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SUMMARY

Plasma cortisol levels are elevated in salmonid fish subjected to all forms of
environmental stress.

In the short-term, this is an adaptive respons;c but under chronic conditions, elevated
cortisol levels may be maladaptive.

Chx.'onic cortisol elevation is directly responsible for many of the damaging effects on
survival (disease resistance), growth and reproduction.

Rainbow trout appear to be less sensitive than either brown trout or Atlantic salmon
to environmental stress. However, this may reflect strain differences rather than
genuine species differences.

A series of guidelines for fish farmers has been developed to minimize stress-induced
damage under aquaculture conditions.

Curmrent work is directed towards selecting strains of rainbow trout with a reduced

cortisol response to common aquacultural stresses.
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I INTRODUCTION

The term ‘environmental stress’ is frequently used to describe those conditions detrimental
to the state of well-being of an animal, although it is a difficult concept to define in precise
terms (Pickering, 1981). In the past, considerable attention has been given to conditions which
are directly lethal to fish and, consequently, the factors leading to sudden fish kills are usually
well-understood. However, most environmental disturbances are not directly lethal, yet can

still damage fish populations by increasing their susceptibility to disease, by reducing fish

.growth and by interfering with reproductive processes. Such disturbances, or stresses, may

take the form of sudden temperature or pH changes, water quality deterioration, sublethal
pollution or stresses associated with intensive fish husbandry. Indeed, it has been suggested
that most outbreaks of infectious diseases in the expanding aquaculture industry are related
to poor husbandry techniques. An understanding of the basic physiological and
endocrinological processes occurring in fish subjected to such types of stress is, therefore
essential if we are to avoid or minimize the worst consequences of stress on the fish’s

performance capacity (survival, growth and reproductive success).

This report ssmmarizes the results of a research programme, part-funded by the Ministry of
Agriculture, Fisheries and Food (Project NBB 13) from 1 April 1985 to 31 March 1990,
designed to provide such an understanding of the response of salmonid fish to various forms

of environmental fish.



II INITIAL OBJECTIVES OF THE RESEARCH

L. The development of techniques capable of measuring physiological stress responses
without the inherent problems of changes related to the processes of experimentation
themselves.

2, Elucidation of the links between the immediate physiological/endocrinological changes
occurring in stressed fish and their ultimate expression in terms of survival, growth and
reproduction.

3. To investigate the possibility of using changes in the physiology or endocrinology of
the fish as a predictive indicator of longer-term survival probabilities (ie. as an ‘early warmning
system’).

4, To develop methods for controlling the stress response or for minimizing the

subsequent damage to the fish.

I  BACKGROUND

Studies on the brown trout, Salmo trutta, prior to 1985 had established several important facts.
It is possible, by means of careful experimental design and with sufficient tank to tank
replication, to measure some of the more sensitive and rapid changes that occur in stressed
fish without the results being obscured by changes caused by disturbance of the fish during
the sampling procedures - Objective 1 (Pickering et al., 1982). However, work of this type
can only be successfully undertaken at an organisation such as the FBA (now the IFE) with
extensive fish-rearing and experimental facilities. An invariable response of stressed fish to

all forms of environmental stress is an activation of the hypothalamic-pituitary-interrenal axis
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with a resultant elevation in the blood plasma of the steroid hormone, cortisol (Pickering &
Pottinger, 1984, 1985b; Pickering and Stewart, 1984). This aspect of the stress response, in
association with other hormonal changes, is believed to be of adaptive significance in the
short-term by mobilizing energy reserves not normally available to the fish as it attempts to
avoid and overcome the immediate threat. However, during chronic stress or under
aquaculture conditions, where there is no escape, elevated cortisol levels may be maladaptive.
Thus, administration of cortisol to otherwise unstressed fish causes a decrease in white b.lood
cell counts (Pickering, 1984) and an increase in susceptibility to common forms of disease
(Pickering & Duston, 1983; Pickering & Pottinger, 1985b). This link between e¢levated
cortisol levels and disease (Objective 2) may explain why, in chronically-stressed fish, plasma
cortisol levels may ultimately be reduced to basal values (acclimation) despite the continued
presence of the stress (Pickering & Pottinger, 1985a; Pickering & Stewart, 1984). The use
of elevated plasma cortisol levels as an indicator of stress (Objective 3) is further complicated
by seasonal and diel thythms of cortisol levels, by post-prandial feeding peaks (Pickering &
Pottinger, 1983) and by changes associated with sexual maturity (Pickering & Christie, 1981).
Interestingly, periods of chronic cortisol elevation during the later stages of sexual maturation
are associated with lymphocytopenia (Pickering, 1986; Pickering & Pottinger, 1987) and an
increase in the susceptibility of post-spawning fish to disease (Richards & Pickering, 1978;
Pickering and Christie, 1980; Pickering & Willoughby, 1982 ab). This increased
susceptibility to disease is exacerbated by androgen-induced changes in the skin (Pickering,
1977; Pottinger & Pickering, 1985 a,b). Environmental stress can also activate other aspects
of the pituitary gland, including the pars intermedia (Sumpter et al., 1985; Pickering et al,,

1986).



The research programme was part-funded by MAFF from April 1985 and, against the above
background of information on the stress response of brown trout, greater emphasis was then

given to studies of the rainbow trout, Oncorthynchus mykiss (Walbaum), (formerly Salmo

gairdneri Richardson) because this species forms the basis of the expanding aquaculture in
England. However, for comparative purposes, some work on the brown trout was maintained.
The rest of this report summarizes the work from 1985-1990 and is organized on the basis of
subject matter, rather than as a chronological record. During this period, a to@ of 21 papers
from the project have been published, or have been accepted for publication, and these are

included as Appendix 1 at the end of the report.
IV ENDOCRINOLOGY OF THE RESPONSE OF SALMONID FISH TO STRESS

In qualitative terms, rainbow trout respond to various forms of environmental stress in a
similar manner to brown trout. Thus, the hypothalamic-pituitary-interrenal axis is activated
but the magnitude of the stress-induced cortisol elevation is, in general, lower than that of the
brown trout (Pickering & Pottinger, 1989). However, this apparent species difference might
well be the result of strain to strain differences in sensitivity to stress because, from a survey
of 5 different strains of rainbow trout, we found one strain (Caribou) which consistently
responded to a standard form of confinement stress with a higher cortisol response than the
other 4 strains and, in this respect at least, was similar to the brown trout (Pickering &
Pottingcr,I 1989). Clearly, further work on different strains of both domesticated and wild
rainbow trout is needed if we are to resolve this problem. Regarding wild strains of fish,
during the course of this work we had the opportunity to sample 2 natural populations of

Salmo trutta and found that, contrary to speculative suggestions by other workers in this field,



wild brown trout had extremely low plasma cortisol levels (< 2 ng ml™) for much of the year.
This agrees with our studies on hatchery-reared fish. Preliminary evidence, however, suggests
that sea trout in Dale Park Beck (SD 353 927) may have significantly higher and more
variable plasma cortisol levels than resident trout in Stainton Beck (SD 528 865) (Pickering
& Pottinger, unpublished). Sexual maturation in wild fish, as in hatchery-reared fish, appears

to be associated with elevated plasma cortisol levels.

For a steroid hormone, such as cortisol, to have a physiological effect it must first combine
with specific hormone receptors in the cells of the target tissues. In rainbow trout, continuous
(chronic) confinement causes the expected elevation of plasma cortisol levels but the cortisol
binding capacity of one of the principal target organs, the liver, is significantly reduced within
48 h of confinement (Pottinger, 1990). Moreover, implantation of physiological doses of
cortisol into otherwise unstressed fish also caused a reduction in hepatic cortisol binding
capacity. In view of the potentially damaging effects of cortisol on the defence systems,
growth processes and reproductive physiology (see below), this ‘down-regulation’ of target
tissue sensitivity might represent an acclimatory response prior to the ultimate reduction of
plasma cortisol levels in chronically-stressed fish (Pickering & Pottinger, 1989). Clearly, this
is an important area for further study because change in target tissue sensitivity is yet another
form of control which must influence the physiological consequences of hormonal changes

during the stress response of fish.



A% STRESS AND DISEASE RESISTANCE

We have shown that chronic elevation of plasma cortisol in response to most forms of
environmental stress is sufficient to cause a significant increase in the susceptibility of
salmonid fish to disease. Thus there is a direct, and highly significant, correlation between
mean plasma cortisol levels in hormonally-implanted brown trout and the mortality rate, due
to disease, within the experimental population (Pickering, 1989;). Indeed, brown trout are so
sensitive that chronic elevation of plasma cortisol from a basal value of < 2 ng ml™” to only
10 ng ml! is sufficient to cause a significant increase in susceptibility to Saprolegnia
infection, furunculosis and fin-rot (Pickering, 1989b). Rainbow trout alse respond to plasma
cortisol elevation with an increase in susceptibility to disease but evidence by Pickering et al.,
(1989) indicates that this species is less sensitive than the brown trout to physiological doses
of cortisol. Nevertheless, a chronic stress such as social domination of one fish by another,
under conditions of prolonged confinement, is capable of elevating plasma cortisol, reducing
the number of circulating lymphocytes and increasing the susceptibility of rainbow trout to
Flexibacter infection (Pickering & Pottinger, in preparation). Thus, the species difference
again seems to be quantitative rather than qualitative. This comparative approach was

extended to Atlantic salmon, Salmo salar, and we were able to show that during the fish’s

first winter in freshwater, the increased mortality rate was also associated with elevated
plasma cortisol levels and reduced white blood cell counts (Pickering & Pottinger, 1988). It
seems likely, therefore, that the results of our studies can be applied, in principle, to all

salmonid species.



The most important conclusion from this aspect of our work is that chronic plasma cortisol
elevation, as a result of environmental stress, is a major factor in predisposing fish to common
bacterial and fungal infections and to parasitic infestations. Moreover, this has been
demonstrated at cortisol levels well within the physiological range for the species and at
levels which have frequently been reported in the literature as being typical of ‘unstressed”
fish. It is clear, therefore, that the defence systems of salmonid fish are much more sensitive
to chronically-clevated plasma cortisol levels than was hitherto realised. The quantitative
relationship between plasma cortisol and mortality due to disease also suggests that from a
knowledge of the state of activity of the hypothalamic-pituitary-interrenal axis and target
tissue sensitivity to cortisol, one might be able to predict, and thus take steps to prevent,

potential disease outbreaks (Objective 3).

VI  STRESS AND GROWTH

We have demonstrated 3 possible hormonal pathways involved in the growth suppression of
stressed, salmonid fish (Pickering, 1990 a,b). The catabolic action of elevated plasma cortisol
levels is one mechanism which can suppress growth in fish. We have shown that cortisol
elevation in both brown trout and rainbow trout causes a significant reduction in the
coefficient of condition of the fish (Pickering et al., 1989), a result of the mobilisation of body
reserves. Ultimately, growth rate is suppressed in cortisol-treated fish. However, growth
suppression continues in chronically-stressed brown trout long after plasma cortisol levels
have acclimated to basal values (Pickering & Stewart, 1984). Clearly, the control of growth
processes in salmonid is a complex subject, probably involving many other aspects of the

fish’s endocrine system. One such aspect concems the effect of environmental stress on the



levels of pituitary growth hormone circulating in the blood of rainbow trout. However, this
study was the subject of a separate MAFF Commission and full details can be found in the
Final Customer’s Report (FBA Report Reference Number W1/272/1F, May 1988). In
summary, it was already known that pituitary growth hormone is an important and highly
effective growth promoter in salmonid fish and we have shown that an.acutc stress, such as
short-term handling and confinement, is capable of suppressing circulating growth hormone
levels in the rainbow trout. Paradoxically, chronic stresses such as overcrowding cause a
significant elevation of growth hormone levels, an effect which we interpret as a physiological
response to starvation in the stressed fish. In the short-term, however, stress might contribute

to growth suppression by reducing circulating growth hormone levels.

A third hormonal pathway which could cause growth suppression, at least during certain parts
of the animal’s life cycle, is via the suppression of circulating anabolic steroids, such as some
of the reproductive hormones. The effect of stress on androgens and oestrogens will be dealt
with in the next section on reproduction. It is apparent that the control of growth processes
is a complex subject involving many factors and ought to be the focus of continuing
investigation, particularly in relation to recent advances in the techniques for measuring

growth hormones, insulins and somatomedins (insulin-like growth factors) in fish,

VII  STRESS AND REPRODUCTION

The investigation of endocrine processes govemning the relationship between environmental
stress and reproductive physiology of salmonid fish is a relatively new area of research, much

of which originates directly from this MAFF Commission. Progress has been facilitated by
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a fruitful collaboration with Dr. J. P. Sumpter and colleagues (Brunel University), a
collaboration for which we are most grateful. Both acute and chronic stresses have been
shown to suppress, significantly, the levels of circulating androgens, testosterone and 11-
ketotestosterone, in sexvally maturing male brown trout (Pickering et al., 1987; Sumpter

et al., 1987). This effect could be mimicked by cortisol administration to otherwise unstressed
fish (Carragher et al., 1989). Furthermore, the reproductive endocrinology of sexually
maturing female trout (both brown and rainbow) was suppressed by cortisol treatment,
resulting in a significant suppression of pituitary gonadotropin levels, of plasma oestradiol and
testosterone and of circulating yolk precursors in transit from the liver to the ovary. The net
effect after 3 weeks of cortisol treatment was a significant reduction in the size of the gonad
in both male and female fish. Thus, cortisol elevation as a result of chronic stress is capable
of seriously interfering with the maturational processes of salmonid fish. Many of the
mechanisms linking the hypothalamic-pituitary-interrenal axis to the pituitary-gonadal axis
require elucidation but in vitro studies at Brunel University have already shown that
physiological doses of cortisol can suppress oestradiol release from the oocytes (Sumpter

et al., 1987) and gonadotropin secretion from the pituitary gland (Carragher & Sumpter, 1990).
Moreover, Pottinger & Pickering (1990) have demonstrated that in vitro cortisol administration
reduces the number of oestradiol receptors in the liver of female rainbow trout (vitellogenin
production by the liver is stimulated by oestradiol from the ovary of maturing fish). Thus,
cortisol has the potential to suppress the pituitary-gonadal axis at several different sites.
Future studies should attempt to elucidate the effects of environmental stress and cortisol

elevation on the reproductive system in terms of the quantity and quality of the gametes.
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VIII PRACTICAL MEASURES TO AVOID OR MINIMIZE THE DAMAGING

EFFECTS OF STRESS

One of the requirements of MAFF was that the results of this work should be fed back to the
aquaculture industry in the form of advice for avoiding or minimizing stress-related damage
in the fish fatm. As a consequence, papers have been given at several meetings, including
the prestigious Aqua Nor meeting (Pickering, 1988) which is attended by large numbers of
UK. fish farmers, and a series of guidelines has been published in Trout News (Pickering,
1989¢). A fuller version of these guidelines, with additional background information, has also
been accepted for publication in Recent Advances in Aquaculture (Pickering, 1990b). The

guidelines can be briefly summarized as follows:-

1. Minimize the duration of unavoidable stress.

2. Avoid stressing at high water temperatures.

3. Avoid multiple stresses at all times.

4, Use dilute salt solutions for transportation of freshwaté€ish.
5. Withdraw food prior to stressing (e.g. grading).

6. Use mild anaesthesia under extreme conditions.

In addition to producing these guidelines (many of which constitute good husbandry practice),
we have also investigated the value of floating, overhead cover in attempting to minimize
stress responses (Pickering et al., 1987a). Although ineffective with both brown trout and
rainbow trout, the provision of overhead cover more than doubled the growth rate of

underyearling Atlantic salmon, resulting in a doubling of the proportion of potential S1 smolts

12



(upper size mode at the end of the first summer’s growth). Moreover, overhead cover halved
the mortality rate due to disease of potential S2 fish (lower size mode parr) during their first
winter in freshwater (Pickering & Pottinger, unpublished). It is not yet clear whether these
beneficial effects of cover on Atantic salmon, but not on brown trout or rainbow trout,
represent a species or a strain difference. It is, perhaps, relevant that the brown trout anﬂ
rainbow trout were from domesticated strains whereas the salmon were first generation from
wild fish. Nevertheless, overhead cover is a valuable tool that the fish farmer should

consider, particularly if breeding from wild stocks for restocking purposes.

Iv FUTURE DEVELOPMENTS

This study has clearly shown that many of the damaging effects of environmental stress are
mediated by chronically-elevated plasma cortisol levels. Consequently, it is appropriate to
examine methods for reducing this aspect of the stress response or for blocking the action of
cortisol on the target tissues. As already pointed out, the hormonal effects of cortisol
(including its potentially damaging effects) are mediated via specific cortisol receptors. It is
possible, by means of dexamethasone treatment, to block these receptors thereby inactivating
the hypothalamic-pituitary-interrenal axis (pituitary ACTH secretion is ultimately controlled
by a feedback mechanism involving cortisol receptors). Thus, dexamethasone treatment
completely abolishes the stress-induced elevation of plasma ACTH and cortisol (Pickering

et al., 1987b). However, dexamethasone is itself a potent synthetic corticosteroid and
produces cortisol-like effects such as lymphocytopenia (Pickering et al., 1987b). It is,
therefore, an inappropriate tool to minimize stress-induced damage on, for example, the fish’s

defence systems. Other synthetic steroids have since been developed for mammalian use and

13



one of these, RU 486, appears to bind effectively to the rainbow trout cortisol receptor
(Pottinger, 1990). If this steroid behaves in fish as it does in mammals, it ought not to act as
a corticosteroid in its own right and might, therefore, be useful in minimizing stress-induced
damage. However, steroid treatment is niot acceptable .to the industry and this approach could
only be used for research purposes. Nevertheless, it could provide a powerful tool for

investigating other roles of cortisol in the stress response.

An altemnative approach to minimizing the stress response is to attempt to develop strains
which only produce limited amounts of corticosteroids in response to husbandry stresses, an
approach which has been successfully adopted in the poultry industry. By means of careful,
repeated screening of the cortisol response of individually marked rainbow trout, we have
been able to identify fish which give a consistently low or a consistently high cortisol
response to the stress of confinement (Pickering, Pottinger & Hurley, in preparation). Eggs
from these fish have been fertilized and have recently hatched. The resultant offspring will
be examined for differences in the magnitude of their cortisol response (evidence from
Norwegian studies on the Atlantic salmon suggests that stress-induced cortisol elevation has
a heritable component). If it is possible to develop new strains of fish with different
physiological/endocrinological stress responses, further work will be required to monitor the
performance of these fish (survival, growth, reproduction) under conditions of aquacultural
stress. In addition, attention must also be given to the possibility of differences in target
tissue sensitivity to cortisol. Clearly, this research is long-term in nature with a high basic

science component.
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Copies of the scientific papers published (or in the process of publication) as a result of this

commission. Papers are bound in chronological order.
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degree of sexual maturity of the fish Cultured ovarian follicles secreted 17# Diseussion
ffected the str fnvoau ruau”-pl Ru..mh 80 ocestradiol into the medium. ACTH had no
ments have been condu us trouf ffect on the amount of l7§-cestradiol 8oth -n_.nb and chronic confinement
in their second year !u!anh nh.hl-hﬂ.ﬁvﬁlnﬂn& secreted, whereas cortisol alone, or in com- ion of the el
as 2-year old fish, while o s not. bination with ACTH, significantly depressed o n.ol of ﬂght vith
AllL of the experiments involved subjecting the basal secretion rate (Fig. 2). GTH signi-  tegtos nn.»n._ur-h&oq!- -
the fish to lh of acute stress, after which 40 ficantly increased v._Equ-ﬂ.t&P__r secretion. markedly than tastos i Tovela 'O
the fish were blood sampled and the plasma This enh § sicia sy gt e s E. S agﬂgha -
s Al N T s i by ACTH, but was depressed by cortisol significantly elevated for at least 4 hours
degree of sexual maturity of ot“ n._.orﬂ“”h T (P<0.05), although not by a combination of following acute stress. The simul
recorded, so that the response lmoature ACTH and cortisol (Fig. 2). s. taneous
males could be compared to that of maturing 9 ogﬂgﬂuiggi

T

1

ng CORTISOL/ml

Suppr of levels also
or mature males. o * P<0-05 compared to GTH UOS- gl— in mammals subjected -“.-!2:8

o ** P<0-01 compared to medium « though gonadotrophin levels decline
es

_.Fﬂ.lnn.._.% if the stress is prolonged.

Acute stress n.-.Eﬁ.a_.M.tl-nr!nu._.uEE-ﬂ”o: T 1000- V_\\ J Nuhgﬂﬂhﬂln.“ﬂ.n“w e En”w%”g the MJ.MO
oD aie; aCTE sl caetiest levels = i \ 7 know Lf they had depressed GTH, as well as
(HPI) axis; ACTH and cortisol levels had 5 £ 7 \ - s T
risen from basal levels of 50 nﬁlwnmn.ﬂoz ’ m 2 ~— \“ w\‘\\\ \ v .

> tively, 120 =B 4
R : L e
in both cases). Upon return to their large c = 500 3 \“\\\\ by sgane d hes supps
tanks the ACTH level fell rapidly to that of s w “ Sineh % k “ a oyl Nnd&.nn._.&.hnnﬁu.. s E‘ =k
the control fish, and remained there for the : p ] \\\\\&ﬁ\ a higher centre, such as the pituitary and/
following 48 hours. Cortisol levels took W : \ \ \ \ & “\\ & p gk Nty
2 i NN\W\\\\\\ suggest that cortisol can directly inhibit
x AVAVAVAVA VA VA the basal secretion of lJf-cestradiol from
O ACTe GONT e WTe S

i1

3L

unstressed fish, after 1h of confinement Figure 2. The effects of ACTH, cortisol, and cal range, did not affect the basal secretion

(P<0.01), and remained depressed for at least gonadotrophin, alone or in combination, on rate of 1Pp-cestradiol, The presence of

longer to return to unstressed values; they
till elevated after B hours, but wer 16+
back to basal by 24 hours (Fig. 1). This _ - o o g T
expected stimulation of the HPI axis was | ! o e et nﬂnl_n—_-bo -.ﬂ\hn._.-llwu o -iuMnnan =
g._.l.. by a suppression “ plasma i : . ﬁ-ﬂtﬁi&l e oonnng-nn. s
Su.—n._.nhurﬁg compared to the Iml 100 ng/ml, a dose well above the physiologi
—
o
QEERESEEI!EQF c

the secretion of 178-ocestradiol from cultured  COrtis0l may also reduce the enhanced 178~
Plasma ll-keto also

ovarian follicles. All hormones were tested ocestradiol secretion produced by GTH,

significantly depressed, 3-1893 at a concentra r—bﬂna..ssn\lh Results are although the results were not unequivocal.

control fish, but only at the ‘¢h sampling o ] expressed as mean-SEM of six replicates. "PE%ES"E’M“HSEE
point (P<O.0S), Plasma GTH levels were high = testis s ary. gﬂ . -bﬂ—h._.wl
t the beginning of the experiment, because &0 » o1 it Sakia cortisol salective; for example,
the fish were fully mature. The lh of acute eproductive maturity & pronounced glucocorticoids inhibit PSH-stimulated
stress caused a significant increase in the lm. nn.nngﬁlg% In three secretion of oestrogen, but augment the FSH-
blood GTH level, from 2 to 4 ng/aml (P<0,05) — te ¢ two with brown trout stimulated secretion of progesterone (Hseuh
This elevated level was maintained €or @ = Egltnsuggf?lgsoa and Erickson, 1978). Receptors for ACTH are
further 3 hours at least, but had fallen x mature males showed & significantly reduced also present in the gonads of wamsals, but
back to the level in unstressed, control v 304 cortisol resp to compared to the the action of this peptide on steroidogenesi
fish by 8 hours (PFig. 1) ; e imsature fish (Table 1) is unclear presently. Although our results
T s uggest that direct glucocorticold inhibition
Table l.Effect of reprod devel on could be a factor in the stress-induced
Chronically-confined trout did not accli- ¥
lfnﬁ»&gﬂngﬂ'”.li-nn-u p the response of trout to savirommental stress suppression of plasma androgen levels we
one month they still had significantly 04 cbserved, we cannot yet assess the importance
elevated plasma cortisol levels (14 ng/ul) 04 o 4 Cortisol (ng/ul)e o S S8 Norss Imtenian, %o—“‘gﬁg
compared to the unstressed fish (2 ng/ml). HOURS maturs  Lammat Are necessary on the effects of ACTH
The stressed fish also had significantly . cortisol on both basal and GTH-stimulated
depressed plasma testostsrons (P<0.05) and Brown .63, 140, secretion of the various steroids
ll-ketotestosterone (P<0.05) levels t“nln 1 rigure 1. The effects of 1 hour handling and trout P—-.ﬂ-@h—u 6 nﬂumn“- 0 P<0.c01 {cestrog androg ) from
month of chronic ananuul-nun. As cbserved in confinement stress (O to 1 hour) on the ] different-sized no—_.._.n.._.n ﬂi direct
the experiment assessing the effects of acute vv-l- levels of cortisol, oﬂ.‘no...nuﬁﬁs Brown 34.3%5.7 81.4%5 1 P eoooi . effects of stress -.nn.lnaoa on the secretion
stress, this s suppression of plasma and . and 1ll-ke trout a..-l...ny ?.-..un_. - L of sex steroids from the testes also
was more d for nvuo_: sexually mature, male b 58 Mv-a 5 requires investigation.
cﬁu totastosterone circles (O) uiun(;n unstressed, contro Relnbow + ots
for 11- ru-lu :.3- . il .—M”f fish and the clossd circles (@) represent trout uﬂm&p nﬂaluq-._. AR Besides demcnstratingthat stress affects
were 10 and SO ng/ml, respectively, in the stressed fish. &unﬁ.&ﬁfigﬁgﬁfﬂn-%
unstressed trout, Emigl\ln-b - t reproductive condition
the confined trout., Plasma cortisol lavels after lh of acute fish can affect their response to stress.

stress. See Mothods for further details, Gexually maturing or mature male trout had
lower cortisol levels after lh of acute
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Lymphocytopenia and the overwinter survival of Atlantic
salmon parr, Salmo salar L.

A.D. PICKeERING AND T. G. POTTINGER

Freshwater Biological Assaciation, Windermere Laboratory, The Ferry House, Far Sawrey,
Ambleside, Cumbria, LA220LP, UK.

(Received 16 July 1987, Accepted 23 October 1987)

The overwinter montality rate of underycarling $2 Atlantic salmon parr (fish that will remain in
Tresh water for at Jeast two years prior to smoltification) was almost ten times greater than that of
S| parr (fish that will smotuify alter | yearin fresh water) kept under similar conditions. Thelossof
condition (K [actor) of the §2 parr was proportionally greater than that of S| pary during the carly
winter months and this coincided with a marked lymphocytopenia and thrombocytopenia in the
§2 parr. Limited evidence indicates that S2 patr have chronically elevated blood cortisol levels
during the winter mogths. It is suggested that chronic steess resulting (in part) from nutritional
deficiency has a debilitating cffect on the defence systems of these fish, The ultimate cause of
mortality in most cases was bacicrial fin-rot and/or lungal (Saprolegnia) infection. Thess findings
are discussed in relation 10 the habitat requirements of overwiniering salmonid fish.

I. INTRODUCTION

‘Compensatory mortality in the juvenile (rather than adult) stagesis a major factor
in the regulation of fish population size (Ricker, 1954). Thus, an understanding of
the mechanisms responsible for juvenile mortality is fundamental to any study of
fish population dynamics and the subsequent implementation of management
policies. In general, populations of juvenile salmonids are characterized by a high,
initially density-dependent, mortality during the first 3 months post-hatching
followed by a persistent, but lower, mortality rate for the rest of the year (Latta,
1962; Mortensen, 1977; Egglishaw & Shackley, 1977, 1980; Gee ef al., 1978a,h)
although some exceptions to this pattern of mortality do exist (Elliott, 1987). Little
is known about the exact causes of death although Mason & Chapman (1965),
Hunt (1969) and Gee er al. (1978b) have all suggested that * physiological stress®
might be a contributing factor.

During the winter months, the growth of underyearling salmonid fishes slows
down or even ceases (Egglishaw & Shackley, 1977; Thorpe, 1987) and the fish
depend heavily upon energy stores laid down during the previous growing season.
Under natural conditions, larger fish have a greater survival capability than
smaller fish during these winter months (Hunt, 1969; Peterson, 1982) and it has
been shown in juvenile Atlantic salmon, Salmo salar, that overwinter mortality is
associated with a depletion of the fish’s encrgy stores (Gardiner & Geddes, 1980).
Moreover, Gardiner & Geddes also demonstrated that larger individuals had pro-
portionally less water (i.c., proportionally greater energy reserves) than smaller
fish. A similar size difference in overwinter mortality of underyearling Atlantic
salmon has been reported for hatchery-reared fish (Lindroth, 1965), a difference in
mortality rate that was largely density-independent. Interestingly, Lindroth
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showed that it was the size position within the year class, and not size per se, that
determined first winter mortality. Itis now known that much of the size variation
of underyearling Atlantic salmon at the end of the summer growing season is
related to a bimodal distribution of potential S1 and $2 smolts (Knutsson & Grav,
1976; Thorpe, 1977). This raises the possibility that the winter survival of potential
51 smolts (fish that will smoltify at 1 year old) is greater than that of potential §2
smolts (fish that will remain in fresh water for at least 2 years before smoltifying).’

The present study investigates the overwinter mortality rates of segregated
populations of potential S1 and 52 Atlantic salmon smolts (from here on referred
to as S1 and 82 parr). In an attempt to assess the degree of stress experienced by
these fish during the winter months, differential blood cell counts were also made.
Our previous studies with salmonid fish have shown that periods of chronic stress
and periods of increased mortality are frequently associated with elevated blood
cortisol levels andfor a reduction in the number of circulating white blood cells,
particularly the lymphocytes (Pickering & Pottinger, 1985, 19874, b).

II. MATERIALS AND METHODS

FISH

Freshly fertilized eggs from wild Atlantic salmon taken on their spawning migration in
the River Lune, Lancashire were kindly provided by the North West Water Authority in
December 1985. Theeggs wereincubated ina Heath incubator at the Freshwater Biological
Association’s hatchery and alevins were transferred to fish-rearing troughs until the yolk
sac was fully resorbed and the fish were actively feeding on BP Nutrition * Mainstream *
pellets (size 00). The resultant fry were then transferred to large (2 m dia.), outdoor, fibre-
glass tanks cach supplied with a constant flow of Windermere lake water 351 min~"). The
young salmon were fed with commercial salmen food at the rates recommended by the
manufacturers and grown on until November 1986 (the end of the first growing season). Al
this point all the fish were lightly anaesthetized in phenoxyethanol (0-5m!l~") and
measured (fork length) to the nearest 0-5cm. The length/frequency data revealed a clear
bimodal distribution (Fig. 1) and the population was scgregated into fish longer than 8-5 cm
(St parr) and fish shorter than 7 cm (52 parr). These two groups of fish were then used for
the subsequent study on hacmatology and overwinter mortality,

EXPERIMENTAL DESIGN

Twelve large, outdoor, fibreglass tanks were randomly allocated to receive a total of 1800
underyearling salmon so that six tanks cach contained 150 SI parr and six tanks ecach
contained 150 S2 parr, The fish were left for a period of 2 weeks to recover from the effects
of handling (Pickering e¢ al., 1982) and were then sampled on a monthly basis from
December 1986 to March 1987, Throughout this period the young salmon were fed at the
rates recommended by the food manufacturers (exact rate dependent upon water tempera-
ture; see Fig. 2(a)} and the tanks were cleaned on a fortnightly basis with the fish i situ.
Dead or moribund fish were removed daily and cumulative weekly montality rates
(corrected for sampling losses) were calculated.

At cach sampling time six fish tank ™' were anaesthetized in phenoxycthanol, weighed,
measured and examined for gross signs of discase. Blood samples were taken by sectioning
the caudal peduncle and collecting the blood in heparinized capillary tubes. Aliquots of
3 pl blood were diluted in trout Ringer solution (final dilution 1:40 000), fixed with Lugol's
iodine, and sedimented in polypropylene tubes mounted on glass microscope slides. Total
blood cell counts were made on the sedimented blood samples, using an inverted micro-
scope, and differential counts were made from air-dried, methanol-fixed, stained
(hacmatoxylin and eosin) blood smears. Absolute concentrations of erythrocyles, neutro-
phils, thrombocytes, and lymphocytes were caleulated from the total and differential blood
cell counts.
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FiG. 3. Changes in weight {a), length (b), 2ngd cocflicient of condition (c) of S1 parr { ) and 82 parr
(= = =) during the winter months, Each point is the arithmetic mean; vertical lines represent + SEM
{n=36). In most cases the SEM. is too small to be depicted graphically.

S1 parr (Fig. 4(b)) but the high variability of these data again prevented the
demonstration of a significant difference between the two groups.

By contrast, both the thrombocyte and lymphocyte concentrations in the circu-
lating blood showed marked and highly significant group x time interactions
{P<0-005 and 0-001, respectively). Thrombocyte and lymphocyte counts in the S1
parr were significantly greater than in the 52 parr during December and January
(Fig. 4(c), {(d)) but by the end of February these differences had disappeared.
Thus, in December 1986 the mean blood thrombocyte count of S1 parr was 15 673
cells pl~* compared with 10 668 cclls pl~* for the S2 parr. By March 1987 the
mean thrombocyte counts for S1 and S2 parr were 16 841 and 16763 cells ut ™!,
respectively, Similarly, the mean lymphocyte count of S1 parr at the start of the
investigation was 27 462 cetls ul~* compared with 16 688 cells u! ~* for the S2 parr,
but by the end of the study the lymphocyte counts were 22674 and 25 136 cells
w1~ respectively. In both the S1 and S2 parr, the lymphocyte counts decreased
significantly during December and January, stabilized during February and
started to increase during March (Fig. 4(d)) thus paralleling, to a large degree, the
changes in water temperature (Fig. 2(a}).
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FiG. 4. Changes in the concentration of circulating erythrocytes (a), neutroaphils (b), thrombocytes {c). and
lymphocytes {d) of S1 parr (; ) and S2 parr (- - -) during the winter months. Each point is the
arithmetic mean; vertical lines represent +5.8M, (n=36).

IV. DISCUSSION

The present investigation has shown that the winter mortality rate of 52 salmon
parr (mean weight 1-6 g) is approximately ten times greater than that of S1 parr
(mean weight 9-7 g) kept under similar conditions. The initial stocking density was
identical for both groups of fish, thus supporting the conclusion of Lindroth (1965}
that overwinter mortality in hatchery-reared Atlantic salmon is largely density-
independent. Previous studies on natural populations of salmonids have shown
that overwinter survival is size-dependent (Hunt, 1969; Peterson, 1982) with larger
fish having a greater survival rate than smaller fish. Little is known about the
mechanisms responsible for this differential survival, although Peterson (1982)
suggested that avian predation was probably the main cause of mortality in over-
wintering populations of juvenile coho salmon, Oncorhynchus kisuich. However,
Hunt (1969), working with the brook trout, Salvelinus fontinalis, considered that
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CAN OVERHEAD COVER EEDUCE THE STRESS OF AQUACULTURE?

Alan D Pickering, Freshwater Biolog{cal Association
The Ferry House, Far Sawrey, Ambleside, Cumbria LA22 QLP

In the natural environment, young trout and galmon are ettracted to those
areas of a stream with plenty of overhead cover. Indeed, the carrying cepacity
of trout streams can be incressed by the coastruction of artificial covers at
ctrategic pointa. During the sutumn and winter months, this preference for
cover is further increased as young salmonide change their habicat from cites
adjaceat to cverhead cover to positicns directly under cover, for example under
the larger etones on the bed of a etream. Thus, overhead cover 1s an important
featurs of the natural envicoonmenc sud one which is extensively used by young
galmooid fish.

There are very few published esccounts of attempts to exploft this
phenomenon for aquacultural purposes by providing floating, overhead covers
under which the fich can cake refuge. At the Freghwater Biologicel Associstion,
we have receatly compared tChe effects of overhead cover on the physiology and
grovwth of salmon parr, rainbow crout and brown trout durlng cheir first 6 ponths
of life under aquaculture conditions. The fish were resred ino etandard 2 metre
. outdoor tanks and fed with commercial diets at the rates recomzended by the
wanufacturers. PFProvision of floating, annular covers to the tanks markedly
iacreased the growth rate of Atlaatic salmon parr and doubled the proportion of
potential Sl coolte (idencified as” the upper mode of & blwmodal digtribution in
length in November of their firet growing season). The: parr without access to
cover showed physiclogical sigas of chroanic stresa, in the form of reduced white
blood cell counts, vhereas the fish in.the canke provided with cover were
unetressed. Moreover, in a more recent, unpublished otudy we found that the
overvintering wortality of potential $2 gmolts was ten Cimes greater than that
of potential 51 sawlts but that this high mortality rate could be halved by the
provision of overhead cover.

We were unable to reproduce the growth-prowoting effect oo either species
of trout resred under identical conditions. Since publishing our initial study,
however, a Danigh trout farmer hso written to we with deteils of aa experiment
he ts undercaking on the effect of floating overhead cover on young rainbov
trout vested in an earth pond system. Preliminary results appeared to ghov a
grovth-promoting effect, as we found for salmon parr, but the gtudy 1s getill in
its jofancy and the fnitial results require verification with a more rigorous
experimental design.

13

It i@ not clear, at this stage, whether the differences we found in the
responge to overheed cover between trout and sslwmon parr represent true Gpecles
differences or whether they are a consequence of the past history of che strains
of fish used in the etudy. The Atlantic saloon were firat generation fry from
vild, adult fish tsken oa their spawning migration in the River Lune, :
Lancashire, whereas both species of trout were derived from domesticated
strains. It 1e possible that the beneficial effecte of overhead cover msy be
evideat in some, but not all, strains of domesticated trout and may be modified
by other factora, such as etocking deasity. Clearly, more vork in this area is

heeded.

Whatever the final explanstion, overhead cover would seem to be an
important tool for any uait rearing swolts from wild fish (for acock
enhancenent) end may, ultimately, prove to be of more generel value in reducing
aquacultursel gtrese.

I tdrha be nﬂnnmnunnu to hesr from any fish farmer who has views on (and,
preferably, experience of) the vse of floating, overhead cover as a technique
for reducing stress and increasing che growth rate of galmonid figh.
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Stress Responses and Disease
Resistance in Farmed Fish

By
A.D. Pickering

Freshwater Biological Association,
The Ferry House, Far Sawrey,
Ambleside, Cumbria, LA22 OLP, England

AD. Pickaring

L Introduciion

Itis generally accepied that there is a strong associa-
tion between deleterious changes in the environment
and an increase in the susceptibility of fish 1o disease
{Wedemeyer, 1970; Snieszko, 1974). Under aquacul-
ture conditions such environmentat changes, or stres-
ses, include water quality deterioration, sudden tem-
perature changes, social interaction between lish, dis-
turbance, physical handling and confinement. Howe-
ver, much of the evidence is anecdotal or, at best,
circumstantial and there are surprisingly few rigorous
experimental studies of the links between environ-
mental stress and the onsel of disease in fish popula-
tions, Disease outbreaks occur when susceptible fish
are exposed to potential pathogens under condilions
that favour the survival and growth of the infective
organism. Changes in the physical nd chemical cha-
racteristics of the environment can increase the abun-
dance and virulence of pathogenic organisms, a factor
which must have an important influence on the
outcome of a situation in which fish are challenged by
pathogens, However another influence, namely the
degree of susceptibility of the host, may also be in-
strumental in determining whether or not pathogenic
chatienge resuttsin disease. The aim of this paper is to
review the evidence for increased vutnerability of
stressed fish to disease and 1o identify the mecha-
nisms behind this response. in view of the immuno-
suppressive and anti-inflammatory effects of corticos-
tergid hormones on the defence systems in mammals
and the fact that corticosteroid elevation is an almost
invariable response of teleost fish Lo stress, particutar
attention will be given to the role of the pituitary-inter-
renal axis. No altempt will be made to define the opti-
mal aquacultueal conditions consistent with maximi-
zing the economic retum — this can only be achieved
by experienced fish farmers for each particutar set of
circumstances and is likely to be affected by the spe-
cies and strain of fish under cultivation, the physical
and chemical characteristics of the water supply and
by the design of the aquaculture facilities. However, a
deeper undersianding of the physiclogical and endoc-
rinological mechanisms behind stress-induced vuine-
rability to disease will allow us 1o outline suitable ap-
proaches for alleviating this response. Wherever pos-
sible, evidence has been selected from studies of sal-
monid fish although some reference witl be made to
other groups of lish if evidence for salmonids Is §mited
or lacking.

1L Evidence of stress predisposing fish to disease

Perliaps the most rigorously documented evidence
concems the impact of poliutants on disease outbre-
aks in fish populations. in general, the incidence of
disease is greater in polluted environments than in
clean ones (Pippy & Hare, 1962; Brown ef al 1979;
Sindermann, 1579; Moller, 1885). Thus, chronkc low-
level potiution of the water supply is likely to resutt in
an incressed incidence of disease in an aquaculture

B

unit. More specically, Hetrick et 21, {1979} and Knittel
(1881) have shown thal exposure of rainbow troul,
Salmo gairdneri, to copper increases their susceptibi-
lity to infections haematopoielic necrosis virus and to
the bacterium responsible for redmouth infection,
Yersinia ruckerl. Copper has also been shown to pre-
dispose channel cailish, lclalurus punctatus, to expe-
rimental infection with white-spot disease, Ichthy-
ophthirius multifiliis, (Ewing et al. 1982) and to predis-
pose eels, Anguilla angutlla, to vibrigsis, Vibrio anguil-
larum (Rodsaether et al,, 1977},

Water quality deterioration as a result of aquacultural
processes themselves can aiso lead Lo disease. The
stress of elevated ammonia and carbon digxide levels
combined with tow dissolved oxygen concentrations
was sufficient 1o increase the mortality of channel
catfish caused by experimental infection with Aerom-
onas hydrophila (Walters & Plumb, 1980). Elevated
nitrite levels were &iso capable of predisposing this
species of fish to bacterial infections {Hanson &
Grizzle, 1985). It seems probable that a similar associa-
tion betweoen water quality and disease resistance
exists for salmonid fish. For example, Sodeberg et al,
{1983) found thal the mortality rate {due to parasite
epizootics) of reinbow trout reared in an intensive
static water culture system was directly related to the
average daily maximum concentration of unionized
ammonia. An outbreak of Pseudomonas fluerescens
in farmed rainbow trout was attributed 10 high levels of
organic matier in the water originating from dusty
food (Eiras & Saraiva, 1986). The stress of simulated
transportation for 21 hours was sufficient to markedly
increase the mortality rate of Atlantic salmon, Salmo
salar, subsequently exposed 10 A. hydrophila (Jo-
hansson & Bergstrom, 1977) end crowding and hand-
ling have been shown to result in significantly higher
mortalities in  furunculosis-infected brown trout
{Hosmer, 1980). Heat stress increased the rate of
transmission of Y. ruckerl between experimental po-
pulations of rainbow trout (Hunter et al,, 1980) and the
of a viral infection, chronic pancreatic necrosis, ap-
peared to increase tha Incidence of a bacterial disease,
P. fluorescens (Roberts & Horne, 1978),

These examples form part of an accumulating body of
evidence linking various forms of stress 10 a subse-
quent increase in the susceptibility of fish to a wide
range of infectious diseases (see also Wedemayer &
Mcleay, 1981). One might argue that each represents
specific response to a particular set of environmental
circumatances end that there is no fundamental reta-
tionship between these studies. However, it seems
much more probable that there are common mecha-
nisms at work which might account for the similarities
in the response of the fish to pathogenic challenge.
The next section of this paper examines one such
mechanism, activation of the hypthalamic-pituitary-
interrenal axis, which occurs in response to meny
different forms of environmental stress (Table 1),
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Secondly, sexual maturation in the male fish is ac-
companied by an androgen-dependent 1oss of mucus-
secreting goblet cells (Pottinger & Pickering, 1985ab).
Itis suggested that this exacerbates the existing pro-
blems of cortisol-induced changes in disease suscep-
tibility and accounts for much of the observed ditfe-
rence in vulnerabitity o skin infections between the
two sexes. In praclical terms, some of these problems
of disease susceptiblity in sexually mature trout have
been avoided by the increased use of all (emale or
sterile triploid stocks of fish.

b} Nutsition

1t has been known (or many years that dietary defici-
encies can lead to specific types of nutritional disease
in fish (Snieszko, 1972). However, evidence is now
accumutating which Indicates that dietary problems
can aiso lead (o an increased susceptibility to Infec-
tious disease. Durve & Lovell{1982} found that levels of
ascorbic acid (vitamin C) higher than the minimum
dietary requirement for normal growth provided an
increased resistance in channel catfish fingerlings to
the pathogenic bacterium, Edwardsiella tarda. This
effect is distinct from the well-documented and speci-
fic consaquence of ascorbic acid deficiency on wound
healing in fish (Ashley et al,, 1975). Li & Lovell (1985)
extended this work and demonstrated that dietary vi-
tamin C can influence non-specific defence mecha-
nisms, including an etfect on the rate of phagocytosts.
Blazer & Wolke (1584a) showed that the resident peri-
toneal macrophages of ralnbow trout fed on a diet
dificient In a-tocopherol (vitamin E} exhibited signifi-
cantly decreased phagocytosis of latex beads. In
another study (Blazezr & Wolke, 1984b) they found
that two groups of rainbow trout fed different diets
{one commercial, one laboratory-prepared), although
suffering no mortalities and 2l apparently healthy, had
marked differences in the magnitude of thelr immune
response both to sheep red blood cells and to the
bacterial pathogen Yersinia nucker!, Perhaps more to-
pically, Poppe etal (1986) suggest that Haemorrhagic
Syndrome {HS) or ‘Hitra Disease’, which has been the
most important and widespread disease in farmed At-
lanti¢ salmon in Norway, ts a multitactorial disease
complex in which nutritional disorders are an impor-
tant component.

it seems unlikely that the immunosuppresive etfacts of
nutritional deficiencies are modiated via the HPJ axis
because all the evidence to date indicates that prolon-
ged starvation (with, presumably, attendant nutritiona!
deficiencies) does not elevate blood corticosteroid lo-
vels inteleost fish (Milne et ol, 1879; Brown et al, 1984;
A.D. Pickering and T.G. Pottinger, unpublished). It ks
apparent that the assoclation between dietary compo-
sition and resistance to infectious diseasa in an impor-
tant ares for _Sc.d_ ressarch.

YIL Summary and conclusions

1t has been esteblished that most forms of environ-
mental siress can predispose fish to infectious dises-
ses. Such stresses also activate the hypothatamic-pi-
tultary-interrenaf (HP1) axis with o resultant increase
in blood corticosteroids {predominantly cortisol in
salmonid fish). In the case of acute stresses, blood
cortisol levels ere temporarily elevated but retum to

hasal levels within 24 hours. This forms part of a mar-
ked physiological change which allows the lish to use
energy reserves no! normally available 1o it, in its at-
tempts 10 avoid or overcome the stress. With chronic
stresses, however, plasma cortisol levels may be eleva-
ted for many days (or even weeks) belore acclimation
ultimately occurs, Corlicosteroids have a debilitating
eftect on the defence systems of fish by suppressing
both cell-mediated and humoral immune responses,
by inhibiling the chemotactic response and phagocy-
tic ability of macrophages and, possibly, by fefarding
the processes o!f tissue repair. Chronic administration
of physiological doses of corticosteroids 1o otherwise
unsiressed fish resullin a dose-dependent increase in
suscepliblity 1o such aquaculiural diseases as Saprol-
egnla infection, bacteriat fin-rot and furuncutosis.

From this it concluded that activation of the HP1 axis in
tish exposed to acute environmental stresses in an
adaptive response, the benefits of which (in terms of
energy mobilization and, perhaps, osmoregulation)
normally outweigh any temporary suppression of the
fish's defence systems, Under conditions of chronic
stress, however, the debilitating etfects of prolonged
cortisol elevation result in & marked predisposition to
disease. In such cases the fish must ultimately accli-
mate to the new environmental conditions by reducing
the level of circulating cortisol if it is {0 servive, Sexu-
ally mature salmonid fish have severat leatures in
common with chronically stressed fish, including pro-
longed cortisol efevation and lymphocytopenia. This
results in an increase in the incldence of disease in
both sexes during the spawning season but the situa-
tion In the males is exacerbated by androgen-depen-
dant changes inthe integument. New evidence is also
beginning to emphasize the importance of diet in de-
termining the ability of fish 10 resist pathogenic chal-
lenge.

The main conclusion from this review is that most of
the debilitating eflects of environmental stress on the
fish's defence systems are mediated by excessive or
prolonged stimulation of the HP1 axis. It follows, there-
tore, that methods of reducing blood cortisol levels
during periods of unavoidable stress ought to amelio-
rate some of the worst aspects of stress-induced
disease. We are adopting two basic approaches to this
problem. Firstly, we are investigating the possiility of
specifically blocking the corisol receptors in the tar-
get tissues, thereby tnhibiting the effects of elevated
blood corticosteroid levels. I successful, this eppro-
ach (by means of drug-treatment) s likety to resuit in
the development of a powerful experimental too! to
investigate other aspects of the corticosteroid stress
response in fish but itis unlikely to resutt inany practi-
cal equacultural application, Secondly, the genetic
basis of the sensitivity of the HPI axis to environmental
stress will be studied. The ultimate alm of this work
would be to selectively breed fish with a high threshold
to environmental stress (i.e. to accelerate the rate of
domestication) In an attempt to ovoid, or reduce, the
problems of stress-induced predisposition to disease,
Similar approaches have alrsady been successtul in
work with poultry (Edens & Siegel, 1975). In this con-
nection it Is important to ocknowledge the work of T,
Retstio and coflezgues on salmonid fish who have
already demonstrated significant differences in the
stress response between specias, between sires and
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between dams (Retlstie, 1982, 1986). Much more work
is now needed in this area if we ana to fulty benefit from
the research effort already expended.
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CENERAL AND COMPARATIVE ENDOCRINOLOGY 76, 310-321 (1989) CORTISOL AND REPRODUCTION IN TROUT 3N

The Deleterious Effects of Cortisol Implantation on Reproductive

Function in Two Species of Trout, Sa/mo trutta L. and
m.m::o gairdneri Richardson

J. F. CARRAGHER, J. P. SUMPTER, T. G. POTTINGER,* AND A. D. PICKERING*

Department of Biology and Biochemistry, Brunel University, Uxbridge, Middlesex, /B8 3PH,
United Kingdom. and *lInstitute of Freshwater Ecology, Ferry House, Far Sawrey,"NrAmbieside,

Cumbria, LA22 OLP, United Kingdom
Accepted February 17, 1989

[mplantation of a cortisol-releasing peliet (60 mg kg ~* fish) into the peritoncal cavity of
brown trout, Salmo trutia L., (sexually maturing males and females), and rainbow trout,
Salmo gairdneri Richardson (maturing males and immature fish of both sexes), significantly
clevated their plasma cortisol kevel. At 18 days postimplantation, cortisol-implanted sexu-
ally maturing male brown trout had smallér gonads, 8 bower plasma testostcrone level, and
less gonadotropin in their pitvitary gland than control fish. Plagsma levels of 11-
ketotestosterone and gonadotropin were not significantly affected. Cortisol-implanted sex-
uaily maturing female brown trout had smaller gonads, reduced plasma levels of
{7p-oestradiol, testosterone, and vitellogenin, and a lower pituitary gland gonadotropin
content than contro! fish. The plasma gonadotropin level was unaffected. At 36 days post-
implantation, cortisol treatment of maturing male rainbow trout significantly suppressed
plasma gonadotropin levels. Plasma levels of testosterone, 11-ketotestosterone, and
170, 20p-dihydroxy-4-pregnen-3-one, pituitary gonadotropin content, and gonad size were
not significantly affected. [n sexually immature fesmale rainbow trout, cortisol administra-
tion suppressed the level of vitellogenin in the plasma, compared to control-implanted fish.
The 17B-oestradiol fevel was not affected. Cortisol implantation did not affect the plasma
testosterone level in sexually immature male trout. These results suggest that prolonged
elevation of plasms cortisol, to levels well within physiological range, cen affect a wide
range of reproductive parameters in both brown and rainbow trout. Further, some effects
are manifest in immature as well a3 in mature fish, These findings are discussed in relation

(o the effects of cortisol treatmeat o the state of health of the treated fish,  © 199 Acadenic

Press, loc.

Stress is a well-recognised suppressor of
reproductive function in mammals
(Stephens, 1980; Moberg, 1985; Armstrong,
1986). There is considerable evidence from
administration studies that corticosteroids
can mediate this phenomenon. Corticoste-
roids have been found 1o have effects at the
level of\the hypothalamus (Thibier and
Rolland, 1976), the pititary gland (Welsh
and Johnson, 1981; Mann et al., 1982), and
the gonads themselves (Bambino aad
Hsueh, 1981; Sapolsky, 1985). In general,
the effect of corticosteroid is to suppress
the secretion of the various releasing fac-
tors or hormones. Stress-induced suppres-

210

sions of reproductive functions have aiso
been observed in birds (Sicgel, 1980), rep-
tiles (Lance and Elsey, 1986), and amphib-
ians (Licht er al., 1983, Moore and Zoeller,
[985). The effect of corticosteroid adminis-
tration on reproductive parameters in two
of these groups has also been described;
birds (Wilson and Follett, 1976; Deviche et
al., 1979; Petitte and Etches, 1988) and am-
phibians (Moore and Zoeller, [985; Kup-
waide and Saidapur, 1987). In all of these
studies, administration of corticosteroid
had a significant deleterious effect on re-
productive function.

There is presently only very limited pub-

lished information on the effects of either
stress or corticosteroids on reproductive
function in teleosts (see Billard er al., 1981;
Pickering et al., 1987a; Sumpter er al.,
1987, Safford and Thomas, 1987). Qur pre-
vious work (Pickering et al., 1987a) showed
that chronically stressed sexually mature
male brown trout had clevated plasma cor-

" tisol levels and that this was accompanied

by a suppression of plasma testosterone

and 11-ketotestosteronc levels. Further- -

more, we also demonstrated that an acute
stress (duration 1 hr) clevated plasma
ACTH and cortisol levels, but temporarily
suppressed the plasma levels of both andro-
gens. However, the plasma gonadotropin
level was temporarily increased. Exoge-
nous administration of cortisol to brown
trout, Salmo trutta, is known (o increase
the susceptibility of the fish to discase
{Pickering and Duston, 1983), but its effects
on reproduction are not known.

The present study was designed to inves-
tigate whether elevated plasma cortisol lev-
els could have been responsible for the ef-
fects on reproductive endocrinclogy ob-
served in our previous studies. To this end,
sexually maturing brown and rainbow trout
were given cortisol-releasing implants, and,
after a period of time, & wide range of re-
productive parameters was asscssed.

MATERIALS AND METHODS

Experimental fish. The brown trout used for this
study were of the Dunsop Bridge strain and had been
kept at the Windermere batchery since being boought
inas | + fish the previous year. The rainbow trout {1 +
fish, Cloan strzin) were raised on site from eyed ova.
The brown trout sampled were all maturing fish, sex
ratio (¢:9) of 1.4:1. The nainbow trout were a year
younger, and the population consisted of mature male
fish and immature fish of both sexcs, with a sex ratio
of 1.75:1. Sixty-five perceat of male rainbow trout were
maturing.

Fish were kept outside in 1500liler circular tanks
supplicd with 35 liters min~! Windermere lake water
{lemperature range 11.7-16.5") and were fod dadly at
recommended rate, Eighty brown trout were divided
amoag four lanks (two tanks coatrol, two tanks corti-
sol-treated), Rainbow trout were similardy distributed

among four tanks but at a density of 50 fish per tank.
Two weeks were allowed for the (fish to recover from
handling stress and acclimate to the conditions (Pick.
ering et al., 1982) before the experiment commenced.

Implantation. Fish were anaesthetized using 2-
phenoxyethanol (Sigma, 1:2000). Control (ish received
0.5 ml molten (40") cocoa butter as an intraperitoneal
injection, cortisol-implanted fish received a similar in-
jection but containing cortiso! at a concentration of 60
mg kg~ ! fish. The solidificd cocoa butter pellet acts as
2 slow release implant over several weeks (see Pick-
ering and Duston (1983) for details),

Sampling. Immediately after nctting, the fish were
anaesthetized and blood was taken from the caudal
vessels using & heparinized syringe and kept on ice
until centrifugation, Fish were weighed and measured
and then killed by spinal section. Gonads from mature
fish were excised and weighed, and the pituitary gland
was removed and frozen. Plasma was stored frozen
prior to radioimmunoassay (RIA).

Radigimmunoassays. Most hormones were mea.
sured using established, previously validated R1As,
the details of which have been published. Cortisol was
determined according to Pickering ef al. (1987b), Tes-
tosterone and 11-ketotestosicrone were measured as
described in Pottinger and Pickering (1985), but using
the. antisera mentioned in Pickering et al. (1987a).
17a,208-Dihydroxy-4-pregnea-3-one (17a,208-P} was
determined as described by Scott er al. (1982), except
that ethyl acetate extractions of plasmas were made,
178-Oestradiol was measured using the same basic
methodology as adopted for the other steroid assays.
Steroids were extracted from plasma using ¢thyl ace-
tate, duplicate aliquots of which were evaporated in
assay tubes before being redissolved in 100 pl assay
buffer. Label (approximately 10,000 dpm 2,4,6,7,16,
174*H] oestradiol, Amersham International) and anti-
body, in separatc 100-ut aliquots, were then added.
Tubes were incubated ovemnight at 4° and separation of
free and bound radiolabe] was achicved with dextran-
coated charcoal. The antibody was kindly provided by
Dr. Z. Yaroa (Tei Aviv, Lsrael). The detection Limit of
the assay (taken as 10% depression of maximum bind-
ing) was 8.6 = 1.7 pg mi~! (n = 5). Ethyl acctate
cxtractions of plasmas diluted paratie! to the standard,

‘The gonadotropin assay is fully described in Picker-
ing «f al. (1987a) and Sumpler and Scott (1989); the
assay preferentially detects the gonadotropin referred
to as cither GTH I or maturational and ovulatory go-
nadotropin {see Sumpter and Scott {1989) for full
details). Plasmas were diluted 1 in 2 before assay. Bi-
tuitary glands were homogenized in assay buffer and
diluted appropriately to detcrmine pituitary goaado-
tropin coatcat. Rainbow trout vitellogenin was mea-
sured s described in Sumpter (1985) end Copeland et
el, (19865) and brown trout vitellogenin was measured
using the homologous assay described in Norberg and
Haux (1988). We thank Dr. B. Norberg (Austevoll Ma-
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Lag testes weight

o8 J

1.46 t.42

T v 1 T T v LI 1
1.50 1.52 1.54 1.56 1.58

Log body length

. Fig.2. The relationship between testes weight and body length in control (O) 2nd cortisol-implanted
(%) mature male brown trout. The (wo sets of data can be described by the regressions (log,, testes
weight = 3,84 log,, fish length — 4.48; control fish) and (log, o testes weight = 3,74 log,, fish length
— 4.43; cortisol-implanted fish). An F test for parallelism in the two lines showed that a common
Q&W:Z\Vo.eu_iﬁﬁonﬁssngfnﬁ_gggggugsﬁgusﬁ

required (P < 0.005).

Fig. 6a). Body weight and length were not
affected by cortiso! (Fig. 6b and 6¢), and
neither was the one reproductive parameter
determined, plasma testosterone (Fig. 6d).
The pituitary glands of immature fish of
both sexes were not analysed for gonado-
tropin because levels are extremely low
(Sumpter and Scott, 1989).

DISCUSSION

This study shows that administration of
cortisol to both brown and rainbow trout
leads to reductions in a number of repro-
ductive parameters. Such studies are open
to the criticism that these deleterious effects
of cortisol administration are a secondary
consequence of the poor health of such
fish. It is well established that elevated
plasma cortisol levels lead to reduced dis-
case resistance and hence an increase in the
mortality rate of fish (Pickering and Dus-
ton, 1983). It is also well established that
clevated plasma cortisol levels are associ-
ated with reduced growth (Pickering and

Stewart, 1934), impaired reproduction
(Pickering et al., 1987a; Sumpter et al.,
1987), and probably other regulatory sys-
tems that have not been investigated as yet.
What is presently unknown are the interre-
lationships between these different sys-
tems. In the present study we do not attrib-
ute the reduction in reproductive function
to a direct effect of cortisol on the hypotha-
lamic—pituitary—gonadal axis, but neither
do we dismiss this possibility.
Although it is possible that the reproduc-
tive effects are secondary to the reduced
health of the fish, there is some evidence
available suggesting that cortisol can act di-
rectly to modify hormone output from re-
productive tissues. For example, cortisol
suppresses sex steroid secretion from cul-
tured rainbow trout ovarian follicles
(Sumpter et al., 1987) and gonadotropin se-
cretion from cultured pituitary glands (un-
published observations). Such studies in
fish are strongly supported by studies using
mammalian tissues (Bambino and Hsuch,
1981; Padmanabhan et al., 1983), Further
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F10. 3. The cflcct of cortisol implantation on sexually maturing female brown trout; (8) plasma
cortisol, (b) body weight, (c) body leagth, (d) ovary weight, (¢) plasma 178-ocstradiol, {f) plasma
testosterone, () plasma gonadotropin (GTH), (h) pituitary gland gonadotropin (GTH) content, and (i)
plasma vitellogenin. Open columns represent control fish {n = 19), hatched columns represent cor-
tisok-implanted fish (n = B). (*P < 0.05, **P < 0.01, ***F < 0.001).

support for this hypothesis can be obtained
from the present study, by examining in
more detail the results from the cortisol-
implanted brown trout. For example, of the
19 male brown trout sampled, 11 had visible
signs of disease, whercas 8 did not. The
diseased fish were characterized by the first
signs of Saprolegnia infection along the

margin of the fins (a common feature in sex-
ually mature male brown trout; see Rich-
ards and Pickering (1978)). It has been
shown that the degree of morbidity is di-
rectly related to the extent of fungal colo-
nization (Richards and Pickering, 1979) and
in no way could the fish sampled during the
present study be described as severely dis-
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FiG. 6. The effect of cortiso! implantation on sexually immature male rainbow trout; (a} plasma
corlisol, (b) body weight, (¢} body length, and (d) plasma testosterone. Open columns represent
coatrol fish (n = 7), hatched columns represent cortisol-implanted fish (o = 13). (***P < 0.001}.

1987). The reason for these differences is
not known, but work on the metabolic
clearance rate of the hormone during sexual
maturation may be uscful in answering
these questions.

Despite these differences among the var-
ious groups of fish, it is obvious that
chronic low-level cortisol elevation had a
markedly suppressive cffect on a wide
range of reproductive parameters in brown
trout of both sexes. Thus, pituitary gonad-

otropin content, plasma testosterone level,
and testes weight were suppressed in male
fish. Similarly, pitsitary gonadotropin con-
tent, plasma 17p-oestradiol, testosterone,
and vitellogenin levels, and ovary weight
were suppressed in the females. Although
sex steroid and vitellogenin levels, which
are thought to be regulated by gonadotro-
pin, were suppressed, plasma gonadotropin
levels were not. In both males and females,
plasma gonadotropin levels were lower in

TABLE 1
A COMPARISON OF SOME REPRODUCTIVE PARAMETERS BETWEEN VISIBLY DISEASED AND NONDISEASED
MATURE MALE Brown Taout IMPLANTED WITH CORTISOL

Nondiscased Discased Controls

(n = 8) (n=11) P value (n = 18)

Testes weight () 138x1.2 6.9 = 1.3 o.n W42 17
Testosterone (ng mi ™)) 109+25 72138 .23 182120
Pituitary gonadotropin (g) 03225 9614 0.90 219124

Note, Levels in control-implanted fish are included for comparison. Note that there are no significant differ-
sggig?sgd_wgiga_ggﬂﬁgqggg although they were
significantly suppressed compared to control-implanted fish.
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cortisol-implanted fish than in the control
fish, but the differences were not signifi-
cant. Because the plasma gonadotropin lev-
els were similar in the two sexes at this
stage of scxual maturity (sec also Sumpter
and Scott, 1989), we felt justified in com-
bining data from the two sexes. When this
was done there was a significant suppres-
sive effect of cortisol on the plasma gonad-
otropin level (£ < 0.05).

When maturing male rainbow trout were
implanted with cortiscl, only one reproduc-
tive parameter, the plasma gonadotropin
level, was found to be significantly af-
fected. This further suggests that rainbow
trout are less sensitive than brown trout to
chronic cortisol elevation, although again
this conclusion is complicated because
plasma cortisol levels differed between the
two groups.

Although cortisol implantation affected
most reproductive parameters in maturing
brown trout including plasma testosterone
levels , plasma levels of the other androgen,
I1-ketotestosterone showed no such
change. This suggests that the enzymes of
the steroidogenic pathway may have vary-
ing sensitivities to cortisol. It is interesting
to note that acute and chronic stresses af-
fected plasma testostecrone levels to a
greater degree than [l-ketotestosterone
levels in mature male brown trout (Picker-
ing er al., 1987a).

The present study also revealed that the
detrimental effects of chronic cortisol ele-
vation on reproductive function are not re-
stricted to fish in the later stages of matu-
rity, but can also occur in immature fish.
Female rainbow trout arc known to begin
preparing for spawning over 12 months be-
fore the event (Sumpter er al., [984). A
very carly indication of this is a rise in the
plasma level of vitellogenin, the precursor
molecule for yolk. This study shows that
vitellogenin production can be suppressed
by low plasma levels of cortisol in sexually
immature fish,

This study reveals that chronic cortisol

elevation, to within the range typical for
chronically stressed salmonid fish (Donald-
son, 1981), reduced the level of gonadotro-
pin in the plasma of maturing male rainbow
trout and brown trout (combined data). In-
terestingly, acufe siress elevated the
plasma gonadotropin level in mature trout
(Pickering er al., 1987a). This differential
response of the gonadotropes to acute or
chromnic stresses is similar to the pattern
found in some mammals (Gray et al., 1978;
Ducharme et al., 1982), but the Enn:mn_ma
is still unknown.

The notion that stress detrimentally af-
fects reproduction in fishes is not ‘new.
What has been lacking prior to this and our
carlier studics (Pickering er al., 1987a;
Sumpter er al., 1987) is anything more than
fragmentary or circumstantial evidence that
the two are linked (see Bry and Zohar,
1980; Zohar, 1930; Gillet er af., 1981). In the
present study we have demonstrated that
cortisol elevation is, at least partly, respon-
sible for the suppressive cffects of acute
and chronic stress on the reproductive en-
docrinology of trout. Work is now needed
to identify the precise mechanisms through
which these cffects are mediated and to ex-
aminc the biological consequences, in
terms of fecundity, gamete quality, off-
spring viability, and overall reproductive
success, of incidences of stress during sex-
ual maturation.
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Freshwaier Biology (1989) 21, 47-55

Environmental stress and the survival of brown trout,

Salmo trutta

A.D. PICKERING Freshwater Biological Association, Windermere chonmSQ.

SUMMARY. 1. The hypothalamic—pituitary-intesrenal axis of the brown
trout, Salmo trutla, is activated in response to most forms of environmental

2. Experimental elevation of blood cortisol levels in otherwise
unstressed brown trout caused a dose-dependent increase in mortality rate
due to disease. In our studies, Saprolegnia-infection, furunculosis and

3. Chronic cortisol elevation also suppressed several of the endocrine
processes controlling sexual maturation, resulting in a significant reduc-

4, Itis argued that many of the deleterious effects of sublethal pollution
{including acidification) on natural trout populations can be attributed 1o
chronically-clevated blood cortisol levels and that a knowledge of such
physiological changes would allow an assessment of the impact of pollution
cvents and act as an early warning of potential disease and recruitment

England
stress. This results in an elevation of blood cortisol levels.
bacterial fin-rot were the principal diseases.
tion in the size of the gonad in both male and fernale fish.
problems.

Introduction

Sudden fish kills, as a result of rapid, deleterious
changes in the aquatic environment, are all too
familiar to fishery biologists. However, 2 more
gradual deteriomation of environmental condi-
tions may go undetected even when the fishery is
in serious decline. Under such circumstances,
environmental stresses, although not directly
lethal themselves, may reduce the probability of
survival of fish stocks by increasing their suscep-
tibility to discase (Wedemeyer, 1970; Snieszko,

1974) and by reducing reproductive success

(June, 1977).

. Until recently, lintle was known of the
physiological and endocrinological changes
Cotrespondence: Dr A, D. Pickering, Freshwater

Biological Association, The Ferry House, Ambleside,

Cumbris LA22 OLP.

responsible for this decrease in disease resist-
ance; even less was known about the mecha-
nisms inhibiting reproduction (see Billard, Bry
& Gillet, 1981). However, during the past
decade, evidence has accumulated which shows
that excessive or prolonged stimulation of the
hypothalamic-pituitary—interrenal (HPI) axis is
amajor factor in the mediation of such changes.
The present paper reviews some of the recent
literature in this ficld and draws heavily on our
own experimental studies with the brown trout,
Selmo truna L. Much of the original work
emphasizes the aquacultural aspects of both
acute and chroni¢ stress but the physiological
and endocrinological changes that ooccur in
stressed trout appear to have several common
components, irrespective of the nature of the
stress. Consequently, such studies have impor-
tant implications for understanding how

48 A. D. Pickering

environmental stresses may influence natural
fish populations.

Stress and the w_<vouv_m_m3_ont=:.8_,<l
interrenal (HPl) axis

The HPI axis, & central component of the fish's
endocrine system, consists of a hierarchy of
hormonal pathways controlling the secretion of
corticosteroids into the blood stream (sce
Donaldson, 1981, for details). Corticotropin
releasing factor (CRF) from the hypothalamus
stimulates the release of adrenoccorticotropin
(ACTH) from the pituitary gland which, in tum,
promotes the synthesis and release of cortico-
steroids from the interrenal tissue (Fryer &
Peter, 1977). Cortisol is the principal cortico-
steroid in salmonid fish (Henderson & Garland,
1980) and is released in response to most, if not
all, forms of environmental stress (Donaldson,
1981). Corticosteroids are catabolic hormones
capable of promoting gluconcogenesis (Storer,
1967; Chan & Woo, 1978; Leach & Taylor,
1982) and stimulating lipolysis (Lidman et al.,
1979; Dave et al., 1979, Sheridan, 1986) and it
seems likely that such energy-mobilizing proper-
ties are of adaptive value as the fish attempts to
avoid or overcome the immediate threat.
However, direct evidence of the advantage of
clevated blood cortisal levels in stressed fish has
yet to be produced. .

Blood cortisol levels in brown trout are
rapidly elevated in response to physical stresses
such as handling and confinement (Pickering,
Pottinger & Christic, 1982}, to the chemical
stresses of malachite green and formalin treat-
ment (Pickering & Pottinger, 1984, 1985a) and
to the stress of overcrowding (Pickering &
Stewart, 1984; Pickering & Pottinger, 1987¢). In
general, the cortisol response of trout to an acute
stress (i.e. a stress of short duration in which the
time-course of the response of the fish is much
greater than that of the stress itself) occurs over a
few hours, with a retumn to basal levels (<2 ng
m!-*) within 24-48 h. By comparison, the eleva-
tion of blood cortisol levels in response to a
chronic stress (i.e. 2 continuous form of stress
from which there may be no escape) may last for
several days, or cven weeks, before acclimation
oocurs (Pickering & Stewart, 1984). In most
cases, however, blood cortisol levels eventually
retum to normal despite the continued presence

of the stress (Schreck, 1981). Under aquaculture
conditions handling and disturbance are exam-
ples of acute stresses, water quality deteriora-
tion and overcrowding are examples of chronic
stresses. In the natural environment, predator
avoidance and territorial defence would be
classed as acute stresses, sublethal poliution
{including acidification) would constitute a
chronic stress.

The magnitude and duration of the cortisol
response to environmental stress is dependent
not only upon the nature of the stress itself, but
also on the species and strain of fish (Pickering &
Pottinger, 1989}, the fish's age and sex (Sumpter
eial,, 1987), temperature (Sumpter, Pickering &
Pottinger, 1985; Barton & Schreck, 1987) and
even, under certain circumstances, on the
chemical composition of the water (Pickering &
Pottinger, 1987b). Normally, however, the
blood cortisol levels of acutely-stressed brown
trout arc temporarily clevated in excess of
100 ng ml~* (Pickering et al., 1982}, cortiso!
levels in chronically-stressed brown :trout
(including the stress of spawning) are =_ the
range 10-20 ng ml-' (Pickering & Stewart, 1984;
Pickering & Pottinger, 1987a). ﬂ

Corticosteroids and disease resistance

It has been known for many years that cortico-
steroids are markedly immunosuppressive in
mammals (sec Parrillo & Fauci, 1979; Munck,
Gruyre & Holbrook, 1984) and evidence has
accumulated which shows that these steroids can
also suppress the defence systems of fish. For
example, we have shown that the blood lympho-
cyte count of the brown trout is significantly
seduced 36 h after an acute stress (Pickering ef
al.,, 1982) and that this response can be
reproduced, almost exactly, by the administra-
tion of a physiological dose of cortisol in the diet
of otherwise unstressed fish (Pickering, 1984).
In other studies with teleost fish it has been
shown that corticosteroids cause involution of
lymphoid tssues such as the thymus (Chil-
monczyk, 1982; Ghoneum et al., 1986), inhibit
inflammatory responses {MacArthur ef af.,
1984), suppress phagocyte activity (Stave &
Roberson, 1985}, block lymphocyte mitogen
responsiveness {Grimm, 1985; Ellsacsser &
Qlem, 1987) and reduce specific antibody pro-
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testosterone and 1l-ketotestosterone in the
blooed of sexually maturing brown trout (Picker-
ingetal., 1987). Inthis study it was also observed
that the blood cortisol levels of the chronically-
stressed fish (stressed by confinement) were still
significantly elevated 1 month after the onset of
the stress, thus raising the possibility that the
pituitary—interrenal axis may be instrumental in
suppressing sexual development in these fish.
Inan attempt to resolve this question, we have
recently undertaken a study to examine the
effects of chronic cortisol elevation (by means of
slow-release intraperitoneal implants) on the
reproductive endocrinology of sexually matur-
ing brown trout and rainbow trout, Salmo
gairdneri, of both sexes (J. F. Carragher, J. P.
Sumpter, T. G. Pottinger and A. D. Pickering,
unpublished). The full details of this experiment
will be published elsewhere but a summary of
the main effects of cortisol elevation on the
reproductive endocrinology of brown trout is
presented in Figs. 3 and 4. At 18 aays post-
implantation there was a significant suppression
of pituitary GTH and blood testosterone levels
in the maturing male fish (Fig. 3b, c) and a
reduction in the weight of the testes (Fig. 3¢).
In the sexually maturing female brown trout,
cortisol-implantation also raised blood cortisol
levels and suppressed the pituitary GTH content
(Fig. 4a, b). Moreover, the plasma levels of
testosterone and oestradiol were markedly sup-
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5]

tng mi~
Q o A oo B

N

o)

Environmental stress and survival 51

pressed in the cortisol-treated {ish (Fig. 4c, d}.
The reduction in oestradiol levels fitted well with
a suppression of the concentration of yolk pre-
cursers in transit from the liver to the ovary (Fig.
4e} and, again, the overall effect of these
changes was a significant reduction in gonad
weight (Fig. 4f).

Thus, the effects of chronic stress on sexual
maturation in brown trout can be mimicked
by chronic cortisol clevation in otherwise
unstressed fish and it seems most likely,
therefore, that the deleterious effects of stress
on the pituitary-gonadal axis are largely medi-
ated by corticosteroids released as a conse-
quence of activation of the hypothalamic~
pituitary—interrenal axis. Similar functional
links between the two axes, resulting in the sup-
pression of many reproductive characteristics,
have been demonstrated in mammals (sce
Moberg, 1985).

Clearly, much more work is now needed on
the precise mechanisms involved in this cortiso!-
mediated  suppression of  reproductive
endocrinology in fish, and on the consequences,
in terms of gamete quality and quantity, for
reproductive  success. However, our data
strongly suggest that incidences of chronic stress
in the prespawning period will have deleterious
effects on sexual maturation and reproductive
success. Thus, environmental stresses which,
although not directly lethal themselves, may
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F1G. 3. The effect of 18 days cortisol implantation (60 mg kg~') on reproductive endocrinology and gonad weight
of sexually maturing male brown trout. Each value is the arithmeticmean £ SE. Open columas represent the sham-
implanted control fish (n=18), shaded cotumns the cortisol-implanted fish (a=19). * P<0.05, ***P<0.001.
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FIG. 4. The effect of 18 days cortisol implantation (60 mg kg~') on reproductive endocrinology and gonad weight
of sexually maturing female brown trout. Each value is the arithmetic mean £SE. Open columns represent the
sham-implanted control fish (=19}, shaded columns the cortisol-implanted fish (n=8). *P<0.05, **P<0.01.

reduce the chances of survival of brown trout not
only by predisposing the fish to disease (see pre-
vious section) but also by inhibiting successtul
reproduction.

Chronic stress and the natural environment

The present paper has shown that elevation of
blood cortisol levels, as a result of enviroamen-
tal stress, can have debilitating effects on the
defence systems and on the reproductive
endocrinology of brown trout. Most of the
examples used to iliustrate the phenomenon of
environmental stress have been related to
aquacultural conditions (handling, crowding,
confinement, prophylactic treatment, etc.) and
it has been demonstrated that the elevation of
blood cortisol levels from a basal concentration
of <2 ng ml™* to only 10 ng m!™! is sufficient to
predispose brown trout to disease and that a
chronic cortisol leve! of 30-40 ng ml—* is suffi-
cient to suppress sexual development. [t should
be recognized, however, that these data were

_ obtained using domesticated strains of brown

trout under intensive culture conditions and that
we have little information conceming the

physiology of natural trout populations. This is -

clearly an arca which requires urgent attention,

provided that the problems of sampling stress
can be overcome. The limited available evidence
shows that first gencration fish from wild stocks
are more sensitive, with regard to their cortisol
response, than are domesticated strains (Wood-
ward & Strange, 1987). This is not surprising,
but it emphasizes that the damaging effects of
stress, demonstrated in our own studies, are pro-
bably minimal compared to the potential effects
on wild fish.

The bulk of the evidence presented so far
indicates that chronic, or continuous, forms of
stress have the most serious conscquences for
survival and it has been shown that under such
circumstances the fish may acclimate to the
stress after several days or even weeks, with a
resultant reduction in blood cortisol levels
despite the continued presence of the stress.
Indeed if the process of acclimation did not
occur, the fish's chance of survival would be
greatly reduced.

Man's deleterious influence on the aquatic
environment has created conditions of chronic
stress, in the form of sublethal pollution, which
might be expected to increase disease suscep-
tibility and seduce reproductive success in
natural fish populations. Indeed, several exam-
ples of exactly such debilitating effects have
been reported. Thus, the incidence of fish dis-
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Interspecific differences in the stress response of fish may be due. in part, to differences in the
sensitivity of larget lissues 1o cortisol, The relative response of brown and rainbow trout to a
slandardized dosz of cortisol was ussessed by monitoring condition (X factor), the number of
circulating lymphocyies and mortality due to discase, following cortisol treatment. Cortisol
implantation resulted in a significant decline in K factor and number of circulating lymphocytesin
immature brown trout, but aet in immature rainbow trout, despite plasma cortisol levels being
similar in both cases. Contisol implzaniation in mature brown and rainbow trout significanily
increased the mortality rale due to bacterial and fungal infection compared with conirol fish,
Furthermore, the mortality rate due to discase was significantly greater in brown trout than
rainbow trout, despitc both groups receiving similar doses of steroid,

[. INTRODUCTION

Corticosteroid release from the adrenal cortex (or its homologue)is a characteristic
response of most vertebrates to stressful situations. The catabolic effects of
corticosteroid hormones (lipolysis and gluconeogenesis) complement the glyco-
lytic action of catecholamines to give the animal access to energy reserves not
normally available to it, energy which the animal can then use to avoid or overcome
the stress (Moberg, 1985).

Salmonid fish are sensitive to many forms of environmental stress (Donaldson,
1981; Schreck, 1981) and respond by increasing the rate of secretion of cortisol,
the predominant corticosteroid in teleost fish (Henderson & Garland, 1980).
However, prolonged clevation of blood cortisol levels has been shown to pre-
dispose some species of salmonid fish to infectious diseases (Pickering & Duston,
1983; Pickering & Pottinger, 1985; Woo ef al., 1987), an effect almost certainly
mediated by the suppressive action of corticosteroids on the fish's defence systems
(Anderson et al., 1982; MacArthur et al., 1984; Grimm, 1985; Maule er af., 1987),
There is now an accumulating body of evidence linking various forms of stress to

- a subsequent increase in the susceptibility of fish to a wide range of infectious
discases (Johansson & Bergstrom, 1977; Hetrick o/ al., 1979; Hanson & Grizzle,
1985; see also Wedemeyer & McLeay, 1981) and we believe that elevated cortisol
levels play a major role in this phenomenon. In general, rainbow frout are more
amenable than brown trout to aquaculture conditions and, in our experience, show
fewer problems of stress-related diseases, In a series of stud ies, G. A. Wedemeyer
has demonstrated marked interspecific differences in the response of salmonid

757

0022-1112/89/050757 + 12503,00/0 © 1989 The Fisherics Society of the British Isles

758 A.D. PICKERING ET AL.

- Taste l. Thespecies, strain and age of the fish used in the present study

__w“un:_:os_ Date Species Strain Hatching date
1 August 1986  Brown trout Dunsop Bridge 2 February 1985
Rainbow trout Annandale | May 1983
2 September— Brown trout Dunsop Bridge 2a February 1985
October 1987  Rainbow trout Cloan January 1986

fish to the common aquacultural stresses of handling, crowding, sudden tempera-
ture change and formalin treatment (Wedemeyer, 1971, 1972, 1973, 1976). These
differences were manifest in a wide range of’ physiological processes including ionic
regulation, carbohydrate and sterol metabalism, acid/base balance, oxygen con-
sumption and interrenal ascorbate metabolism. Such differences between specics
with regard to their sensitivity to stress may be reflected not only by quantitative
differencesin the levels of circulating stress hormones, such as cortisol {Wedemeyer
& Yasutake, 1974), but also by differences in the sensitivity of the target tissues to
the hormone.

It has been shown previously that cortiso! treatment causes a reduction in the
cocfficient of condition (K factor) of salmonid fish (Pickering & Duston, 1983)and
that the steroid can also depress the number of circulating lymphocytes (McLeay,
1973; Pickering, 1984). The present study investigates the possibility that inter-
specific differences in the stress response may be caused, at least in part, by differ-
ences in the sensitivity of the target tissues to cortisol, by compa ring the sensitivity
of two species of trout, the brown trout, Safime trutig L., and the rainbow trout,
S. gairdneri Richardson, to cortisol administration. Care was taken (o ensure (hat
the steroid was administered at similar physiological doses to each species, and the
responses of the fish were monitored in terms of changes in the coefficient of
condition, circulating lymphocyte counts and mortality rate due to discase.

Il. MATERIALS AND METHODS

FISH

Details of the species, strain and age of the fish used in this study are given in Table I. All
the fish, with the exception of the brown trout used in experiment 2 (Dunsop Bridge 2a),
were obtained as eyed-ova and hatched at the 1.F.E."s Windermere hatchery. The fish were
reared, via fry-troughs, in large {1500 1), circular, outdoor, fibreglass tanks each supplied
with a constant flow of Windermere lake water (351 min~") and fed, once daily, with
commercial {rout pellets at a rate of 1-2% body weight day ~' (exact rate dependent upon
temperature). The brown trout for experiment 2 were brought in as I-year-old fish and then
reared as described above.

EXPERIMENT 1. EFFECTS OF CORTISOL IMPLANTATION (30mg kg~ "} IN
IMMATURE FISH ON THE COEFFICIENT OF CONDITION AND ON
LYMPHOCYTE LEVELS

One hundred and sixty scxually immature I+ brown trout (mean weight 170 g) were
evenly distributed into four rearing tanks and left for a period of 2 weeks to recover from the
handling stress. Similarly, 160 sexually immature, | + rainbow trout (mean weight 340 g)
were distributed into four rearing tanks and left for a period of 2 weeks. For each species,
the fish from two of the tanks were then netted, lightly anaesthetized (2-phenoxyethano)
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F1G. 3. The effect of cortisol implantation (60 mg kg ') on the mortality rate of mature brown trout, { Q) and
rainbow trout, (@). The causcs of death were diagnosed as furunculosis andfor severe Saprolegnia

infection. No mortalities oocurred in cocoa-buticr-implanted control fish of either specics.
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60 ) : brown trout (P <0-05) but not in the rainbow trout [Fig. 2(b)]. The difference in
lymphocyte numbers between control brown trout and rainbow trout (P <0-001)is

N.5D. * NSO NSD a species difference which we have consistently observed in different strains of

sol- 2 hatchery-reared brown trout and rainbow trout (e.g., Pickering e af., 19874).
However, we have no explanation for the decrease in lymphocyte counts between 7
days and 22 days post-implantation in both cortisol-treated and control rainbow

aot- trout.

EXPERIMENT 2: IMPLANTATION OF CORTISOL (60mg kg~') IN
SEXUALLY MATURE FISH

5 Cortisol implantation significantly increased the mortality rate of both brown
trout and rainbow trout (Fig. 3; P < 0-001 for each species). The presumptive cause
of death was identified as furunculosis (characterized by internal haemorrhage, a
bloody exudate from the vent and occasional furuncles on the flank of the fish)
combined with severe fungal infection in the brown trout but not in the rainbow
trout. Both sexes were affected in the brown trout population; the dead rainbow
trout included both mature males and sexually immature fish, Because of the high

Blocd lymphacytes { i~ x 10™3)
<]
1

or B mortality in the cortisol-treated brown trout population, this part of the exper-

iment was terminated at 18 days post-implantation. Of the surviving brown trout,

more than 50% of the cortisol-treated fish had visible signs of fungal infection,

o > compared with less than 10% of the cocoa-butter-implanted control fish

(P<0-005). No mortalities occurred in the control groups of either species during

Time post-implantotion {days) the course of the experiment and no signs of disease were observed in any of the

ma.wqﬁnﬁrg .manr_as.ﬂa ..8":__ _“n._...“_ 2..?&..«8&5#.“: Hﬂma%.moa and (b} the Mood control rainbow trout. The rainbow trout study was allowed to continue for a
pl ot of immature brown trout and rainbow troutat 7a uaﬁon.m:_v_u.n_n_mo..r _un—.mOﬁ_ of 36 Qﬂ%m gmnumav—mssnoa.

wnawm-nwchﬁ“ﬁw."ﬁﬁohmﬂnnrwmw ._.nm Squﬂouuﬂhoﬁm__ﬂaﬁ.u M.“v_..cws-_..wa“nmﬁ”o:“ ] Blood cortisol levels were significantly elevated in all groups of cortisol-implanted

 where w301, 2, P<005, *%, P<COI. fish [Fig. 4(a); P<0-001 in all cases). However, highly significant differences in
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combination of both), remains to be determined. Certainly, rainbow trout feed
more readily than many other species of salmonid fish following an incidence of
stress (Wedemeyer, 1976; J. Pollard, pers. comm.) and an increase in food uptake
may well explain the significant increase in K factor of both cortisol-implanted and
sham-implanted rainbow trout during the course of experiment 1. By comparison,
both groups of brown trout showed an overall decrease in K factor. The effects of
steroid hormones, such as cortisol, are mediated by specific intracellular receptors
(Baulicu, 1979) and cortisol receptors have been identified in the intestine and gills
of teleost fish (Di Battista er al., 1983, 1984; Sandor et al., 1984; Chakraborti et af.,
1987). The characterization and quantification of such receptors in other potential
target tissues (muscle, liver, adipose tissue) should increase our understanding of
the relative sensitivity of such tissues to cortisol, both within and between species.
The drop in the number of circulating lymphocytes in cortisol-treated brown
trout reflects a general suppressive effect of corticosteroids on fish lymphoid tissues
(Chilmonczyk, 1982; Ellsaesser & Clem, 1987; Ghoneum et ai., 1986). Moreover,
corticosteroids have been shown to be severely immunosuppressive in fish
(Anderson et al., 1982; Grimm, 1985; Wechsler e al., 1986, Maule et af., 1987} and
<an result in a marked predisposition to disease (Robertson er af., 1963; Pickering
& Duston, 1983; Pickering & Pottinger, 1985; Woo et al., 1987). Thus, it might be
suspected that the greater responsiveness of the brown trout lymphocyte popu-
lation to cortisol treatment would result in a more severe predisposition of this
specics-to disease. This appears to be strongly supported by the results of exper-
iment 2, in which both the incidence of disease (furunculosis and Saprolegnia
infection) and the mortality due to disease were significantly greater in cortisol-
treated brown trout when compared with rainbow trout given a similar dose of the
steroid (60 mg kg™'). Thus, at 18 days post-implantation (the time at which the
experiment was terminated for the brown trout population) the cumulative mor-
tality for the brown trout was 30% compared with only 2% for the cortisol-
implanted rainbow trout. However, interpretation of this result is complicated by
the fact that the plasma cortisol levels achieved by intraperitoneal implantation
(60 mg kg ~") varied significantly between the groups. These differences are clearly
related to the sex and state of sexual maturation of the fish, In the immature
rainbow trout, which were given an implant of 60 mg kg™' (experiment 2), the
mean blood cortisol level at 36 days post-implantation was 290 ngm! =", twice that
of immature rainbow trout given a cortisol implant of 30 mg kg~' (14-3ng mi~",
experiment 1). The mean plasma cortisol level of implanted, sexually mature, male
rainbow trout was almost 50% lower than that of the implanted immature fish.
Similarly, the plasma cortisol levels of implanted, mature, male brown trout were
50% lower than those of implanted, mature, female brown trout. This suggests
that the rate of clearance of the hormone differs significantly between the groups.
In this context, it is interesting to note that Sumpter et al. (1987) reported that
sexually mature male brown trout and rainbow trout had a significantly reduced
cortisol response to a standardized, short-term (1 h) handling and confinement
stress when compared with sexually immature fish from the same population.
These differences in circulating cortisol levels make it more difficult to correlate
differences in lymphocyte sensitivity to cortisol (experiment 1) with the observed
differences in susceptibility to disease seenin experiment 2. However, the dramatic
increase in disease seen in cortisol-treated brown trout (compared with the rainbow

766 A.D. PICKERING ET AL.

trout) strongly suggest that the greater sensitivity of the circulating lymphocyte
population in the brown trout is at least partly responsible for the increased suscep-
tibility to disease. Thus, when attempting to assess, by means of physiological and
endocrinalogical changes, the sensitivity of fish populations to environmental
stress, not only must one take into account species differences in the magnitude of
the measurable cortisol response but also potential differences between species in
the sensitivity of the target tissues to the steroid.

The authors are grateful to Dr V. J. Bye (MAFF) for providing the cloun strain of
rainbow trout, Mrs J. Pollard and Miss J. M. Fletcher (IFE) for carc and maintenance of the
experimental fish, Mrs M. A. Hurley (IFE) for statistical advice, and Mr T. I. Furnass (IFE)
for the artwork. Financial support for this work was provided by NERC and MAFF
(Project NBB 13).
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Stress responses and disease resistance in salmonid fish: Effects of chronic

elevation of plasma cortisol
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Abstract

Basal levels of plasma cortisol in unstressed salmonid fish are normally in the range 0-5 ng ml~}. An acute
stress such as handling or | h confinement caused a temporary elevation of the plasma cortisal levels of both
brown trout, Salmo truite L., and rainbow trout, Salmo gairdneri Richardson, in the range 40~200 ng ml-!
with a return 1o basal levels within 24—48 h. The extent of the cortisol elevation in response 1o an acute stress
was dependent upon both the species and strain of trout. Chronic stresses, such as prolonged confinement
or crowding, resulted in an elevation of plasma cortisol levels to approximately 10 ng ml-!, Under these cir-
cumstances, blood cortisol tevels remained clevated for periods of up to 4 weeks before acelimation finally

occurred,

Itis shown, by means of intraperitoneal implantation of cortisol, that chronic elevation of plasma cortiso!
tevelsin the brown trout results in a dose-dependent increase in mortality due to common bacterial and fungal
diseases. This effect is apparent at plasma cortisol levels as low as 10 ng ml~1, levels below those often
reported as being representative of ‘unstressed’ fish. These findings are discussed in relation to the known
immunosuppressive effects of corticosteroids in teleost fish.

lntroduction

Activation of the hypothalamic-pituitary-inter-
renal axis is a central component of the response of
teleost fish to most forms of environmental stress
(Donaldson 1981). It has been presumed, although
by no means convincingly demonstrated, that the
energy-mobilizing properties of the secreted cor-
ticosteroids are of adaptive value in the fish's at-
tempts to avoid or overcome the immediate threat.
Paradoxically, corticosteroids are also known to
have suppressive effects on the defence systems of
fish (see Ellsaesser and Clem 1987; Maule 1 al.
1987; Tripp et al. 1987 for key references), effects
which are believed to be responsible for the ob-

served increase in susceptibility to disease during or
after periods of environmental stress (Wedemeyer
and McLeay 1981). Thus, there must be a balance
between the adaptive and maladaptive effects of
this component of the fish's stress response.
Some of the carlier studies on the effects of cor-
ticosteroids on the defence systems and disease
resistance of teleost fish used pharmacologically
high hormone doses (e.g. Robertson ef al. 1963:
Roth 1972; Chilmonczyk 1982), others have used
synthetic corticosteroids of unknown or unmeas-
ured potency in teleost fish (Bullock and Stuckey
1975; Anderson et al. 1982; Houghton and Mat-
thews 1986; Wechsler ef af. 1986) or have not meas-
ured the concentration of circulating corticos-

teroids following experimenial administration
(Ghoneum er ai. 1986). This makes it difficult to as-
sess the physiological significance of these studies
and emphasizes the need for more detailed infor-
mation on the tevels of circutating corticosteroids in
both unsiressed and stressed fish if we are (0 under-
stand how the balance between adaptive and
maladaptive ¢ffects of elevated corticosteroids lev-
els is achieved in stressed fish.

The present study examines the magnitude and
duration of the cortisol response of brown trout,
Salmo trutia L., and rainbow trout, Salmo gaird-
neri Richardson, 1o both acute and chronic siresses
and, in the light of this information, investigates
the effects of physialogical doses of cortisol on the
resistance of brown trout to the natural challenge of
common fungal and bacterial pathogens.

Materials and methods
Experimental \m.....»._

All the fish used in this investigation were reared a1
the FBA's experimental fish hatchery in large (1500
1), outdoor, fibreglass tanks each supplied with a
constant flow of Windermere lake water (35 |
min=¥). The fish were fed with commercial trout
pellets at the rates recommended by the manufac-
turers (exact rate dependent upon water tempera-
ture — annual range 3-18°C).

Response to acute siress

828 2+ brown trout (FBA strain, mean body

‘weight 330 g) were divided equally into 18 rearing

tanks during carly April and left for a period of two
weeks to recover from the effects of handling (Pick-
ering et al. 1982). The fish lrom each tank were then
stressed by transfer to small (80 x 40 x 20 cm)
tanks, each supplied with 2 constant flow of lake
water (20 | min=', 6°C), for a period of 1 h before
being returned 1o their original rearing tanks, Sam-
ples of 6 fish were taken from duplicate tanks at 0,
0.5,1,2,4, 8, 24, 48 and 96 h post-stress so that no
tank was rcpeatedly sampled. At each sampling
time the fish were rapidly anaesthetized in phenox-

yethanol (1:2000) and blood samples taken by me-
ans of a heparinized syringe from the caudal ves-
sels. Aliquots of blood plasma were then stored al
—70°C until assayed for cortiso!. The experiment
was then repeated with 1+ rainbow trout (Home
strain, mean body weight 207 g, water temperature
9°C).

A further comparison of the effects of acute
stress on brown trout and rainbow trout was per-
formed in a subsequent study during July. A popu-
lation of 660 I+ brown (rout {(Dunsop Bridge
strain) was divided equally into 22 rearing tanks
and left for a period of 2 weeks to recover from Lhe
handling stress. The water in each tank was then
drained and the fish were exposed to the air for a
period of 30 seconds {emersion stress) before the
tanks were refilled. Thus, the stress was of shorter
duration than in the first experiments (sce above)
and did not include the stress of handling. Water
temperature during this study was in the range
11—14°C. Blood samples were taken.at regular in-
tervals up to 336 h post-stress from duplicate tanks
(6 fish tank ~*). A parallel study with } + rainbow
trout (Stirfing strain) was undertaken _,E_a again, no
tank was sampled more than once.

3
+ - - i
Strain differences in response to acute stress

Five strains of 1+ rainbow trout (A Caribou, B
New Zealand, C Butley, D Home, E Cloan) and
three strains of 1 + brown trout {F Dunsop Bridge,
G FBA, H Hungerford) were subjected to a period
of 1 hconfinement stress (sec above) at four differ-
ent times of the year (October, January, March,
July). Blood samples were taken from 10 fish of
each strain at the end of each confinement peried
for subsequent plasma cortisol determination. In
addition, blood samples were taken from ten un-
stressed fish of each strain at the start of the study
for the determination of basal plasma cortisol
levels.

Response to chronic stress

a) Confinement
In July, ten 1 + rainbow trout (Butley strain, mean

‘body weight 250 g) were individually confined in
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Fig.4. Correlation berween the mean plasma corlisod levels of
siocks of cortisol-implanied brown trout and the mean instan-

I -
taneaus mortality rate (Z = 28N T tog, 2.. where Ny and
I

N, are the numbers of surviving fish at times T and | respective-
ly) within each experimenial popatation. The major causes of
death in the cortisol-ireated fish were diagnosed as Saprofegnia
infection, bacierial fin-rot and lurunculosis.

Lincar regression y = 005 + 0.034x, 12 = 93.3%, p <
0.001. !

infection, severe bacterial fin-rot and furunculosis,
all well known stress-related diseases {sec Wede-
meyer and McLeay 1981).

Discussion

This paper summarizes a series of studies on the
magnitude and duration of the cortisol response of
trout to environmental stress and demonstrates that
chronic, experimental elevation of plasma cortisol
levels in the brown trout, from basal values of 1-2
ng mi~! to only 10 ng ml~! is sufficient Lo predis-
pose some of the fish within the population to com-
mon bacterial and fungal pathogens. This degree of
cortisol elevation is similar Lo that observed when
trout are subjected to prolonged confinement or
overcrowding and is also similar to that found in
brown trout during the spawning season {Pickering
and Pottinger 1987), another period of increased
susceptibility to disease (Pickering and Christie
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1980). However, as the present study shows, the
magnitude of the stress-induced cortisol response
may differ significantly not only between species
but also between strains of the same species.

[t is difficult to equate 1hese findings with many
of the previous studies in this ficld because of the
use of excessively high doses of natural corticos-
teraids or the use of synthetic corticosteroids of
unknown potency (see Introduction}. However, in
arecent study Maule er af. (1987) demonstrated that
chronic elevation of plasma cortisol levels in the
coho salmon, Oncorhiynchus kisutch, (rom basal
values of 0.5 ng ml1=! 1o only 14 ng ml -! was suffi-
cient to reduce the number of antibody-secreting
cells in fish immunized with Vibrio anguillarum an-
tigen. Moreover, in an in vitro study Tripp et al.
(1987) also showed that 10 ng ml~! corntisol sup-
pressed the tnitogenic response of coho salmon
lymphocytes. Thus, the coho salmon would secem to
be as sensitive to chronically elevated cortisol levels
as the brown trout. Circumstantial evidence indi-
cates that the defence systems of Atlantic salmon
parr, Salmo salar, are also very sensitive to cor-
licosteroid elevation (Pickering and Pottinger 1988)
although other evidence suggests that rainbow trout
may be less sensitive than brown trout to cor-
ticosteroid elevation {A.D. Pickering, T.G. Pot-
tinger and J.F. Carragher, unpublished).

The levels of cortisol capable of suppressing the
defence systems of these fish are lower than many
of the reported plasma cortisol levels from ‘un-
stressed’ fish. Indeed in a literature survey of this
field, of 82 publications on salmonid fish we found
that the majority (46 papers) reported basal cortisol
levels of salmonid fish in excess of 10 ng ml—!. Un-
doubtedly species and strain differences in basal
plasma cortisol levels exist (see also Woodward and
Strange 1987), although we have consistently meas-
ured basal cortisol levels in three Salmo species (5.
trutla, §. gairdneri and S. salar) and two species of
Salvelinus (S. alpinus and S. fontinalis) within the
range 0-5 ng m] - (A.D. Pickering and T.G. Pot-
tinger, unpublished), and further comparative stu-
dies within the Salmonidae are needed. If, however,
the degree of sensitivity of the defence systems of

the brown trout to chronic elevation of plasma .

cortisol levels proves to be characteristic of many
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members of this group of teleosts, considerable at-
tention must be given to experimental design in ord-
er to avoid problems of chronic stress in control
fish.
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FISH HDUSBANDRY AND STRESS

A D Pickering, Inatitute of Freshwater Ecology, The Ferry House, Far Sawrey,
Near Aaobleside, Cumbria LA22 QLP

Introductioan

At a recent Coordinator of Fisheries Reseatch and Development (CFRD)
Working Group on Trout Cultivation it vas minuted that “there had been
significant improvement with diseases on farms through greater attentfon to
stress on the figh, but that it had been achieved by intuition rather than
through eclentific advice or understanding”™. A tecommendation was made,
therefore, to improve understanding and provide such advice by means of an
article in Trout Hews.

The Stress Rcspoage

When a fish iz alarmed in any way, or subjected to adverse environmental
conditions, it inftiates a serles of physiological changes which switch its
actabolisn from a state of feeding and growth to one in which the body reserves
are broken down and used. 1In the natural environment, the increased available
energy obtained by this mechanism 1s used by the figh as {t attempts to avoid or
overcozme the immediate threst. If the fish cannot aveid or overcome the stress,
a8 1s usually the case under farm conditions, the stress response will be both
prolonged and exaggerated and the fish's state of heslth will be impaired.

Demaging Effects of Stress

In ite simplest tetms, the 1ife of a figh can be described by 3.essencial
features: survival, growth and reproduction. The primsry aim of trout farming
is to maximise these characteristics under intensive rearing conditions.

a) Survival Stressful conditions can decrease survival rates by several
mechanisms. Stressed figh have a greatly increased rate of oxygen consunption
and are, therefore, much more liable to deplete the dissolved oxygen to
dangerously low levels during confinement {(e.g. long-distance transport). This
problem is exacerbated at high water teoperatures., Stressed fish also loge
salts in freshwater and can die because the salt concentratfon in the blood
drops to lethal levels. The third, and perhaps wost far-reaching, consequence
of stress 1s the ability of the fish to resist disease. Most aspects of the
fieh's defence systems are so severely suppressed that the fish become extremely
vulnerable to a wide range of common pathogens (viral, bacterial, fungal and
parasitic). A related consequence of this type of damage 1z a marked reduction
in the effectiveness of vaccines 1in stressed fish (see article by P D Saith,
Trout News No &, 1987, 11-1)). :

b) Growth One of the first, and most useful, indications of stress is a
refusal of the fish to feed. Thia, together with the hormonal changes that
cauge a stregssed fish to break down fts own body tissues, {s responsible for
reduced growth rate, increased food conversion ratio and reduced condition
factor. From an ecenomic viewpoint, loss of production via growth suppression
may be as damaging to a fish farm as stress-related digease problens,

¢) Reproduction Recent evidence has linked the suppression of
reproductive processes in fish to stressful environmental conditions. However,
ouch more work {s needed on the relationshipe between this effect of stress and
the differences between various rainbow trout strains on reproductive guccess
(see article by J Springate and N Bromage, Trout News No. 3, 1987, 6-7, for a
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discussion of egg quality in the induatry).

d) Product Quality Fish should be captured and slaughtered as quickly and
carefully as possible in order to avoid the stress-induced depletion of glucose
reserves in the muscle. Thie iwproves the keeping quality and flavour (see ETA
Quality Assurance Code of Practice*). Furthermore, stress reduces pigment
deposition in fish destined for the table (see artfcle by R Simnott, Trout News
No 7, 1988, 8-11) and may reduce the fitrmness of the flesh by inhibiting the
normal development of connective tissue between the muscle fibres.

Minimiging Stress ,

So far, this article has outlined the nature of the stress response in figh
and eophasised the damage to fish production but little has been said about the
factors causing stress and methods of winimising damage. It 1s the convention
to describe stresses as efther acute or chronic, a distinction which does not
necessarily reflect the degree of geverity but which desc¢ribes the time—course
of the stress. An acute stress i{s one of chort duration (minutes or houre) and
one In which the time-course of the response of the fish far outlasts that of
the stress. In the aquaculture industty, necting, grading, handling, vacecina-
tion, flush prophylactic treatments, transport, sudden temperature shock (in
either direction) would all be included in the category of acute stress, A
chronic stress 18 a continual stress from which there s no escape. Over-
crowding, poor water quality, social interaction between fish and exposure to a
novel environment (e.g. transfer of figh from earth ponds to circular tanks) are
21l examples of chronic stress associated with fish farming,

It is clear that, during normal aquaculture operations, it will be impos-
sible to avoid many of the procedures known to induce stress responses in fish,
Netting, grading and transport are integral components of the figh-farming
routine and, at best, 21l that the fish farmer can do is to ninioise the effects
of this type of stress, The choice of techniques, however, can influence the
degree of stress. For example, some recent Scandinavian work shows that moving
fish by means of nets caused greater growth suppression than that of piping the
fish. Some chronic stresses are avoidable and must be evaded 1f the figh are to
remain healthy, attain their full growth potential and produce eggs and sperm of
the highest quality. Under conditione of chronic etress, the fish will make
certain phyeiological adjustments to minimise damage as it attempts to scclimate
to che conditions, but this process ig rarely complete and performance will
invariably be impaired, It is not the purpase of this article to define optimal
environmental conditions - fndeed these vary with the species and eire of fish
end wost farmere are fully familiar with appropriate guidelines for stocking
density, water flow, feeding rates etc. It 13 the purpose of this artfcle to
convince the farmer of the damaging consequences of stress on sutvival, growth
and reproduction L1f these guidelines are ignored. ’

In those circumstances where stregses {usually acute) cannot be anwnnn.
there are still some tactics that the farmer can adopt to protect his fish:

l. 1In general, the longer the period of gtress the gteater the damage.
Thua, reducing the time taken to net, grade and transport fish will encourage a
mote rapld recovery from stress. However, 1t must be realised that some of the
effects of acute stress of only 1 or 2 minutes way last for a considerable
period of time. The defence systens may be suppresged for several days and
farmers should be particularly vigilant in their watch for digeage outbreaks

* Published by the British Trout Aggociatidn Ltd.,, P O Box 189, London $W6 SLY
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PICKERING: SALMONID FISH AND DISEASE 62 FIFTY-SEVENTH ANNUAL REPORT .

extreme sensitivity of salmonid fish to environmental stresses, such as
overcrowding and water quality deterioration, conflicts with the constant
economic pressure to rear such fish under increasingly intensive conditions. A
successful fish farmer must balance these two opposing factors to produce
FACTORS AFFECTING THE SUSCEPTIBILITY OF high quality fish as cheaply as possible. In the natural environment salmonids
SALMONID FISH TO DISEASE are usually the first group of fish to react adversely to deleterious changes in
the environment and, therefore, are widely used as biological monitors of
water quality. Thus, the study of the effects of stress on disease resistance in
A D. PICKERING salmonid fish has major implications for fisheries management and for the
T aquaculture industry. \
This review summarizes a decade of work on this subject at the
institute of Freshwater Ecology, The Windermere Laboratory, Far Sawrey, Windermere Laboratory of the Freshwater Biological Association and suggests
Ambleside, Curnbria LA22 OLP, England possible directions for future research. Initially, much attention was given to
the brown trout, Salmo trutta L., the dominant pative salmonid fish in this
area, although more recently the studies have also included the rainbow
trout, Salmo gairdneri Richardson, economically the most important species

. of trout under intensive cultivation. The objectives of the research: are
Introduction fourfold:

Ocﬂ_ﬂmmxmoma_mmmmmm:mmrvovc_mmoaonnEs.rm:m:mnmﬁmv_mmm:ma . . .. .
exposed to potential pathogens under conditions which favour the survival . 1. To develop techniques capable of measuring physiological stress without

; - - - . . the fish themselves responding to the process of experimentation. -
and growth of the infective organism, Changes in the physical and chemical > ! ¢ > on.
characteristics of the environment can increase the abundance and virulence M To whcmawﬂﬂ the _ﬂrm between the immediate v%ﬁ_o_ommnm_ and
of pathogenic organisms as can genetic mutation, factors which must have an en oQMmo ogica mcw.:mww na.mﬂ occur in response to stress and the subsequent
. . " . . . InCreased susceptibility to aisease. ;
important influence on the outcome of a situation in which fish are - o ;
n:w__m:mma by pathogens in the water. However another influence, namely _ 3. To assess n:_m value of physiological changes as predictive indicators of

o ’ . . : ong-term survival. _
the degree of susceptibility of the host, may also be instrumental in Al o . )
n_mﬂmqam_w._m:m Ermﬂrmqmﬂq :%"\ pathogenic nrmﬂ_mkmm results in disease. This 4. To invesitgate the possibility of controlling stress responses by means of

aspect of the equation forms the subject for the present review. hormonal maripulation or U_w, selecting, for breeding purposes, fish with low
Like all vertebrates, fish possess a wide array of defence systems to protect sensitivities to environmental stress. .
themselves against colonization by disease-causing organisms. Under favour-

!
able conditions these systems control pathogen-loading of the fish to such an :

v

extent that disease {i.e. an impairment of the normal physiological functioning Experimental Design i
of the whole, or part, of the body) is absent. However under conditions of With a sensitive species such as the brown trout, very careful consideration
stress (Pickering 1981), the defence systems can breakdown and disease may must be given to experimental design {Objective 1) because the physiclogy of
be caused by organisms which, under normal circumstances, are relatively the fish can be easily altered as a direct result of the processes of
harmless, Stress may take the form of a deleterious change in the : experimentation themselves, i.e. the normal systemns change simply because
environment, which then causes a disturbance of the normal homeostatic they are being studied. This can occur in response to repeated disturbance of
mechanisms within the fish, or it may be caused by endogenous physioclogical the fish during sampling, to any incidence of handling and to the effects of
processes such as those associated with sexual maturation. Examples of both simple procedures such as anaesthesia {see Pickering et al. 1982; Pickering &
types of stress are given in this paper. Pottinger 1985b). Furthermore, the time taken for some of these changes to
Studies of the effects of stress on disease resistance are of importance with occur may only be a matter of one or two minutes (even less in the case of
regard to salmonids because of the value of these fish to man. Salmon and certain hormones). In many experiments it may be impossible to avoid
trout require water of high quality and are reared in Britain, almost to the handling the fish at some stage but a sufficiently long recovery period must
exclusion of all other species, in an expanding aquaculture industry. The be allowed for the fish to return to normal. For salmonid fish we routinely use

A1949
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EXTERNAL AND INTERNAL STIMULI

OTHER
ENDOCRINE
INFLUENCES

///f oOnﬂmor

v

PHYSIOLOGICAL EFFECTS

_ — ]
ELECTROLYTE INTERMEDIATE DEFENCE
BALANCE METABOLISM SYSTEMS

Fic. 2. A simplified, schematic diagram of the g_uogamn.v:..._mséringg_ HPD axis in
salmonid fish,

disease resistance in salmonid fish. it is tempting to 'suggest that the
tymphocytopenia occurs as a direct result of the elevated cortisol levels one
day earlier but temporal relationships such as this are no evidence of cause
and effect. In an effort to resolve this question, we administered physiclogical
levels of cortisol to brown trout by incorporating the hormone in the fish's
normal diet (Pickering 1984). The fish were in no way stressed yet their blood
cortisol had been temporarily elevated and this resulted in an almost identical
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Changes in the number of circulating lymphocytes in the blood of the brown trout
following a single incidence of handling {upper grapht or the oral administration of a
physiological dose of cortisol lower graph). The broken line represents treated fish, the
continuous line represents unstressed control fish.
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axis of the trout will ultimately acclimate to the stress of overcrowding
{Pickering & Pottinger 1987¢) although sometimes this may take several weeks
to accomplish (Pickering & Stewart 1984), and that it will also acclimate to the
repeated stress of routine administration of the fish fungicide, malachite green
{Pickering & Pottinger 1985a). If the cortisol levels of chronically stressed fish
remain high, outbreaks of discase are likely. We have demonstrated this fact
by administering cortisal in the form of slow-release implants so that blood
cortisol levels in otherwise unstressed fish remain elevated, within the
physiological range, for a period of several weeks (Pickering & Duston 1983;
Pickering & Pottinger 1985c). These fish then showed an increase in mortality
rate as a result of the bacterial disease, furunculosis, of bacterial fin-rot (Fig. 4)
and infection by the parasitic fungus, Saprolegnia (see Pickering et al, 1979
Pickering & Willoughby 1982a,b). Fig. S illustrates the relationship between the
mean weekly mortality rate of these fish and their plasma cortisol levels. It is
clear from this that chronically elevated cortisol levels can be used as
predictive indicators of the probability of survival (Objective 3). A chronic
elevation of plasma cortisol from basal values of 1-2 ng mi~" to only 10 ng
ml=" is sufficient to increase the mortality due to disease of brown trout
{Pickering & Pottinger 1985c). Many workers have previously considered
plasma cortisol levels of 10 ng ml="to be typical of unstressed fish, a view
which now needs to be revised. At these relatively low cortisol levels it is not
always possible with immature fish to demonstrate a link between plasma
cortisol and white blood cell count but work from other laboratories is now
beginning to show that corticosteroids can exert effects on the activity of
white blood cells as well as on their number and it seems likely that such
mechanisms operate in chronically stressed salmonid fish.

Even if ‘the HPl axis of chronically stressed fish does acclimate so that
plasma cortisol returns to true basal levels, the performance capacity of the
fish may still be impaired. The growth rate of crowded trout under intensive
aquaculture conditions is still suppressed despite interrenal acclimation
(Pickering & Stewart 1984) and white blood cell counts may remain low long
after blood cortisol levels have come down (Pickering & Pottinger 1987¢).
Thus, although the HPI axis plays a major role in the response of salmonid fish
to chronic stress, other factors must almost certainly operate to influence
both growth and disease resistance. Further studies in this area should prove
rewarding.

Disease itself can also act as a form of severe stress, producing
complications in the form of secondary infections. The debilitating effects of
Saprolegnia, itself often considered to be a secondary colonist (see Pickering
& Willoughby 1977; Bucke et al. 1979), are caused by damage to the fish's
osmoregulatory mechanisms (Richards & Pickering 1979). This results in a
massive and prolonged release of cortisol from the interrenal tissue (one of the
known roles of cortisol is as an osmioregulatory hormone) with plasma levels
in excess of 1000 ng mi~" being recorded (Pickering & Christie 1981). It is clear

\.-I
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from Fig. 5 that this must result in an enormous increase in the probability of
further colonization by the fungus or by other potential pathogens in the
water. This type of positive feedback is unusual in natural systems and can be

- catastrophic with regard to the subsequent survival of fish with overt signs of

disease.

Sexual Maturation

It is well-known that sexual maturation in both sexes is associated with an
increase in susceptibility to disease {Richards & Pickering 1978; Pickering &
Christie 1980; Pickering & Richards 1980). Many of the diseases involved are
ectoparasitic infestations, i.e. fungi, protozoa and metazoa, which colonize the
fish's epidermis, the outermost layer of living tissue. As a consequence, it is
logical to examine some of the changes that occur in the epidermis of
salmonid fish during sexual maturation before going on to consider possible
effects of HPI activation at this time.

{a) Changes in the Epidermis

The normal epidermis of sexually immature salmonid fish is a multilayered
tissue overlying the scales and composed predominantly of Malpighian cells
and goblet cells (Pickering 1974, 1977; Pickering & Macey 1977; Blackstock &
Pickering 1982). The Malpighian cells contain bundles of filaments which,
together with the numerous desmosomal attachments between adjacent
cells, are responsible for the tensile strength of the epidermis. The goblet cells,
which differentiate and develop deep in the epidermis, secrete mucus on to’
the surface of the fish {Pickering 1976). The constant renewal of this layer of
mucus protects the fish by removing adherent particles from the body
surface, including potential pathogens such as fungal spores (Willoughby &
Plckering 1977, Pickering & Willoughby 1982ab). Other cell types are
occasionally found, including white cells {leucocytes) derived from the skin's
blood supply.

During sexual maturation, the epidermis and underlying dermal tissue of
both sexes increase in thickness in response to steroid hormones (androgens)
secreted by the gonads and the number of mucus-secreting goblet cells
decreases in the males (Pickering 1977, 1978; Pottinger & Pickering 1985a,b}. It
is believed that this represents an adaptive response to the requirements for
a physically tough skin during the potentially traumatic events of upstream
migration, territorial defence and redd-building. Coincident with these
changes is an -increase in the incidence of fungal infection (Richards &
Pickering 1978} and infestation by the protozoan parasites Ichthyophthirius
(the organism that causes white-spot) and Scyphidia {Fig. 6} and by the
monogenic trematode Gyrodactylus (Pickering & Christie 1980). The situation
is complicated, somewhat, by marked host-parasite specificities (Pickering et
al. 1985) and by pathological responses in the epidermis (thickening and loss
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of mucous cells} which, at first inspection, appear similar to those induced by
androgen secretion from the gonad (Pottinger et al. 1984). The facts that
demucification occurs in sexually mature males but not in mature females
(Pickering 1977; Pickering & Richards 1980} and that sexually mature male fish
are significantly more frequently or severely infected with ectoparasites than
are the mature females (Richards & Pickering 1978; Pickering & Christie 1980)
would, apparently, lend suppolt to the argument that in addition to its other
roles, the secretion of mucus from the goblet cells is a protective mechanism
to prevent colonization by microorganisms (Pickering & Willoughby 1982a).
However, Pickering & Christie {1980} note that the sexual differences in
eetoparasitic loading occurred before the androgen-induced demucification
and concluded that the loss of goblet cells simply exacerbates existing
parasitic infestations. Thus, other factors must also influence the susceptibility
of sexually mature salmonid fish to disease.

The epidermis of salmonid fish contains cell-types other than the filament-
containing Malpighian cells and the mucus-secreting goblet cells. Acidophilic
granular cells (Blackstock & Pickering 1980) and sacciform cells (Pickering &
Fletcher 1987) have been described although their functions await elucidation.
Both cell-types contain an acidophilic, proteinaceous material (as compared
with the glycoprotein nature of the goblet cell secretion), which appears to be
released on to the epidermal surface. Moreover, the number of epidermal
sacciform cells in the brown trout increases dramatically during the chronic
stages of infestation by the ectoparasitic flagellate, /chthyobodo (Fig. 7)
suggesting that they may play some role in protecting the fish against the
parasite {Pickering & Fletcher 1987). Such speculation is even more tempting
when one considers the fact that during sexual maturation of both the brawn
trout and the Arctic charr, Salvelinus alpinus (L), the number of sacciform
cells in the epidermis decreases. This is particularly apparent in the mature
males, so that during the spawning season the male fish have significantly
fewer sacciform cells than have the females (Pickering & Fletcher 1987). If the
role of the cell is to secrete some form of protective proteinaceous secretion
into the mucus layer, this sexual dimorphism may also contribute to the
observed sexual differences in susceptibility to ectoparasitic infestation (see
abovel.

(b} Activity of the HP! axis

Sexual maturation is associated with an increase in the incidence of skin
infections and with internal diseases, such as those caused by systemic
bacterial infections. It seems likely, therefore, that aspects of the defence
systems other than those associated with: the skin are also compromised
during the spawning season. In view of the deleterious effects of prolonged
activation of the HPI axis {see above), we examined sexually mature fish for
elevated blood cortisol levels. Studies over several spawning seasons have
now established that, in sexually mature male and female brown trout, blood
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cortisol levels are elevated for a period of 2-3 months (Pickering & Pottinger
7987a). The precise timing of this elevation varies somewhat from year to year
and may be slightly different for the two sexes. On some occasions we have
found the highest cortisot levels in the female fish (Pickering & Chyristie 1981),
on others the highest levels were in the males or there were no differences in
peak levels but the elevation occurred in the males before the females (see
Pickering & Pottinger 1987a). Despite this variation, it is clear that sexual
maturation in the brown trout is always associated with chronically elevated
blood cortiso! levels. Levels may be as high as 50 ng ml~" in ovulated females
(Pickering & Christie 1981) although normally the peak elevation is in the
range 10-15 ng ml™'. We have seen from the preceding section on chronic
environmental stress that prolonged elevation of plasma cortisol from basal
values (1-2 ng ml~" to only 10 ng mi™'is sufficient to predispose immature
brown trout to bacterial and funga! infections. Our studies on spawning fish
suggest that a similar mechanism operates during sexual maturation.
Moreover, we have shown that the bload cell composition of sexually mature
fish changes dramatically, with a marked and prolonged reduction in the*
number of circulating lymphocytes during the spawning period (Pickering
1986; Pottinger & Pickering 1987). This prolonged lymphocytopenia is
reminiscent of that observed when sexually immature fish are stressed by
avercrowding (Pickering & Pottinger 1987¢c). In the case of sexual maturation,
however, crowding is not a contributory factor because sexually immature
fish kept together with the mature fish (.e. in the same tanks} do not show
such changes. The lymphocytopenia parallels the changes in plasma cortisol
so closely that it is difficult to avoid the conclusion that the two phenomena
are functionally related (Pickering & Pottinger 1987a). However, chronic
administration of low doses of cortisol to sexually immature fish was
ineffective in changing the white blood cell count even though it still resulted
in a predisposition to disease {Pickering & Pottinger 1985c). Further work on
possible differences in corticosteroid-sensitivity of the lymphoid tissues (tissues
responsible for the production of white blood ceils) between mature and
immature fish is needed if this problem is to be resolved. Despite this, sexual
maturation in salmonid fish is accompanied by physiological changes
(interrenal stimulation, lymphocytopenia) that are similar to those found in
chronicaily stressed fish. In both cases the fish are more susceptible to disease.

Research Areas for Future Development

It is clear from cur studies that the prolonged elevation of blood cortisol
levels predisposes salmonid fish to a wide range of diseases. This occurs in
response to chronic stress, in the period before the fish acclimate to the .
changed environmental circumstances, and also during the natural process of
sexual maturation. If we are fully to understand the mechanisms behind this

‘response and if we are to control the fish's physiology under conditions of
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mechanisms for controlling population size. Under crowded conditions,
increased mortality rates and reduced reproductive success as a result of
physiological stress responses, would act to reduce the population density to
a level where such responses were minimal.

Sexual maturation is a special case of prolonged interrenal activation that
has developed, quite naturally, during the course of evolution. The advantages
of this response in terms of the fish's energy requirements during a period of
virtual starvation may be greater than the disadvantages of a demonstrable
increase in susceptibility to disease. Support for this line of thought can be
obtained from the extent of interrenal activity in different species of salmonid
fish during the spawning season. In general, those fish with the longest
spawning migrations (and, therefore, the greatest energy requirements) have
the greatest amount of interrenal tissue and the highest cortisol levels. This
line of evolution is taken to its limit with the Pacific salmon (genus
Oncorhynchud in which the fish die of exhaustion and disease after a single
spawning (semelparity). Under the unnatural conditions of intensive aqua-
culture, the increase in susceptibility to disease of sexually mature salmonids
is a serious problem because diseased fish act as a potential source of
infection for the other fish within the unit.

Summary

(al A central component of the physiologica! response of salmonid fish to
any form of environmental stress is an activation of the-hypothalamic-
_n:cm_ﬂma\-,:ﬂm:m:m_ (HPi) axis. This results in an elevation of blood cortisol
avels. Co

(b} Cortisol is of adaptive significance during acute stress responses by
enabling the fish to utilize energy reserves in ‘order to avoid or overcome the
stress. . .

{c) In responses to chronic stress, however, prolonged elevation of blood
cortisol levels can predispose the fish to disease by suppressing the defence
systems. Eventually, the HPI axis may acclimate with a return of blood cortisol
levels to normal,

{d) Sexual maturation is also associated with an increase in susceptibility to
disease. A prolonged elevation of cortisol levels together with androgen-
dependent changes in the skin are responsible for such changes in disease
resistance in sexually mature fish. . .

(e} These findings are discussed in relation to the evolution and adaptive
significance of stress responses and to the development of semelparity in
salmonid fish.
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Cortisol binding has been identified in cytosols prepared from rainbow trout liver.
Binding is of high affinity (k; w 5.1 % 0.2aM, n = 23) kow capacity (N___ = 197 % 12 fmel
mg™! prolein, n = 23), and high specificity, only dexamethasone, cortisol, and Ru38486
being efficient in displacing bound {*Hcortisol. Binding is not due to contamination by biood
because plasma displayed no affinity for cortisol under the assay regime employed here and,
althaugh whole blood cytosol does specifically bind cortisol, the degree of contamination is
demonstrably too low to account for the levels of binding detected in liver cytosol. No
specific binding of [*H]contisol could be detected In liver nuckear extracts, although the

simultaneous assay for nuclear estradiol-binding sites was positive. Rainbow trout stressed
by confincment displayed a significant reduction in cytasolic "Hicortisol-binding capacity
{with no concomitant detectable appearance of binding within nuclear extracts), 96-hr con-
finement eliciting a 40% depression in binding capacity relative to unstressed fish. The
administration of cortiso] via intrapesitoneal impl also reduced, significantly, the num-

ber of hepatic-binding sites. The results are discussed with reference to anomalics in re-
ported characteristics of teleost glucocorticoid receplors and the phenomenon of down-
regulation observed in some mammalian systems. © 1990 Academic Press, fnc.

Activation of the salmonid pituitary-
interrenal axis under conditions of stress
has been exteasively characterized (Picker-
ing, 1989) and the deleterious consequences
of chronic cortisol ¢levation are becoming
cqually well understood. These include pre-
disposition to disease (Pickering and Pot-
tinger, 1989), suppression of reproductive
function (Carragher er al., 1989), and re-
duction in growth rate (Barton ef al., 1987).
Investigations so far have concentrated on
measurement of the primary stress re-
sponsc (plasma ACTH and cortisol levels)
and subsequent effects in terms of a sec-
ondary response (e.g., plasma metabolite
levels, lymphocyte abundance, levels of re-
productive hormones). No information is
yet available on the role of target tissues
themscelves in modulation of the stress re-
sporise’ The transduction of the hormone

signal to target tissue respanse occurs viaa
specific hormone receptor, and studies in
mammalian systems suggest that tissues
can control their sensitivity to glucocorti-
coids by eltering the number of receptors
present within the cell (Danielsgn and Stall-
cup, 1984). To date, putative cortisol recep-
tor proteins have been characterized in de-
1ail in only two salmonid tissues, gill and
liver (Sandor ef al., 1984; Chakraborti and
Weisbart, 1987; Chakraborti et al,, 1987).
Many studies show that administration of
€X0genous cortisol 1o teleosts produces al-
terations in hepatic metabolism (Freeman
and Idler, 1973; Chan and Woo, 1978;
Davis ¢! al., 1985; Inui and Yokote, 1975;
Whiting and Wiggs, 1977; Foster and
Moon, 1986) and it is likely therefore that
stress-induced perturbations in intermedi-
ary metabolism (Leach and Taylor, 1980;

+ 0016-6480/90 §1.50
Corrpright © 1959 by Academic Prew, Inc,

2 T. G. POTTINGER

Ellsaesser and Clem, 1987) are at least par-
tially mediated by cortisol and hence re-
quire a hepatic cortisol receptor. The aim of
the present study was, first, lo determine
whether cortisol-binding sites could be
identified within'the fiver of rainbow trout,
and second, to assess whether the nature of
such sites was modified by chronic stress.

MATERIALS AND METHODS

Fish. Two-year-old rainbow trout (Stirling $train)
were maintained at a deasity of 50 fish per tank (mean
weight, X = 308 = 17 g, SEM) in 1500-liter outdoor
fitreglass tanks, each supplied with a constant flow of
lake water (35 liters min~"). The fish were fed once
daily with commercial feed at 2 rate of 1% body weight
day ™. To determine the effects of confinement stress
on levels of hepatic cortisol binding, four groups of 8
fish (cach group comprising 2 fish from cach of four
slock tanks) were confined to S0-liter polypropylene
tanks with a constant flow of lake water (15 liters
mia =), The fish were then sampled 24, 48, 72, and 96
hr after the onsct of confinement (one group of fish at
each time interval). At cach sample, & further 8, un-
stressed, fish (2 from each of four undisturbed stock
tanks) were removed, to provide coatrols. Fish were
immediately anaesthetized in in 2-phenoxyethanol
(1:2000) and & blood sample was removed using s hep-
arinized syringe for cortisol determination. Fish were
then Xilled by a sharp blow to the bead, weighed, mica-
sured, and sexed and the livers were removed and
treated as described bekow. To determine the effect of
cxogenous cortisol on levels of hepatic cortisol bind-
ing, the following procedure was employed, Eighty 2-
year-old rainbow trout (Annan strain mean weight, ¥
= 1056 = 53 g, SEM) were divided equally among four
1500-liter outdoor fibreglass tanks, maintained as
sbove. The fish from two tanks reccived an intraperi-
toneal injection of molica cocoa butter (0.5 mi) con-
taining sufficicat conisal W provide a dose of 60.0 mg
kg~* body weight. Fish from the remaining two tanks

received cocoa butter vehicle oaly, After 2 weeks, §

fish from each tank were sampled and processed as
described above (16 fith per treatment).

Tissue preparation, Livers were placed in bomoge-
nization buffer (50 mM Tris—HC!, 12 mA monothio-
glyeerol, 1.0 mM EDTA, 10.0 mM sodium molybdate,
end 20% glycerol) oa ice, After rinsing in bufler, Livers
were weighed and fresh homogenization buffer was
added in the ratio of 2.5:1 (voliweight). Tissuc was
minced finely with scissors and homogenized, oa ice,
using an IKA-Ultra Turrax (T18/10) for 10-sec bursts
with cooling b bursts. Homogenates were de-
canted Tnio Gentrifuge tubes and spun at 1000g for 30
min d¥ 3% 1o prepare & crude nuclear pellet. Superna.

tant (crude cylosol) was aspirated into a clean tube.
The pellet was washed three times in 20.0 ml buffer by
resuspension and recentrifugation, then 25.0 ml ex-
traction buffer (0.7 M/ KCl in homogenization buffer)
was added to the pellet which was resuspended and
incubated at 4%, with frequent mixing for 1 hr, Dextran-
cozted charcoal suspension (DCC, 1.25% activated
charcoal, 0.125% dextran in homogenization bufTer}
was added to crude ¢ytosol, to remove endogenous
steroids, in the ratio of 1:1 {vol:vol}, mixed, and incu-
bated at 4° for 45 min and then spun at $0,000g for | hr
at 4°. The resulting ¢lear supermnatant was aspirated
into clear tubes and stored at —70* until required for
assay. Nuclear extracts were similarly wreated with
DCC, spun down, and stored at —70%.

. Quantification of steroid binding. The binding of

{*H)cortisol to liver cytosol and nuclear extract was
quantified by saturation analysis. Cytoso! containing
2.0-5.0 mg protein ml™* was incubated in duplicate
200-p! aliquots with 100 il homogenization buffer con-
taining 1.5-18.0 aM (1, 2, 6, 7 - *H)cortisol (86 Ci
mmol ™!, Amersham International) both with and with-
out a 1000-fold excess of inert cortisol, Afler incuba.
tion for 4 hr at 47, unbound steroid was removed by the
addition to each tube of 200 1) DCC, followed by in-
cubation on ice for 10 min (determined by prior exper-
imentation to be the optimal incubation period) and
centrifugation at 1000g for S min at 4°. Aliquots of
supernatant were remaved, added to 5.0 ml Unisolve |
scintillant (Koch-Light) in a vial, and counted under
standard tritium conditions. Specific binding was cal-
culated from total and nonspecific binding and the
cquilibrivm dissociation constant (kp) and maximum
number of binding sites (M,,.) were calculated ac-
cording to Scatchand (1949). The assay procedure was
ideatical for puckar extracts, Plasma binding was as-
scised using the same protocol but fivst diluting
plasma 110 with bomogenization buffer. Estradiol
binding was ais0 measured using this procedure, byt
substituting [1, 2, 6, 7 - *Hlestradiol (100 Ci mumol =",
Amersham International) and inert estradiol,

Proceln determination. Protein ztioa in the
various prepanations was determined by the mcthod of
Ohnizshi and Barr {1978).

Effect of proteolytic enzymes on binding of
(Hlcortisol to liver cytosol. Ten replicate tubes con-
taining 200 wl tiver cytosol and 1 pemol [PHjcortisol,
with or without excess inert cortizol, were incubated
with 200 p homogeaization buffer containing 500 pg
bacterial protease (Sigma, 5.6 U/ mg™"). A further 10
tubes were incubated with 200 gl buffer only. Total

.Esaeombnmﬁwﬁiﬂunngbﬁ_ﬂu-go. N

Speclficlty of binding of ["Hcortlsol 1o fiver cytasol.
Eggﬁyﬁgéggﬁ?ﬁ%
€ate together with | pmol [*Hlcortisol and 0, 1, 10,
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STRESS AND CORTISOL BINDING IN TROUT 5
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FiG. 2. The time course of binding of {*H]conisat to rainbow trout liver cytosol at 4°. Solid line, Fraction

specifically bound steroid; upper broken line, total bound steroid: lower broken line, nonspecifically

bound steroid.

ANOVA revealed a significant treatment
cffect and treatment/time interaction in the
number of hepatic cortisol-binding sites.
This was resolved as no significant differ-
ence at 24 hr in the number of cytosolic-
binding sites in stressed and unstressed fish
(142 = 14 vs 161 = 8, n = §) but signifi-
cantly fewer sites in the liver of confined, as
opposed to unconfined fish (all P < 0.001)
in the remaining three samples (Fig. 5b).
Cortisol implantation significantly ele-
vated plasma cortisol levels in treated fish
relative to the sham-implanted fish (sham-
implanted ¥ = 4.2 = 0.9 ng ml™%; cortisol

s§‘

4
0.‘ L1
-

[

]

" Specificaly bound sterok (%}

implanted ¥ = 163 = 2.l ngml™); P <
0.00L, n = 16, ¢ test). The number of cor-
tisol-binding sites in the liver of cortisol-
treated fish was depressed relative to con-
trol fish (sham-implanted ¥ = {23 = 7 fmol
mg~! protein; cortisol-implanted ¥ = 99 *
7 fmol mg™" protein; n = 16, £ < 0.0, ¢
test) and there was a significant relationship
between the plasma cortisol level at the
time of sample and the number of hepatic-
binding sites (Fig. 6).

DISCUSSION
Rainbow trout liver cytoso! binds [*HJ-

v
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Moler encess of competiion

Fi. 3, Binding spocificity of rtinbow trout liver eytosol. Data are expressod as the percentage of
[PHlcortisol bound at the given concentration of unlabeled competitor. D, dexamethzsone: F, contisol:;
RuysRu38486; C, contitone; B, corticosterone: E, estradiol-178; 11-DOC, 11-deoxycortisol; I7THP,

1ichydroxyprogesicrone; 1IKT, 11- ketotestasterone; T, lestosterone.

FiG. 4. The p

¢ of specific binding sites for ("Hlcortisol and [*Hlestradiol in rainbow trout liver

cytosol, auclear pellet washes, and nuclear extract. Each point is the mean of four determinations. E,
specific estradiol binding; C, specific cortisal binding,

cortisol with an affinity, specificity, and ca-
pacity suggestive of the presence of a spe-
<ific steroid receptor protein. Binding to
cytosol is protcase sensitive and displays
an equilibrium dissociation constant (kp) of
5.0 nM, close to that reported for cortisol
binding in the liver of brook trout (4, = 5.6
nM; Chakraborti and Weisbart, 1987) and
not dissimilar from that reported for brook
trout gill cytosol (kp = 3.2 nM; Chakraborti
et al., 1987), ¢cl and rainbow trout gill cy-
tosol (kp = 2.8 and 1.4 nM, respectively;
triamcinolone acetonide as ligand; Sandor
et al., 1984), and eel gut mucosal cytosol
(kp = 5.2 nM; DiBattista er al., 1984; k, =
23 nM, TA as ligand; DiBattista e/ al.,
1983). Similarly, the maximal binding ca-
pacity determined for rainbow trout liver
cytosol in this investigation, 200 fmol mg ™!
protein, is of the same order as that deter-
mined in brook trout liver cytosol (167 fmol
mg™" protein; Chakraborti and Weisbart,
1987), brook trout gill cytosol (224 fmol
mg™' protein; Chakraborti ef ai., 1987),
and rainbow trout gill ¢ytoso! (271 fmol
mg ™! protein; Sandor et al., 1984). Further-
more, the hierarchy of the ability of various
steroids to displace [*H]cortisol from its
binding sites, dexamethasone > cortisol >
Ru3lB486 > corticosterone > |{-deoxy-

cortisol > cortisone, is similar to those de-
scribed for brook trout liver (Chakraborti
and Weisbart, 1987), eel gill (Sandor et al.,
1984}, and eel gut (DiBattista er al., 1983).

The receptor-like binding of cortisol ob-
served in rainbow trout liver in the present
investigation is likely to be hepatic in origin
rather than due to contamination by blood
since plasma was not found to bind
{*H]cortisol under the assay conditions em-
ployed here, and whole blood, although
containing high affinity cortisol-binding
sites, has a kg, for cortisol significantly dif-
ferent 1o that of liver (2.3 ¢f. 5.1). Also,
whole blood cytosol has too few binding
sites to account for binding within liver cy-
tosol at the level of contamination mea-
sured (1 in 30) and no correlation was ob-
served between haemoglobin concentration
and the number of binding sites in liver cy-
tosol. In addition, no evidence that cortisol
was metabolized 10 a significant extent dur-
ing incubation was found.

It was not found possible, during the
present investigation, to demonstrate spe-
cific binding of cortiscl to nuclear extracts.
Specific cortisol binding was absent from
all preparative fractions except cytosol.
Specific estradiol binding was detected in
the same nuclear extracts, however, sug-
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STRESS AND CORTISOL BINDING [N TROUT 9

nuclear binding are necded before the func-
tional significance of hepatic cortisol bind-
ing can be determined.
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Implantation of a cortisol-~containing pellet into the peritoneal cavity of

The effect of cortisol adeinistration on hepatic and plasma eatradiol-binding iamature female rainbow trout raised plasua cortisol levels within the range

capacity in {mmature female rainbow trout (Oncorhynchus oykiss). commonly observed in chronically stressed fish., In cortisol-implanted figh

there was a significant decline in the concentration of hepatic

estradiol-binding sites relative to sham-implanted controls. This consisted of

T.G. Pottinger and A.D. Pickering. a 35X drop in cytosolic binding sites, and a 29¥ reduction in the number of

nuclear estradiol-binding sites. by 4 weeks post-implantation. Plasma

Institute of Freshwater Ecology, estradiol-binding capacity was also influenced by cortisol treatment. After 2

The Ferry House. weeks there was a 33% increase in plasma estradiol-binding capacity of cortisol

Far Sawrey, implanted fish. Plasma estradiol levels were unaffected by cortisol

Acbleside, implantation suggesting that the effects of cortisol on estradiol-binding sites

Cumbria LAZ2 OLP were not mediated by altering the rate of estradiol secretion, The results

U.K. indicate a possible mechanisa by which environmental stress may suppress

vitellogenesis.
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were sipilarly treated with DCC, spun down, and stored at -70°C.

Quantification of steroid binding. The binding of Humu estradiol to liver

cytosol and nuclear extrect was quantified by saturation analysis. Cytosol
containing 2.0-5.0 mg protein nwuu was incubated in duplicate 200 upl aliquots
with 100 pl homogenization buffer monnausnan 1.5 - 18.0nM {1, 2, 6, 7 - wmu
estradiol {106 Ci Baownw. Amersham International) both with and without a
1000-fold excess of inert cortisol, After incubation for 3 h at eon. unbound
steroid was removed by the addition to each tube of 200 pl DCC, followed by
incubation on ice for 15 min (determined by prior experimentation to be the
optiomal incubation period) and centrifugation at 1000 g for 5 min at §%.
Aliquots of supernatant were removed, added to 5.0 ml Unisolve 1 scintillant
{Koch~Light} in & vial and counted under standard tritium conditions. wuan»num
binding tmm calculated from total and non-specific binding and the equilibrium
dissociation constant Axcv and paxioum nuasber of binding sites nzamxv were
calculated according to Scatchard {1949). The assay procedure was identical
for nuclear extracts. Plasma binding was assessed using the same protocol but
first diluting plasma 1 : 10 with homogenization buffer. During the assay
sanples were incubated for 2 h at kon and for 10 min with DCC,

Protein determination. Protein concentration in the various preparations was

determined by the method of Ohnishi and Barr (1978).

Cortisol radicmmuncassay. Plasma cortisol levels were deteruined eccording to
methodology in Pickering et al. {1987).

Estradiocl radioiemuncassay. Estradiol levels in plasma were determined using

the assay protocol described by Pottinger and Pickering nwwmwv for androgens,
but omitting the TLC stege and employing an antiserum supplied by Dr. Z. Yaron
(Tel Aviv}. For details of cross-reactivities see Bogomolnaya and Yaron
{1984).

Specificity of binding of [ H] estradiol. Aliquots (200 ul) of cytosol were

incubated in triplicate together with 1 pmol mwxu eatradiol and 0, 1, 10, 100

HE O 05 SN AR W= Ay B0 AE B 4R B A Dh @y G By m W aE ue

and 1000 pmols of competitor, for 3 h at 4°C. Specific binding was
determined as sbove. A similar procedure was carried out-for nuclear extract
and plasoa.

Time~course of binding of ﬂwmu estrediol. Aliquots (200 ul) of cytosol or

diluted plasma were incubated together with 1 pmol mw:u estradiol for 15 min,
30 min, 45 win, 1h, 2h, 3h, 4h, Sh, 6h, 18h, 24h and 48h at §°C both in the
presence and absence of a 1000-fold excess of inert estradiol. At each time,
total and non-specific binding was nnnonansma as described above.

Statistical analyses.

Significance of the results was assessed using an unpooled t-test (Minitab).

Results are expressed as mean + standard error of the mean (SEM)
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DISCUSSION
Estrogen receptors have been identified and characterized in s range of teleost

species including the winter flounder, Pseudopleuronectes Americanus (Sloop et

al, 1984}, black goby, Goblus niger (Le Menn et al, 1980), Atlantic salmon,

Salmo salar (Lazier et al, 1985), brown trout, Salmo trutta (Pottinger, 1986)

and brook trout, Salvelinus fontinalis (McPherson et al., 1988). The binding

ol estradiol to components of rainbow nrdcn liver cytosol and nuclear extract
is sioilar in character to that reported for other species. Estradiol is bound
with high affinity to cytosol :_nu\f: nM} and nuclear extract :nu? 2 nM) and

1 protein).

with limited capacity in both cases Azaux.(.mo - 100 fwol mg
Binding was highly specific for estradiol in both cytcsol and nuclear extract.
Of the steroids tested only estrone coopeted to any degree. To ensure that the
binding sites measured in liver preparations were hepatic in origin, estradiol
binding in plasma was also partially characterized. The equilibrium
dissociation constant ﬁxc.( 17 nM} and binding capacity (0.5 - 2.0 pmol amn_.
protein) determined for estradiol in rainbow trout plasma also resemble those

previously reported for salwonids (Lazier et al, 1985; Pottinger, 1986).

Furthermore, the fact that the androgens testostercone and ll-ketotestosterone
compete successfully with estradiol for binding sites in plasma, in contrast to
the liver preparations, suggests that the binding of estradiol measured in
plesma can be attributed to the distinct sex horwone binding protein previously
identified in rainbow trout (Foatier and Breton, 1975). Plasza binding was
found to be considersbly less stable than cytosolic binding. Instability of
steroid-protein interaction has also been observed in goldfish plaswa {Pasmenik
and Callard, 1586).

Ieplantation with cortisol-containing cecoa butter pellets was successful
in maintaining elevated levels of cortisol in the plasma of treated fish for
between 2 and 4 weeks, Although low (~16.0 ng m1”™1) these levels ece
sinilar to thoae observed in chronically stressed salmonids (Pickering et al,

1987; Pickering and Pottinger, 1989) and closely resemble the levels observed

10

by Carcagher et al. (1989) in rainbow trout implanted at a sioilar dosage.

Dirfferencea between the treated and untreated fish, in terms of both hepatic
{cytosol and nuclear) end plesma estradiol-binding capacity, were observed.
The number of cytosolic binding sites was significantly reduced at both 2 and 4
weeks post-implantation, and significantly fewer binding sites were present in
nuclear extracts of fish treated with cortisol for 4 weeks than in the
corresponding controls. Overall, there was a significant inverse relationship
between plasma cortisol levels and the number of cytosolic binding sites.
Since certisol does not compete with estradiol for binding-sites {see Fig. 2)
and, furthermore, all fractions were treated with DCC prior to assay, the
results strongly suggest that prolonged elevation of plasma cortisol levels is
capable of ceusging a 39._030:.»: the number of estradiol receptors within the
liver of rainbow trout. A positive relationship is known to exist between
estradiol level and number of hepatic binding sites in salmonids both in vivo

{Lazier et al., 1985) and in vitro (Mommsen and Lazier, 1986). Cortisol is

knouwn to suppress plasma estradiol levels in mature female salmonids n.nauqnmrm.,

et al., 1989) and, therefore the present study was carcied out with immature

female trout, with low plaswa estradiol levels, to avoid a potentially
confounding effect of cortisol on ovarian steroid secretion. No significant
difference {n plasma estradiol levels could be demonstrated between groups of
fish in the present study. WYhether ﬂ_.-omm results indicated that chronic stress
impairs Q.o ability of the liver to respond to estradiol remains to be seen,
but it 1s of interest that we have previously observed a suppression of plesca
vitellogenin levels in immature female rainbow trout, treated with cortisol,
despite there being no discernible effect on plasma estradiol levels (Carragher

et 8l., 1989}, It wight be postulated that the low levels of estradiol

present in immature fizh are still sufficient to prosote vitellogenesis,
albeit at a very low level, and that a cortigsol-induced reduction in hepatic
receptor cosplement is reflected in the reduced plasma vitellogenin levels.

The results reported here are not without precedent, In rats, injection of the
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** . p <0.01, *"" p <0.001 (x + SEM, n = 16).
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Fig. 6. The relationship between plasma cortisol levels and the number of 1
A -
cytogsol estradicl-binding sites in control and cortisol-implanted immature
female rainbow trout. (y = 115 - 1.62x, p <0.001, n = 64). : 12 4
Fig. 7. The concentration of estradiol-binding sites in plasma {(a) and total 10 1
estradiol-binding capacity of plasma {b)} from control (unshaded bars) and 8
cortisol-implanted (shaded bars) immature lewale rainbow trout at 2 and 4 weeks /
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post-implantation. Values significantly different from controls are denoted : 6 4 . . v T . r '
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STRESS AND THE SUPPRESSION OF SOMATIC GROWTH IN TELEOST FISH

A. D. Pickering

Institute of Freshwater Ecology, Windermere
Laboratory,

Ambleside,

Cumbria LA22 OLP, U.K.

INTRODUCTION

One of the responses of fish to most forms of environ-
mental stress is a reduction in growth rate, a response which
may have important economic consequences for the aquaculture
industry. Somatic growth {n fish is influenced by many
factors, some of which are hormonal. The aim of this paper
is to identify the endocrine systems concerned with growth
regulation and to examine, where possible, the effects of
environmental stress on these systems.

The hormones known to influence growth in fish can be
divided into two groups, the anabolic and catabolic hormones,
Of the anabolic group, pitufitary growth hormone i{s probably
the one hormone most usually associated with growth promotion
(see eg. Agellon et al., 1988) but gonadal steroids and
thyroid hormones have also been shown to be effective growth
promoters {McBride and Fagerlund, 1976; Higgs et. al,, 1977)
and insulin is known to increase amino acid incorporation
into the body musculature of teleost fish (see Donaldson et
al., 1979). Of the catabolic hormones, the corticosteroids
and catecholamines are probably the most important. This
paper will concentrate on the effects of environmental stress
on the corticosteroids, the gonadal steroids and pituitary
growth hormone and changes in the plasma levels of these
hormones will be interpreted in terms of the effects of
‘stress on somatic growth,

THE HYPOTHALAMIC-PITUITARY-INTERRENAL (HPI) AXIS

Cortisel is the predominant corticosteroid in most of
the teleost groups so far studied (Henderson and Garland,
1980) and the elevation of plasma cortisol in response to
stress is probably the most well-documented hormonal response
in the whole field of fish endocrinology. Plasma ACTH is
elevated within 2 minutes of an acute stress such as handling
and confinement {Sumpter et al., 1986) and the resultant .
cortiscl elevation may persist for several hours. Usually, ’
however, the plasma cortiscl concentration returns to basal;
values. within 24 hours (Pickering and Pottinger, 1989), ’
When a fish is subjected to a chronic stress (ie. a continu-
ous stress from which there is no escape) blood cortisol
levels are again elevated but the elevation may persist for
several days or even weeks. Thus, Pickering and Stewart
{1984) showed that when brown trout, Salmo trutta, are
subjected to overcrowding, blood cortisol levels were elevated
for at least 25 days before acclimation ultimately occurred.
In a more extreme example, cortisol levels in the brock
trout, Salvelinus fontinalls, may be still elevated 6 months
after expesure to low pH (Tam et al., 1987). Even in chron-
ically-stressed fish whose plasma cortisol levels have retur-
ned to basal values (ie. acclimated fish), recent evidence
suggests that the kinetics of cortisol secretion and clear-
ance may be markedly altered (Redding et al., 1984a; Balm,
1986) and the number of cortisol receptors in the target
tissues may also be significantly decreased in chroniecally-
stressed fish (T.G. Pottinger, unpublished).

The catabolic action of cortisol is responsible for the
mobilisation of energy reserves {gluconeogenesis, lipolysis;
see Leach and Taylor, 1982; Sheridan, 1986), presumably of
adaptive value to a stressed fish whose immediate concern is
to avoid or overcome the immediate threat. However, the net
effect of this catabolism is a reduction in the growth rate.
Indeed, cortisol treatment causes a clear suppression of
somatic growth in the rainbow trout, Salmo gairdneri (Barton
et al., 1987) and in the channel catfish, Ictalurus punctatus -
(Davis et al., 1985). Thus, the elevation of blood cortisol
levels in stressed fish is undoubtedly responsible for some
of the observed growth suppression.
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conditions of crowding/water quality deterioration. Interest-
ingly, the plasma GH levels were positively correlated with:
the cortisol levels, confirming the presence of a chronic
stress response in these fish te the adverse environmental
conditions. A similar elevation of plasma GH levels has

been observed in other species of anadromous salmonid fish
which have been prematurely transferred to sea water. This
causes the problem of 'stunting', where the fish stops
growing, turns dark, is more susceptible to disease (increase
in mortality rate) and exhibits all the characteristics of
chronically-stressed fish. Most importantly, plasma GH
levels increase dramatically (Bolton et al., 1987; Bjornsson
et al., 1988). Starvation also causes an mwmqmnno: of GH
levels in teleost fish (Wagner and McKeown, 1986) and we
interpret the changes in chronically-stressed fish as a
response to its overall metabolic state (ie. its state of
starvation), rather than as a direct response to the environ-
mental conditions. Thus, stress might suppress GH levels in
the short-term but, over a longer period, other influences

on the metabolic state of the fish may promote an increase

in plasma GH levels. If the immunclogically active GH
measured in chronically-stressed fish represents biologically
active hormone, it would seem that the block to growth must
exist elsevhere in the system, perhaps at the level of
insulin-like growth factors or the GH receptor. In this
connection, it is interesting that Fryer and Bern (1979)

has demonstrated a marked reduction in the number of GH
receptors in stunted coho salmon, Oncorhynchus kisutch.

CONCLUSIONS

This paper has demonstrated 3 possible hormonal path-
ways involved in growth suppression of stressed, teleost
fish:-

a) A state of catabolism induced by elevated cortisol

levels.

b) Suppression the potentially anabolic steroids, test-
osterone and ll-ketotestosterone in sexually maturing
fish.

ov Short-term suppression of vwmmsh om Hm<mua following
. “acute stress.

It is likely that this represents only part of a complex
series of hormonal events controlling growth processes in :
fish. Thus, the thyroid hormones {either alone or in combin-
ation with other hormones) are effective growth promoters

(Higgs et al., 1977) and thyroidal physioleogy is undoubtedly
influenced by environmental stress. In general, chronic
stress reduces T. and Ho levels (Osborn and Simpson, 1974:
Simpson, Howm\umw whereas an acute stress has been shown to
elevate T, levels (Brown et al., 1978). This latter effect
is unocmvmw mediated by catecholamine release (Eales et al.,
1986). Links between the HPI axis and the pituitary/thyroid
axis have been postulated but the effects of cortisol on
thyroidal activity are equivocal (Milne and Leatherland,
1980; Redding et al., 1984b; Leatherland, 1987). The recent
finding by Young (1989) that growth hormone treatment :
increases the sensitivity of the coho salmen interrenal gland
to ACTH and that cortisol stimulates the release of GH from
the tilapia, Oreochromis mossambicus, pituitary gland in
vitro (Nishioka et al., 1985) argues for links between the
HPI axis and GH secretion. Virtually nothing is known about
the effects of environmental stress on prolactin {PRL}
secretion in fish whereas in mammals, PRL secretion is almost
as characteristic a response as ACTH/ corticosteriod secret-
ion to many forms of stress. As the techniques for. the study
of teleost endocrinology are developed and improved, it is
envisaged that other hormonal pathways will be shown to be
instrumental in the suppression of somatic growth in stressed
fish.
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Husbandry and Stress in Figh

A.D. PICKERING Institute of Freshwater Ecology, The Ferry House, Far

Sawrey, Ambleside, Cumbria, LA22 OLP, [.K.

INTRODUCTION

The definition of stress in biclogical systems has been the subject of
considerable debate (see Pickering, 1981) yet there is still no concensus of
opinion. One of the most severe definitions is that of Brett (1958) in which
stress 1s defined as "a state uanﬁoon. by any environmental factor which
extends the norzal adaptive responses of an animal, or which disturbs the
normal functioning to such an extent that the chances of survival are
significantly reduced”. Froam the aquaculture point of view, conditions which
decrease the chances of survival (ie. incresse the mortality rate) would
certainly be described as stressful but there are other circumstances in which
the mortality rate may not be affected yet other aspects of the vmnnonrgnm
capacity of the fish are impaired (Schreck, 1981). Eavironmental changes which
suppress growth rate, for example, could olso be described as unm@aa?w.

Despite such probleas of definition, most fish -.naammd (and biologists)
have an intuitive notion of those environmental conditions which are danaging
to fish and the aim of this paper 15 to review what is known sbout the
endocrinological changes that occur in stressed fish and then to consider the
consequences of these changes in terms of the performance of the fish.
Particular attention will be given to effects mediated via changes in the
activity of the hypothalamic-pituitary~ interrenal axis. The precticability of
avoiding the worst effecta of aquacultural stress is explored as is the

potential for the selective broeding of fish with a reduced stress response

1990 Recent Advances in Aquaculture (eds J.Planas, m..NnEQ end N.Bromage)

2
(ie. accelerating the rate of domestication)}. Inevitably, this paper will draw
heavily upon our own work on the stress responses of salmonid fish but an
attempt will be made to include other species which are of importance to the

aquaculture industry.

ENDOCRINOLOGY OF THE STRESS RESPONSE

The stress response in mammals has classically been described by the
activation of two components of the neural/endocrine system, the adrenergic
system and the pituitary-adrenal axis (Selye, 1956). Together, these
effectively switch the animal's metabolisa from an anabolic state (in which
energy is being taken up and stored} to a catabolic state {in which energy
reserves are broken down). This energy mobilization is presumed to be of
adaptive value in the natural environment as the animal attempts to avoid or
93—.6050 the immediate threat.

Teleost fish show a similar response to most, if not all, forms of
environmental stress. Thus, the concentrations of plasma catecholazines are
rapidly elevated (Mazeaud and Mazeaud, 1981) as are corticosteroids in the
blood (Donaldson, 1981), These two groups of hormones have multiple functions,
many of which are of adaptive value to a stressed fish. For exasple,
catecholemines are both hyperglycemic and lipolytic (Larsson, 1973; Sheridan,
1987}, gok prooote branchial lamellar perfusion {Booth, 1979} and increase the
oxygen affinity of the erythrocytes (Nikinmaa, 1982}, Corticosteroids
sticulate gluconeogenesis in fish (Janssens and t.wcnnag. 1988; see alsc Suarez
and .:oEo:. 1988}, they stioulate lipolyais (Sheridan, 1986} and promote
ion-transport (Balm, 1986), an important property as the fish attempts to
regain osmotic equilibrium with the environment during its recovery from
stress.

In studies with salsonid fish, the activity of the hypothalamic-

pituitary-interrenal (HPI} axis, in particular, has been used to assess the
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known that certain forms of stress stimulate the pars intermedia. Thus thermal

shock, but not handling stress, stimulates the release of a-MSH and endorphin
{Sumpter et al., 1985; Pickering et al.. 1986). However, apart from a role of
MSH in colour change, the function(s) of these hormones in fish (and hence the
physiological significance of this aspect of the stress response)} is unknown.

In nammgls, environmental stress is also known to suppress the
pituitary-gonadal axis and impair reproduction (Moberg, 1985) but little is
known about the effects of stress on fish reproduction (see Billard et al.,
1981). Recently, we have shown that both acute {handling) and chronic
(confinement) stress can suppress androgen levels in maturing mele brown trout
(Pickering et al., 1987) and that some of these effects can be oimicked by
cortisol implentation (Carragher et al., 1989). Cortisol implantation in
otherwise unstressed fish alsc suppresses the pltuitary-gonadal axis of
sexually maturing female trout. These studies raise the possibility that the
stress-induced suppresaion of the pituitary-gonadal axis is mediated by
activation of the HPI-axis, The consequances of cﬁn. phenosenon, in terms of
reproductive success. remain to be elucidated (see below).

The development of specific radioimmuncassays for salmonid growth
hormone (CH} now opens up ancther area of stress physiology/ endocrinology.
Environsental stress 1s known to markedly suppress the growth rate of teleost
fish yet, paradoxically, the available published evidence suggests that plasma

GH levels are incressed in response to acute stress {Coock and Peter, 1984).

Moreover, when salmcnid figh are preocaturely transferred to sea water the figh
become stunted, turn dark i{n colour and show poor survival, all characteristics
of chronically-stressed fish. Under these conditions plasma GH levels are algso
invarisbly elevated (Bolton et al., 1987; Bjornsson et al., 1988). It has been
proposed, therefore, that the problem of suppressed grovth rates in such
‘stunts’ is related to target tissue sensitivity rather than the rate of

" pituitary GH secretion, a suggestion which 1s supported by the observation that

6
GH binding in membrane preparations from the liver and gills of coho salmon,

Oncorhynchus kisutch, stunts is deficient compared with similar preparations

from normal smolts (Fryer and Bern, 1979). Clearly, much more information is
now needed on the sechanisms of action of GH in both normal and stressed fish
and on the possible role of insulin-like growth factors.

The pitultary-thyroid oxis of fish is sensitive to various forms of

environmental stress although the evidence is-fragmentory and somewhat

. contradictory. Osborn and Simpson (1974) found that transporting rainbow trout

from a form to the laboratory resulted in a rapid decrease of thyroxine A.:L
and triiodothyronine S.ug levels in the blood and that those low levels were
naintained for the next 30 days. Moreover, netting and confinement also had a
prolonged, suppressive effect on .ua levels in this species (Simpson,

1975/76). Similarly, Leatherland and Sonstegard {1978) reported that PCB
contanination reduced .—.a and dw levels in coho salmon. By comparison,

plasma .H.c levels in rainbow trout showed a transient elevation following the

acute stress of saline injection or blood sampling (Brown et al,, 1978). This
effect 1is probably mediated by catecholamine release {Eales et .L.... 1986} .
H..wn_nu between the HPI axis and the thyroid gland have alsc voos.vOMnc“_.nooa but
the effects of cortisol treatment on thyroidal activity are 9.6.: more equivocal
than are the effects of stress. Cortisol has variously been shown to increase
.H._._ levels (Milne and Leatheriand, 1980}, have no effect on thyroid hormones
{Leatherland, 1987), decrease u.w but have no effect on ._.a (Redding et al.,
1984) and decrease both Ty and .—_w {Redding et al., 1986). Thus, the data
indicate that the HPI axis does interact with the thyroid but wuch more work is
needed to clarify the picture.

There is little or no information on the effects of stress on the other
zain components of the fish's endocrine mkwmbu and this is clearly an area for
future study. For exasmple, in mammals prolectin (PRL} release is almost as

characteristic a response to stress as is the release of ACTH. The recent
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9
disease. In fish, Bs in mamnals, corticosteroids suppress many different
cozponents of the fish's defences, including the ability to develop a specific
immune response (Maule et al,, 1987). Immunization of fish against speciflic
digeases is becoming a widely accepted technique for disesse control but the
effectiveness of what are often expensive vaccines will be markedly influenced
. by the degree of stress to which the fish are subjected before, during and
after the vaccination procedure. During this period, therefore, it iz in the
fish nnwao-..u interest to oinimize, ag far as is practicable, environmentsl
stress.}

b) mﬁmmmw. One of the first behaviocural responses of fish to any form of
stress mu a cessation of feeding activity, the duration of which varies
nboou&.___um to species (Wedemeyer, 1976). This reduction in food intake,
together with the catabolic effects of catecholamines and corticosteroids (see
* above) .18 undoubtedly responsible for much of the observed growth suppression
in mnnu_.u“uon fish. When adninistered exogenously, thyroid hormones (either
alone om in combination with other hormones} act as growth promoters (Higgs et
al. _.m.wnm. 1979) and, therefore, the decrease in thyroidal activity in
nrguom.._.@ stressed fish way algo contribute to the growth suppression. The
role of Wﬂ!ﬁ. horeone in this context 15 wuch more problematical. Recombinant
forms o.m. mazualian, evian end teleost growth horwones are all extremely
nnnmnnwwa stimulators of growth in fish (Agellon et al., 1988; Down et al.,
1988) and mct by increasing both food intake and food conversion efficiency
{see ET. et al., 1985). However as noted above, the availsble evidence
gnbomMn that stresgsed fish have increased levels of circulating GH., If this
nﬁun@am,hrn biclogically active hormone, it is most unlikely that administration
of oxomﬂ..n.—ocu GH to chronically-stressed fish would restore their growth rate,
m.g._ﬁ it ia known that some of the reproductive steroid hormones have
enabold¢ effects in fish {Donaldson et al., 1979) end, therefore, the
u:uunwaani elfects of atress on the pituitary-gonadal axis (see above) wight
also E.wc:.. growth in maturing fish via this route.

10

c) Reproduction. It has been shown that the environmental stresses of
acidification and sublethal pollution not only suppress reproductive
endocrinology {Frecman et al,, 1983) but also reduce the vinbility of the
gametes (Macek, 1968; Lee and Gerking, 1980). 1t seems likely, therefore, that
the suppressive effects of handling and confinement on the reproductive
endocrinology of maturing fish will also result in reduce gamete
quality/quantity although, at present, we have no direct evidence of this
phenomenon. Chronic cortisol elevation certainly retards gonadal growth

independently of somatic growth (Carragher et al., 1989) and in vitro studies

indicate that some aspects of this suppression might be directly mediated by

cortisol (Sumpter et al., 1987: Carragher and Sumpter, 1990 a, b). However,

this whole aspect of stress physiology and its relationship with growth
inhibition now requires rigorous investigation if the suppressive effects of
aguaculture stress on broodstock endocrinology are to be interpreted in terms
of the number and visbility of both eggs and sperm and in terms of the survival

and growth of the resultant offspring.

MINIMISING THE DAMAGING EFFECTS OF STRESS

It must be stated at the outset that, during normal aquaculture
operations, it will be impossible to avoid many of the procedures known to
induce stress responses in fish. Netting, grading and transport are integral
components of the fish-farming routine and, at best, all the fish Farmer can do
is to winimize the effects of this type of stress. Some of the more chronic
stresses such as overcrowding and poor water quality are avoidable, however,
and sust be avoided if the fish are to remain healthy, attain their full growth
potential and, where appropriate, produce eggs and sperm of the highest
quality. It is not the purpose of this paper to define optimal environmental
conditions - indeed these vary with the species and size of fish and most

farmers are fasiliar with the appropriate guidelines for stocking density,
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FUTURE DEVELOPMENTS

It has been shown that sctivation of the HPI axis, with a resultent
elevation of blood corticosteroid levels, is at least partly responsible for a)
the increase in susceptibility to disease, b) mra reduction in growth rate and
c) the suppression of reproductive endocrinology that occurs in stressed fish.
Consequently, attention is now being given to the possibility of reducing the
magnitude of this aspect of the stress response. The cortisol response of wild
-.ﬁbvn: trout to aquacultural stresses is significantly greater than that of
no&nmmhounmn strains (Woodward and $trange, 1987). Moreover, marked
annnonmsoau in n_..n. magnitude of the stress response exist between different
" domesticated strains of the same species (Pickering and Pottinger, 1989). This
»b&nnmﬁm that a certain degree of empirieal selection for low cortisol levels
has nwwmmnmnabwmm place during the history of rainbow trout domestication.

With nwm exception of cyprinid rearing, equaculture is a& young industry end
there oust still be considerable scope for ?n.u.wn. selection within many
avunhmm for the trait of a reduce cortisol response to common forms of
Sﬁhﬁm,_.n:no stress i.e. an acceleration of the rate of docestication. This
uuvuoumb has been extremely successful in the poultry industry where, for
. mnnnu_.m. ...ouonn»os of turkey lines with reduced corticosterone responges to
cold n.mnﬂuu resulted not only in increased resistance to disease but also in
»_..o.dnuﬂ_ growth and suparior reproductive performance (Brown and Nestor,
1973). -

”H.- the aacwncwnﬁd industry, some v.dw.—n»aa‘..mw»va in this direction
have E.ndo& been taken. Refatie (1982, 1986) has shown that the magnitude of
tha Smnnuou response t¢ stress is a heritable character in rainbow trout and
>n—n=n,pwn salmon and we have recently coemenced a programse to select broodstock
-.E._..co._.. trout with a low cortisol response to the combined stress of handling

,and u_x_.mnnneann confinement. The responses of 240 individually sarked, all

14
female rainbow trout have been monitored on a two-monthly basis For =more than a
year. Despite considerable individual variation within the total population in
the magnitude of the cortisol response with time, two groups (each of 25 lish)
with markedly different and consistent cortisol responses have now been
identified and isolated. Significant differences between the two groups in the
'stress’ levels of plasma cortisol have been maintained for wore than a year,
indicating a considerable degree of stabilicy u:, this trait and when lastc
tested the 'high' responders had a mean pesk cortisol level of 161.9 « 10.2 ng
_ conpared with 83.8 ¢ 4.9 ng 21”1 for the *low’ responders (p ¢ 0.001).
Current studies are now concentrated on the identificaticn of similar groups of
male fish for breeding purposes and future studies are planned to compare the
stress physiology, survival, growth and reproduction of the resultant
offspring., It 15 important to recognise that this is slow, demanding work but,

by anaslogy with other forms of agriculture, thé return, in terms of increased

production, should be extremely rewarding.
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FISH HEALTH AND THE ENVIRONMENT

A.D. Pickering
Inscitute of Freshwater Ecology, Windermere Laboratory, Anbleside, Cumbria LA2? QLP

Introduetion

Any deleterious change in the fish's anvironment is usually referred to as an
environmental stress. However, the concept of stress when applied to biological
systems, has been the subject of considerable debate and a universally acceptable
definition has proved elusive (see Pickering, 1981). Despite this, moat fish
biologists and aquaculturiscs have an intuitive notion of what conditions are
stressful to fish and in the aquaculture industry, stress is frequently diagnosed
when the performance capacity of the fish is significantly reduced. The performance
of a figh can be conveniently described in terms of its survival, growcth and
reproduction, and the aim of this paper is to identify some of the physiologfical
and endocrinological changes that occur Iin stressed fish, changes which are

largely responsible for a decrease in gurvival (by increasing disease susceptibility),
a suppression of growth rate and, as is now becoming evident, an interference

with sexual maturation and reproduction. Practical guidelines will be given to
enable fish farmers to avoid or minimize the dapaging effects of environmental
stress.

The stress responge

When a fishiis subjected to an environmental stress, it initiates a series of
hormonal and physiological responses which are designed to switch the fish from
an anebolic;state {one in which energy is being taken up and stored), to a catabolic
state (one in which the body reserves are broken down). This gives the fish
access Co energy reserves not normally available to it, reserves which are used
as it attempts to avoild or overcome the immediate threat. It is likely that many
components of the fish's endocrine system are involved in this physiological change
but to date, most research efforts have concentraced on the role of the hypothalamic-
pituitary-interrenal axis in this response. In our own studies on brown trout
and rainbow trout, we have examined the role of cortisel, the principle steroid
hormone secreted by the interrenal tissue, in the stress response. Under aqua-
culture conditions cortisol Is secreted in responas to all forms of physical
disturbance (see for example Pickering et al., 1982), overcrowding (Pickering
& Stewart, 1984), prophylactic treatments (Pickering & Pottinger, 1984) and socfel
interaction (Eftke & Schreck, 1980; Pickering and Pottinger, 1990). Under
couditfons of acute stress, i.e. the stress is of shore duration and the time
course of the stress response of the fish far outlasts that of the nnﬂmwu itself,
cortisol mm<nw- may be elevated from basal values of less than 2 ng ml * to several
100 ng al ~ within an hour or so but then teturn to basal values within 24 hours
{Pickering & Pottinger, 1989). Under conditions of chronie (continuous) stress,
plasma cortisol levels may be elevated forf several days or weeks before accelimation
occurs (Pickering & Stewart, 1984). Other periods of prolonged cortisol
elevation occur during the later part of the spawaing season (Pickering & Pottinger,
1987) and mﬁn»:m smoltification {Young, 1986).

1

The catabolic properties of cortisol (Sheridan, 1986; Jaussens & Waterman, 1988)
are probably of adsptive significance in the natural environment when the most
likely outcome of any stressful situation ia flight from the fmmediate danger,
but in aquaculture there i no escape and under certain conditfons the fiah's
own stress response can result {n a seriovs Impairmeat of its state of health.
In the following sections, it will be shown that elevated cortisol levels are
largely responsible for increased mortality, reduced growth rate and suppressed
reproductive activity.
1

1990 Proc. Nord. Symp. Fish Health, Stockholm-Helsinki

Survival

The suppressive effects of corticosteroids, such as cortisol, on the defence systems
of fish have been known for many years. However. much of the work has been
undertaken using pharmacologically high doses of hormones (see for example

Robertson et al. 1963; Roth, 1972; Chilmonczyk, 1982) or using synthetic

steroids of unknown or unmeagured potency {Anderson et al. 1982; Houghton & Matthews,
1986). Various forms of stress have been shown to cause a significant. suppression

in the number of circulating white blood cells {lymphocytes in particular) and

it has been shown that this effect can be mimicked by physielogical doses of cortisol
(Pickering, 1584). More recently, in vivo and in vitro studies by Haule et al.
(1987) and Tripp et al. (1987) have shown that the igmune system of the cohe salmon
is exquisitively sensitive to wm: leveis of cortisol and may be markedly suppressed
with doses lower than 10 ng ml~ . It 1s to be expected, therefore, that cortisol
treatment would increase the susceptibility of teleost fish to disease. This

is certainly true for many species of fish and, for the brown trout at least,

ir has been shown that this effect is dose-dependent and is detectable at cortisol
levels well within the physiological range for the species (Pickering & Pottinger,
1989). This demonstration fits in well with the ocbservation that the small, but
chronic, elevations of plasma cortisol levels during smoltification and sexual
matuyration are paralleled by increages in the susceptibility of the fish to commen
diseases (see for example Pickering & Christie, 1580).

Growth

Stressed fish are characterized by 2 marked suppression in their growth rate,
even when they are provided with adequate food supplies. Clearly, one important
aspect of this phenomenon is the behavioural one of refusal to feed. After an
acute stress, this effect may last for several days, the exact period being
dependent on the species (and strain?) of fish (Wedemeyer, 1976). In eddition
to this effect of stress on feeding behaviour, however, the catabolic effects

of cortisol on the fish's own body reserves are also responsible for some of the
observed growth suppression. Thus, Barton et al. (1987) and Davis et al. (1985)
have shown that cortisol treatment significantly suppresses the growth rates

of rainbow trout &nd channel catfish respectively. The magnitude of this effect
appears to be species specific because Pickering et al., (1989) have ghown that
the sensitivity of brown trout to physiological doses of cortisol (in terms of
both catabolic processes and disease resistance) is significantly greater than
that of the rainbow trout.

It has already been stated that salmonid fish will acclimate to certain forms

of enviroumental stress resulting in a reduction of cortisol levels to basal

values despite the continued presence of the stress. However under these
circumstances, somatic growth may still be suppressed (Pickering & Stewart, 1984)
and it seems 1ikely, therefore, that other factors are also responsible for stress-
induced growth suppressfon. One potential candidate is, of course, pituitary
growth hormone {GH) - a potent growth promoting agent in teleost fish (see review
by Weatherley & Gill, 1987). The development of techniques for measuring GH in
fish blood is relatively recent (Coock £t al, 1983; Bolton et al. 1986; Wagner

& McKeown, 1986; Le Bail et 2l. 1990) and the gtudy of the physiclogical role

of fish growth horwone 18 still in its infancy. Preliminary studies {Pickering

et al. 1990) have shown that an acute stress, such as short-~tern confinement

in small aquaria, can cguse a significant guppressien in the concentration of
circulating GH in the rainbow trout. In contrast, the chronic stress of overcrowding
combined with water quality deterioration promoted an incresge in circulating

——

GH levels. This latter observation may represent A response to a state of physiological
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5.

Summary

We have shown that stress-induced cortisol elevation plays a central role in
increasing the susceptibility of fish to disease, in suppressing growth rates
and in interfering with sexual development. There are several strategies that
the fish farmer can adopt to minimize the damaging effects of stress but the
long-term sclution may be found in the development of stress-resistant strains
of fish.
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