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Cortisol influences the host—parasite interaction between the
rainbow trout (Oncorhynchus mykiss) and the crustacean
ectoparasite Argulus japonicus
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SUMMARY

The host—parasite interaction between the rainbow trout Oncorhynchus mykiss and the fish louse Argulus japonicus was
investigated by administering low levels of dietary cortisol before infecting the fish with low numbers of the parasite. After
24 h, the dietary cortisol treatment elevated blood cortisol and glucose levels and stimulated the synthesis of secretory
granules in the upper layer of skin cells. Infection with 6 lice per fish caused skin infiltration by lymphocytes, also in areas
without parasites. The lymphocyte numbers in the blood at 48 h post-parasite infection were reduced. Other changes,
typical for exposure to many stressors and mediated by cortisol, were also found in the epidermis of parasitized fish,
although neither plasma cortisol nor glucose levels were noticeably affected. Glucocorticoid receptors were localized
immunohistochemically and found in the upper epidermal layer of pavement and filament cells, and in the leucocytes
migrating in these layers. Cortisol-fed fish had reduced numbers of parasites and the changes in the host skin are likely
involved in this reduction. Thus a mild cortisol stress response might be adaptive in rejecting these parasites. Further, the
data suggest that this effect of cortisol is mediated by the glucocorticoid receptor in the skin epidermis, as these are located
directly at the site of parasite attachment and feeding in the upper skin cells that produce more secretory granules in
response to cortisol feeding.
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INTRODUCTION known about the biology of the parasite, including
the nature of the relationship between the lice and

The Branchiuran fish lice belonging to the genus . . L
sme & their hosts. Since the early seventies, it has been rec-

Argulus are responsible for disease outbreaks in a
wide variety of fish species throughout the world
(Rahman, 1995; Rushton-Mellor & Boxshall, 1994).
With some exceptions, these lice occur in fresh water

ognized that the host fish can affect several aspects
of lice biology, but the underlying mechanisms are
poorly understood. Rejection of the cyclopoid co-
pepods Lernaea cyprinacea and Lernaea polymorpha
by their host has been reported for both naive and
previously infected fish (Shields & Goode, 1978;
Woo & Shariff, 1990) and it was thought that the
rejection was at least in part due to cellular responses
of the host. With respect to the salmon louse
Lepeophtheirus salmonis, naive hosts of different

and are a major problem for fish farmers in de-
veloping countries (Jafri & Ahmed, 1994; Rahman,
1996, Singhal, Jeet & Davies, 1990), but are also a
problem in European fish culture (Buchmann &
Bresciani, 1997; Buchmann, Uldal & Lyholt, 1995;
Grignard, Melard & Kestemont, 1996). For example,
a rainbow trout (Omncorhynchus mykiss) farm in
Portugal (Menezes et al. 1990) and a Scottish rain-
bow trout and brown trout (Salmo trutta) stillwater
fishery (Northcott, Lyndon & Campbell, 1997) were
decimated by A4. foliaceus.

Despite the economic losses from crustacean
ectoparasites in fisheries and aquaculture, little is

species of salmon showed variability in their sus-
ceptibility to infection (coho < chinook < Atlantic;
Johnson & Albright, 1992 a). Coho salmon were the
most resistant to parasite establishment and moun-
ted strong tissue responses, including inflammation
and epithelial hyperplasia leading to parasite loss.
Naive Atlantic salmon, however, were highly suscep-
tible to infection and failed to mount any probably

significant tissue responses to any of the develop-
* Corresponding author. Tel: 43124 3652681. Fax:
+31 24 3652714. E-mail: wendelaar@sci.kun.nl
T Present address: Centro de Ciéncias do Mar, Uni- .
versidade do Algarve, Campus de Gambelas, 8000-810 the blood, suppressed the inflammatory response and
Faro, Portugal. the development of epithelial hyperplasia in the

mental stages. Cortisol administered in cocoa butter
implants, which strongly elevated cortisol levels in
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normally resistant coho salmon, and resulted in the
inability of the fish to shed L. salmonis (Johnson &
Albright, 19925).

Infestation with copepodid parasites is known to
evolve a stress response in fish, involving a series of
compensatory and/oradaptive behavioral and physio-
logical responses, which are collectively referred to
as the integrated stress response (see reviews by
Wendelaar Bonga, 1997 and Tully & Nolan, 2002).
In the case of ectoparasite infestations, these may
protect the host by reducing parasite settlement and
eliminating attached parasites, through stimulating
non-specific immune responses, epithelial hyper-
plasia, mucous cell discharge, and by altering the
composition of the mucous. The primary stress re-
sponse of fishes involves the activation of the higher
brain centres, which trigger a massive release of
catecholamines and corticosteroids. The secondary
stress responses are the manifold immediate actions
and effects of these hormones and occur at all levels
of organization. Cortisol has a broad activity spec-
trum in fishes and has both mineralocorticoid and
glucocorticoid activities. Short-term high circulating
levels of cortisol, or chronic but moderately elevated
cortisol levels also impair hydromineral balance, as
a result of catecholamine-induced increase of the
permeability of the gills to ions (Wendelaar Bonga,
1997). Cortisol also mediates many of the stress-
related changes in the skin of rainbow trout, where
it stimulates mucous discharge, mitosis, apoptosis
of epidermal cells, synthesis of granules in the cells
of the upper epidermis, and the infiltration of the
epidermis by leucocytes (Iger et al. 1995; Nolan,
Van der Salm & Wendelaar Bonga, 19995). Infection
of salmonids with low numbers of the salmon louse,
L. salmonis generally has not resulted in significant
increases in plasma cortisol levels (Bjorn & Finstad,
1997, Johnson & Albright, 1992b; Mustafa &
MacKinnon, 1999; Ross et al. 2000). However,
heavy infections typically elevate plasma cortisol to
levels that cause immunosuppression (Mustafa et al.
2000). Johnson & Albright (19925) reported similar
plasma cortisol values in S. salar experimentally
infected with copepodids of L. salmonis. The re-
sponse of parasitized fish to an additional stressor
has been investigated, especially in relation to blood
cortisol levels in O. mykiss (Ruane et al. 1999, 2000).
The rainbow trout infected with adult A. japonicus
(Ruane et al. 1999) or with juvenile stages of
L. salmonis (Ruane et al. 2000) showed increases in
blood cortisol levels after net confinement to levels
that were significantly higher than those in confined,
but unparasitized, fish. As cortisol modulates the
stress response in fish, parasites such as L. salmonis
or Argulus sp. can also modulate the stress response
in fish. Ruane et al. (1999) demonstrated that, in
the host parasite interaction between O. mykiss
and A. foliaceus, fish that were fed cortisol contain-
ing food prior to infestation showed signs of
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4h net
21 days post-infection. This indicated a long-term
interaction between elevated cortisol levels and
infestation on the response to additional stressor.
Therefore the objectives of the present experiment
were to measure the combined effect of low-level

immunosuppression after confinement

cortisol administration and infection with A.
Japonicus in O. mykiss in order to study the role of the
hormone on the host—parasite interaction. Replicate
groups of fish were fed cortisol in their diet, as a
stress-free way of administration of the hormone,
and were subsequently infected with 6 Argulus per
fish. Fish were sampled after 14 days (24 h after the
last cortisol feeding, and 48 h after infection with the
parasites). Several parameters related to the stress
response, hydromineral balance, immune function,

and infestation levels were measured.

MATERIALS AND METHODS
Experimental fish and conditions

Six groups of 30 rainbow trout (approx. 73 g) were
kept in 651 black plastic circular tanks. The water
was filtered with an Eheim power filter, aerated with
an air stone and continuously refreshed with de-
chlorinated Nijmegen tap water. A partially flow-
through system was used refreshing about 61 per
hour. The photoperiod was 12:12 light:dark, and
the water temperature was 16 °C. Fish were fed with
Pro-Aqua 20/4 (Trouw™) at 1% of body weight
once daily. The experiment began after a 14-day
acclimatization period.

Experimental design

The design consisted of 3 experimental treatments,
each performed in duplicate tanks: treatment with
cortisol and treatment with A. japonicus, and sham
treatment for cortisol and A. japonicus. T'wo groups
of fish received food with cortisol, and 2 groups re-
ceived food without cortisol. Afterwards these 4
groups were infected with A. japonicus. T'wo other
groups served as controls and were sham treated for
cortisol and parasite. For cortisol feeding, at 4 days
and 2 days before infection, the normal food was
substituted with the same ration of food treated with
reagent grade ethanol (4 groups) or ethanol contain-
ing cortisol (2 groups). This food was prepared by
mist spraying the pellets with absolute ethanol
(Merck), or with the same volume of ethanol con-
taining cortisol (hydrocortisone, Sigma) to give a
cortisol content of 100 mg/kg food. The ethanol
was allowed to evaporate for 5 days prior to feeding
the treated pellets. T'wo days after the second cor-
tisol containing meal, the 2 groups fed cortisol and
ethanol-sprayed food and the 2 groups fed ethanol-
sprayed food were each infected with 120 adult and
subadult A. japonicus. This was accomplished by
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pouring beakers containing the required number of
parasite into each tank. Control fish were sham in-
fected by pouring beakers of water only into their
tanks. The treatment groups are referred to as
CONTROL (ethanol-sprayed food and sham in-
fected), ARG (ethanol-sprayed food and A. japonicus
infected) and CORT&ARG (cortisol containing
food and A. japonicus infected).

Sample points and methods

Four fish from each tank were sampled at time zero
(Tzgro) 1.e. after 14 days acclimatization. Five fish
per tank were sampled 24 h after the second cortisol
administration (T'corT) and another 5 fish were sam-
pled 48 h post-A. japonicus infection (T arg). The 5
fish were netted into a solution of 2-phenoxyethanol
(1:1000; Sigma) in which they were rapidly and
irreversibly anaesthetized. Blood was taken by
needle from the caudal blood vessels and immedi-
ately discharged into pre-cooled Eppendorf tubes
containing NayED'TA/aprotinin (1-5 mg/3000 KIU
per ml of blood; Sigma) for lymphocyte counts and
plasma analysis. The fish were weighed, measured,
and the number of attached parasites was counted.

For histological analysis, skin biopsies (10 X
10 mm) from 4 fish from each tank were taken from
the anterior part of the head and fixed in Bouin’s
fixative for light microscopy (LLM). For electron
microscopy (EM), smaller pieces of skin (5 X 5 mm)
from the same 4 fish were fixed in Na-cacodylate
buffered glutaraldehyde for 20 min on ice, and post-
fixed in 1% osmium tetroxide in the same buffer
(Iger et al. 1995; Nolan et al. 2000). Tissues were
fixed at the sample points post-cortisol feeding and
post-A. japopnicus infection.

Infestation density and condition factor

Infestation level was recorded as the total number of
parasites on each fish. Condition factor was calcu-
lated as 100 (body weight/fork length®), where body
weight is in g and fork length is in cm.

Sample processing

Plasma cortisol was measured with radio-
immunoassays developed and validated to measure
the hormone in the blood of fishes. Nat concentra-
tions were determined with a flame-photometric
auto-analyser (Technicon model IV) coupled to
a spectrophotometer for determining Cl~ by the
formation of ferrothiocyanate in plasma diluted 200-
fold. Plasma glucose was assayed using the Boeh-
ringer UV-test kit following the manufacturer’s
protocol (Boehringer, Mannheim, Germany). Lym-
phocyte numbers were quantified by diluting the
blood 1:20 with Tiirck liquid, then counting them

in a Bilirker haemocytometer in a light microscope
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(Ruane et al. 1999). For LM, skin samples were fixed
for 24 h, processed through paraffin wax and sec-
tioned at a thickness of 5um. Mucous cells were
stained with the Alcian blue (pH 2:5) method, as
described by Nolan, Reilly & Wendelaar Bonga
(19994a) and Van der Salm et al. (2000). The pres-
ence and localization of cortisol receptors in the
epidermis were demonstrated with an antibody
against O. mykiss glucocorticoid receptors raised in
rabbits (Tujague et al. 1998), as described by Van
der Salm et al. (2000). The primary antibody was
used at a working dilution of 1:32000. For the con-
trols, primary and secondary antibodies were omit-
ted. For transmission electron microscopy (TEM), 4
samples per group at each time-point were pro-
cessed, examined in the electron microscope and
photographed without knowledge of the treatments.
Five low magnification areas from the upper epider-
mis of each fish were enlarged 4 times and printed.
From these micrographs, the numbers of secretory
granules were counted in 7-10 filament cells per fish
(each filament cell representing a cytoplasmic area of
circa 200 um?). Mean values for each fish were cal-
culated. Only data from mature filament cells with
a visible nucleus, which were neither necrotic nor
apoptotic, were used. The general ultrastructure of
the epidermis was examined with particular atten-
tion being paid to cellular necrosis (characterized
by nuclei with aggregations of chromatin, swelling
of the cytoplasmic compartment and loss of apical
microridges) and apoptosis (characterized by pro-
gressive densification of the nucleus, organelles and
cytoplasm, leading to cell shrinkage and loss of con-
tacts with surrounding cells), leucocyte infiltration
and epithelial integrity (evaluated by intercellular
swelling and cell-cell contacts). The observations
were compiled and expressed semi-quantitatively
following other studies (Iger, Balm & Wendelaar
Bonga, 1994a; Nolan et al. 2000; Nolan et al.
1999a).

Data handling and statistics

As there were no statistically significant differences
in the data between replicate tanks, the data were
pooled giving n=8 at Tyzrro and n=10 at TcorT
and Targ. For LM parameters #=8 and for EM
n=4. For all parameters except condition factor and
Na: Cl ratio, effects of treatments were tested by
ANOVA at each sample point and differences be-
tween treatment groups were identified with Bon-
ferroni’s multiple range test. Non-parametric data
were identified with Bartlett’s test and were log
transformed before analysis to achieve homogeneity
of variance. For condition factor and Na: Cl ratio,
differences were tested by non-parametric ANOVA.
Differences between ARG and CORT&ARG lice
numbers at T rg were tested with the Mann—
Whitney U-test. Spearman Rank Correlation
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Table 1. Plasma cortisol levels and numbers of attached parasites at
sampling for rainbow trout (Oncorhynchus mykiss) at the beginning of the
experiment (T'zgro), 24 h after receiving the second of 2 cortisol-

containing feeds (T'corT), and 48 h post-infection with 6 Argulus

japonicus per fish (Targ)

(Data given as mean+s.E. for n=8-10. For full details, see text. *P<0-05;
**%P<0-01 compared with control. Where 2 groups share the same superscript
letter, significance between them is P<0-01.)

Tzero Tcorr Tarc
Plasma cortisol (ng/ml)
CONTROL 517+1-34 2-:31+£0-74 6-11+1-48
ARG 1-16+£0-19%*  6:47+2-36 12-234+3-24
CORT&ARG 1-89+0-47*%  27-62+7-61%*% 9-53+2-85
No. lice/fish
CONTROL — — —
ARG — — 3-54+0-70*
CORT&ARG — — 1-1+0-312
Spearman Rank Correlation
CONTROL — — —
ARG — — R=069, P=0-03
CORT&ARG — — R=0-44, P=0-20

analysis was used to examine the relationship
between the numbers of attached parasites and
the circulating blood hormone levels at 24 h post-
infection. All data are presented as mean values + S.E.
Statistical significance was P<0-05.

RESULTS
Fish condition factor and parasite infestation density

No fish died during the experimental period; the fish
fed well and remained disease free. The mean con-
dition factor of the CONTROL fish was 1:055+
0-024 and was not significantly different from the
ARG or CORT&ARG groups at any sample point
(data not shown). At T Arg, the number of parasites
attached to ARG fish was significantly higher than
on CORT&ARG fish (Table 1).

Blood parameters

At Tzgro, cortisol values were all well within levels
considered basal for unstressed fish althrough they
were higher in the CONTROL fish than in the ARG
and CORT&ARG groups (Table 1). At TcorT,
plasma cortisol was significantly higher in the
CORT&ARG group. At Targ, the mean plasma
cortisol values of ARG and CORT&ARG fish were
not different from the CONTROL values (Table 1).
There was a significant positive correlation between
the numbers of parasites per fish and the levels of
cortisol measured in the plasma of ARG fish, but
there was no such correlation for the CORT&ARG
fish (Table 1). The numbers of parasites were sig-
nificantly higher in the ARG group than in the
CORT&ARG group (Table 1). Table 2 shows that
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Table 2. Plasma glucose and circulating
lymphocytes in rainbow trout (Oncorhynchus myRkiss)
at the beginning of the experiment (Tzgro), 24 h
after receiving the second of 2 cortisol-containing
feeds (T'corT), and 48 h post-infection with 6
Argulus japonicus per fish (T arrg)

(Data given as mean £ s.E. for n=_8-10. For full details, see
text. ¥*P<0-01; ***P<0-001 compared with control.)

Tzero TcorT Tarc

Plasma glucose (mg/dl)

CONTROL 60+3 71+3 83+4

ARG 54+5 73+2 80+5

CORT&ARG 54+2 94+ 2%* 81+3
Lymphocytes (x 107/ml)

CONTROL 4-0+0-5 3:9+0-4 4-3+0-5

ARG 3:6+03 3-8+0-4 3:040-2%%*

CORT&ARG 37404 3-5+2-8 3:040-3%**

the plasma glucose values were significantly higher
in the CORT&ARG group at TcorT, and that the
numbers of circulating lymphocytes in the blood at
T arc were significantly lower in ARG and CORT
&ARG groups than inthe CONTROL fish (Table 2).
Plasma Nat and Cl~ concentrations of all fish
groups sampled, as well as Na: Cl ratios, remained
similar throughout the experiment and were within
the range of values reported for freshwater salmo-
nids (data not shown).

Light micvoscopy of the skin

There were no significant changes in the numbers of
mucous cells over time or between treatments (data
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Fig. 1. Immunolocalization of the glucocorticoid receptor in the epidermis of the head skin of control Oncorhynchus
mykiss at T'ypro. Staining (arrows) is concentrated in the upper layer of the epidermis, primarily in the top few cell layers
(pavement cells and underlying filament cells and in the lower layer, mainly in irregularly shaped leucocyte-like cells.

L, leucocyte; m, discharging mucous cell; p, pavement cell; PCells, melanin-containing pigment cells in subepidermal

layer; Derm, dermis.

not shown). Cortisol receptor staining occurred
mostly in the upper layer of the epidermis, primarily
in the top few cell layers (pavement cells and
underlying filament cells, illustrated in Fig. 1 from
a CONTROL fish at Ty gro). Staining was also
observed in the lower layer, mainly in irregularly
shaped leucocyte-like cells, identified as macro-
phages, and small regularly shaped lymphocytes.
There was a weaker, discrete staining in the cyto-
plasm of mucous cells.

Electron microscopy

The EM appearance of the skin epidermis of the
CONTROL fish was normal and consistent with
previous reports for this species (Iger et al. 1994 a;
Iger, Jenner & Wendelaar Bonga, 19946; Schmidt
et al. 1999). The multilayered epithelium was com-
posed of several cell types, with the uppermost layer
of cells, those in contact with the water, differ-
entiated into pavement cells with elaborated apical
microridges. Below this were large populations of
filament and mucous cells, within which low num-
bers of leucocytes, mainly macrophages, granulo-
cytes and lymphocytes, were observed. Both the
pavement and filament cells contained considerable
numbers of small granules (Fig. 2A). This epidermal
structure was altered in the CORT&ARG group at
TcorT (Fig. 2B) when more discharging mucous
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cells were seen, granule numbers in the pavement
cells increased, and the granules were located closer
to the apical surface (Fig. 2D) than in control fish
(Fig. 2C). Additionally, some limited microridge dis-
ruption was observed and the incidence of apoptotic
and necrotic cells in the upper cell layers increased
slightly. Intercellular spaces in the epidermis be-
came evident (Fig. 2B) and they were often infil-
trated by leucocytes, which were more frequent than
in the epidermis of the CONTROL group. The
epidermal condition of the ARG group at Tcorr
was comparable to that seen in CONTROL. A
semi-quantitative overview of the condition of the
epidermis is presented in Table 3.

In general, the A. japonicus infestation had a
greater impact on the epidermis than did cortisol
feeding. In the ARG group at T arg, discharging
mucous cells were more common, granule numbers
in some pavement cells were depleted, microridges
were more seriously disrupted, intercellular spaces
were more extensive and contained more leucocytes,
and the numbers of necrotic and apoptotic cells in the
upper epidermis was increased when compared to
the CONTROL group at Targ. The changes seen
in some parameters in the CORT&ARG group were
less than in the ARG group. The main differences
were reduced effects on pavement cell necrosis, gran-
ule numbers, and the extent of leucocyte infiltration.
The numbers of granules in the upper epidermal
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Fig. 2. Transmission electron micrographs of the upper epidermis of head skin from Oncorhynchus mykiss. (A) The upper
pavement cells (p) have apical microridges (arrow) and, together with the underlying filament cells (f), contain
considerable populations of granules. m, mucous cell. (B) 24 h after receiving the second of 2 cortisol-containing meals
(TcorT), the granule populations are extensive in pavement (p) and filament cells (f). (C) Upper pavement cell of control
trout at T corT, showing signs of active granule synthesis and normal granule density. (D) Upper pavement cell 24 h after
receiving the second of 2 cortisol-containing meals (T corT). Granule density is greater and the granule populations are

located closer to the apical side of the cells.

cells of the cortisol fed fish were significantly higher
at TcorT (Fig. 3). There were no significant differ-
ences in the numbers of granules between treatments
at Targ. A summary semi-quantitative evaluation
of these results is given in Table 3.

DISCUSSION

This study is the first to examine a role of the stress
hormone cortisol on the relationship between the
fish louse, A. japonicus, and the trout O. mykiss in the
short term. The results show that the administration
of low levels of cortisol reduced the intensity of infes-
tation. While we do not understand the exact mech-
anism of this beneficial response, it is possible that
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the elevation of plasma glucose in cortisol-fed fish
provided more energy for dealing with the countering
of the parasite. To obtain as comprehensive a picture
as possible, we measured a variety of parameters in
the host. In the short term, infestation with low
parasite numbers resulted in the migration of lym-
phocytes out of the blood and into the epidermis,
where the epithelial disruption was associated with
an increased incidence of discharging mucous cells
and moderately elevated levels of apoptosis. Infec-
tion with low numbers of the parasite did not affect
hydromineral balance, nor did it cause an increase in
plasma cortisol or glucose levels, which are primary
stress parameters used to assess stress in fish. From
the positive correlation between numbers of lice and
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Table 3. Semi-quantitative evaluation of the ultrastructural parameters

observed in the head skin epidermis of rainbow trout (Oncorhynchus
mykiss) after receiving the second of 2 cortisol-containing feeds and 48 h
post-infection with 6 Argulus japonicus per fish

(Data given as mean+s.E. for n=8-10. For full details, see text. For a given

parameter, 0 =unaffected, — =negatively stimulated and + =positively stimu-
lated.)
Parameter CONTROL ARGULUS CORT&ARG
Post-cortisol feed Ethanol Ethanol Cortisol
Pavement cell microridges 0 0 0/—
Pavement cell granules 0 0 + 4+
Pavement cell apoptosis 0 0 0/+
Pavement cell necrosis 0 0 0
Mucous cell discharge 0 0 0/+
Intracellular spaces 0 0 +
Leucocyte infiltration 0 0 +
Post-Argulus infection sham + Argulus + Argulus
Pavement cell microridges 0 0 0
Pavement cell granules 0 + +
Pavement cell apoptosis 0 + +
Pavement cell necrosis 0 + + +
Mucous cell discharge 0 + + +
Intracellular spaces 0 + + + +
Leucocyte infiltration 0 ++ + + +

160 -
* % % O Control

Arg
W Cort & Arg

- —_ -
o N &
o o o
1 1 1

No.granules per cell
[*2] [e']
o o
1 1

IS
o
1

N
o
1

_

Post-argulus

Post-cortisol

Fig. 3. Numbers of granules quantified (in the head skin
epidermis of Oncorhynchus mykiss) after receiving the
second of 2 cortisol-containing meals (post-cortisol), and
48 h post-infection with 6 Argulus japonicus per fish (post-
argulus). The data represent counts per cytoplasmic area of
upper epidermal cells. Data given as mean + s.E. for n=4.
For full details, see text. ¥** P<(0-001.

blood cortisol levels, we predict that higher numbers
of parasites would significantly increase the levels of
circulating cortisol. Our observation that low levels
of infestation by this fish louse do not disrupt the
hydromineral balance is consistent with the results
of other studies (Grimnes & Jakobsen, 1996; Nolan
et al. 1999a).

The formation of intercellular spaces in the teleost
skin epidermis and infiltration of these spaces by
leucocytes was reported for Atlantic salmon with an
infestation of the sea louse L. salmonis (Nolan et al.
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19994), as well as for a variety of other stressors (e.g.
Iger et al. 1994b; Iger & Wendelaar Bonga, 1994;
Nolan et al. 1998, 2000). Extravasation of leucocytes
from the blood vessels and their subsequent ap-
pearance in the peripheral tissues is normally ob-
served in stressed fish (Wendelaar Bonga, 1997),
where it is thought to be, in part, mediated by cortisol
(Iger et al. 1995; Van der Salm et al. 2000). This is
supported by the mammalian literature where, dur-
ing acute stress, cell-mediated immunity in rats was
enhanced in vivo by directing leucocytes to the skin,
whereas chronic stress suppressed such movements.
Additionally, the reaction to acute stress, and the ben-
eficial aspects of both the stress response and immune
function (principally increases resistance to viruses,
bacteria and fungi), were positively related with cir-
culating glucocorticoid levels in the blood of the rat
(Dhabhar & McEwen, 1997). In the present study,
low-level cortisol administration did not signifi-
cantly reduce the number of circulating lymphocytes
in the blood, but did increase their presence in the
epidermis. This observation points to rapid re-
placement of the extravasating leucocytes by blood
cells from the haematopoietic tissues. Moderately
elevated cortisol levels during exposure to a stressor
are thought to be adaptive, whereas high cortisol
levels can have deleterious effects (Bury et al. 1998;
Wendelaar Bonga, 1997). On the basis of plasma
cortisol data from previous experiments in which
rainbow trout were fed cortisol in their diet, we may
assume that in the present experiments, the cortisol
peaks would have been about 100-150 ng/ml within
2—4 h, and would have returned to basal levels within
24-36 h (Balm & Pottinger, 1995; Barton, Schreck &
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Barton, 1987). Cortisol is implicated in mediating
the inhibitory effects of stressors on the immune re-
sponse, thus decreasing disease resistance (Ellis,
1981; Wendelaar Bonga, 1997). For instance, the
mortality of the brown trout Salmo trutta, due to
bacterial and fungal disease, increases with chronic
elevation of the plasma cortisol level (Pickering &
Pottinger, 1989). Similarly, the increase in numbers
of the ectoparasite Gyrodactylus salaris on several
salmonids treated with cortisol is attributed to the
immunosuppressive effect of the hormone (Harris,
Soleng & Bakke, 2000). In our study, we observed a
beneficial effect of cortisol feeding with the hormone
reducing the number of parasites when rainbow
trout O. mykiss were infected with the lice 4. japo-
nicus. In this experiment, the fish were not exposed
to a chronic elevation of plasma cortisol, and thus
serious suppressive effects on the innate immune
system probably did not occur.

In the present study, stress-free cortisol adminis-
tration via the diet increased the numbers of gran-
ules in the upper cell layers of the skin epidermis
of trout. These secretory granules contain endogen-
ous peroxidase activity (Iger et al. 1994b; Iger &
Wendelaar Bonga, 1994). In rainbow trout their syn-
thesis was also stimulated by cortisol (Iger et al.
1995), and many stressors have been reported to
induce changes in the numbers of these granules in
fish skin (Iger & Wendelaar Bonga, 1994 ; Iger et al.
1994b; Iger, Jenner & Wendelaar Bonga, 1994¢;
Balm et al. 1995 ; Burkhardt-Holm, Escher & Meier,
1997). The contents of these granules are secreted
out into the glycocalyx and mucous layer covering the
fish. Peroxidase is considered to be an anti-microbial
component of the non-specific defence system of fish
and has been demonstrated in the mucous and gly-
cocalyx on the surface of the skin (Brokken et al.
1998; Iger & Wendelaar Bonga, 1994). The secreted
skin peroxidase is a biochemically distinct isoform
from the peroxidase of the blood (Brokken et al.
1998). While the significance of the enhanced se-
cretion of peroxidase during stress is unknown at
present, the stimulation of granule synthesis by
cortisol administration in the present study was as-
sociated with reduced establishment by 4. japonicus
on the host fish. Further, in another study, the gran-
ule populations in the cells of the upper epidermis of
sea trout smolt (S. trutta) were depleted within 3 h
of exposure of the fish to either Rhine water or acute
temperature shock (Nolan et al. 2000). These ob-
servations are consistent with the hypothesis that
these granules have a role in the integrated stress
response to both toxic and non-toxic stressors.

Experimental infection of the Atlantic salmon with
low numbers of the sea louse L. salmonis induced
stress-related changes in the skin and gill epidermis
and these occurred in a dose-dependent manner
relative to the number of parasites introduced
(Nolan et al. 1999 a). In the present experiments, fish
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infected with 4. japonicus showed a statistically sig-
nificant correlation between parasite number and
plasma cortisol level, and this supports the view that
increasing numbers of parasites are increasingly
stressful for the fish. This relationship, however, was
lost in the CORT&ARG group, possibly because
exposure of the fish to cortisol before infestation had
made the fish more resistant to the parasites than the
fish fed cortisol-free food. This indicates that a high
level of cortisol performs a functional role in the
adaptive responses of the host to the parasite.
Stimulation of leucocyte extravasation and their
migration into the peripheral tissues might be such
an adaptive response; stimulation of granule syn-
thesis in the upper epidermis and their discharge
might be another.

The positive correlation between plasma cortisol
levels and parasite numbers in the ARG fish indi-
cates that increasing numbers of 4. japonicus induce
stronger stress responses in the fish. Using a hyper-
bolic model, Poole, Nolan & Tully (2000) demon-
strated that baseline cortisol levels in wild sea trout
S. trutta naturally infested with L. salmonis were
significantly higher than in uninfested fish. Fur-
thermore, there was a positive correlation between
infestation intensity and extrapolated cortisol levels.
The cortisol response of trout to 4. japonicus infes-
tation and the effects of chronically elevated levels of
cortisol in the blood remain to be demonstrated.
Ruane et al. (1999) found no differences in plasma
cortisol in O. mykiss 21 days post-infection with 6
Argulus per fish, indicating that adaptation to this
number of parasites had occurred.

This is the first study to demonstrate cortisol re-
ceptors in the epidermis of the rainbow trout O.
mykiss. Effects of cortisol administration on epi-
thelial cells of O. mykiss include increased synthesis
and secretion rate of granules of the upper epidermal
cell layer, and increased infiltration of the epidermis
by leucocytes (this study and Iger et al. 1995). These
data support the view that these effects may be
mediated via the cortisol receptor, as the cortisol
receptor was found by immunohistochemistry to be
located in the upper epidermis (consisting primarily
of granule secreting filament cells just before or in
the process of differentiation into pavement cells)
and in leucocytes, cells known to be responsive to
cortisol. Low levels of cortisol can enhance carp
neutrophil function and proliferation in vitro, while
higher levels induced apoptosis in B-lymphocytes
(Weyts et al. 1998). The latter observations, together
with those from the present study, support the hy-
pothesis that cortisol levels slightly above unstressed
basal levels are adaptive in teleost fish (Wendelaar
Bonga, 1997).

In conclusion, this study confirms that, adminis-
tration of low doses of cortisol induce cellular
responses in the skin of rainbow trout that are
also observed in response to a variety of stressors.
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Certainly, the increased synthesis and discharge of
granules in the cells of the upper epidermis may be
adaptive as it is associated with a lower infestation
rate by the fish louse 4. japonicus than found in fish
that were not treated with cortisol before infestation.
The localization of the glucocorticoid receptor in the
pavement and filament cells, as well as the presence
of leucocytes in the epidermis, suggests that the ef-
fects of cortisol on these cells are receptor mediated.
Infestation increased the numbers of lymphocytes
infiltrating the skin epidermis and indicated im-
munostimulation. The maintenance of hydromineral
balance, in spite of moderate epithelial disruption,
together with the absence of an infestation-related
increase of cortisol or glucose in the plasma, indi-
cates that the numbers of parasites used were not
excessively or chronically stressful to the fish. How-
ever, the significant positive correlation between
parasite number and plasma cortisol suggests that
higher infestation levels would cause greater effects.
A dose-response study to the parasite is required to
examine this prediction.

The authors thank F.A.T. Spanings for design and
provision of experimental set-up, fish care and sampling
assistance, and J. C. A. van der Meij for analysing electron
microscopy samples. The gift of the glucocorticoid recep-
tor antibody from Dr B. Ducouret (INRA, Rennes,
France) is gratefully acknowledged. This work was
supported by the European Commission (Marie Curie

Individual Fellowship: MCFI 2000-01280).

REFERENCES

BALM, P. H. M. & POTTINGER, T. G. (1995). Corticotrope and
melanotrope POMC-derived peptides in relation to
interrenal function during stress in rainbow trout
(Oncorhynchus mykiss). General and Comparative
Endocrinology 98, 279-288.

BALM, P. H. M., IGER, Y., PRUNET, P., POTTINGER, T. G.

& WENDELAAR BONGA, S. E. (1995). Skin ultrastructure
in relation to prolactin and MSH function in rainbow
trout (Oncorhynchus mykiss) exposed to environmental
acidification. Cell and Tissue Research 279, 351-358.

BARTON, B. A., SCHRECK, C. B. & BARTON, L. D. (1987). Effects
of chronic cortisol administration and daily acute stress
on growth, physiological conditions, and stress
responses in juvenile rainbow trout. Diseases of Aquatic
Organisms 2, 173-185.

BJORN, P. A. & FINSTAD, B. (1997). The physiological effects
of salmon lice infection on sea trout post smolts.
Nordic Journal of Freshwater Research 713, 60-72.

BROKKEN, L. J.S., VERBOST, P. M., ATSMA, W. & WENDELAAR
BONGA, s. E. (1998). Isolation, partial characterization and
localization of integumental peroxidase, a stress-related
enzyme in the skin of a teleostean fish (Cyprinus carpio
L.). Fish Physiology and Biochemistry 18, 331-342.

BUCHMANN, K. & BRESCIANI, J. (1997). Parasitic infections
in pond-reared rainbow trout Oncorhynchus mykiss
in Denmark. Diseases of Aquatic Organisms 28, 125-138.

BUCHMANN, K., ULDAL, A. & LYHOLT, H. C. K. (1995).
Parasite infections in Danish trout farms. Acta
Veterinaria Scandinavica 36, 283—-298.

https://doi.org/10.1017/50031182003004116 Published online by Cambridge University Press

559

BURKHARDT-HOLM, P., ESCHER, M. & MEIER, W. (1997).
Waste-water management plant effluents cause cellular
alterations in the skin of brown trout. Journal of Fish
Biology 50, 744-758.

BURY, N.R., LI, J., LOCK, R.A. C. & WENDELAAR BONGA, S. E.
(1998). Cortisol protects against copper induced
necrosis and promotes apoptosis in fish gill chloride cells
in vitro. Aquatic Toxicology 40, 193-202.

DHABHAR, F.S. & McEWEN, B. S. (1997). Acute stress
enhances while chronic stress suppresses cell-mediated
immunity in vivo: a potential role for leucocyte
trafficking. Brain Behaviour and Immunology 11,
286-306.

ELLIS, A. E. (1981). Stress and the modulation of defence
mechanisms in fish. In Stress and Fish (ed. Pickering,
A.D.), pp. 147-169. Academic Press, London.

GRIGNARD, ].-C., MELARD, C. & KESTEMONT, P. (1996). A
preliminary study of parasites and diseases of perch in
an intensive culture system. Journal of Applied
Ichthyology 12, 195-199.

GRIMNES, A. & JAKOBSEN, P.]. (1996). The physiological
effects of salmon lice infection on post-smolt of Atlantic
salmon. Fournal of Fish Biology 48, 1179-1194.

HARRIS, P. D., SOLENG, A. & BAKKE, T. A. (2000). Increased
susceptibility of salmonids to the monogenean
Gyrodactylus salaris following administration of
hydrocortisone acetate. Parasitology 120, 57-64.

IGER, Y. & WENDELAAR BONGA, S. E. (1994). Cellular
responses of the skin of carp (Cyprinus carpio) exposed
to acidified water. Cell and Tissue Research 275,
481-492.

IGER, Y., BALM, P. H. M., JENNER, H. A. & WENDELAAR BONGA,
s. E. (1995). Cortisol induces stress-related changes in
the skin of rainbow trout (Oncorhynchus mykiss). General
and Comparative Endocrinology 97, 188—198.

IGER, Y., BALM, P. H. M. & WENDELAAR BONGA, S.E. (1994 a).
Cellular responses of the skin and changes in plasma
cortisol levels of trout (Oncorhynchus mykiss) exposed to
acidified waters. Cell and Tissue Research 278, 535-542.

IGER, Y., JENNER, H. A. & WENDELAAR BONGA, S. E. (19945).
Cellular responses in the skin of the trout (Oncorhynchus
mykiss) exposed to temperature elevation. Journal of
Fish Biology 44, 921-935.

IGER, Y., JENNER, H. A. & WENDELAAR BONGA, sS. E. (1994 ¢).
Cellular responses in the skin of rainbow trout
(Oncorhynchus mykiss) exposed to Rhine water. Fournal
of Fish Biology 45, 1119-1132.

IGER, Y., LOCK, R. A. C., VAN DER MEIJ, J. C. A. & WENDELAAR
BONGA, S. E. (1994 d). Effects of water-borne cadmium on
the skin of the common carp (Cyprinus carpio). Archives
of Environmental Contamination and Toxicology 26,
342-350.

JAFRI, S. 1. H. & AHMED, S. S. (1994). Some observations on
mortality in major carps due to fish lice and their
chemical control. Pakistan Journal of Zoology 26,
274-276.

JOHNSON, S. C. & ALBRIGHT, L.J. (1992a). Comparative
susceptibility and histopathology of the response of
naive Atlantic, chinook and coho salmon to
experimental infection with Lepeophtheirus salmonis
(Copepoda: Caligidae). Diseases of Aquatic Organisms
14, 179-193.

JOHNSON, S. C. & ALBRIGHT, L.]. (1992b). Effects of cortisol
implants on the susceptibility and the histopathology of


https://doi.org/10.1017/S0031182003004116

C'. Haond and others

the responses of naive coho salmon Oncorhynchus kisutch
to experimental infection with Lepeophtheirus salmonis
(Copepoda: Caligidae). Diseases of Aquatic Organisms
14, 195-205.

MENEZES, J., RAMOS, M. A., PEREIRA, T. G. & DA SILVA, A. M.
(1990). Rainbow trout culture failure in a small lake as a
result of massive parasitosis related to careless fish
introductions. Aquaculture 89, 123-126.

MUSTAFA, A. & MacKINNON, B. M. (1999). Atlantic salmon,
Salmo salar L., and Artic char, Salvelinus alpinus (L..):
comparative correlation between iodine-iodide levels,
plasma cortisol levels, and infection intensity with the
sea louse Caligus elongatus. Canadian Journal of Zoology
77, 1092-1101.

MUSTAFA, A., MacWILLIAMS, C., FERNANDEZ, N., MATCHETT,
K., CONBOY, G. A. & BURKA, J. F. (2000). Effects of sea lice
(Lepeophtheirus salmonis Kroyer, 1837) infestation on
macrophage functions in Atlantic salmon (Salmo salar
L.). Fish and Shellfish Immunology 10, 47-59.

NOLAN, D. T., HADDERINGH, R. H., JENNER, H. A.

& WENDELAARBONGA, S. E. (1998). The effects of exposure
to Rhine water on the sea trout smolt (Salmo trutta
trutta L..): an ultrastructural and physiological study. In
New Concepts for the Sustainable Management of River
Basins (ed. Nienhuis, P. H., Leuven, R. S. E. W.

& Ragas, A. M.), pp. 261-271. Backhuys Publishers,
Amsterdam.

NOLAN, D. T., HADDERINGH, R. H., SPANINGS, F. A. T., JENNER,
H. A. & WENDELAAR BONGA, S. E. (2000). Acute
temperature elevation in tap and Rhine water affects
skin and gill epithelia, hydromineral balance and gill
specific Nat/K*+-ATPase activity of brown trout
(Salmo trutta L..) smolts. Canadian Journal of Fisheries
and Aquatic Sciences 57, 708-718.

NOLAN, D. T., REILLY, P. & WENDELAAR BONGA, S. E. (19994).
Infection with low numbers of the sea louse
Lepeophtheirus salmonis (Kroyer) induces stress-related
effects in post-smolt Atlantic salmon (Salmo salar L.).
Canadian Journal of Fisheries and Aquatic Sciences 56,
947-959.

NOLAN, D. T., VAN DER SALM, A. L. & WENDELAAR BONGA, S. E.
(1999b). In vitro effects of short-term cortisol exposure
on proliferation and apoptosis in the skin epidermis of
rainbow trout (Oncorhynchus mykiss Walbaum). In
Recent Developments in Comparative Endocrinology and
Neurobiology (ed. Roubos, E., Wendelaar Bonga, S. E.,
Vaudry, H. & De Loof, A.), pp. 161-162. Shaker
Publishers, Maastricht.

NORTHCOTT, S.]., LYNDON, A. R. & CAMPBELL, A. D. (1997).
An outbreak of freshwater fish lice, Argulus foliaceus L..,
seriously affecting a Scottish stillwater fishery. Fisheries
Management and Ecology 4, 73-75.

PICKERING, A. D. & POTTINGER, T. G. (1989). Stress
responses and disease resistance in salmonid fish: effects
of chronic elevation of plasma cortisol. Fish Physiology
and Biochemistry 7, 253-258.

POOLE, W. R., NOLAN, D.T. & TULLY, 0. (2000). Modelling
the effects of capture and sea lice Lepeophtheirus salmonis
(Kroyer) infestation on the cortisol stress response in
trout. Aquaculture Research 31, 835-841.

RAHMAN, M. M. (1995). Some aspects of the biology of a
freshwater fish parasite, Argulus foliaceus (L..)
(Argulidae, Branchiura, Crustacea). Bangladesh Fournal
of Zoology 23, 77-86.

https://doi.org/10.1017/50031182003004116 Published online by Cambridge University Press

560

RAHMAN, M. M. (1996). Effects of a freshwater fish parasite,
Argulus foliaceus Linn. infection on common carp,
Cyprinus carpio Linn. Bangladesh Fournal of Zoology 24,
57-63.

ROSS, N. W., FIRTH, K. J., WANG, A.P., BURKA, ].F.

& JOHNSON, s. C. (2000). Changes in hydrolytic enzyme
activities of naive Atlantic salmon Salmo salar skin
mucous due to infection with the salmon louse
Lepeophtheirus salmonis and cortisol implantation.
Diseases of Aquatic Organisms 41, 43-51.

RUANE, N. M., NOLAN, D. T., ROTLLANT, J., COSTELLOE, ]J.

& WENDELAAR BONGA, S. E. (2000). Experimental
exposure of rainbow trout Oncorhynchus mykiss
(Walbaum) to the infective stages of the sea louse
Lepeophtheirus salmonis (Kroyer) influences the
physiological response to an acute stressor. Fish and
Shellfish Immunology 10, 451-463.

RUANE, N. M., NOLAN, D. T., ROTLLANT, J., TORT, L., BALM,
P. H. M. & WENDELAAR BONGA, S. E. (1999). Modulation of
the response of rainbow trout (Oncorhynchus mykiss
Walbaum) to confinement, by an ectoparasitic (A4 rgulus
foliaceus 1..) infestation and cortisol feeding. Fish
Physiology and Biochemistry 20, 43-51.

RUSHTON-MELLOR, S. K. & BOXSHALL, G. A. (1994). The
developmental sequence of Argulus foliaceus (Crustacea:
Branchiura). Journal of Natural History 28, 763-785.

SCHMIDT, H., BERNET, D., WAHLI, T., MEIER, W.

& BURKHARDT-HOLM, P. (1999). Active biomonitoring
with brown trout and rainbow trout in diluted sewage
plant effluents. Fournal of Fish Biology 54, 585-596.

SHIELDS, R.]. & GOODE, R.P. (1978). Host rejection of
Lernaea cyprinacea L.. (Copepoda). Crustaceana 35,
301-307.

SINGHAL, R. N., JEET, S. & DAVIES, R. W. (1990). The effects
of argulosis-saprolegniasis on the growth and production
of Cyprinus carpio. Hydrobiologica 202, 27-32.

TULLY, O. & NOLAN, D. T. (2002). Population biology of
Lepeophtheirus salmonis (Copepoda: Caligidae) and
parasite impact on the host fish. Parasitology 124,
S165-S182.

TUJAGUE, M., SALIGAUT, D., TEITSMA, C., KAH, O.,
VALOTAIRE, Y. & DUCOURET, B. (1998). Rainbow trout
glucocorticoid receptor overexpression in Escherichia
coli: production of antibodies for Western blotting and
immunohistochemistry. General and Comparative
Endocrinology 110, 201-211.

VAN DER SALM, A., NOLAN, D. T., SPANINGS, F.A.T.

& WENDELAAR BONGA, S. E. (2000). Effects of infection
with the ectoparasite Argulus japonicus ('Thiele) and
administration of cortisol on cellular proliferation and
apoptosis in the epidermis of common carp Cyprinus
carpio (L..) skin. Journal of Fish Diseases 23, 173—184.

WENDELAAR BONGA, S. E. (1997). The stress response in fish.
Physiological Reviews 77, 591-625.

WEYTS, F.A.A., FLIK, G., ROMBOUT, J. H. W. M. &
VERBURG-VAN KEMENADE, B. M. L. (1998). Cortisol
induces apoptosis in activated B cells, not in other
lymphoid cells of the common carp, Cyprinus carpio
L. Developmental and Comparative Immunology 22,
551-562.

WO0O, P.T. K. & SHARIFF, M. (1990). Lernaea cyprinacea L.
(Copepoda: Caligidea) in Helostoma temminicki Cuvier
& Valenciennes: the dynamics of resistance in recovered
and naive fish. Journal of Fish Diseases 13, 485—-493.


https://doi.org/10.1017/S0031182003004116

