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Two experiments, one using 0+ the other 1 + rainbow trout, were conducted to inves- 
tigate the effect of prolonged starvation on plasma growth hormone levels. The results from 
both experiments were essentially the same. As expected, starvation resulted in cessation of 
growth and in a lower coefficient of condition, whereas fed fish continued to grow and 
remained in good condition. Starvation had relatively little effect on the plasma cortisol 
level; in one experiment levels were elevated temporarily in starved fish, although by the 
end of the experiment there was no longer any difference between starved and fed fish, and 
in the other experiment plasma cortisol levels remained very low throughout the course 
of the experiment in both starved and fed fish. In contrast, in both experiments starvation 
had a pronounced effect on the plasma growth hormone level, which rose steadily during 
both experiments, such that it was six times higher after 1 month of starvation in 0+ fish. 
and five times higher after 6 weeks of starvation in 1 + fish. Thus, paradoxically, fed fish 
had very low plasma growth hormone levels and grew rapidly, whereas starved fish had 
elevated plasma growth hormone levels but did not grow. In both experiments a strong 
negative correlation was observed between the plasma growth hormone level and the co- 
efficient of condition of the fish. The results are discussed with regard to the well-established 
metabolic changes that occur during starvation, and it is suggested that a major role of 
growth hormone during starvation is to aid in the mobilisation of fatty acids and glycerol 
from adipose stores. 0 1991 Academic Press, Inc 

Many species of fish, including salmo- 
nids, undergo periods of reduced food in- 
take as a normal phase of their lives. During 
such periods of starvation it is necessary to 
direct energy reserves away from growth 
and into the support of vital processes. 
Analyses of both naturally (such as those 
accompanying migration and/or sexual mat- 
uration in many species) and experimen- 
tally induced periods of starvation have 
provided insights into the utilisation of en- 
ergy reserves during starvation. Although it 
is difficult to generalise, primarily because 
there may be pronounced species differ- 
ences (reviewed in Love, 1980). it appears 

that there are both differential rates of mo- 
bilisation of the major body constituents 
(fat, protein, and carbohydrate), and differ- 
ential rates of mobilisation of the same con- 
stituent from different organs, e.g., fish mo- 
bilise more protein from white muscle than 
from dark muscle. It often appears that 
there is sequential mobilisation of energy 
reserves. Many studies report that, besides 
any changes in carbohydrate stores (whose 
mobilisation is extremely difficult to mea- 
sure-see Love, 1980), the first effect of 
starvation is the mobilisation of lipids (re- 
viewed by Love, 1980; Weatherley and 
Gill, 1987). The general tendency appears 
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to be to conserve body protein at the ex- whole procedure normally took less than 2 min. Fol- 

pense of stored lipid (e.g., Ince and Thorpe, lowing centrifugation at 4”. plasma samples were 

1976; Weatherley and Gill, 1981). stored at - 70” until assayed for growth hormone and 

The control Processes underlying the mo- 
cortisol. After blood sampling, each fish was then 
killed by a blow to the head, weighed, measured (fork 

bilisation of energy reserves during periods length), and sexed. 

of starvation appear ouite complex and at Radioimmunoassays (RIAs). Both cortisol and 

present are poorly understood.* Hormones growth hormone were measured using established, 

are considered to play pivotal roles, and a well-validated RIAs; plasma cortisol levels were de- 

wide variety of them have been implicated 
termined according to Pickering er al. (1987) and 
plasma growth hormone levels according to Le Bail ef 

in regulating energy utilisation during star- br. (199;). 
vation. Catecholamines, thyroid hormones, 
corticosteroids, sex steroids, insulin, gluca- 
gon, growth hormone, and prolactin have 
all been shown to affect protein, carbohy- 
drate, and lipid metabolism in vertebrates, 
including fish (for effects on fish see Barrett 
and McKeown, 1988; Higgs and Eales, 
1978; Ince and Thorpe, 1976; Plisetskaya, 
1985; Plisetskaya et al., 1989; Sheridan, 
1986, 1988, and references therein). 

d 1 

starved rainbow trout for prolonged periods 
and used a highly sensitive RIA for growth 
hormone (Le Bail et al., 1991) to assess the 

In the studv reoorted here we have 

Statistical analyses. For each experiment, body 
weight, length, coefficient of condition (condition fac- 
tor, K factor), plasma cortisol concentration, and 

cance given in this report are derived from these anal- 

plasma growth hormone concentration were sepa- 
rately analysed by analysis of variance (ANOVA, 

yses but, for ease of presentation, data are given as 

Genstat) with treatment (starved, fed), time, and num- 
ber (sequence within each sample) as factors. Tanks 

arithmetic means t SEM. Linear regression was used 

and fish were used as blocking effects to produce a 

to correlate loa olasma arowth hormone levels with 

nested error structure with which to assess the signif- 
icance of the factors and their interactions. From a 
plot of residuals against fitted values, appropriate 
transformations were selected. where necessary, to 
improve homogeneity of variance. Levels of signifi- 

impact of this treatment on blood growth the coefftcient of condition of the fish. 

hormone levels in an attempt to link the Experiment I: The effect 0f starvation on I + rain- 

well-established alterations in metabolism bo~f trout. Five hundred and sixty I + rainbow trout 

with any concurrent changes in the plasma 
(i.e., fish in their second year of growth, Butley strain, 

growth hormone level. 
mean body weight 295 g) were distributed into four 
outdoor rearing tanks (see above for details) so that 
each tank contained 140 fish. The fish were left for a 

MATERIALS AND METHODS 

Maintenance of experimental j?sh. This investiga- 
tion consisted of two separate experiments on hatch- 
ery-reared rainbow trout carried out at the Institute of 
Freshwater Ecology’s Windermere hatchery during 
1987. All the fish were reared in large (I.500 liter), out- 
door, fibreglass tanks each supplied with a constant 
flow of Windermere lake water (35 liters mini). Fish 
were fed once daily with commercial trout pellets at 
the rates recommended by the manufacturers (exact 

period of 2 weeks to recover from the effects of han- 
dling stress (see Pickering et al., 1987) and then 10 fish 
were sampled from each tank (0 hr sample). Food was 
then withdrawn from two of the four tanks (starved 
group) and further samples of IO fish per tank were 
taken at 1,2,4. and 6 weeks. During the course of this 
experiment. the water temperature varied between 
12.1 and 16.5”. 

Experiment 2: The qffcrs of starvation on 0 + rain- 
bow’ froltl. A sample of I2 fish (0 hr sample) was taken 
from each of four outdoor rearing tanks each contain- 
ing 1000 0 + rainbow trout (Stirling strain. mean body 

rate dependent upon fish size and water temperature). weight 25 g). Food was then withheld from two of the 
Oxygen levels in each tank were maintained close to tanks and the remaining two tanks received food, once 
saturation throughout the study. The water tempera- daily, at the recommended level. At 1, 2. and 4 weeks, 
ture varied between 12.1 and 16.5” in Experiment I a further 12 fish were sampled from each of the four 
and 11.5 and 16.5” in Experiment 2. rearing tanks. The limited volume of blood obtained 

Blood sampling. At each sampling time fish were from each fish made it necessary to pool samples from 
anaesthetized rapidly in phenoxyethanol (1:2000) and groups of 4 fish, thus giving six pooled plasma samples 
blood samples obtained from the caudal vessels by per treatment at each of the sampling times (three 
means of heparinized syringes; with two operators the pooled samples from each of two duplicate tanks). 
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RESULTS 

Experiment 1: The Effects of Starvation 
on I+ Rainbow Trout 

Marked individual variation in size at 
each sampling time masked any effect of 
starvation on body weight until 6 weeks af- 
ter food withdrawal, when the starved fish 
had a significantly (P < 0.05) lower body 
weight than the fed fish (Fig. la). This dif- 
ference in mean weight at 6 weeks was not 
accompanied by any difference in body 
length (Fig. lb). 
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FIG. 1. Changes in (a) body weight, (b) body length, 
and (c) coefficient of condition of 1 + rainbow trout 
during 6 weeks of starvation. Broken lines represent 
the starved fish, continuous lines the fed, control fish. 
Each point is the mean ? SEM (n = 20). Asterisks 
denote significant differences between fed and starved 
fish at each sampling time (*P < 0.05, ***P < 0.001). 

However, when the coefficient of condi- 
tion was considered (K factor = 100 W/L3, 
an index of fish shape which is relatively, 
although not totally, independent of body 
size), it was clear that starvation had a 
marked and highly significant (P < 0.001) 
suppressive effect within 2 weeks, an effect 
which was maintained for a further 4 weeks 
(Fig. lc). Thus by the end of the experiment 
the mean coefficient of condition of the fed 
fish was 1.68 compared with 1.22 for the 
starved fish (i.e., the starved fish were sig- 
nificantly thinner (P < 0.001) than the fed 
fish). 

Blood cortisol levels were not affected by 
the period of starvation and remained be- 
low 1 ng ml-’ in both groups of fish (Fig. 
2a). Inspection of the raw data for plasma 

0 1 : I / I I 
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FIG. 2. Changes in (a) plasma cortisol and (b) 
plasma GH levels of I+ rainbow trout during 6 weeks 
of starvation. Broken lines represent the starved fish, 
continuous lines the fed, control fish. Each point is the 
mean ? SEM (n = 20). Asterisks denote significant 
differences between fed and starved fish at each sam- 
pling time (*P < 0.05, **P < 0.01, ***P < 0.001). 
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GH revealed that 7 out of the total of 560 
fish had highly elevated GH levels (10-100 
ng ml-’ compared to 0.1-10 ng ml-’ for the 
remaining 553 fish). They were also ex- 
tremely small (less than 100 g), and had a 
coefficient of condition of ~1.0. These 
small, stunted fish (which were dark in ap- 
pearance and had been identified as ‘runts’ 
prior to any hormone determinations) were 
found in both the fed and starved groups 
and were eliminated from the statistical 
analysis in an attempt to improve homoge- 
neity of variance. Analysis of the data for 
the remaining fish (Fig. 2b) showed that 
starvation had a clear stimulatory influence 
on plasma GH levels so that by the end of 
the experiment GH levels had increased 
from about 0.5 ng ml - ’ to 3 ng ml-’ (P < 
0.001). The fed fish showed no such in- 
crease during the course of the experiment 
(Fig. 2b). 

Regression analysis revealed a significant 
(P < 0.001) inverse correlation between the 
logarithm of the growth hormone concen- 
tration and the coefficient of condition 
when all the fish were considered together 
(Fig. 3). 

Experiment 2: The Effects of Starvation 
on 0+ Rainbow Trout 

Starvation resulted in a cessation of 
weight increase (Fig. 4a) and a reduction 
in the rate of increase in length (Fig. 4b), 
resulting in a dramatic decrease in the 
coefficient of condition (Fig. 4c) in these 
fish. 

In contrast to the results of Experiment 1 
on the effect of starvation on 1 + rainbow 
trout, starvation of 0 + rainbow trout 
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FIG. 3. Inverse correlation between the logarithm of 
the plasma growth hormone concentration and the co- 
efficient of condition of 1 + rainbow trout. Fed fish are 
represented by the solid circles, starved fish by the 
open circles. The following regression equation was 
obtained: Log GH = -3.65 KF + 4.68: 2 = 25.5%: 
P < 0.001. 
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FIG. 4. Changes in (a) the body weight, (b) the body 
length, and (c) the coefficient of condition of 0 + rain- 
bow trout during 4 weeks of starvation. Broken lines 
represent the starved fish, continuous lines the fed. 
control fish. Each point is the mean 2 SEM (n = 24). 
Asterisks denote significant differences between fed 
and starved fish at each sampling time (*P < 0.01, 
***p < 0.0001). 
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caused a significant elevation of plasma 
cortisol levels (P < 0.01) for at least 2 
weeks after food withdrawal (Fig. 5a). 
However, after 4 weeks there was no sig- 
nificant difference between the plasma cor- 
tisol levels of the fed and starved trout. 
Plasma growth hormone levels of the 
starved fish also increased, from a mean of 
1.3 ng ml-’ to almost 8 ng ml- ’ (P < 
O.OOl), whereas in the fed fish the growth 
hormone level stayed at about 1 ng ml-’ 
(Fig. 5b). 

Regression analysis revealed a significant 
(P < 0.001) inverse correlation between the 
logarithm of the growth hormone concen- 
tration and the coefficient of condition 
when all fish were considered together 
(Fig. 6). 
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FIG. 5. Changes in (a) plasma cortisol levels and (b) 
plasma growth hormone levels of 0+ rainbow trout 
during 4 weeks of starvation. Broken lines represent 
the starved fish, continuous lines the fed, control fish. 
Each point is the mean 2 SEM (n = 24). Asterisks 
denote significant differences between fed and starved 
fish at each sampling time (*P < 0.05, **P < 0.01, 
***p < 0.001). 
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FIG. 6. Inverse correlation between the logarithm of 
the plasma growth hormone concentration and the co- 
efficient of condition of 0 + rainbow trout. Fed fish are 
represented by the solid circles, starved fish by the 
open circles. The following regression was obtained: 
Log GH = -8.59 KF + 11.7; r’ = 58.8%; P < 0.001. 

DISCUSSION 

The results of both experiments were es- 
sentially similar. In both cases, at the end of 
the experiment the fed fish were signifi- 
cantly heavier than the starved fish. How- 
ever, a difference in length between fed and 
starved fish was apparent only in the exper- 
iment conducted with 0+ trout. This 
greater effect of starvation on 0+ fish, as 
compared to the 1 + fish, may have been a 
consequence of the more rapid growth of 
0 + fish compared to older fish (reviewed in 
Weatherley and Gill, 1987). In both exper- 
iments, however, changes in the coefficient 
of condition provided the clearest indica- 
tion of the effect of starvation. Within 1 
week of beginning the experiment on 0+ 
fish, and within 2 weeks in the experiment 
on 1 + fish, the starved fish showed a sig- 
nificant loss of condition, which continued 
to decrease with prolonged starvation. 

The effects of starvation on the plasma 
cortisol level differed somewhat between 
the two experiments. In the experiment 
conducted with 1 + fish, plasma cortisol 
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levels remained very low, in both the 
starved and fed groups, throughout the 
course of experiment; that is, starvation 
had no effect on the plasma cortisol level. 
In the other experiment, conducted with 
0+ fish, the starved fish had significantly 
higher cortisol levels, compared to the con- 
trol fish, after 1 and 2 weeks of starvation. 
However, levels were not different at the 
end of the experiment, after 4 weeks star- 
vation, even though the starved fish had a 
much lower condition factor than the fed 
fish. This cortisol response during the ini- 
tial period of starvation was not very pro- 
nounced when compared to the cortisol 
level found after trout are subjected to en- 
vironmental stress; levels in starved fish 
were around 4 ng ml ~ ’ throughout the ex- 
periment, whereas they can reach values of 
100 ng ml - ’ or more after exposure to a 
wide variety of different stresses (reviewed 
in Pickering, 1989). Taken overall, it seems 
unlikely that the pronounced metabolic 
consequences of starvation (reviewed in 
Love, 1980; Weatherley and Gill, 1987) 
could be due to any significant extent to the 
small, or nonexistent, elevation in plasma 
cortisol level we observed. 

In contrast to the equivocal effect of star- 
vation on plasma cortisol levels, there was 
a pronounced elevation in plasma growth 
hormone level in the starved, but not the 
fed, fish in both experiments. Paradoxically 
this meant that the fed fish had low levels of 
growth hormone, yet grew steadily 
throughout the experiments, whereas the 
starved fish had elevated growth hormone 
levels, but did not grow. As there is no 
doubt that growth hormone does stimulate 
growth of fish under the appropriate condi- 
tions (reviewed in Donaldson et al., 1979), 
these results must mean that the normal 
growth-promoting action of growth hor- 
mone was somehow negated in starved 
fish. The two most likely mechanisms 
would seem to be down-regulation of 
growth hormone receptors on target tis- 
sues, or a reduction in plasma insulin-like 

growth factor (IGF) levels, in starved fish. 
There is limited evidence, obtained from 
“stunted” juvenile salmon maintained in 
seawater, that liver, gill, and kidney growth 
hormone receptor numbers are decreased 
in these fish which have elevated plasma 
growth hormone levels (Bolton et al., 1987 
and references therein). Evidence for the 
second hypothesis rests on the fact that 
growth hormone does not act directly on 
most tissues, but instead acts indirectly 
through IGFs (reviewed by Baxter, 1988). 
Although the evidence for even the exis- 
tence of IGFs in fish is scant at present 
(Drakenberg et al., 1989; Funkenstein et 
al., 1989), it seems likely that they will play 
a similar role in fish to that in higher verte- 
brates. In starved mammals growth hor- 
mone level can be elevated, but IGF levels 
suppressed, resulting in retardation of 
growth (Clemmons and Van Wyk, 1987); 
such a situation may occur also in starved 
fish. The growth hormone elevation proba- 
bly results from the loss of negative feed- 
back by IGF-I (Brazeau et al., 1982). 

Other authors have also investigated the 
effects of starvation on plasma growth hor- 
mone levels in fish, but limited information 
on both experimental design and analysis of 
the results has prevented any coherent pic- 
ture emerging. McKeown and colleagues 
have reported the results of two experi- 
ments designed to assess the effects of star- 
vation on plasma growth hormone levels in 
trout (Wagner and McKeown, 1986; Barrett 
and McKeown. 1988). In both cases a 
highly significant elevation was observed in 
starved fish, the magnitude of which was 
similar to our results (nine and sevenfold in 
their two studies; sixfold in both of our ex- 
periments). However, although the results 
of McKeown superficially appear similar to 
ours, there is a major difference in that the 
growth hormone levels in fed fish in our 
experiments were around 1 ng ml ‘, 
whereas McKeown reported levels of 85.5 
ng ml - r (Wagner and McKeown, 1986) and 
6.4 ng ml-’ (Barrett and McKeown, 1988) 
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in fed trout. Two possible reasons for this 
difference in “basal” growth hormone lev- 
els in trout in good condition are discussed 
in detail in an accompanying paper (Le Bail 
et al., 1991). In contrast to these findings, 
Kishida and Hirano (1988) did not find any 
difference in plasma growth hormone levels 
between fed and starved eels. Although the 
homologous growth hormone RIA they em- 
ployed was quite sensitive, most fed and 
starved eels had undetectable plasma 
growth hormone levels. However, they 
provided no information on the weights of 
their fish, and hence it is not possible to 
assess whether the starvation was pro- 
longed enough to affect the condition of the 
fish. Our results, showing elevated growth 
hormone levels are a consequence of star- 
vation, are very similar to those reported in 
birds and mammals. For example, dietary 
insufficiency, whether of carbohydrate, 
protein, or simply quantity, leads to ele- 
vated plasma growth hormone levels in 
chickens, although growth rate is, of 
course, depressed (Lauterio and Scanes, 
1987a,b). 

Our realization that the few “runts” in 
our experiments had the highest plasma 
growth hormone levels (see Results) led us 
to examine more closely the relationship 
between the condition of the fish and their 
plasma growth hormone level. As we show, 
there was an extremely significant negative 
correlation. We have also consistently ob- 
served such a relationship in sexually ma- 
turing trout, especially in males, which lose 
condition during the breeding season 
(Sumpter et al., 1991). This previously un- 
reported relationship, which accounted for 
a large part of the variability in our plasma 
growth hormone levels, may explain some 
of the results reported by others. For ex- 
ample, it now seems likely that the very 
high growth hormone levels in “stunted” 
salmon which fail to acclimate successfully 
to seawater at the time of smoltification 
(Bolton et al., 1987; Bjornsson et al., 1988) 
could be a consequence of their poor con- 

dition (they cease feeding upon transfer to 
seawater), rather than to a direct conse- 
quence of a failure to smoltify . The high 
plasma growth hormone levels reported in 
mature salmon close to spawning (Bolton et 
al., 1986; Le Bail et al., 1991) may also 
have more to do with the fish not feeding at 
this time than anything to do with reproduc- 
tion per se. In this regard, it is interesting to 
note that when salmonids are injected with 
growth hormone, not only do they grow 
faster, but concomitantly their condition 
factor falls (Gill et al., 1985). 

Although we have not investigated di- 
rectly the role of growth hormone during 
starvation, it seems likely that it is involved 
in the altered metabolic processes that oc- 
cur during food deprivation. In birds and 
mammals, growth hormone can be lipolyt- 
ic; that is, growth hormone mobilizes fatty 
acids from adipose tissue, so that these can 
serve as an energy source (Campbell and 
Scanes. 1985; Davidson, 1987). In fish this 
also appears to be true (McKeown et al., 
197.5; Sheridan, 1986, 1988). The earliest re- 
sponse to starvation is catabolism of non- 
essential proteins for energy (Loughna and 
Goldspink, 1984). After this early stage of 
starvation, body proteins are conserved 
and lipid reserves are mobilized (reviewed 
by Love, 1980; Weatherley and Gill, 1987). 
Our results on the changes in plasma 
growth hormone levels during starvation fit 
well with the presumptive lipolytic role of 
growth hormone during starvation; it seems 
likely that the role of growth hormone dur- 
ing starvation is to help mobilise free fatty 
acids and glycerol. However, other hor- 
mones may also be involved in this action, 
such as thyroxine, cortisol, and prolactin 
(and probably other hormones as well, such 
as the catecholamines), because all of these 
can be lipolytic in certain circumstances 
(Sheridan, 1986). 

In summary, nutritional status plays a 
major role in determining plasma growth 
hormone levels. Nutritional insufficiency 
leads to elevated growth hormone levels, 
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even though growth is retarded. Care 
should be exercised when analyzing data on 
plasma growth hormone levels which have 
been measured for other reasons (such as 
assessing its role in growth, reproduction, 
or osmoregulation) to ensure that differ- 
ences in condition between groups of fish 
have not had a significant impact on the 
results. 
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