

muscle and   to     isolated  hepatocytes was profoundly affected by tempera- 

ture and in both instances showed maximal  specific binding  at 40C. 

after  180 minutes.    For skeletal muscle filtrate,  binding was 

achieved more rapidly at higher temperatures and showed a greater decline 

ith prolonged  incubation, such that the steady-state ultimately achieved 

s inversely proportional  to the temperature (Figure 3a].    Isolated 

wi 

wa 
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hepatocytes yielded similar results, except that the rate of 

binding at 4° and 120C was initially more rapid and for the latter showed 

less decline with time compared to skeletal muscle preparations (Figure 3b) 

Effects of Diet 

125 
As  indicated in Figure 4, comparable levels of specific [      I]- 

iodoinsulin binding were observed between tissue types with a maximal 

level  of fifteen percent observed in skeletal muscle plasma membranes 

(Fl   fraction).    In all   instances,  increasing concentrations of bovine 

insulin competitively displaced  [      I]-iodoinsulin in an apparently 

sigmoidal  relationship which was indicative of negative cooperativity, 

that is, the affinity of the receptor decreased with increasing occupancy. 

This phenomenon has been well   established as a binding activity of the 

insulin receptor (De Meyts et al_.,  1976). 

125 
No differences in  [      I]-iodoinsulin binding were apparent between 

dietary regimes for the erythrocyte preparations (Figure 4a).    Similarly, 

no diet effects in the skeletal muscle plasma membranes were detected, 

125 
except for an apparently lowered binding of [      I]-iodoinsulin at low 

bovine insulin concentrations (0.1-100 ng/ml)  in the  trout reared on   high- 

protein (Figure 4b).This trend which did not differ significantly from 

controls  (P > 0.05) was also observed in isolated hepatocytes  (P > 0.05). 

A marked elevation of specific binding observed in isolated hepatocytes 

of high-carbohydrate reared fish [P < 0.05)  indicated that this treat- 

ment bound more insulin compared to isolated hepatocytes of the control 

diet (Figure 4c). 
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Scatchard plot analysis of the binding data revealed curvilinear 

binding responses for all  preparations and this provided further 

evidence of negative cooperativity (Figure 5).    With the assumption of 

a two-site model  for insulin binding (Cech et^aK, 1980), apparent high 

and low affinity dissociation constants were calculated by linear 
o 

regression of the upper and lower portions of the Scatchard analysis 

(Figure 5).    Values of high and low affinity for erythrocytes, skeletal 

muscle plasma membranes and isolated hepatocytes differed by a factor of 

ten but compared to controls :no significant differences  attributed to 

diets were observed at either level   (Table 5). 

Insulin receptor concentrations  (Table 6) were calculated from 

intercepts on the abscissa of the Scatchard analyses  (Figure 5) and except 

for the  isolated hepatocytes of high-carbohydrate reared trout these 

data  (Figure 5c and Table 6)  showed no differences between dietary treat- 

ments.    Hepatocytes of high-carbohydrate reared trout showed a signifi- 

cantly increased receptor concentration compared to control  diets 

(P < 0.05).    This indicated that the enhanced binding of insulin in the 

high-carbohydrate hepatocytes  (Figure 4c) was mainly due to an increased 

number of binding sites and not to an altered affinity for insulin. 
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DISCUSSION 

In the two main developments of this study, the first    established 

the isolation and characterization of skeletal   plasma membranes, and the 

second    evaluated insulin binding in this preparation and    in     isolated 

hepatocytes and erythrocytes.    Data  were obtained that were    generally 

consistent with our hypothesis that dietary effects on insulin binding 

in rainbow trout might vary from that established for mammals. 

Skeletal   Plasma Membranes 

The purity and integrity of isolated skeletal muscle plasma 

membranes  (Figure 1) could be compared only to mammalian studies and to 

data obtained from liver membranes of rainbow trout.    Thus, Ma -K -ATPase 

activity (Table 3)  though greater in the initial   filtrate fraction was 

of the same magnitude as that recorded  in skeletal muscle plasma membranes 

of rats  (Yokono et^ al_.,  1979).    In contrast,  enrichment of 5'-nucl eotidase 

activity (Table 3) was considerably lower  (Yokono  et aj_.,  1979),  but the 

data did agree with a comparative study of liver plasma membranes which 

showed the activity in rainbow trout to be only ten percent that observed 

in rats  (Lutz,  1973).To some extent reduced enrichment of B'-nucleotidase in 

the present study was accounted for by the structural differences between' 

and this was probably accounted for by the structural  differences between 

mammalian and rainbow trout skeletal musculature.    The cholesterol/ 

phospholipid ratio  (Table 4) of the purified skeletal muscle plasma 

membranes (0.37) was lower than   a  0.73 value recorded for rats 

(Yokono et al.,  1979)  but the ratio was 85 percent greater than that 
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of the adjacent F2 sucrose gradient fraction  (0.20)  indicating a substantial 

and improved margin of cholesterol   enrichment in the purified plasma 

membrane fraction. 

Specificity of Insulin Binding 

Maximal   steady-state insulin binding with a temperature dependence   . 

of 40C at three hours  (Figure 2)  and pH optimum of 7.5 (Figure 3)  in 

skeletal  muscle filtrate and isolated  hepatocytes agreed with erythrocyte 

studies previously conducted  in Atlantic hagfish and brown trout, Salmo 

trutta   (Muggeo et al_., 1979a;  1979b).    In these species, comparable 

insulin binding of erythrocytes at both 40C and   220C for the trout, 

were observed over four  hours incubation at pH 7.4.    Use of low tempera- 

tures  (40C) for mammalian  insulin binding studies,  notably in skeletal 

muscle plasma membranes, were shown to minimize insulin receptor degrada- 

tion and also  hydrolysis of insulin itself by cleavage enzymes present 

in tissue preparations (Yokono j5t ajk, 1979).    Investigation of these 

events were beyond the scope of the present study,  but it was felt that 

the integrity of insulin binding was maintained  by the low temperature- 

dependent nature of rainbow trout preparations.    A slight shift of the 

pH curve toward acidic values observed for skeletal muscle filtrate 

(Figure 2a) may have reflected a pronounced dependence of rainbow trout 

skeletal  musculature for glycolytic pathways  (Fukuda, 1958).    As such, 

one would expect maximal   in vivo  insulin binding to occur during activity 

and thus some tolerance of accumulative lactate would be physiologically 

advantageous to myotome-located insulfn receptors. 
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Total   specific insulin binding recorded in isolated hepatocytes 

specifically, and  that of skeletal muscle plasma membranes, were of 

the same magnitude as that observed in mammalian (Terris and Steiner, 

1975)  and non-mammalian studfes  (Kemmler et al_.,  1978).    Negative 

cooperativity in insulin receptors indicated by the curvilinearity of 

Scatchard Plots (Figure 5)  has been attributed to either one class of 

receptors yielding site-site interactions, or the presence of two or 

more classes of receptors with high and low affinity characteristics 

(Almira and Reddy, 1979).    Expression of the receptor affinity for bovine 

insulin (Table 5) was based on the latter model  and the apparent disso- 

ciation constant values recorded for isolated  hepatocytes were of the 

same magnitude as observed in other species  (Kemmler,  1978,;Caro and; 

Amatruda 1980).    in the present study,  the slightly raised  high and low 

affinity of isolated hepatocytes for  insulin in comparison to skeletal 

muscle and erythrocytes  (Table 5) might have reflected the important and 

central  role of the liver in facilitated accomodation of metabolites by 

insulin for subsequent direction into storage or metabolic  pathways. 

Evolutionary changes in the insulin molecule have been observed 

(Steiner, 1976) and the presumption that corresponding receptor changes 

would be needed to maintain adequate hormonal  recognition was logical. 

However,  studies  in a range of mammalian and non-mammalian species have 

excluded the possibility of species-specificity among insulin receptors 

(Kemmler, et al_., 1978).    Thus in brown trout, a variety of exogenous 

insulin types  (bonito, porcine   proinsultn, guinea  pig, chicken, and 

bovine insulin) were shown to bind with, similar absolute affinities in 
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the same negatively cooperative relationship (Muggeo et al_., 1979b).. 

These authors concluded that the receptor molecule was more functionally 

conserved than the hormone through phylogeny.    These previous findings 

provided good evidence that bovine insulin was a suitable exogenous 

source of insulin for physiological  binding studies in the absence of 

extracted rainbow trout insulin. 

Receptor concentrations of isolated hepatocytes and skeletal muscle 

plasma membranes (Table 6) also compared favorably with data obtained 

for liver plasma membranes of chicken, rat, mouse and guinea-pig in which 

respective values of 2.5,  25,  60 and 100 sites x 10~      per mg protein 

were recorded (Kahn et al., 1974; Soil   eta!.,  1975; Muggeo eta!.,  1979b). 

Recent evidence has demonstrated the suitability of isolated hepatocytes 

for insulin binding studies  (Terris and Steiner, 1975;  Caro and Amatruda, 

1980)  and the high viability of isolated hepatocytes recorded throughout 

binding experiments in the present study    attested to the usefulness of 

this  preparation for this  type of study.    Unfortunately,  in the absence 

of comparative studies  the validity of the data obtained for skeletal 

muscle plasma membranes must remain speculative at this time. 

The receptor concentration obtained for erythrocytes of control-diet 

rainbow trout (38,000 per cell) were at variance with the only other 

previous study in brown trout, which recorded 7,000 sites per cell 

(Muggeo et aK ,  1979b).    Further estimates of 540 per cell   in chicken, 

3,000 per cell  in turkey, and 4,800 per cell  in frog erythrocytes 

(Muggeo _et aK ,  1979b)  suggested that our erythrocyte data  were unreliable. 

At the same time,  it is acknowledged that values for human erythrocytes 

ranged from 20,000 per cell   in normal  subjects to 7,200 per xell   in 



126 

instances of obesity (Nerurkar and Gambhir, 1979).    This indicated that 

considerable flexibility in receptor concentrations was associated wtth. 

this tissue.    As a possible explanation for our findings, it was 

conceivable that the initial  cell  concentration for binding studies was 

too high and that this resulted in elevated and undetected levels of 
125 

non-specific binding,  in turn,contributing additional   [      I]-counts to 

the apparent specific binding levels. 

Effects of Diet on  Insulin Binding 

Chronic administration of high-carbohydrate diet caused an increased 

receptor concentration in isolated hepatocytes and  this was accompanied 

in the high-protein diet by an apparent depression of specific binding 

and receptor concentration (Table 6).    Several   explanations might account 

for these findings.    First,  following the reciprocal  relationship 

established between endogenous insulin levels and the insulin receptor 

concentration for mammals  (Kahn, 1979),  the increased receptor concen- 

tration of high-carbohydrate treatments may have represented a normali- 

zation response to lowered circulatory-insulin levels,  invoked by the 

reduced  protein content (40 percent) of the iso-caloric high-carbohydrate 

diet.    Accumulating evidence in teleosts show     that amino acids in 

preference to glucose constitute:   the major stimulus for  insulin release 

from islet tissue (Ince and Thorpe, 1977;  Ince,  1979, 1980).    Therefore, 

one might have expected to observe chronically reduced circulatory-insulin 

levels in the high-carbohydrate treatments.    In rainbow trout fed high- 

carbohydrate diets for six weeks, Cowey et^ aj_.  (.1977a) observed that 
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raised plasma glucose levels attributed to the diet were sensitive to 

administration of exogenous bovine insulin.    This suggested that ambfent 

endogenous insulin levels were low.    Further, these authors noted a 

markedly lower plasma glucose level  accompanying rainbow trout fed high- 

protein diets for six weeks, that did not decrease following administration 

of exogenous bovine insulin.    It was inferred that elevated endogenous 

insulin due to high levels of circulatory amino acids derived from the 

high-protetn diet, was responsible for elevated  endogenous-insulin levels. 

Thus,  the endogenous insulin maintained a lowered plasma glucose level 

and coincidentally negated the effects of the exogenous bovine insulin. 

In support of this, a study in rainbow trout has danonstrated an elevation 

of plasma  insulin levels following adminstration of a  high-protein diet 

for three weeks  (Ahmad and Matty, 1975).    In the present study,  the 

possibility of chronically elevated endogenous  insulin promoted by a 

high-protein diet could account for the apparent reduction of receptor 

binding observed in both skeletal muscle and  isolated  hepatocytes of 

high-protein reared fish.    It was not suprising    that the differences 

in insulin binding,  between control- and  high-protein (70 percent) 

reared fish were not as great as anticipated,  since the control-diets 

routinely used in our laboratory contain 60 percent protein  (Table 1). 

In an alternative explanation of the data,  the poor growth rate 

observed  in high-carbohydrate treatments  (Table 2) attributable to the 

relatively low availabil ity of protein and  low level  of carbohydrate 

utilizatton (Nagai and  Ikeda, 1971; Austreng et aj_., 1977) mi^ht have been 
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associated with the increased receptor concentration in liver tissue. 

Among poikilotherms, it was clearly demonstrated that overall  energy 

demand was greater for smaller individuals of the same species (Zeuthen, 

1953;  Hemmingsen, 1960).    Thus,  in a state of deprived nutritfon, 

opti'mization of metabolic energy production by facilitating either 

cellular glucose uptake,or amino acid uptake and energy synthesis by 

gluconeogenic pathways, would be a plausible strategy to meet these 

requirements  (Renaud and Moon, 1980).    In this instance, unlike mammals, 

use of glucose as a substrate was considered less likely because of a 

previous finding that hepatic phosphorylating capacity in rainbow trout 

by glucokinase and  hexokinase was not increased after chronic adminis- 

tration of high-carbohydrate diets  (Cowey et al_., 1977a).    Thus, 

gluconeogenesis might be favored,  even with a low availability of circu- 

latory amino acids.    In rainbow trout, this pathway was shown to occur 

almost entirely in the liver and to a lesser extent in kidney tissue 

(Walton and Cowey, 1979a; 1979b).    This would clearly explain why 

increased insulin receptor concentration of the liver in high-carbohydrate 

treatments was not accompanied by a raised concentration  in the glycoly- 

tically-directed skeletal muscle tissue.    Moreover, under conditions of 

plentiful  amino acid availability as seen  in control- and  high-protein 

diets,  this permissive role of receptor concentration in enhancing 

hepatic amino acid uptake would be less vital  and thus lowered receptor 

concentrations might be observed in a reciprocal  relationship with the 

amino acid supply.    This effect was apparent in the present study (Figure 

4). 
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The data obtained did provide evidence apparently at deviance 

from the established mammalian pattern of insulin receptqr binding under 

the influence of diet.    This preliminary study provides th.e basis for 

further  investigation of this interesting and phylogenetically important 

aspect of insulin action. 
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Figure V. 1. Morphological  characteristics of skeletal muscle fractions 
(Fl   - F4)  isolated by sucrose gradient centrifugation  (a) 
Fl-fraction shows sheets and laminar vesicles of plasma 
membrane isolates (b) F2 -fraction shows cellular debris 
and mitochondria  (c)  F3-fraction shows cellular debris 
and mitochondria (d)  F4-fraction shows cellular debris. 
Bar equals 2 ym . 
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Figure V.  1 
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Figure V.  2. Effect of pH on specific  [      I]-iodoinsulin binding  in 
(a)  skeletal  muscle filtrate and (b)  isolated  hepatocytes 
from control-diets.   All values represent the mean of 
triplicate assays  performed  in the presence of 1   ng/ml   bovine 
insulin.    Non-specific binding values obtained  in the 
presence of 50 yg/ml   bovine insulin were substracted and 
in no  instances exceeded 3.6 percent. 
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Figure V.  3.    Effect of temperature on specific [      I]-iodoinsu1 in binding 
in (a)  skeletal muscle filtrate and  (b)  isolated hepatocytes 
from control-diets.  All values represent the mean of tripli- 
cate assays performed  in the presence of 1   ng/ml   bovine 
insulin.    Non-specific binding values obtained  in the 
presence of 50 ug/ml   bovine insulin were substracted and 
in no  instances exceeded 3.9 percent. 
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Figure V.  4. 125 Specific [      I]-iodoinsulin binding to  (a)  erythrocytes  (b) 
skeletal muscle plasma membranes and (c) isolated hepatocytes 
of rainbow trout reared on control-,  high-protein and high- 
carbohydrate diets.  All values represent the mean of three 
assays conducted  in triplicate in the presence and absence 
of unlabeled bovine insulin (0-50 yg/ml ).    Non-specific 
binding obtained in the presence of 50 ug/ml   bovine insulin 
was substracted and  in no  instances exceeded 4.2 percent. 
All  values of high-carbohydrate hepatocytes were signifi- 
cantly different to control-diet hepatocytes by Student's 
t-test (P < 0.05). 
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Figure V.  5.   Scatchard plot analysis of specific binding data  (Figure 4) 
shows  binding of bovine insulin to  (a)  erythrocytes  (b) 
skeletal  muscle plasma membranes and  (c)  isolated hepato- 
cytes of rainbow trout reared on control-,  high-protein 
and  high-carbohydrate diets. 
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Table V. 1. Diet regimes. 

Ingredient 
Control 

it) 
High-protein 

(%) 
High-carbohydrate 

(%) 

Casein 

Gelatin 

Duragel 

Dextrin 

Alpha-cellulose 

Carboxy methyl  Cellulose 

Choline Chloride (70%) 

Mineral  Mix2 

Vitamin Mix2 

Salmon oil 

Amino Acid Suppl 
1 

49.5 

8.7 

0.0 

15.6 

8.2 

1.0 

1 .0 

4.0 

2.0 

10.0 

0.0 

62.0 

8.0 

6.0 

0.0 

7.0 

1.0 

1.0 

4.0 

2.0 

9.0 

0.0 

31 .0 

9.0 

6.0 

30.0 

5.5 

1.0 

1.0 

4.0 

2.0 

9.0 

1 .5 

1 Arginine 0.6%, Cysteine 0.2%, Methionine 0.4%, DL Tryptophan 0.3% 
2See Sinnhuber et al., 1977. 

-t=. 



Table V.  2.    Effect of diets on growth parameters 

Control High-protein High-carbohydrate 

Body wt.   (g) 382.8 ± 104.0a 503.8 ± 62.8b 194.0 ±  56.2b 

Length (cm) 30.2 ±      1 .7a 30.8 ±    1 .0a 25.6 ±    1 .7b 

Condition Factor2 1 .34 ±      0.23a 1.71   ±    0.17b 1 .14  ±    0.29a 

Values represent the mean of twelve fish ± standard deviation at 15 months. 

2 3 Condition factor = Body weight x 100 f length 

' Values across rows with the same superscript are not significantly different to 
controls  (P < 0.05) 
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Table V. 3.    Enzyme marker assays for skeletal muscle plasma membrane fractions . 

Enzyme Filtrate                         Fl                           F2                           F3                           F4 

Na+-K+-ATPase 1.53 ±0.87               12.9 ±3.50 6.49 ±1.10 4.65 ±0.46 4.74 ±0.23 
(imoles  Pl/mg protein/hour) (8 4)2                   ^^                     {3  Q)                     {3  Q) 

5'  Nucleotidase 1.35 ± 0.04              4.89 ± 0.10 2.95 ± 0.10 0.11   ± 0.06 0.03  ± 0.02 
dunoles Pi/mg protein/hour) (3 6)                   {2])                   (0 0)                   (0 0) 

Succinate Dehydrogenase 1.39 ± 0.82              4.66 ± 2.00 6.00 ± 2.00 3.83 ± 1.60 49.1   ± 7.7 
(nmoles/rng protein/min.) {3 3)                   ^^                   {ZJ)                   (3b3) 

All   assays represent the mean ± standard deviation of triplicated assays on pooled fractions from 
12 fish reared on control-diet. 

2 
Values in parentheses indicate enrichment above filtrate activity. 

00 



Table V.  4.    Cholesterol  and phospholipid content of skeletal muscle plasma membrane fractions  . 

Fraction Number:                                                Fl F2                                    F3                                    F4 

Cholesterol 0.218 ±   .061 0.129 ±   .008 0.105 ±   .028                 0.095 ± 0.014 
(pmoles/mg protein) 

Phospholipid 0.594 ±  0.375 0.642 ± 0.207 0.600 ± 0.390              0.537  + 0.180 
(pinoles/mg protein) 

Cholesterol/phosopholipid ratio                0.37 0.20                               0.17                                0.17 

All  values represent the mean ± standard deviation of triplicate assays performed on pooled fractions 
from 12 fish reared on control-diet. 

4^ 



Table V. 5.    Apparent dissociation constants for erythrocytes, skeletal muscle plasma membranes and 
isolated hepatocytes of rainbow trout^. 

Control-diet High-protein diet High-carbohydrate diet 

Erythrocytes 

High affinity (Mol^xlO-10) 1.88 ± 0.382 1.57 ± 0.30 1 .42 ± 0.23 

Low affinity (Mol^xlO-9) 1 .28 ± 0.21 1 .66 ± 0.38 1 .48 ± 0.32 

Skeletal  Muscle 

High affinity (Mol^xlO-10) 0.60 ± 0.15 0.98 ± 0.27 0.52 ± 0.08 

Low affinity (MoHxlQ-9) 1.20 ±  0.21 0.97  ± 0.18 1.25 ± 0.28 

li§£ltocyJtes_ 

High affinity (Mol^xlO-10) 3.45 ± 1.13 5.90 ± 2.54 2.98 ± 0.31 

Low affinity (Mol-'xlO"9) 2.14  ± 0.70 3.82  ± 1.92 2.66 ± 0.45 

Data derived from Figure 5 represent the mean ±  standard deviation of three experiments. 

Values did not differ significantly from controls by Student's t-test (P < 0.05). 

en 



Table V.  6.    Insulin receptor concentrations for erythrocytes, skeletal muscle plasma membranes and 
isolated hepatocytes of rainbow trout^. 

Number of binding sites 
Source of receptors                                  Control-diet High-protein diet               High-carbohydrate diet 

Erythrocytes2                                             38,000 ± 8900a 30,000 + 8100a                            33,000 ± 3200a 

Skeletal   ffluscle3                                              176 ± 18d 160 ± 21a                                       200 ± 12a 

plasma man bra ne 

Isolated hepatocytes3                                   240 ±4 4a 160 ± 34a                                      399 ± 53b 

^Data derived from Figure 5 represent mean ± standard deviation of three experiments. 

Sites per cell 

Sites x 10"''   per mg protein 
a,bValues with the same superscript across rows are not significantly different from control   (P < 0.05). 

CTi 
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VI.     SUMMARY AND CONCLUSIONS 

In summary of the data obtained in this thesis, insulin action 

was directed at     the same spectrum of metabolites as seen tn mammals 

but with several   important differences.    Generally, the response time 

to administered insulin was slower and more prolonged than seen in 

mammals and this might have reflected a   'slower'  type of endocrine control 

of metabolism, but also might have been due to the use of a heterologous 

hormone source. 

The prolonged insulin administration study revealed a generally 

anabolic role of insulin,  similar to that observed in mammals but with 

no stimulation of glycogenesis.    In both the prolonged administration 

and simultaneous radiolabel  administration studies, insulin did clear glu- 

cose from the blood system.    However,  the latter study established  that 

the absence of glycogenesis could be accounted for by direction of 

glucose toward oxidative metabolism and also lipogenesis.    This indicated 

that glucose although necessary for general metabolism, did not require 

storage in sufficient quantity as glycogen to provide continued and 

maintained levels of circulatory glucose as seen in mammals.    Thus, these 

findings supported the hypothesis that insulin's role may be relatively 

less important in control  of carbohydrate metabolism.    It was apparent, 

however, that rather than an indifference of the hormone to the glucose 

substrate,  insulin's reduced action on carbohydrate metabolism was 

effected by a lack of influence on promotion of storage pathways.    In 

future studies, it would be important to assess the extent of this 

hormone's influence on hepatic glycogen synthetase activity in rainbow 



153 

trout.    The absence of hepatic glycogen mobtlizatron under fasttng was 

opposite to that observed for mammals.    This indicated either this 

compartment was of lesser importance,  supporting  the above finding with 

insulin, or that blood glucose levels which showed no change were being 

maintained by gluconeogenic pathways.    Under fasttng, effective metabol- 

ism of storage lipids and tissue-protein derived amino acids would  provide 

for an adequate source of glucose. 

A role of the hormone on control  of protein metabolism was clearly 

demonstrated from the prolonged administration study where stimulation 

of proteogenesis at the hepatic and skeletal musculature level  was 

observed.    Enhanced ambient protein levels were accompanied by an apparent 

stimulation of radiolabeled leucine uptake into the peripheral muscula- 

ture.   "Additional   support to this finding was obtained  in the simultaneous 

radiolabel   incorporation study that revealed greater overall  retention of 

radiolabeled amino acid  in insulin-treated  trout compared to radiolabeled 

glucose.    As a limitation of this type of study,  it was noted that the 

three principal  dietary metabolites,  sugars, amino acids and fatty acids 

are channeled along pathways with different metabolic turnover rates. 

Thus, with systemic in vivo studies, recycling of label  undoubtedly occurs 

quickly and it is difficult to accurately assess how the metabolism of the 

3-classes of compounds are inter-relatod.   Further,  because the basal metabolic 

rate of fish is considerably lower than seen in mammals it is also diffi- 

cult to compare these findings to mammalian studies. 

Insulin action also appeared to be important in lipogenesls as shown 

by the second study.    Radiolabeled glucose and the ketogenic amino acid, 

leucine, were directed into storage lipid in the skeletal musculature in 



154 

both fed and fasted rainbow trout.    This complemented the finding of a 

lipogenic response with the prolonged insulin administratton study. 

Insulin appeared to lower the stored, lipid content of the liver and 

coincidentally enhanced the content of the peripheral musculature.    One 

could conclude from the present studies    that the overall  effect of 

insulin in rainbow trout was generally a stimulation of proteogenesis and 

also lipogenesis, whereas glucose tended to be moved towards oxidative 

clearance or lipogenic pathways. 

It was recognized that interpretation of data derived from exogenous 

hormone administration studies is difficult where endogenous antagonist 

activity has not been effectively negated.    In most instances, a variety 

of experiments are required to establish acceptable effects of a particular 

hormone. 

The third study which evaluated  insulin action at a  physiological 

level  overcame some of the problems associated with administration of 

pharmacological doses of exogenous insulin.    Increased insulin binding 

with an associated enhanced receptor concentration in the hepatocytes 

of high-carbohydrate treatments contrasted with a depression of receptor 

concentration following chronic high-carbohydrate administration in mammals. 

Because of an apparently opposite trend in the high-protein treatments, 

the data were rational ized in terms of the reciprocal  relationship between 

circulatory insulin levels and receptor concentration established for 

mammals.    More specific studies to correlate enzyme-directed gluconeo- 

genic metabolism and glucose metabolism per se to insulin binding activity 

in hepatic tissue would provide further insight into the ideas presented 

here.    If proven to be a valid model   in subsequent studies, the binding 
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activity recorded  in rainbow trout might provide alternative evidence 

that the reciprocal  relationship between the insulin receptor and  insulin 

itself is associated with the dietary metabolites for which insulin shows 

the greatest sensitivity. 
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