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The gonadal steroid testosterone plays an important role in the sexual

maturation of both male and female salmonid fish and is present in the plasma

at high concentrations during final maturation. Leukocytes from the anterior

kidney of rainbow trout (Oncorhynchus mykiss) and chinook salmon (0.

tshawytscha) demonstrated reduced immunocompetence when incubated in vitro

with physiological levels of testosterone or the synthetic androgens mibolerone

or 17a-methyltestosterone.

Leukocytes from spleen and anterior kidney of both juvenile chinook

salmon and rainbow trout demonstrated specific binding of 3H-testosterone and

3H-mibolerone. Saturation analysis indicated a single class of high affinity, low

capacity androgen receptors. Binding was specific to natural and synthetic

androgens and restricted to leukocytes and other tissues with known androgen

binding affinity.

Both the affinity and number of leukocyte androgen receptors was found

to change annually, with the highest number and lowest affinity coinciding with

spawning and peak plasma testosterone levels. These annual changes were also

present in immature fish and adult fish which had been castrated. Stress also

caused reduction in leukocyte androgen receptor affinity.
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Direct counts of viable chinook salmon leukocytes after in vitro incubation

demonstrated significant death of leukocytes in cultures exposed to testosterone.

At least five days of contact with testosterone was required to produce

significant immunosuppression and, after this point, addition of a "conditioned

medium" (supernatant from proliferating lymphocytes not exposed to

testosterone) did not reverse the immunosuppressive effects.

These data lead us to conclude that testosterone may exert its

immunosuppressive effects by direct action on salmonid leukocytes, through the

androgen receptor described, and that this action may lead to the death of a

significant number leukocytes.

I speculate that testosterone's immunosuppressive actions may protect

against autoimmune response to the tissue changes which occur in spawning

salmonids, or that the energy saved by not initiating a specific immune response

(the results of which are helpful only in the long term) could then be used to

help ensure successful reproduction in the short term or that

immunosuppression caused by the combination of high plasma levels of

testosterone and cortisol during final maturation is one cause of senescence and

death in semelparous salmonids.
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SEX HORMONE-IMMUNE SYSTEM INTERACTIONS IN SALMONID FISH

I. GENERAL INTRODUCTION

All Pacific salmon (of the genus Oncorhynchus) are semelparous (die after

spawning) and their bodies degenerate greatly during sexual maturation

(Robertson and Wexier, 1960). Sexually maturing salmonids have high plasma

levels of many hormones, including cortisol and the sex steroids (Schmidt and

Idler, 1962; Sower et. al., 1982; Fitzpatrick et al., 1986). The elevated plasma levels

of cortisol and many of the changes in organ and tissue histology described in

spawning Pacific salmon are similar to the effects of Cushing's syndrome in

humans (Robertson and Wexier, 1960; Robertson et al., 1961a, 1961b). Elevated

plasma cortisol is known to reduce production of antibody-producing cells and

disease resistance of salmonid fish (Kaattari and Tripp, 1987; Tripp et al., 1987;

Maule et al., 1987, 1989; Pickering, 1989; Pickering and Pottinger, 1989). Changes

in the immune systems of spawning salmon include involution of the thymus; a

drastic reduction in the number of lymphocytes in the kidney and spleen

(Robertson and Wexier, 1960), and immune deficiencies, such as lowered

bactericidal activity of normal serum (lida et al., 1989); and the inability to

produce isohemagglutinins (Ridgway, 1960, 1962). This reduction in numbers of

immunocompetent cells, along with the immunosuppressant effects of elevated

cortisol, may be partly responsible for determining programmed post-spawning

death and for the increase in disease and mortality which often occur before

spawning in Pacific salmon.

The process of sexual maturation may also be responsible for changes in

the salmonid immune response. Documentation includes anecdotal evidence



which suggests that gonadectomy prevents post-spawning mortality (McBride et

al., 1963), evidence that Saprolegnia infection increases in trout after treatment

with androgen (Cross and Willoughby, 1989), and our finding that testosterone

reduces the immune response in chinook salmon (Slater and Schreck, 1993).

In mammals, the connection between gonadal steroids and immune

function has been well documented. Estrogen enhances the action of splenic

macrophages in the removal of antibody-coated cells (Schreiber et al., 1988), but

has been shown to inhibit other cellular responses, specifically, the production of

natural killer cells (Seaman et al., 1978; Hanna and Schneider, 1983; Pung and

Luster, 1986). Conversely, estrogen enhances interleukin 1 synthesis (Hu et al.,

1988; Polan et al., 1988) and stimulates the mammalian humoral, or antibody,

response (Paavonen et al., 1981; Trawick and Bahr, 1986; Erbach and Bahr, 1988;

Sthoeger et al., 1988). Progesterone has been shown to inhibit splenic

macrophage activity and lymphocyte transformation (Wyle and Kent, 1977;

Schreiber et al., 1988). Testosterone also inhibits the mammalian antibody

response (Fujii et al., 1975; Sthoeger et al., 1988, Catanzano-Troutaud et al., 1992)

and interferes with lymphocyte transformation (Wyle and Kent, 1977). Possible

connections between gonadal steroids and immune function in fish have not

been fully investigated.

Earlier work in our laboratory had demonstrated that adult spring

chinook salmon (0. tshawytscha) exhibit high concentrations of sex steroid

hormones in the plasma during sexual maturation (Slater, 1991; Slater et al.,

1994). We have examined the effects of these high concentrations of sex steroid

hormones on the functioning of the salmonid immune system. Testosterone and

cortisol, but not 173-estradiol or aldosterone, were found to significantly reduce

the number of antibody-producing cells (APC) in vitro, and testosterone and

cortisol administered together had a significantly greater effect than did either



administered alone (Slater and Schreck, 1993). The immunosuppressive effects

of cortisol on juvenile salmonids have been linked to direct action on the

leukocytes through glucocorticoid receptors which were described by Maule and

Schreck (1990). Although testosterone's effects on APC production are similar to

those produced by cortisol, it is unlikely that testosterone is acting through this

glucocorticoid receptor. These glucocorticoid receptors demonstrated the

following binding hierarchy: triamcinolone > cortisol> 17cc-

hydroxyprogesterone > cortisone> aldosterone > testosterone, with testosterone

showing no inhibition of cortisol binding even at 100,000 nM concentration

(Maule and Schreck, 1990). Tn other words, this receptor has very low affinity

for testosterone and it is unlikely that equal concentrations of the two steroids

could have equal effects on production of APC (as they do) if they are both

acting through a single receptor. The additive immunosuppressive effects of

cortisol and testosterone on chinook salmon leukocytes (Slater and Schreck,

1993) suggest that different cells are targets for the different steroids. Androgens

and glucocorticoids are known to effect separate cell subpopulations in

mammals. Pearce et al. (1981) found that androgen receptors are confined to

thymocytes which are relatively resistant to glucocorticoids in mouse and rat

thymus glands.

This thesis addresses the question of how testosterone may effect some

elements of the salmonid immune response and is presented in the form of

chapters. The second chapter demonstrates specific binding in, and reduced

immunocompetence of, salmonid leukocytes exposed to natural and synthetic

androgens. The third chapter characterizes an androgen receptor in salmonid

leukocytes which may be the avenue through which testosterone exerts its

effects on salmonid leukocytes. The fourth chapter demonstrates that

testosterone can kill salmonid leukocytes in vitro , and this may explain how



testosterone exerts its immunosuppressive effect. The fifth chapter describes

how season, stress, arid sexual maturation change the response of the salmonid

immune system to testosterone. The first appendix presents the results of

experiments designed to develop drug therapies to block testosterone and

cortisol mediated immunosuppression. The second appendix presents the

results of disease challenge experiments designed to show in vivo

immunosuppression in response to elevated plasma testosterone.
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II. ANDROGENS AND IMMUNOCOMPETENCE IN SALMONIDS: SPECIFIC
BINDING IN AND REDUCED IMMUNOCOMPETENCE OF SALMONID

LYMPHOCYTES EXPOSED TO NATURAL AND SYNTHETIC ANDROGENS

Introduction

The use of androgens (natural and synthetic) has become increasingly

common in aquaculture. Androgens have been tested as possible growth

promoters (McBride and Fagerlund, 1973: Ostrowski et al., 1986; Rothbard et aL,

1988) and as masculinizing agents (Donaldson and Hunter, 1982; Torrans et al.,

1988). Androgens have wide-ranging physiological and developmental effects

beyond growth and sex determination. Androgen receptors have been

described in brown trout (Salmo trutta) skin (Pottinger, 1987), goldfish (Carassius

auratus) brain (Pasmanik and Callard, 1988), and coho salmon (Oncorhynchus

kisutch) ovaries (Fitzpatrick et al., 1994). The increasing use of androgens in

aquaculture has raised issues not only of food safety, but also of potential

deleterious effects on treated animals.

In mammals, the connection between androgens and immune function

has been well documented. Testosterone has been shown to reduce the antibody

response (Fujii et al., 1975; Sthoeger et al. 1988; Catanzano-Troutaud et al., 1992)

and interfere with lymphocyte transformation (Wyle and Kent, 1977). Earlier

work in our laboratory has shown that testosterone significantly reduces the

number of antibody-producing cells in in vitro cultures of chinook salmon (0.

tshawytscha) lymphocytes (Slater and Schreck, 1993). Sakai (1992) reported that

swim-up rainbow trout (0. mykiss) fry fed 17-methy1testosterone permanently

lose the capacity to produce antibodies.

The steroid hormone cortisol suppresses the immune response of

salmonid fish (Tripp et al., 1987; Maule et al., 1987, 1989). The mechanism is
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direct action on the leukocytes through glucocorticoid receptors (Maule and

Schreck, 1990). These data led us to hypothesize that the immunosuppressive

action of androgens may be mediated by an androgen receptor in the salmonid

leukocyte. The objective of the present study was to determine if synthetic

androgens commonly used in aquaculture cause immunosuppression and to

determine if the androgens bind specifically to salmonid leukocytes. The

synthetic androgen mibolerone was used as a ligand because it has been widely

used in the study of androgen binding sites in other species (e. g. Fitzpatrick et

al., 1994), it has been employed in aquaculture (Torrans et al., 1988), and because

the native androgen, testosterone, was shown by our laboratory (unpublished

results) to be metabolized during incubation with salmonid leukocytes.

Methods

Experimental animals. Juvenile spring chinook salmon and rainbow trout were

raised and maintained at the Fish Genetics and Performance Laboratory of

Oregon State University in Corvallis, Oregon. All experiments were carried out

at that facility. Fish were maintained under natural photoperiod and fed a

commercial diet of semirnoist pellets. Fish were held in 2-rn circular, fiberglass

tanks provided with flow-through water at 12±1°C. Spring chinook were

sampled in January (average weight bOg). Saturation analysis was performed

on rainbow trout leukocytes in April (average weight 150g). Competition

studies were performed on rainbow trout leukocytes in July (average weight

250g).

Tissue preparation. Leukocytes were collected from the anterior kidney and/or

spleen of juvenile spring chinook salmon and rainbow trout. Fish were killed by

anesthetic overdose in a solution of 200 mg/i tricainemethane sulfonate buffered
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with 500 mg/i sodium bicarbonate. The tissues were harvested into ice cold

RPMI 1640 (Whittaker Boi-Products) and a single cell suspension was obtained

by repeated aspiration and expulsion of the tissue through a 1 ml syringe. These

cell suspensions were held on ice until the tissue fragments had settled. Cell

suspensions were then drawn off and the tissue fragments discarded. Cells were

then washed by centrifuging the cell suspensions for 10 mm. at 500 x g at 4°C,

drawing off the supernatant, adding new RPMI, and vortexing to resuspend

cells. An aliquot (10 jil) of the single cell suspension was added to 150 il of

RPMI and 40 j.tl of trypan blue. After gentle stirring with a Pasteur pipette, this

mixture was loaded onto a hemacytometer and viable leukocytes were counted.

Based on the results of these counts all tissue suspensions were diluted to

working concentrations of 5 x107 cells/mi.

Hemolytic plague assay. The ability of leukocytes to secrete specific antibodies

was used as a measure of immunocompetence.

The antigen used was trirdtrophenyl-lipopolysaccharide (TNP-LPS) at a final

concentration of 5 pg/ml in leukocyte cultures. The method was described by

Tripp et al. (1987), and modified by Slater et al. (1995). Fish were killed by

anesthetic overdose in 200 mg/i tricainemethane sulfonate buffered with 500

mg/i sodium bicarbonate. Anterior kidney tissue was removed from fish

aseptically under a portable UV hood. The tissues were then placed in 1 ml of

tissue culture media (TCM) on ice. TCM consists of RPMI 1640 (Whitaker Bio-

products) supplemented with 10% fetal calf serum, 1% of a 200 mM L-glutamine

solution, and 0.2% of a 50 mg/ml gentamicin sulfate solution. Single cell

suspensions were obtained by repeated aspiration and expulsion of the tissue

through a 1 ml syringe. This cell suspension was held on ice until the tissue

fragments settled. Ten p1 of the supernatant, a single cell suspension, was added

to 150 p.1 of TCM and 40 p.1 of trypan blue. After gentle stirring with a Pasteur



pipette, this mixture was loaded onto a hemacytometer and viable leukocytes

counted. Based on the results of these counts, all tissue suspensions were

diluted to 2 x107 cells/mi. In the assay 50 .d of this leukocyte cell suspension

and 25 jii of TCM or TCM with steroid plus 25 jil of TCM with TNP-LPS, for a

total incubation volume of 50 tl, were added to wells of a 96-well, flat-bottom

microculture plate. Cells were incubated under blood gas (80% N2, 10% 02,

10% CO2) at 18°C for 7 days. Cell cultures were not fed during incubation. On

day 7 the tissue culture plates were centrifuged to remove cells from suspension,

TCM was drawn off and 50 JIl of fresh TCM (no antigen or steroid) was added to

the wells. Ten p.1 dilute steelhead serum (1:9 in modified barbital buffer, MBB)

as a source of complement and 10 j.il of a 20% (v/v) suspension of sheep red

blood cells haptenated with TNP in MBB was then added to all wells. MBB

contains, 10 mM barbital, 2 mM sodium barbital, 0.59 mM magnesium chloride,

300 mM sodium chloride, and 1.5 mM calcium chloride. The contents of each

well were gently mixed with a Pasteur pipette and transferred to one-half of a

Cunningham chamber. The chambers were sealed with wax and incubated at

18°C for 2 hr. Chambers were then examined under a stereo dissecting

microscope, and the number of plaques per culture was recorded.

Androgen receptor assay. Whole leukocytes were assayed for androgen binding

following the procedure of Maule and Schreck (1990) for glucocorticoid binding.

For each concentration of mibolerone (Mb) to be assayed, three total binding and

three non-specific binding tubes were used. To each total binding tube, 100 p.1

cell suspension, 50 p.1 RPMI and 50 p.1 tritium-labeled Mb (3H Mb) (in RPMI)

were added. To each non-specific binding tube, 100 p.1 cell suspension, 50 p.1 3H

Mb and 50 p.1500-fold excess radioinert Mb (both in RPMI) were added. All

tubes were then incubated at 12°C for 4 hours. After incubation, 50 p.1 RPMI was

added to each tube and all were centrifuged at 300 x g for 10 mm. The
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supernatant was discarded and the cells were washed by adding 750 p.1 RPMI

and vortexing. All tubes were again centrifuged at 300 x g for 10 mm., and the

supernatant discarded. Distilled (200 p.1) water was then added to all tubes to

lyse cells. Absolute methanol (400 p1) was added and all tubes were vortexed,

then 500 p1 was decanted into scintillation vials and 5 ml scintillation cocktail

was added before all tubes were vortexed and counted in a liquid scintillation

counter. The dissociation constant, Kd, and receptor number, Bmax, were

calculated by nonlinear regression of specific binding data (Prism, GraphPad,

San Diego, CA). Anterior kidney leukocytes were used in all experiments

because the organ contained more leukocytes than spleen and these leukocytes

demonstrated 2-3 fold greater specific binding than splenic leukocytes (data not

shown).

Steroid binding specificity. Leukocytes were incubated with 3H-Mb alone or

3H-Mb and increasing concentrations (1, 10, 100, 500-fold) of competing steroids.

Maximum specific binding was calculated as the difference between total

binding (no competing steroid) and non-specific binding (500-fold excess of Mb).

Displacement of specific binding by competing steroids was expressed as a

relative binding affinity (a percent of the maximum specific binding).

Statistics. Plaque assay data were subjected to analysis of variance and, where

significant between-group differences were found, pairwise comparisons were

conducted using the Scheffe F-test. Differences were considered statistically

significant at the P<0.05 level. Data are presented as percent of controls, while

the statistical analyses were performed on the raw data.
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Results

Biological effect. The synthetic androgens 17o-methyltestosterone and

mibolerone, the natural androgen testosterone, and the glucocorticoid cortisol all

significantly reduced the number of antibody-producing cells in in vitro cultures

of chinook salmon anterior kidney leukocytes (Fig. 1).

Binding characteristics. Leukocytes from spleen and anterior kidney of both

juvenile chinook salmon and rainbow trout specifically bound 3H-Mb.

Saturation analysis and Scatchard analysis (Fig. 2) of leukocytes from anterior

kidney of rainbow trout indicated a single class of high affinity binding sites

with Kd = 1.04 nM ± 0.31 nM and Bmax = 0.11 nM ± 0.01 nM. Assays using

tritium labeled T (3H-T) as a ligand were performed, and specific binding was

detected. However, further investigation determined that T was being

metabolized by the intact cells during the incubation and, therefore, these data

are not reported.

Steroid specificity. Specific binding of 3H-Mb in leukocytes from anterior

kidney of rainbow trout could be displaced by the natural androgens

testosterone and li-ketotestosterone and by the synthetic androgens Mb and

17a-methyltestosterone while even 500-fold excess of cortisol did not displace

3H-Mb (Fig. 3).
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Fig. 1 Plaque-forming response of chinook salmon leukocytes incubated in vitro
with natural and synthetic androgens. Each bar represents the mean number of
plaque-forming cells per culture (shown as percent of control) + standard error.
The average number of plaque forming cells per control culture was 279 ± 26.
Treatments: mibolerone (MB), testosterone (T), 17a-methyltestosterone (MT),
and cortisol (F). "*" indicates significant difference from controls (P 0.05).
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Fig. 2. Analyses of mibolerone binding in rainbow trout leukocytes. (a)
Saturation analysis: Leukocytes incubated with increasing concentrations of 3H-
mibolerone in the absence (total binding) or presence (non-specific binding) of
500-fold excess radioinert mibolerone. Specific binding (the difference between
total binding and non-specific binding) is shown. (b) Scatchard plot of the same
data after transformation. Each point represents the mean of triplicate
determinations. Three assays were performed, leukocytes from 10 fish were
pooled for each assay. Results from one assay are represented.
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Fig. 3 Specificity of steroid binding in rainbow trout leukocytes. Leukocytes
were incubated with 3H-mibolerone in the absence (total binding) or the
presence of 1, 10, 100, or 500-fold excess competitor steroid. Specific binding
was calculated by taking the difference between total binding and binding in the
presence of 500-fold excess radioinert mibolerone. Displacement of binding (in
percent) is expressed as the difference between total binding and binding in the
presence of competitor, divided by the specific binding. Each point represents
the mean of triplicate determinations. Steroids: mibolerone (MB), testosterone
(T), 17a-methyltestosterone (MT), li-ketotestosterone (KT), cortisol (F). Each
point represents the mean of triplicate determinations.
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Discussion

The results of the present study indicate that synthetic, as well as natural

androgens reduce the immunocompetence of salmonid leukocytes in vitro.

These leukocytes demonstrate low capacity, high affinity binding of androgen,

which appears to be specific for natural and synthetic androgens.

Androgen receptors with similar binding affinities have been described in

tissues of other fish species: the skin of brown trout, Salmo trutta, (Pottinger,

1987), the ovaries of coho salmon, 0. kisutch, (Fitzpatrick et al., 1994) and the

brains of goldfish, Carassius auratus, (Pasmanik and Callard, 1988). The high

affinity for both natural and synthetic androgens is, however, different. The

coho ovary receptor displayed high affinity for a variety of synthetic androgens,

only moderate affinity for il-ketotestosterone and dthydrotestosterone, and low

affinity for testosterone (Fitzpatrick et al., 1994), while the goldfish brain receptor

displayed high affinity for testosterone and dthydrotestosterone, moderate

affinity for mibolerone and progesterone, and low affinity for 11-

ketotestosterone (Pasmanik and Callard, 1988).

These results support the hypothesis that androgens affect the salmonid

immune response by direct action on the leukocyte through a specific androgen

receptor. In mammals, testosterone is thought to be immunosuppressive by

increasing the activity of suppresser T cells, but testosterone does not seem to

affect mature T cells directly. Rife et al. (1990) found no testosterone receptors in

lymphocytes from mouse spleen, and Cohen et al. (1983) found no testosterone

receptors in human peripheral T cells. Therefore in mammals, testosterone must

effect peripheral T cells indirectly, through a second messenger or during

development through the known androgen receptors in the thymus. The

specific binding of androgen to leukocytes of the anterior kidney of salmonids
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may be analogous to the known androgen receptors in the mammalian

thymocytes (both are sites of lymphocyte production), but the specific binding of

androgen to splenic leukocytes of salmonids contrasts with the results from

mammals. While the present study shows that salmonid leukocytes bind

androgens, a more comprehensive study using leukocyte cytosol extracts rather

than whole cells is being undertaken in our laboratory to determine if an

androgen receptor is responsible for the observed specific binding.

Treatment of fish with androgens may lead to a significant, and perhaps

permanent (Sakai, 1992) reduction in immunocompetence. Positive effects of

androgen treatment for growth or sex control must consequently be weighed

against potential effects on the immune system. Our results are limited to the

effects of androgens in vitro; a complete characterization of the immune response

of androgen-treated fish in vivo should be undertaken.
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HI. CHARACTEREZATION OF AN ANDROGEN RECEPTOR IN SALMONID
LYMPHOCYTES: POSSIBLE LINK TO ANDROGEN-INDUCED

IMMUNOSUPPRESSION

Introduction

All Pacific salmon (of the genus Oncorhynchus) are semelparous (die after

spawning) and their bodies degenerate greatly during sexual maturation.

Changes in the immune systems of spawning salmon include involution of the

thymus; a drastic reduction in the number of lymphocytes in the kidney and

spleen (Robertson and Wexier, 1960; Robertson et cii., 1961), and immune

deficiencies such as lowered bactericidal activity of normal serum (lida et al.,

1989) and the inability to produce isohemagglutinins, (Ridgway, 1960, 1962).

Sexually maturing sa]monids also have high plasma levels of many hormones,

including cortisol and the sex steroids (Schmidt and Idler, 1962; Sower and

Schreck, 1982; Fitzpatrick et al., 1986). Elevated plasma cortisol is known to

reduce the number of antibody-producing cells and disease resistance of

salmonid fish (Kaattari and Tripp, 1987; Tripp et cii., 1987; Maule et al., 1987,

1989; Pickering, 1989; Pickering and Pottinger, 1989). The reduction in numbers

of immunocompetent cells, along with the immunosuppressive effects of

elevated cortisol, may be partly responsible for determining programmed post-

spawning death and for the increase in infection and mortality which often

occurs before spawning in Pacific salmon.

Sexual maturation may also play a role in the degenerative process which

leads to post-spawning mortality, pre-spawning mortality, or both. This

speculation is based on anecdotal evidence which suggests that gonadectomy

prevents post-spawning mortality (McBride et ai., 1963), and our evidence that

testosterone reduces the immune response in chinook salmon (Slater and
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Schreck, 1993). In mammals, the conrection between gonadal steroids and

immune function has been well documented. Estrogen enhances the action of

splenic macrophages in the removal of antibody-coated cells (Schreiber et al.,

1988), but has been shown to inhibit other cellular responses, specifically, the

production of natural killer cells (Seaman et cii., 1978; Hanria and Schneider,

1983; Pung and Luster, 1986). Conversely, estrogen enhances interleukin 1

synthesis (Hu et cii., 1988; Polan et cii., 1988) and stimulates the mammalian

humoral, or antibody, response (Paavonen et cii., 1981; Trawick and Bahr, 1986;

Erbach and Bahx, 1988; Sthoeger et al., 1988). Progesterone has been shown to

inhibit splenic macrophage activity and lymphocyte transformation (Wyle and

Kent, 1977; Schreiber et cii., 1988). Testosterone also inhibits the mammalian

antibody response (Fujii et cii., 1975; Sthoeger et ai. 1988; Catanzano-Troutaud et

al., 1992) and interferes with lymphocyte transformation (Wyle and Kent, 1977).

Possible connections between gonadal steroids and immune function in fish

have not been fully investigated.

Earlier work in our laboratory had demonstrated that adult spring

chinook salmon exhibit high concentrations of sex steroid hormones in the

plasma during sexual maturation (Slater 1991; Slater et cii., 1994). We have

examined the effects of these high concentrations of sex steroid hormones on the

functioning of the salmonid immune system. In immature fish, testosterone and

cortisol, but not 1713-estradiol or aldosterone, were found to significantly reduce

the number of antibody-producing cells in vitro, and testosterone and cortisol

administered together had a significantly greater effect than did either when

administered alone (Slater and Schreck, 1993). The immunosuppressive effects

of cortisol on juvenile salmonids have been linked to direct action on the

leukocytes through glucocorticoid receptors (Maule and Schreck, 1990). These

glucocorticoid receptors demonstrated the following binding hierarchy:
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triamcinolone > cortisol> l7cx-hydroxyprogesterone > cortisone > aldosterone>

testosterone, with testosterone showing no inhibition of cortisol binding even at

100,000 nM concentration (Maule arid Schreck, 1990). Given this very low

affinity for testosterone, it is unlikely that testosterone exerts biological effects

through the glucocorticoid receptor. Earlier work in our laboratory had also

demonstrated high affinity binding sites for the synthetic androgen mibolerone

in salmonid leukocytes (Chapter II). These sites also show affinity for other

natural and synthetic androgens. These data led us to hypothesize that

testosterone's immunosuppressive action was mediated by an androgen receptor

of the salmonid leukocyte. The objective of the present study was to describe the

androgen binding characteristics of salmonid leukocytes and to determine if an

androgen receptor was responsible.

Methods

Experimental animals. An outbred population of all female rainbow trout

(Oncorhynchus mykiss) were raised and maintained at the Fish Genetics and

Performance Laboratory of Oregon State University, Corvallis, Oregon. All

experiments were carried out at that facility. Fish were maintained under

natural photoperiod and fed a commercial diet of semimoist pellets. Fish were

held in 2-rn circular, fiberglass tanks provided with flow-through water at 12±

1°C.

Tissue preparation. Leukocytes were collected from the anterior kidney of

rainbow trout. The tissues were harvested into about 50 pi of ice cold RPMI 1640

(Whittaker Bio-products). A single cell suspension was obtained by chopping

individual anterior kidneys with a razor blade in an ice cold petri dish followed

by repeated aspiration and expulsion of the tissue and several ml of RPIvII
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through a 5 ml syringe (no needle; 2 mm orifice). The tissue/RPMI were then

pooled in a 50 ml plastic centrifuge tube and held on ice until tissue fragments

had settled. The cell suspensions were then drawn off and the tissue fragments

discarded. Cell suspensions were centrifuged for 10 mm. at 500 x g at 4°C in a

Beckman TJ-6 with swinging bucket rotor. The supernatant was drawn off, 10

ml new RPMI was added, and the tubes were vortexed to resuspend cells. The

suspension was then layered onto 10 ml of 45% Percoll (in RPMI) and

centrifuged at 400 x g for 20 min. at 4°C to remove red blood cells. The

leukocyte layer was drawn off and washed twice with 25 ml of RPMI. After the

second wash the RPMI was drawn off and 6 ml of TEMS buffer (10 mM Tris

HC1, 1 mM EDTA, 12 mM monothioglycerol, 20 mM sodium molybdate, 10%

(v/v) glycerol, pH 7.4) was added. The cells were then disrupted by sonicating

("Sonifier" by Branson Sonic Power Co.) for 30 sec. at 50% power. Gross debris

were removed by centrifuging at 2000 x g for 20 mm. at 4°C. The supernatant

was drawn off and mixed with 3 ml of TEMS containing 5% (w/v) charcoal and

0.5% (w/v) dextran to remove any free steroid. The mixture was vortexed and

incubated on ice for 10 mm., then the charcoal/dextran was removed by

centrifugation at 2000 x g for 20 mm. at 4°C The supernatant was then

centrifuged at 100,000 x g for 60 mm. at 4°C in a Beckman L8-60M with fixed

angle rotor. This supernatant was considered the cytosol. Cytosol was assayed

for protein content by the method of Bradford (1976). Bovine serum albumin

(Sigma A-7888) was used for protein standards.

Assay procedure; saturation analysis and association kinetics. 3H-testosterone

(3H-T; 1,2,6,7,16,17-label; 101 mCi/nM specific activity) was purchased from

New England Nuclear. Specific binding of 3H-T in cytosol was calculated as the

difference between total binding and non-specific binding in triplicate cytosol

samples. Total binding tubes contained 50 jil of 3H-T (in TEMS), 150 p.1 of
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cytosol, and 5Ojil of TEMS. Non-specific binding tubes contained 50 p1 of 3H-T

(in TEMS), 150 .t1 of cytosol, and 50 il of 500-fold excess radioinert T (in TEMS).

Tubes were shaken gently for 30 sec. then incubated at 4°C overnight. After

incubation, tubes were placed on ice and 500 t1 TEMS containing 2.5% (w/v)

charcoal and 0.25 % (w/v) dextran was added to each tube. Tubes were

incubated on ice for 10 mm. then centrifuged for 20 mm. at 4°C at 2000 x g. 500

pI supernatant was decanted to scintillation vials, 5 ml scintillation cocktail was

added, and vials were vortexed and counted. The dissociation constant, Kd, and

receptor number, Bmax, were calculated by nonlinear regression of specific

binding data (Prism, GraphPad, San Diego, CA). Cytosol from the anterior

kidney leukocytes of 30 rainbow trout (mean weight 300 g) was prepared on 17

March 1994 and stored at -80°C until assayed. This cytosol was diluted to 2.75

mg protein/mi.

Tissue specificity. Blood plasma and cytosoi from ieukocytes, heart, gill,

erythrocytes, liver, muscle, and skin were tested for specific binding capacity in

a triplicate single point-assay (as described above). On 22 June 1994 cytosol

from tissues of five rainbow trout (mean weight 588 g) was prepared. The

cytosol was diluted to 2 mg protein/mi and incubated with 3H-T at 1 nM.

Steroid binding specificity. Triplicate samples of leukocyte cytosol were

incubated with 3H-T (1 nM) alone or 3H-T (1 nM) and increasing concentrations

(1, 10, 100, 500-fold) of competing steroid and assayed as above. Maximum

specific binding was calculated as the difference between total binding (no

competing steroid) and non-specific binding (500-fold excess of T).

Displacement of specific binding by competing steroids was expressed as

relative binding affinity (the percentage of the maximum specific binding). On 1

April 1994 cytosol from tissues of 30 rainbow trout (average weight 300g) was

used. The cytosol was diluted to 2.75 mg protein/mi. On 14 April 1994 cytosol
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from tissues of 25 rainbow trout (average weight 300g) was used. The cytosol

was diluted to 3 mg protein/mi.

Effects of trvpsin on testosterone binding. Leukocyte cytosol (500 p1) was

incubated with 500 p1 trypsin (16 mg/mi) alone or with 2 concentrations of

trypsin inhibitor (16 and 32 mg/mi) for 12 hr at 4°C. Triplicate samples were

then incubated with 3H-T alone or with 500-fold excess T overnight at 4°C, and

the assay was completed as above. On 1 Feb. 1994 cytosol from anterior kidney

leukocytes of 8 rainbow trout (mean weight 300 g) were prepared. The cytosol

was diluted to 5 mg protein/mi and incubated with 3H-T at 5 nM. On 26 April

1994 cytosol from tissues of 30 rainbow trout (mean weight 300 g) was used.

The cytosol was diluted to 2.75 mg protein/mi and incubated with 3H-T at 2

nM.

Possible metabolism of testosterone. HPLC analysis (Huang et al., 1983;

modified by Feist et al., 1989) was used to determine if the specific binding we

were seeing was due to binding of testosterone or some metabolite of

testosterone (i.e. 5a-dthydrotestosterone) which was being formed during

incubation. Leukocyte cytosol (300 pi) was incubated with 1 nM 3H-T overnight

at 40C. 3H-steroid was recovered by diethyl ether extraction. The extract was

dried down, resuspended in 1.0 ml methanol and filtered through a 0.45 pm

filter (AcrodiskTM), dried down again, and resuspended in 100 p1 mobile phase

(water:methanoi:acetonitrile:isopropanolp, 62:28:5:5) for injection onto HPLC.

An 3H-T standard was obtained by removing 10 p1 of 3H-T stock (in EtOH),

drying it down and filtering as above. The HPLC system consisted of an IBM

LC/9533 Ternary Gradient Liquid Chromatograph, an IBM 9000 computer, a

fixed wavelength UV detector (280 nm) and a Hewlett-Packard 100 x 2.1 mm

reverse phase (C-18) column with a pore size of 5 pin. Steroids were eluted

starting with an isocratic mobile phase (0.4 mi/mm.) immediately followed by a



linear gradient of 3.3 %/min. of water:methanol:butanol (35:45:20) for 30

minutes. This solvent system allowed for the separation of 16 steroids used as

standards. Fractions of eluted material were collected at one minute intervals.

Fractions were mixed with 5.0 ml of scintillation fluid and counted. Radioinert

steroid standards were run before and after the cytosol samples to determine T

elution time.

Conversion of CPM to DPM The formula used was:

DPM = CPM/[((H-282)/-4.84)/100], where H was the quench as calculated by

the liquid scintillation counter.

Results

Association kinetics and determination of Kd and Bmax. Specific binding of 3H-

T in leukocyte cytosol reached equilibrium by 3 hr and remained stable for 24 hr

at 4°C (Fig. 4). All subsequent incubations were carried out overnight at 4°C.

Saturation analysis and Scatchard analysis (Fig. 5) of cytosol from rainbow trout

anterior kidney leukocytes describe a single class of high affinity binding sites

with Kd = 0.99 nM ± 0.17 nM (±SE) and Bmax = 30.4 ± 4.9 fmol/mg protein

(±SE), based on a total of 6 determinations from 3 different cytosolic pools.

Tissue specificity. 3H-T demonstrated high specific binding in plasma,

leukocyte, skin, and liver, whereas specific binding was low in muscle,

erythrocyte, and heart (Fig. 6).



Fig. 4 Association kinetics of testosterone in rainbow trout leukocyte cytosol.
Cytosol was incubated with 1 nM 3H-testosterone in the absence (total binding)
or presence (non-specific binding) of 500-fold excess radioinert testosterone.
Specific binding (the difference between total binding and non-specific binding)
is shown. Each point represents the mean of triplicate determinations.
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Fig. 5 Analyses of testosterone binding in rainbow trout leukocyte cytosol. (A)
Saturation analysis: cytosol incubated with increasing concentrations of 3H-
testosterone in the absence (total binding) or presence (non-specific binding) of
500-fold excess radioinert testosterone and specific binding determined as
described in the legend to Fig. 1. (B) Scatchard plot of the same data after
transformation. Each point represents the mean of triplicate determinations.
This graph is a representative of six assays of three cytosolic pools.
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Fig. 6 Tissue specificity of testosterone binding in rainbow trout. Plasma, or
cytosol from tissues was incubated with 1 nM 3H-testosterone in the presence or
absence of 500-fold radioinert testosterone and specific binding determined as
described in the legend to Fig. 1. WBC is white blood cell; RBC is red blood cell.
Each bar represents the mean of triplicate determinations.
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Steroid specificity. Displacement of specific 3H-T binding to 50% occurred with

between 1 and 10-fold excess of testosterone and dthydrotestosterone, between

10 and 100-fold excess of androstenedione, and between 100 and 500-fold excess

of l7cx-methyltestosterone, il-ketotestosterone, and progesterone. Cortisol, l7fr

estradiol, l7cx, 20-dthydroxyprogesterone, the synthetic androgen mibolerone,

and the synthetic estrogen ethenylestradiol did not displace greater than 50% of

the specific binding, even with 500-fold excess (Fig. 7).

Trypsin effect on specific binding. Specific binding was protein dependent.

Treatment with trypsin reduced specific binding by 75%. Addition of trypsin

inhibitor protected about half of the specific binding (Fig. 8).

Effect of molvbdate. No specific binding of 3H-T could be demonstrated when

buffer containing no molybdate was used to prepare cytosol and to perform

assays (data not shown).

Metabolism of testosterone during incubations. No metabolism of T was

detected by HPLC analysis. The elution time of the only significant radioactive

peak in incubated cytosoll matched the elution time of the radioactive peak in the

3H-T stock and the elution time of the radioinert T standards (Fig. 9).
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Fig. 7 Specificity of steroid binding in rainbow trout leukocyte cytosol. Cytosol
was incubated with 1 nM 3H-testosterone in the absence (total binding) or the
presence of 1, 10, 100, or 500-fold excess competitor steroid. Specific binding
was calculated by taking the difference between total binding and binding in the
presence of 500-fold excess radioinert testosterone. Displacement of binding (in
percent) is expressed as the difference between total binding and binding in the
presence of competitor, divided by the specific binding. Each point represents
the mean of triplicate determinations. Steroids used as competitors were:
testosterone (T), li-ketotestosterone (KT), dthydrotestosterone (DHT), l7cx-
methyltestosterone (MT), mibolerone (MB), ethynylestradiol (EE),
androstenedione (AN), cortisol (F), 17J3-estradiol (E2), 17a, 20-
dihydroxyprogesterone (DHP), and progesterone (P4). Each point represents
the mean of triplicate determinations. This graph is a representative of two
replicate experiments.
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Fig. 8 Specific binding of 3H-testosterone in rainbow trout leukocyte cytosol
incubated with trypsin or trypsin plus trypsin inhibitor. Bars represent the
specific binding of 3H-testosterone as a percentage of the control (no trypsin)
level. Cytosol was incubated overnight with trypsin (16 mg/mi) or trypsin and
trypsin inhibitor at 16 or 32 mg/mi.
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Fig. 9 HPLC analysis of rainbow trout leukocyte cytosol after incubation with
3H-testosterone. 3H-testosterone stock (squares) or ether extracts of cytosol after
incubation with 3H-testosterone (crosses) were run on HPLC to determine if
metabolism of 3H-testosterone was occurring during the incubation. Height of
peaks is irrelevant- amount of 3H-testosterone in standard and sample was not
the same. Each point represents the radioactivity (DPM) of one minute fractions
collected as they eluted from the HPLC. The arrow indicates the elution time of
a radioinert testosterone standard.
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Discussion

Our results support the hypothesis that androgen receptors exist in the

leukocytes of salmonid fish. The cytosolic binding sites characterized in

rainbow trout leukocytes fulfill the basic description of steroid receptors (Clark

and Peck, 1977), i.e., high affinity, low capacity (saturable), steroid and tissue

specificity, and correlation with biological response (Slater and Schreck, 1993).

The fact that specific binding was reduced by treatment with trypsin also

indicates that binding is due to a proteinaceous receptor. In addition, leukocytes

from the anterior kidney and spleen of rainbow trout and chinook salmon have

demonstrated specific binding of both 3H-T and the synthetic androgen 3H-

mibolerone, and peripheral leukocytes from adult chinook demonstrate specific

binding of 3H-T (Chapter II; unpublished data).

Androgen receptors with similar binding affinities have been described in

tissues of a number of species: the skin of brown trout, Salmo trutta, (Pottinger,

1987), the ovaries of coho salmon, 0. kisutch, (Fitzpatrick et al., 1994), the brains

of goldfish, Carassius auratus, (Pasmanik and Callard, 1988), the testis of dogfish,

Squalus acanthias, (Cuevas and Callard, 1992); in the testis of salamander,

Necturus maculosus, (Singh and Callard, 1992) and in the mammalian

reproductive system; calf uteri (de Boer et al., 1986), and monkey ovary (Hild-

Petito et al., 1991).

Studies of brown trout skin, goldfish brain, and dogfish testis all report

nuclear binding with characteristics close to those reported for the cytosol

(Pottinger, 1987; Pasmanik and Callard, 1988; Cuevas and Callard, 1992). In all

cases, the number of binding sites was greater in the cytosol than in the nuclei,

and the number of cytosolic sites was always at least three times the number

found in the present study. Fitzpatrick et al. (1994) were unable to detect any
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nuclear component of the coho ovary androgen receptor they described and

suggested that a low number of cytosolic sites may correlate with an even lower

number of nuclear sites, which may explain the inability to detect nuclear

binding in leukocytes.

The steroid specificity, as determined by competitive displacement of the

binding sites described in this study are comparable to those reported in brown

trout skin, goldfish brain, and salamander testis (Pottinger, 1987; Pasmanik and

Callard, 1988; Singh and Callard, 1992). Specifically, testosterone and

dihydrotestosterone both show high affinity for the sites, while 11-

ketotestosterone and progesterone show at least 10-fold lower affinity. The

dogfish testis and coho ovary receptors appear to be quite different. The dogfish

receptor did not discriminate between testosterone and progesterone, and

demonstrated a higher affinity for the synthetic androgen mibolerone than for

dihydrotestosterone (Cuevas and Callard, 1992). The coho ovary receptor

displayed high affinity for a variety of synthetic androgens, moderate affinity for

il-ketotestosterone and dihydrotestosterone, and low affinity for testosterone

and progesterone (Fitzpatrick et al., 1994). Saturation and competitive binding

analyses performed with whole trout leukocytes, rather than the cytosolic

fraction, did demonstrate high affinity binding of both testosterone and

mibolerone (Chapter II; Slater et al., 1995a). The absence of affinity for

mibolerone in the cytosolic fraction may be an artifact of cytosol preparation, or

the mibolerone binding may be due to a second binding site which is not in the

cytosol (i.e., nuclear or membrane).

The high level of specific binding of 3H-T in plasma of rainbow trout (Fig.

6) was not unexpected and can be explained by the presence of plasma binding

proteins (Fostier and Breton, 1975; Martin, 1980). Though high capacity, these

plasma binding proteins often have low affinity for steroids (e.g., Kds=20.6-32.6
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nM in brown trout, Pottinger 1987, 1988; 16.8 nM in Atlantic salmon, Lazier et al.,

1985; 16.8 nM in rainbow trout, Pottinger and Pickering, 1990). Plasma steroid

binding proteins in the rainbow trout have been shown to bind 17(3-estradiol

with higher affinity than testosterone (Kd=18 nM vs. 38 nM) (Fostier and Breton,

1975), but in competition assays 1713-estradiol showed no affinity for the binding

sites described here. Given these data it is unlikely that the binding reported

here is due to contamination of leukocyte cytosol by plasma.

The specific binding of 3H-T in leukocyte cytosol was dependent on the

presence of molybdate. Similar dependencies have been reported by Fitzpatrick

et al. (1994) in coho ovaries and by de Boer et al. (1986) in calf uteri. Pottinger

(1987) also used a buffer containing molybdate, but did not explain if molybdate

was required for specific androgen binding.

The specific binding of androgen in rainbow trout and chinook salmon

(Slater et. a!, 1995a) leukocytes of the anterior kidney, and the known

immunosuppressive effects of androgens on these cells (Slater and Schreck,

1993), lead us to hypothesize that androgens act directly on salmonid leukocytes

through the androgen receptor described. Tripp et al. (1987) determined that

cortisol-induced immunosuppression in coho salmon was mediated by

suppressed lymphokine production after interaction with a specific

glucocorticoid receptor in the leukocyte (Maule and Schreck, 1990). The exact

mechanism of androgen-induced immunosuppression in salmonids remains to

be determined.
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IV. PHYSIOLOGICAL LEVELS OF TESTOSTERONE KILL SALMONID

LEUKOCYTES IN VITRO.

Introduction

Sexually mature salmon experience immune deficiencies, such as lowered

bactericidal activity of normal serum (lida et al., 1989); and the inability to

produce isohemagglutinins antibodies readily produced in immature fish

(Ridgway, 1960, 1962). Sexually maturing salmonids have high plasma levels of

many hormones, including cortisol and the sex steroids (Schmidt and Idler, 1962;

Slater et al., 1994). Cortisol is known to reduce production of antibody-

producing cells and disease resistance of salmonid fish (Kaattari and Tripp, 1987;

Tripp et al., 1987; Maule et al., 1987, 1989; Pickering, 1989; Pickering and

Pottinger, 1989).

In mammals, the connection between gonadal steroids and immune

function has been well documented. Testosterone has been shown to inhibit the

mammalian antibody response (Fujii et al., 1975; Sthoeger et al., 1988), but its

effect is dependent on the antigen used (Rife et al., 1990). Testosterone also

interferes with lymphocyte transformation (Wyle and Kent, 1977).

Sex steroids have been linked to immune dysfunction in other vertebrate

classes as well. Frequency of ectoparasitic infestation increases in sexually

mature brown trout, particularly males (Richards and Pickering, 1978; Pickering

and Christie, 1980), and the bactericidal activity of rainbow trout serum

decreases at the time of spawning (lida et al., 1989). Immune dysfunction during

the reproductive period has been linked to increased plasma levels of androgens

in reptiles and fish (Saad et al., 1990; Cross and Willoughby, 1989).
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Earlier work in our laboratory demonstrated that the high concentrations

of testosterone in the plasma of adult spring chinook salmon (Oncorhynchus

tshawytscha) during sexual maturation (Slater et al., 1994) can reduce the

salmonid immune response in vitro (Slater and Schreck, 1993).

The steroid hormone cortisoll suppresses the immune response of

salmonid fish (Tripp et al., 1987; Maule et al., 1987, 1989) by direct action on the

leukocytes through glucocorticoid receptors (Maule and Schreck, 1990). Cortisol

is believed to exert its immunosuppressive action by inhibition of lymphokine

production (Tripp et al. , 1987). These results led us to hypothesize that the

immunosuppressive action of androgens may be via a similar action. We have

characterized an androgen receptor of salmonid leukocytes (Slater et al., 1995b).

It is the goal of the present study to determine how testosterone effects salmonid

leukocytes after binding to this receptor.

Methods

Experimental animals. Juvenile spring chinook salmon (Willamette River stock)

were raised and maintained at the Fish Genetics and Performance Laboratory of

Oregon State University in Corvallis, Oregon. All experiments were carried out

at that facility. Fish were maintained under natural photoperiod and fed a

commercial diet of semimoist pellets. Fish were held in 1-rn circular, fiberglass

tanks, provided with flow-through water at 12±1°C.

Hemolytic plague assay. The ability of leukocytes to secrete specific antibodies

was used as a measure of immunocompetence.

The antigen used was trinitrophenyl-lipopolysaccharide (TNP-LPS) at a final

concentration of 5 p.g/ml in leukocyte cultures. The method was described by

Tripp et al. (1987), and modified by Slater et al. (1995). Fish were killed by
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anesthetic overdose in 200 mg/i tricainemethane sulfonate buffered with 500

mg/i sodium bicarbonate. Anterior kidney tissue was removed from fish

aseptically under a portable UV hood. The tissues were then placed in 1 ml of

tissue culture media (1CM) on ice. 1CM consists of RPMI 1640 (Whitaker Bio-

products) supplemented with 10% fetal calf serum, 1% of a 200 mM L-glutamine

solution, and 0.2% of a 50 mg/mi gentamicin sulfate solution. Single cell

suspensions were obtained by repeated aspiration and expulsion of the tissue

through a 1 ml syringe. This cell suspension was held on ice until the tissue

fragments settled. Ten p.1 of the supernatant, a single cell suspension, was added

to 150 p.1 of 1CM and 40 p.1 of trypan blue. After gentle stirring with a Pasteur

pipette, this mixture was loaded onto a hemacytometer and viable leukocytes

counted. Based on the results of these counts, all tissue suspensions were

diluted to 2 x107 cells/mi. In the assay 50 p.1 of this leukocyte cell suspension

and 25 p.1 of TCM or TCM with steroid plus 25 p.1 of 1CM with TNP-LPS, for a

total incubation volume of 50 p.1, were added to wells of a 96-well, flat-bottom

microculture plate. Cells were incubated under blood gas (80% N2, 10% °2

10% CO2) at 18°C for 7 days. Cell cultures were not fed during incubation. On

day 7 the tissue culture plates were centrifuged to remove cells from suspension,

1CM was drawn off and 50 p.1 of fresh 1CM (no antigen or steroid) was added to

the wells. Ten p.1 dilute steelhead serum (1:9 in modified barbital buffer, MBB)

as a source of complement and 10 p.1 of a 20% (v/v) suspension of sheep red

blood cells haptenated with TNP in MBB was then added to all wells. MBB

contains, 10 mM barbital, 2 mM sodium barbital, 0.59 mM magnesium chloride,

300 mM sodium chloride, and 1.5 mM calcium chloride. The contents of each

well were gently mixed with a Pasteur pipette and transferred to one-half of a

Cunningham chamber. The chambers were sealed with wax and incubated at



18°C for 2 hr. Chambers were then examined under a stereo dissecting

microscope, and the number of plaques per culture was recorded.

Kinetics of testosterone response. In order to determine the kinetics of

testosterone's action on the antibody-producing response, I performed the

hemolytic plaque assay as described, except that testosterone (100 ng/ml) was

added to different treatment groups of leukocytes on different days. The first

group received testosterone on day 0, others on day 1, others on day 2, etc., up to

day 6. On day 7 the number of plaques produced by each culture was counted

and the necessary contact time for a response to testosterone was determined.

Additional leukocyte cultures treated with cortisol (100 ng/ml) for 7 days were

also assayed as a positive control. Each fish acted as its own control, as two

leukocyte cultures (wells) from each fish were exposed to all treatments. The

experiment was performed three times: on 12 August 1994 the leukocytes of 6

chinook (average weight 40 g) were collected for assay; on 12 September 1994

the leukocytes of 3 chinook (average weight 50 g) were collected for assay; on 5

October 1994 the leukocytes of 8 chinook (average weight 50 g) were collected

for assay.

Add back experiments. Tripp et al. (1987), in describing the immunosuppressive

effects of cortisol on leukocytes from coho salmon, observed that the addition of

"conditioned media" (the supernatant from stimulated leukocytes cultured

without steroid) could reverse cortisol induced immunosuppression in the

plaque assay. To determine the effect of "conditioned media" on testosterone

induced immunosuppression, the hemolytic plaque assay was performed with

the following leukocyte culture treatments (wells) for each fish: four wells with

antigen only (control), four wells with antigen and testosterone (100 ng/ml), and

two wells without antigen or testosterone (negative control). Two additional

wells treated with cortisol (100 ng/ml) were also assayed as a positive control.
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After four days of culture the 96-well plate was centrifuged at 500 x g for 10

mm., the supernatant removed from two of the antigen and testosterone cultures

and replaced with the supernatant from two of the control wells. Testosterone in

TCM, along with the conditioned media to keep the concentration of

testosterone in the wells at 100 ng/ml, and an equivalent volume of TCM was

added to all other wells to keep the culture volumes equal. All wells were

stirred gently to resuspend the leukocytes, the plate was incubated for the

balance of the seven days, and the number of plaque-forming cells produced in

each culture was recorded. The experiment was conducted twice: on 14 and 22

September 1994. The leukocytes of 6 chinook (average weight 40 g) were

collected for each assay.

Cell count experiments. Leukocytes from the anterior kidney of juvenile spring

chinook salmon were collected and incubated with and without testosterone

(100 ng/ml) as per the hemolytic plaque assay protocol, except that no antigen

was added to the wells. At the end of seven days, 10 p1 of each culture was

added to 150 p1 of TCM and 40 p1 of trypan blue. After gentle stirring with a

Pasteur pipette, this mixture was loaded onto a hemacytometer and viable

leukocytes were counted. The number of viable leukocytes in control cultures

were compared to the number in testosterone treated cultures. I performed the

experiment three times: on 22 September 1994 the leukocytes of 8 chinook

salmon (average weight 40 g) were diluted to 5 x iO cells/mi; on 6 October 1994

and on 11 September 1995 the leukocytes from 11 chinook salmon (average

weight 50 and 40 g, respectively) were diluted to 2 x iO cells/ml.

Statistics. Plaque assay data were subjected to analysis of variance after log

transformation, and where significant between-group differences were found,

pairwise comparisons were conducted using the Fisher PLSD-test. Data are

presented as percent of controls, while the statistical analyses were performed
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on the log transformed data. Cell count data were subjected to a paired t-test

(control vs. testosterone treatment) after log transformation. Differences were

considered statistically significant at the P<0.05 level.

Results

Plague kinetics. Incubation of leukocytes in the presence of testosterone at 100

ng/ml had no effect in the last three days. After four days of incubation in the

presence of testosterone (100 ng/ml), a reduction in the number of antibody-

producing cells was apparent, but at least five days of culture in the presence of

testosterone (100 ng/ml) was reguired before this reduction was statistically

significant (Fig. 10). Maximum reduction was seen after seven days of

incubation with testosterone.

Add back experiments. Addition of "conditioned media" (the supernatant from

stimulated leukocytes cultured without steroid) after four days of incubation

with testosterone at 100 ng/ml did not eliminate the immunosuppressive effects

of testosterone (Fig. 11).

Cell count experiments. Incubation of leukocytes with testosterone at 100 ng/ml

for seven days lead to a significant reduction in the number of viable leukocytes

in cell culture (Fig. 12).
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Fig. 10 Kinetics of testosteron&s immunosuppressive action on chinook salmon
leukocytes. Each bar represents the mean number of plaque-forming cells per
culture (shown as percent of control) + standard error. The average number of
plaque forming cells per control culture was 174 ± 22, excluding one fish which
produced 1,200. fl*t indicates treatments that were significantly different (P <
0.05) from control values (i.e., 100%). Leukocytes were incubated in the presence
of 100 ng/ml of testosterone or cortisol for a varying number of days.
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Fig. 11 Plaque-forming response of anterior kidney leukocytes from juvenile
chinook salmon cultured with "conditioned media." Cells were cultured with
cortisol (100 ng/ml), testosterone (100 ng/ml), and testosterone plus
"conditioned media." Each bar represents the mean number of plaque-forming
cells per culture (shown as percent of control) + standard error. The average
number of plaque forming cells per control culture was 193 ± 23. "b" indicates
treatments that were significantly different (P <0.05) from control values (i.e.,
100%).



100

50

25

F T T+CM

Treatment

figure 11

54



Fig. 12 Number of viable chinook salmon leukocytes after a seven day
incubation with or without testosterone (100 ng/ml). Each bar represents the
mean number of viable leukocytes per culture + standard error. "k" indicates
treatments that were significantly different (P < 0.05) from control values (i.e.,
100%).
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Discussion

Incubation of chinook salmon leukocytes with testosterone caused a

significant reduction in the number of viable leukocytes by day seven. At least

five days of culture in the presence of testosterone were required before a

significant reduction in the number of antibody-producing cells was detected.

Addition of "conditioned media" did not eliminate the immunosuppressive

effects of incubation with testosterone.

These results indicate that testosterone may exert its immunosuppressive

effect by directly killing leukocytes. Testosterone is responsible for the death of

granulosa cells during follicular atresia (Billing et al., 1993) and selective neuron

death during development of the central nervous system, leading to sexually

dimorphic nuclei in the rat (Arai et al., 1994).

While direct evidence of testosterone's role in the death of leukocytes is

lacking, endogenous plasma testosterone levels have been correlated with

lymphopenia and immune dysfunction in turtles and lizards (Saad et al., 1990,

1991) during the breeding season, and lymphocytes in mouse bone marrow

decline rapidly after puberty and in castrated individuals after testosterone

injection (Sasaki and Ito, 1979). Testosterone is also known to inhibit the

mammalian antibody response (Fujii et al., 1975; Sthoeger et al., 1988,

Catanzano-Troutaud et al., 1992) and interfere with lymphocyte transformation

(Wyle and Kent, 1977).

The mechanism of testosterone's immunosuppressive activity is

unknown. Some evidence points to the thymus or T cells. Rife et al. (1990)

found that testosterone was immunosuppressive only in mice when a T cell-

dependent antigen was used, but testosterone does not seem to effect mature T

cells directly. Rife et al. (1990) found no testosterone receptors in lymphocytes



from mouse spleen, and Cohen et al. (1983) found no testosterone receptors in

human peripheral T cells. Testosterone may affect peripheral I cells indirectly,

through a second messenger (cytokine), or during development through the

known androgen receptors in the thymus. There is also evidence of

testosterone's action on B cells. Fujii et al. (1975) concluded that testosterone

inhibited the differentiation of bone marrow stem cells toward B cells in mice,

and Hirota et al. (1980) described abnormal B cell development in testosterone-

propionate-treated chickens.

The immunosuppressive action of testosterone on leukocytes of the

salmonid anterior kidney could be analogous to either of these situations. The

androgen receptors of these cells (Slater et al., 1995b) may be analogous to the

androgen receptors of mammalian thymocytes (both the mammalian thymus

and the salmonid anterior kidney are sites of lymphocyte production), or

testosterone could be affecting B cell development in the anterior kidney which

may be functionally similar to the mammalian bone marrow (Zapata, 1979;

Kaattari and Irwin, 1985).

There is more known about the immunosuppressive action of

glucocorticoids, which have been shown to kill leukocytes both in vitro and in

vivo. The primary cells affected are immature thymocytes (Compton et al., 1990,

1991; Nieto et al., 1992), although some investigators have demonstrated death of

peripheral (mature) T cells (Migliorati et al., 1994). Glucocorticoid-mediated

leukocyte death can be blocked by administration of the synthetic glucocorticoid

RU 486 both in vitro (Hughes et al., 1994) and in vivo (Gruber et al., 1994;

Compton et al., 1991). These results indicate that cell death is initiated through a

glucocorticoid receptor. IL-i and IL-2 can also protect leukocytes from the toxic

effects of glucocorticoids (Migliorati et al., 1994). These interleukins could be the

lymphokine whose effect was described by Tripp et al. (1987) when they
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demonstrated reversible suppression of antibody-producing cells by addition of

"conditioned media."

Direct counts of viable leukocytes after incubation with and without

testosterone demonstrate a significant loss of leukocytes in cultures exposed to

testosterone. The leukocyte androgen receptor previously characterized (Slater

et al., 1995b) provides a route by which testosterone can directly effect these

leukocytes. Whether leukocyte death is a direct consequence of testosterone

binding or results in the production of some toxic intermediate(s) is not known.

The kinetics of testosterone-mediated immunosuppression in leukocytes from

the salmonid anterior kidney appear to be similar to the results with cortisol.

Specifically, five or more days of contact with steroid were required to elicit

significant immunosuppresion (Tripp et al., 1987). The major difference is that

cortisol-induced immunosuppression is reversible with addition of conditioned

media, and testosterone-induced immunosuppression is not. These data would

suggest that while testosterone's influence is not reversible, testosterone binding

is not immediately toxic and requires a long contact time to result in leukocyte

death.

These data indicate that testosterone may exerts its immunosuppressive

effects by direct action on salmonid leukocytes, through the androgen receptor

described by Slater et al. (1995b), and that this action may lead to the death of a

significant number of these leukocytes.



V. PHYSIOLOGICAL FACTORS MODULATE TESTOSTERONE'S EFFECT ON
THE IMMUNE RESPONSE AND LEUKOCYTE ANDROGEN RECEPTOR

BINDING KINETICS.

Caleb H. Slater and Carl B. Schreck

Oregon Cooperative Fishery Research Unit,* Department of Fisheries and

Wildlife, Oregon State University, Corvallis, Oregon 97330-3803

*Cooperators are the National Biological Service, Oregon Department of Fish
and Wildlife, and Oregon State University.



61

V. PHYSIOLOGICAL FACTORS MODULATE TESTOSTERONEtS EFFECT ON

THE IMMUNE RESPONSE AND LEUKOCYTE ANDROGEN RECEPTOR

BINDING KTh.JETICS.

Introduction

Immune responses of ectothermic animals are known to vary seasonally

(see review by Zapata et al., 1992). Changes most often reported include

histological changes in the lymphoid system (Honma and Tamura, 1984;

Nakanishi, 1986), changes in the number of circulating lymphocytes and their

response to mitogens (Saad and Ridi, 1988; Saad et al., 1990), and changes in

resting antibody titer and response to antigenic challenge (Browser and Munson,

1986; Burreson and Frizzell, 1986; Nakanishi, 1986). In general, all parameters

are suppressed in winter and highest in summer. This pattern, and the very

nature of ectothermic metabolism, has led many researchers to investigate the

role of temperature in the seasonal variation of immune response. Temperature

has been shown to effect T and B cell function (Bly and Clem, 1991), antibody

production (Plumb et al., 1986; Burreson and Frizzell, 1986), and has been

implicated in serum lysozyme (Fletcher and White, 1978) and C-reactive protein

(White et al., 1983) fluctuations. Studies which have demonstrated seasonal

differences in immune response even when temperature remained constant

(Nakanishi, 1986; Slater and Schreck, 1991) suggest that other factors, such as

photoperiod, may be important. Several studies have demonstrated continued

seasonal variations in immune response even when both temperature and

photoperiod have been held constant (Lecta and Zapata, 1986; Zapata et al.,

1983). Given these results it has been hypothesized that seasonal variations in

the immune system are driven by endogenous endocrine rhythms, which may
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be synchronized by environmental factors such as temperature and photoperiod

(Zapata et aL, 1992).

Corticosteroids have been implicated in the seasonal changes in the

immune response of lizards (Saad and Ridi, 1988) and coho salmon,

Oncorhynchus kisutch (Maule et al., 1987). The process of sexual maturation has

also been linked to changes in immune response. Frequency of ectoparasitic

infestation increases in sexually mature brown trout, Salmo trutta (Richards and

Pickering, 1978; Pickering and Christie, 1980), and rainbow trout, 0. mykiss

(Robertson, 1979), and the bactericidal activity of rainbow trout serum decreases

at the time of spawning, both at the natural spawning time and in photoperiod-

shifted spawners (lida et al., 1989). Immune dysfunction during the

reproductive period has been linked to increased plasma levels of androgens

(Cross and Willoughby, 1989; Saad et al., 1990; Slater and Schreck, 1991) and may

be compounded by increased plasma levels of corticosteroids (Slater and

Schreck, 1991).

Cortisol suppresses the immune response of salmonid fish via direct

action on the leukocytes through glucocorticoid receptors (Maule and Schreck,

1990). Cortisol binding is believed to inhibit production of lymphokines, leading

to immunosuppression (Tripp et al., 1987). We believe that testosterone exerts its

immunosuppressive effects by direct action on salmonid leukocytes, through the

androgen receptor described in chapter III (Slater et al., 1995b), and that this

action leads to the death of a significant number of these leukocytes (see chapter

IV). Therefore changes in receptor number and/or affinity in response to

physiological or environmental factors such as stress, sexual maturation or

season (temperature and/or photoperiod) could explain the seasonal changes

seen in the plaque-forming response of salmonid leukocytes to challenge with

testosterone and cortisol, which we have previously described (Slater and
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Schreck, 1991). The purpose of the present study is to describe changes in the

androgen binding characteristics of salmonid leukocytes in response to

physiological and seasonal variables (stress and sexual maturation) and relate

these changes to the seasonal changes in immune response previously

documented.

Methods

Experimental animals. Rainbow trout 0. mykiss and chinook salmon, 0.

tshawytscha, were raised and maintained at the Fish Genetics and Performance

Laboratory of Oregon State University in Corvallis, Oregon. Fish were

maintained under natural photoperiod and fed a commercial diet of semimoist

pellets. Fish were held in 2-rn circular, fiberglass tanks, provided with flow-

through water at 12± 1°C.

Hemolytic plague assay. The ability of leukocytes to secrete specific antibodies

was used as a measure of immunocompetence.

The antigen used was trinitrophenyl-lipopolysaccharide (TNP-LPS) at a final

concentration of 5 p.g/ml in leukocyte cultures. The method was described by

Tripp et al. (1987), and modified by Slater et al. (1995). Fish were killed by

anesthetic overdose in 200 mg/i tricainemethane sulfonate buffered with 500

mg/i sodium bicarbonate. Anterior kidney tissue was removed from fish

aseptically under a portable UV hood. The tissues were then placed in 1 ml of

tissue culture media (TCM) on ice. TCM consists of RPMI 1640 (Whitaker Bio-

products) supplemented with 10% fetal calf serum, 1% of a 200 mM L-glutamine

solution, and 0.2% of a 50 mg/ml gentamicin sulfate solution. Single cell

suspensions were obtained by repeated aspiration and expulsion of the tissue

through a 1 ml syringe. This cell suspension was held on ice until the tissue



fragments settled. Ten j.tl of the supernatant, a single cell suspension, was added

to 150 j.il of TCM and 40 p1 of trypan blue. After gentle stirring with a Pasteur

pipette, this mixture was loaded onto a hemacytometer and viable leukocytes

counted. Based on the results of these counts, all tissue suspensions were

diluted to 2 x107 cells/mi. In the assay 50pJ of this leukocyte cell suspension

and 25 p1 of TCM or TCM with steroid plus 25 p1 of TCM with TNP-LPS, for a

total incubation volume of 50 p1, were added to wells of a 96-well, flat-bottom

microcuiture plate. Cells were incubated under blood gas (80% N2, 10% 02,

10% CO2) at 18°C for 7 days. Cell cultures were not fed during incubation. On

day 7 the tissue culture plates were centrifuged to remove cells from suspension,

TCM was drawn off and 50 p1 of fresh TCM (no antigen or steroid) was added to

the wells. Ten j.il dilute steelhead serum (1:9 in modified barbital buffer, MBB)

as a source of complement and 10 p.1 of a 20% (v/v) suspension of sheep red

blood cells haptenated with TNP in MBB was then added to all wells. MBB

contains, 10 mM barbital, 2 mlvi sodium barbital, 0.59 mM magnesium chloride,

300 mM sodium chloride, and 1.5 mM calcium chloride. The contents of each

well were gently mixed with a Pasteur pipette and transferred to one-half of a

Cunningham chamber. The chambers were sealed with wax and incubated at

18°C for 2 hr. Chambers were then examined under a stereo dissecting

microscope, and the number of plaques per culture was recorded.

Saturation analysis: tissue preparation. Leukocytes were collected from the

anterior kidney of rainbow trout. The tissues were harvested into about 50 ml of

ice cold RPMI 1640. A single cell suspension was obtained by chopping

individual anterior kidneys with a razor blade in an ice cold petri dish followed

by repeated aspiration and expulsion of the tissue and several ml of RPMI

through a 5 ml syringe (no needle; 2 mm orifice). The tissue/RPMI were then

pooled in a 50 ml plastic centrifuge tube and allowed to sit on ice until tissue



fragments had settled out. The cell suspensions were then drawn off and the

tissue fragments discarded. Cell suspensions were centrifuged for 10 mm. at 500

x g at 4°C in a Beckman TJ-6 with swinging bucket rotor. The supernatant was

drawn off, 10 ml new RPMI were added and the tubes were vortexed to

resuspend cells. The suspension was then layered onto 10 ml of 45% Percoll (in

RPMI) and centrifuged at 400 x g for 20 mm. at 4°C to remove red blood cells.

The leukocyte layer was drawn off and washed twice with 25 ml of RPMI. After

the second wash the RPMI was drawn off and 6 ml of TEMS buffer (10 mM Tris

HC1, 1 mM EDTA, 12 mM monothioglycerol, 20 mM sodium molybdate, 10%

(v/v) glycerol, pH 7.4) was added. The cells were then disrupted by sonicating

("Sonifier" by Branson Sonic Power Co.) for 30 sec. at 50% power. Gross debris

were removed by centrifuging at 2000 x g for 20 min. at 4°C. The supernatant

was drawn off and mixed with 3 ml of TEMS containing 5% (w/v) charcoal and

0.5% (w/v) dextran to remove any free steroid. The mixture was vortexed and

incubated on ice for 10 min., then the charcoal/dextran was removed by

centrifugation at 2000 x g for 20 min. at 4°C The supernatant was then

centrifuged at 100,000 x g for 60 min. at 4°C in a Beckman L8-60M with fixed

angle rotor. This supernatant was considered the cytosol. Cytosol was assayed

for protein content by the method of Bradford (1976). Bovine serum albumin

(Sigma A-7888) was used for protein standards.

Saturation analysis: assay procedure. 3H-testosterone (3H-T; 1,2,6,7,16,17-label;

101 mCi/nM specific activity) was purchased from New England Nuclear.

Specific binding of 3H-T in cytosol was calculated as the difference between total

binding and non-specific binding in triplicate cytosol samples. Total binding

tubes contained 50 jil of 3H-T (in TEMS), 150 p1 of cytosol, and 50 p1 of TEMS.

Non-specific binding tubes contained 50 p1 of 3H-T (in TEMS), 150 p1 of cytosol,

and 50 p1 of 500-fold excess radioinert T (in TEMS). Tubes were shaken gently



for 30 sec. then incubated at 4°C overnight. After incubation, tubes were placed

on ice and 0.5 ml TEMS containing 2.5% (w/v) charcoal and 0.25 % (w/v)

dextran was added to each tube. Tubes were incubated on ice for 10 mm. then

centrifuged for 20 mm. at 4°C at 2000 x g. Five hundred jl supernatant was

decanted to scintillation vials, 5 ml scintillation cocktail was added, and vials

were vortexed and counted. The dissociation constant, Kd, and receptor

number, Bmax, were calculated by nonlinear regression of specific binding data

(Prism, GraphPad, San Diego, CA).

Seasonal variation in androgen binding kinetics. Saturation analysis of

testosterone binding in juvenile rainbow trout leukocytes was performed once a

month, from July 1994 through April 1995 to determine if any changes could be

detected in the binding parameters that might help explain the seasonality of the

plaque-forming response to testosterone previously described (Slater et al., 1993).

Fish weighed about 40 g in July and had grown to about 350 g by April.

Leukocytes were harvested from 20 fish on each sample date July through

November, and from ten fish on each sample date December through April.

Effect of photoperiod. To determine if the seasonal variation in the sensitivity to

testosterone and cortisol detected by the plaque assay (Slater et al., 1993) was

due to the seasonal change in photoperiod, two tanks of juvenile chinook salmon

(average weight 60 g) were exposed to an artificial photoperiod of 12 hours light

and 12 hours dark starting in October. The photoperiod treatment was applied

by building a enclosure of heavy black plastic around the tanks with two

incandescent lights controlled by a timer providing the extra hours of light.

Plaque assays were performed with anterior kidney leukocytes of five fish from

each tank every two weeks, and their sensitivity to testosterone and cortisol was

evaluated and compared to ten fish held at ambient photoperiod.
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Effect of stress. To evaluate the effects of physiological stress on the binding of

testosterone to anterior kidney leukocytes, juvenile rainbow trout were subjected

to a 18 hr confinement stress. Six rainbow trout (average weight 120 g) were

placed in a perforated (one 1/4" hole/square inch) 20 1 plastic bucket. The

bucket was then suspended in a tank such that the water level inside was just

deep enough to cover the fish. Fish were left in these buckets overnight. In the

morning the six stressed fish and six unstressed fish were killed by anesthetic

overdose in 200 mg/i tricainemethane sulfonate. Anterior kidney tissue was

collected for saturation binding analysis, and blood plasma was collected for

determination of cortisol levels by RIA (Redding et al., 1984).

Sexual maturation. We wished to determine how sexual maturation, and the

associated increase in circulating testosterone, would effect leukocyte

testosterone receptor number and affinity. To accomplish this immature (18

month old), female rainbow trout were separated into three groups of 15 fish.

The ovaries of one group were surgically removed (ovex group) in July, and 15

others underwent the surgery without removal of the ovaries (sham group).

These fish, along with the control group (normal, no surgery) were killed at

spawning time (12-16 January). Blood plasma was collected and later assayed

for testosterone and cortisol by RIA (Sower and Schreck, 1982; modified by

Fitzpatrick et al., 1986). Anterior kidneys were pooled in groups of five (three

pools per treatment group). Leukocytes were harvested from these organs, and

androgen binding was assayed.

Surgical ovarectomy. Adult rainbow trout (average weight 500 g) were

anesthetized in a buffered solution of MS-222. Fish were wrapped in wet cotton

gauze and placed upside down in a V-shaped trough. Gills were irrigated by

pumping anesthetic water into the mouth with a small electric pump and tygon

tube. Using a scalpel, a 4-5 cm incision was made along the ventral surface of



the fish near the centerline, entering the anterior portion of the body cavity. The

incision was held open with a retractor and the ovaries were removed by

following the ovary to its anterior point of attachment where the narrow bridge

of tissue was pinned against the body wall and pulled slowly toward the

posterior until the tissue tore and the ovary was free. This technique proved to

be safer than trying to cut the anterior of the ovary free, which often resulted in

laceration of the liver and also often left a small portion of the ovary in place.

The posterior attachment of the ovary was severed by sliding a partially open

pair of long-handled, blunt-nosed scissors posteriorly into the body cavity,

down the cord of attaching tissue as far as possible, then cutting. One ml of an

antibiotic solution containing 5 mg/ml streptomycin and 6 mg/ml gentamycin

was then shot into the body cavity through the open incision. The incision was

then closed with four or five sutures, the area dried by blotting with a tissue, and

a petroleum-based antibiotic jell was applied. Fish were returned to their tanks

and their recovery monitored.

Statistics. Plaque assay data, androgen binding data, and plasma testosterone

and cortisol levels were subjected to analysis of variance and, where significant

between-group differences were found, pairwise comparisons were conducted

using the Scheffe F-test. Plaque assay data are presented as percent of controls,

while the statistical analyses were performed on the raw data. Differences were

considered statistically significant at the P<O.05 level.

Results

Seasonal variation in androgen binding kinetics. The binding kinetics of

androgen receptors in rainbow trout leukocytes changed dramatically during

the winter (Fig. 13). The dissociation constant (Kd) of the receptors rose from

less than 1 nM in July to over 3 nM in December then decreased to 1 nM in



April. This translates to a four-fold reduction in testosterone binding affinity

during winter. The number of receptors (Bmax) also rose from less than 20

fM/mg protein in summer to over 300 fM/mg in January, then declined to

under 50 fM/mg in February where it remained.

Effect of photoperiod. Fish maintained on longer than ambient day length

during the winter demonstrated no difference in sensitivity to testosterone or

cortisol treatment as compared to control fish held under ambient daylight

conditions (Fig. 14).

Effect of stress. Application of an 18 hour confinement stress led to a significant

increase in the dissociation constant (Kd) of rainbow trout leukocyte androgen

receptors. The number of receptors (Bmax) was not affected (Fig. 15).

Sexual maturation. At the time fish were sampled, all the fish in one sham

group and two control groups had ovulated. Plasma testosterone levels and

dissociation constants of leukocyte androgen receptors seemed to form natural

groups when fish were categorized as ovulated or unovulated rather than sham

or control groups (table 1). Analysis of variance of plasma testosterone levels

detected significant differences between the three sample groups when grouped

by treatment (control vs. sham), but not when grouped by reproductive state

(ovulated vs. unovulated). Therefore fish were grouped by reproductive state

for further analysis (table 2). Condition of the oocytes in the ovary (ovulated,

unovulated, surgically removed) was related to significant changes in leukocyte

androgen receptor binding dynamics. Leukocyte androgen receptors from fish

sampled after ovulation had significantly higher Kd (lower binding affinity)

than unovulated intact fish or ovarectomized fish (table 2). Ovulated and

ovarectomized fish had significantly lower plasma testosterone than unovulated

fish (table 2). Unovulated fish also had higher plasma cortisol levels than

ovulated or ovarectomized fish (table 2).
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Fig. 13 Seasonal changes in rainbow trout leukocyte androgen receptor binding
kinetics. Squares represent the dissociation constant (Kd) and the circles
represent the number of receptors (Bmax). The shaded area represents the
months during which rainbow trout leukocytes are insensitive to testosterone as
measured by the plaque assay.
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Fig. 14 Plaque-forming responses to testosterone and cortisol of anterior kidney
leukocytes of juvenile chinook salmon held under natural or constant
photoperiod (12L:12D). Bars represent the number of plaque-forming cells
produced in the hemolytic plaque assay (shown as % of control). The average
number of plaque forming cells per control culture was 422 ± 104 in natural
photoperiod groups and 506±74 in constant photoperiod groups. Generally,
values must fall below the 70% line to be significantly different from controls.
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Fig. 15 Androgen receptor binding kinetics of rainbow trout leukocytes after an
18 hour confinement stress. White bars represent dissociation constant (+ SE).
Black bars represent Bmax (+ SE). "k" designates a significant difference (P<
0.05).
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Table 1. Leukocyte androgen receptor dissociation constants and plasma
testosterone levels of intact (Control I, II, and III), sham-operated (Sham I, II, and
III), and ovarectomized (Ovex I, II, and III) rainbow trout. Each group contained
five fish whose anterior kidney tissues were pooled to obtain testosterone
binding data. "k" indicate groups which had ovulated before samples were
taken. 'nd" indicates that the value is below the detection limits of the assay
(<1.25 ng/ml).

Treatment Kd (nM) Testosterone (ng/ml)

Sham I 2.6 14.9 ±5

Sham III 3.9 18.4 ± 12

Sham 111* 9.2 3.9 ±1

Control I 4.5 6.8 ± 0.7

Control 11* 20 2.1 ± 0.5

Control 111* 13 2.7 ± 0.6

Ovexl 1.8 nd

Ovex II 1.2 nd

Ovex III 0.9 nd
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Table 2. Leukocyte androgen receptor binding kinetics and plasma hormone
concentrations of intact, sham-operated, and ovarectomized rainbow trout.
Intact and sham groups have been combined and categorized as ovulated or
unovulated. Each group contained 15 fish. "Immature" refers to a single
determination of a pool from 25 fish taken from this same tank in April 1994,
eight months prior to this experiment. Different letters indicate groups which
are significantly different (P < 0.05). T=testosterone F=cortisol.

Group Kd (nM) Bmax (fM/mg) T (ng/ml) F (ng/ml)

Ovulated 14± 3a 271 ± 65a 3.0 ± 04a 17± 5ab

Unovulated ± .6 319 ±
89a 13.4 ± 49b 35± 11a

Ovex 1.3 ± 03b 92± 47a 0.18 ± 01a 6±

Immature
(April 1994)

0.79 40



Discussion

These results indicate that androgen receptors of rainbow trout

leukocytes undergo seasonal changes in affinity at the same time as seasonal

changes in sensitivity of these cells to testosterone as measured by the plaque

assay. These seasonal changes do not seem to be directly linked to temperature

(our well water varies only 1-2 °C seasonally) or photoperiod, but do occur

during the time that plasma testosterone would be rising in reproductively

mature individuals. Changes in leukocyte androgen receptors include an

increase in dissociation constant (drop in affinity) and dramatic increase in

receptor number at the normal spawning time. Similar patterns of increase in

steroid hormone receptor number and affinity have been reported by other

researchers. Estrogen is known to stimulate the production of its own receptor

(Mann et al., 1987), and coincident increases in plasma hormone levels and target

tissue receptor numbers have been reported in vitellogenic rainbow trout

(Campbell et al., 1994), spotted seatrout, Cynoscion nebulosus (Smith and Thomas,

1990), and turtle, Chrysemys picta (Yu and Ho, 1989). This pattern has also been

reported for androgens; Pottinger (1988) reported that the number of androgen

receptors in a nuclear extract of brown trout skin increased as plasma

testosterone increased, and Pasmanik and Callard found a 4-5-fold increase in

androgen receptors in the goldfish (Carassius auratus) brain at spawning.

Campbell et al. (1994) also found a reduction in receptor affinity as receptor

number increased in androgen receptors of the brown trout skin and estrogen

receptors of the brown and rainbow trout liver.

It appears that the leukocytes of rainbow trout become less sensitive to

testosterone in the winter, as demonstrated by results from the plaque assay.

The change in sensitivity cannot be explained simply by changes in androgen



79

receptor affinity (the higher Kd or lower binding affinity) of the androgen

receptors in these cells during the winter. Although the change is significant (4-

5 fold), the Kd remains low enough that the concentration of testosterone present

(100 ng/ml or 347 nM) should bind all of the receptors present. Therefore the

change in sensitivity to androgen must be due to some factor(s) other than

change in receptor affinity for testosterone.

Plasma levels of testosterone peak at spawning in salmonids (Sower and

Schreck, 1982; Fitzpatrick et al., 1986; Slater et al., 1994). We saw a dramatic

increase in leukocyte androgen receptor numbers at spawning time in rainbow

trout. This increase in receptor number may compensate for the reduced activity

of testosterone and make leukocytes sensitive again at the time of spawning.

This might explain why sexually mature trout experience increased

susceptibility to disease (Richards and Pickering, 1978; Robertson, 1979;

Pickering and Christie, 1980). This increase in susceptibility to disease at

spawning time may also hasten death in semelparous salmonids.

The changes in receptor number and affinity we saw in sexually

immature individuals differ from those reported by other researches have

reported for other tissues. No seasonal changes were detected in number or

affinity of skin androgen receptors of sexually immature brown trout (Pottinger,

1988; Campbell et al., 1994), and no increase was seen in the number of estrogen

receptors in the livers of nonvitellogenic spotted seatrout (Smith and Thomas,

1990). In the present study we have a full seasonal profile only from immature

individuals, but it appears that similar seasonal changes took place in maturing

individuals (table 1). The fact that these changes in leukocyte androgen receptor

number and affinity occurred in immature individuals may argue that these

changes are driven by some endogenous seasonal pattern which prepares fish

for the spawning period but are not driven by increasing plasma levels of the sex



steroids themselves. Stress-induced increases in plasma cortisol caused changes

in leukocyte androgen receptor number and affinity similar to the seasonal

pattern described, and plasma cortisol is known to rise in spawning trout (Bry,

1985), but plasma cortisol dynamics could not explain the androgen receptor

changes seen in immature trout, as their resting plasma cortisol levels do not rise

significantly during the winter.
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VI. SUMMARY AND CONCLUSIONS

This thesis demonstrates that both natural and synthetic androgens

reduce the immunocompetence of salmonid leukocytes in vitro (chapter II).

Androgens likely exert their immunosuppressive effect on leukocytes directly,

through the androgen receptor which is characterized in chapters II and III.

Further, much of the androgen-induced immunosuppression may be due to the

death of significant numbers of leukocytes, rather than to a reversible down-

regulation of the immune response, as described with glucocorticoid-induced

immunosuppression in salmonid fish (chapter IV).

Questions still remain about the nature of the androgen receptor

characterized in chapters II and III. Specifically, the fact that the mibolerone

binding described in whole cells (chapter II) could not be demonstrated by

competitive binding analysis in cytosolic fractions of the same cells (chapter III)

is interesting. This absence of affinity for mibolerone in these cytosolic fractions

may be an artifact of cytosol preparation, or the mibolerone binding may be due

to a second androgen receptor with different steroid specificity which is not in

the cytosol (i.e., a nuclear or membrane receptor). The possibility of variant

forms of the androgen receptor is supported by other studies. Cuevas and

Callard (1992) describe a dogfish testis receptor which did not discriminate

between testosterone and progesterone, and demonstrated a higher affinity for

the synthetic androgen mibolerone than for dihydrotestosterone. Fitzpatrick et

al. (1994) describe a coho salmon ovary receptor which displayed high affinity

for a variety of synthetic androgens, moderate affinity for il-ketotestosterone

and dthydrotestosterone, and low affinity for testosterone and progesterone.

A number of observations lead me to the conclusion that there is an

important connection between reproduction and immune function in salmonid



fish. 1) The effects of physiological levels of androgen on immunocompetence in

vitro (Chapter II). 2) Annual changes in both the affinity and number of

leukocyte androgen receptors coincide with the reproductive season (chapter V).

3) The additive immunosuppressive effect of testosterone and cortisol, both of

which are present in high concentrations in the plasma at spawning (Slater and

Schreck, 1993). 4) Immunodeficiencies (Ridgway, 1960, 1962; lida et cii., 1989)

and the increased incidence of infection at spawning (Richards and Pickering,

1978; Pickering and Christie, 1980) or after androgen treatment (Cross and

Willoughby, 1989) in trout. 5) Involution of the thymus at sexual maturity has

been linked to gonadal steroids in salmonid fish (Sufi et cii., 1980) and reduction

in the number of B- and/or T-cells have been linked to androgen levels in

mammals (Kimura et cii., 1995) , birds (Mase and Oishi, 1991) and reptiles (El

Masri et al., 1995; Varas et cii., 1992).

In mammals, the immunomodulatory effects of the sex steroids are most

often explained as measures to protect the developing fetus, which would be

seen as foreign and attacked by the mother's immune system (Grossman, 1984).

Such an explanation is invalid in organisms with external fertilization and

development, such as salmonid fish. One possible alternative explanation is that

testosterone and cortisol combine to down-regulate specific immunity during

reproduction to avoid possible autoimmune responses to tissue reorganizations

which occur in the gonads, skin, and other tissues in the weeks leading up to

spawning. Although no new tissues are produced, there are new cell surface

molecules expressed, such as progesterone receptors on the ovary (Patino and

Thomas, 1990; Maneckjee et al. , 1991), which could be immunogenic. It has been

hypothesized that plasma testosterone levels protect men from the high

incidence of autoimmune disease seen in women (Kimura et al., 1995) and

testosterone administration has been shown to suppress autoimmune disease in



the mouse (Vendramini et al., 1991). The immunosuppressive effects of cortisol

during stress and smoltification have also be attributed to an anti-autoimmune

function (Munck et al., 1984; Maule et al., 1987).

An alternate explanation is that the energy saved by not initiating a

specific immune response (the results of which are helpful only in the long term)

could then be used to help ensure successful reproduction in the short term. The

resulting immune dysfunction would then lead to increased disease in spawning

trout and perhaps post-spawning mortality in salmon.

Senescence in Pacific salmon is a degenerative process which affects most

of the body's organ systems (Robertson and Wexler, 1960). This process is most

often associated with high plasma levels of cortisol, and tissue pathology which

has been compared to Cushing's disease (hypercorticoidism) in humans

(Robertson and Wexler, 1960; Robertson et al., 1961b), but testosterone-induced

immune suppression could also be involved. I propose a model in which the

combined immunosuppressive effects of increasing plasma testosterone and

cortisol will eventually shut down the salmonid specific immune response. Both

the stage of sexual maturity and the amount of environmental stress will

determine when this critical level of hormones is reached. In selemparous

species the energy saved is used for reproduction, and after spawning, death

occurs either from the general wasting due to hypercorticoidism or from

opportunistic pathogens aided by the disabled immune response.

The phenomenon of prespawning mortality of salmon may also be

explained by this model. I have observed that adult spring chinook brought into

the hatchery in June may survive well all summer only to die (sometimes in

large numbers) in the few weeks preceding spawning in September. This acute

prespawning mortality could be due to the fact that crowded hatchery

conditions lead to a stress response (increasing plasma cortisol), which adds to



naturally increasing plasma testosterone and cortisol due to final maturation.

This extra cortisol could push the total hormone concentrations over the critical

level and drive the immune system into the unresponsive, senescent phase too

early. This situation would allow opportunistic pathogens to take hold and

contribute to prespawning mortality.

In iteroparous species high plasma levels of testosterone and cortisol

normally occur only for a short period around spawning. These levels could

temporarily depress the immune response to shunt energy toward reproduction

and lead to the increased rates of infection noted in trout at spawning (Richards

and Pickering, 1978; Pickering and Christie, 1980) and some spawning related

mortality. After spawning, plasma levels of cortisol and testosterone fall, the

immune response rebounds, and most individuals recover.

There is evidence that cortisol and testosterone are linked by a feedback

system in maturing salmonids. Chronic stress will reduce plasma testosterone

levels (Pickering et al., 1987, Sumpter et al., 1987) and high plasma androgen

levels will reduce stress-induced cortisol production (Sumpter et al., 1987;

Pottinger et al., 1995). This feedback system could function to keep the

combined testosterone/cortisol plasma level below the critical, immune

disabling level. However, this feedback system may be overridden by chronic

environmental stress late in sexual maturation in all salmonids, leading to

prespawning or spawning related mortality, and may degenerate completely in

spawning salmon, leading to senescence and death.
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APPENDIX 1. Experimental drug trials to reduce steroid induced

immunosuppression.

Introduction

All Pacific salmon (of the genus Oncorhynchus) are semelparous (die after

spawning) and their bodies degenerate greatly during sexual maturation

(Robertson and Wexier, 1960). Sexually maturing salmonids have high plasma

levels of many hormones, including cortisol and the sex steroids (Schmidt and

Idler, 1962; Sower et. al., 1982; Fitzpatrick et al., 1986). The elevated plasma levels

of cortisol and many of the changes in organ and tissue histology described in

spawning Pacific salmon have been compared to the effects of Cushing's

syndrome in humans (Robertson and Wexier, 1960; Robertson et aL, 1961).

Elevated plasma cortisol is known to reduce production of antibody-producing

cells and disease resistance of salmonid fish (Kaattari and Tripp, 1987; Tripp et

al., 1987; Maule et al., 1987, 1989; Pickering, 1989; Pickering and Pottinger, 1989).

Changes in the immune systems of spawning salmon include involution of the

thymus, a drastic reduction in the number of lymphocytes in the kidney and

spleen (Robertson and Wexier, 1960), immune deficiencies, such as lowered

bactericidal activity of normal serum (lida et al., 1989), and the inability to

produce isohemagglutinins (Ridgway, 1960, 1962). This reduction in numbers of

immunocompetent cells, along with the immunosuppressant effects of elevated

cortisol, may be partly responsible for determining programmed post-spawning

death and for the increase in infection and mortality which often occurs before

spawning.

The development of drug therapies to reduce pre-spawning mortality

would greatly increase the efficiency of the culture of Pacific salmon. Reduction



of plasma cortisol concentrations could stimulate the immune response.

Reduction of plasma cortisol may be accomplished by several means. RU 486 is

a steroid analog with high affinity for progesterone and glucocorticoid receptors

and has been demonstrated to be a receptor antagonist of those steroids

(Philibert, 1984). RU 486 has been used successfully in the treatment of

Cushing's syndrome (Nieman et cii., 1985) and will block glucocorticoid-induced

lymphocyte apoptosis (Gruber et cii., 1994; Hughes et cii., 1994). Another

compound, ketokonazole, inhibits adrenal steroid production by blocking

cytochrome-P450 enzymes (Loose et cii., 1983). Ketokonazole has also been used

successfully in the treatment of Cushing's syndrome (Sonino et cii., 1985; Lou et

cii., 1986). Ketokonazole also affects testosterone synthesis, often producing

androgen deficiency (Pont et al., 1982) and has been demonstrated to bind to the

human androgen receptor and sex steroid binding globulin (Eil, 1992). These

side effects may have a negative effect on the process of sexual maturation, but if

the immunosuppressive effects of testosterone demonstrated in juveniles (Slater

and Schreck, 1993) are also present in adult salmon, the reduction of plasma

testosterone may serve as an immunostimulant. Another compound which may

be used to reduce plasma cortisol concentrations is pindolol, which has been

shown to block ACTH secretion in rats (Gartside et ai., 1990) and should not

affect the production of the sex steroids. The objective of this study is to

evaluate the efficiency, both in vitro and in vivo, of these compounds in reducing

cortisol production in salmonid fish.

Methods

Experimental animals. Juvenile rainbow trout (Oncorhynchus mykiss), coho

salmon (0. kisutch), and spring chinook salmon (0. tshawytscha) were raised and



maintained at the Fish Genetics and Performance Laboratory of Oregon State

University in Corvallis, Oregon. Fish were maintained under natural

photoperiod and fed a commercial diet of semimoist pellets. Fish were held in 1-

m circular, fiberglass tanks, provided with flow-through water at 12±1°C.

Hemolytic plague assay. The ability of leukocytes to secrete specific antibodies

was used as a measure of immunocompetence.

The antigen used was trinitrophenyl-lipopolysaccharide (TNP-LPS) at a final

concentration of 5 p.g/ml in leukocyte cultures. The method was described by

Tripp et al. (1987), arid modified by Slater et al. (1995). Fish were killed by

anesthetic overdose in 200 mg/i tricainemethane sulfonate buffered with 500

mg/i sodium bicarbonate. Anterior kidney tissue was removed from fish

aseptically under a portable UV hood. The tissues were then placed in 1 ml of

tissue culture media (TCM) on ice. TCM consists of RPMI 1640 (Whitaker Bio-

products) supplemented with 10% fetal calf serum, 1% of a 200 mM L-glutamine

solution, and 0.2% of a 50 mg/ml gentamicin sulfate solution. Single cell

suspensions were obtained by repeated aspiration and expulsion of the tissue

through a 1 ml syringe. This cell suspension was held on ice until the tissue

fragments settled. Ten il of the supernatant, a single cell suspension, was added

to 150 p1 of TCM and 40 111 of trypan blue. After gentle stirring with a Pasteur

pipette, this mixture was loaded onto a hemacytometer and viable leukocytes

counted. Based on the results of these counts, all tissue suspensions were

diluted to 2 x107 cells/mi. In the assay 50 p.1 of this leukocyte cell suspension

and 25 p.1 of TCM or TCM with steroid plus 25 p1 of TCM with TNP-LPS, for a

total incubation volume of 50 p1, were added to wells of a 96-well, flat-bottom

microculture plate. Cells were incubated under blood gas (80% N2, 10% 02,

10% CO2) at 18°C for 7 days. Cell cultures were not fed during incubation. On

day 7 the tissue culture plates were centrifuged to remove cells from suspension,
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TCM was drawn off and 50 p1 of fresh TCM (no antigen or steroid) was added to

the wells. Ten il dilute steelhead serum (1:9 in modified barbital buffer, MBB)

as a source of complement and 10 p1 of a 20% (v/v) suspension of sheep red

blood cells haptenated with TNP in MBB was then added to all wells. MBB

contains, 10 mM barbital, 2 mM sodium barbital, 0.59 mM magnesium chloride,

300 mM sodium chloride, and 1.5 mM calcium chloride. The contents of each

well were gently mixed with a Pasteur pipette and transferred to one-half of a

Cunningham chamber. The chambers were sealed with wax and incubated at

18°C for 2 hr. Chambers were then examined under a stereo dissecting

microscope, and the number of plaques per culture was recorded.

RU 486 trials: in vitro. Leukocytes of juvenile spring chinook salmon were

incubated in the hemolytic plaque assay procedure with either TCM (control),

TCM plus cortisol (10 ng/ml), or TCM plus cortisol (100 ng/ml) and RU 486

(100, 500 or 1000 ng/ml). Leukocytes from each individual fish were subjected

to all treatments, so each fish acted as its own control. On 1 October 1991 four

fish (average weight 300 g) were sampled. On 31 August 1994 four fish (average

weight 50 g) were sampled, and on 8 September 1994 six fish (average weight 50

g) were sampled. RU 486 was not tested in vivo.

Ketokonazole trials: in vitro. Anterior kidneys were removed from juvenile

salmon as described for the hemolytic plaque assay. Each organ was minced

with a razor blade in an ice-cold petri dish and placed in one well of a 12 well

microculture plate. Two ml of TCM or TCM and 20 p.1 of DMSO or 2 ml of TCM

and 20 p1 of DMSO with ketokonazole (100 p.M) were added to each well. The

plate was set on a shaker table in an 18°C incubator and allowed to shake for 1

hr. TCM (DMSO, ketokonazole) was removed, new TCM (DMSO,

ketokonazole) was added, and tissues were allowed to shake for one more hour.

TCM (DMSO, ketokonazole) was again changed and 50 mU of porcine ACTH
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was added to each well (except controls). Tissues were then incubated for 3 hr

while shaking at 18°C. At the end of the incubation TCM was drawn off and

frozen at -20°C until assayed for cortisol concentration by RIA (Redding et al.,

1984). The above was repeated five times, the first two experiments contained

just two treatment groups, ACTH/DMSO and ACTH/DMSO/ketokonazole; the

last three experiments contained all treatment groups. Equal numbers of fish

were randomly assigned to treatment groups. On 6 January using 12 juvenile

coho salmon (average weight 60 g), on 3 April 1993 and 6 May 1993 using 12 and

24 rainbow trout (average weight 150g) respectively, and on 12 May and 25 June

1994 using 24 juvenile spring chinook (average weight 100 g and 20 g

respectively).

Ketokonazole trials: in vivo. Ketokonazole was delivered by two different

methods, intraperitoneal injection and feeding. On 10 May and 15 June 1993

ketokonazole was dissolved in 95% EtOH at a concentration of 15 mg/ml, and

injected into five rainbow trout (average weight 75 g) at each dose of 0.5, 5, and

10 mg/kg (ketokonazole/body weight). On 15 May 1993 20 rainbow trout

(average weight 75 g) were injected with ketokonazole (10 mg/kg) in 100 ml

EtOH or with just 100 ml EtOH. On 24 May 1994 ten juvenile spring chinook

salmon (average weight 40 g) were injected with ketokonazole (5 mg/kg) in 100

ml DMSO or with just 100 ml DMSO. Fish were allowed to recover overnight

and then stressed by holding them out of water in a dip net for 30 sec. Fish were

returned to the water for 30 min., then killed by anesthetic overdose (MS222, 200

mg/i). Blood was collected in heparinized capillary tubes from the caudal vein

after severing the caudal peduncle with a razor blade. Blood plasma was then

frozen at -20°C until cortisol concentrations were determined by RIA (Redding et

al., 1984). On 18 July 1995 4 groups of 20 juvenile spring chinook (average

weight 30 g) were subjected to four treatments. Treatments were: normal food
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(control), food sprayed with EtOH, food sprayed with ketokonazole dissolved in

EtOH at a dose of 500 mg/kg (ketokonazole/food), and food sprayed with

ketokonazole in EtOH at a dose lg/kg. After one week on this diet fish were

stressed and blood collected as above.

Pindolol trial: in vivo. On 10 May 1993 pindololl was dissolved in PBS (pH 6.0)

at a concentration of 0.75 mg/ml, and injected intraperitonealy into five rainbow

trout (average weight 75 g) at each dose of 0.5 and 5 mg/kg (Pindolol/body

weight). Fish were allowed to recover overnight then stressed and blood

collected as above.

Statistics: Plaque assay and cortisol data were subjected to analysis of variance

and, where significant between-group differences were found, pairwise

comparisons were conducted using the Scheffe F-test. Differences were

considered statistically significant at the P<0.05 level.

Results

RU 486 in vitro. RU 486 blocked the immunosuppressive action of cortisol in

cultures of salmonid leukocytes (Fig. 1,2). All three experimental doses (100,

500, and 1000 ng/ml) proved to be effective, but the highest dose proved to be

immunosuppressive, or at least not effective, in one trial (Fig. 2c).

Ketokonazole in vitro. Ketokonazole appeared to reduce the amount of cortisol

produced by ACTH stimulated salmonid anterior kidneys in the initial

experiments, reducing the cortisol produced by about half (Fig. 3). More

complete experiments with proper control groups and higher numbers of fish

supported that conclusion, and in fact the suppression was greater than 50%

(Fig. 4).
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Ketokonazole in vivo. Ketokonazole, injected or ingested, did not reduce cortisol

production in response to stress in salmonid fish (Fig. 5).

Pindolol in vivo. Injection of pindolol did not reduce cortisol production in

response to stress in rainbow trout (Fig. 6).
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Fig. 1 The number of plaque-forming cells (PFC) produced in in vitro cultures of
juvenile spring chinook salmon anterior kidney leukocytes incubated with
cortisol (100 ng/ml) and increasing concentrations of the glucocorticoid receptor
antagonist RU 486. Bars represent the mean ( SE) number of antibody-
producing cells. "' indicate groups which are significantly different from
controls (P< 0.05). The experiment was performed three times, a)1 October 1991,
b) 31 August 1994, and c) 8 September 1994.
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Fig. 2 ACTH stimulated cortisol production by salmonid anterior kidneys
incubated in vitro with and without ketokonazole (1 xM); 20 p.1 DMSO was used
as a delivery vehicle. The experiment was performed with juvenile coho salmon
(a) and juvenile rainbow trout (b). Bars represent mean (+ SE) cortisol
production. "'p' indicate groups which are significantly different (P< 0.05).
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Fig. 3 ACTH stimulated cortisol production by salmonid anterior kidneys
incubated in vitro with and without ketokonazole (1 tM); 20 il DMSO was used
as a delivery vehicle. The experiment was performed with juvenile rainbow
trout (a) and juvenile chinook salmon (b, c). Bars represent mean (+ SE) cortisol
production. Different letters indicate groups which are significantly different
(P< 0.05).
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Fig. 4 Plasma cortisol levels 30 minutes after a 30-second netting stress in
rainbow trout injected with increasing doses ketokonazole in EtOH or pindolol
in phosphate buffered saline (PBS) at time -24 hr. Bars represent mean (+ SE)
plasma cortisol.
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Fig. 5 Plasma cortisol levels 30 minutes after a 30 second netting stress in
juvenile rainbow trout (a) and juvenile chinook salmon (b) injected with
ketokonazole (10 mg/g) in EtOH (a) or ketokonazole (5 mg/g) in DMSO (b) at
time -24 hr. Bars represent mean (+ SE) plasma cortisol.
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Fig. 6 Plasma cortisol levels 30 minutes after a 30-second netting stress in
juvenile chinook salmon fed ketokonazole-dosed food (0.5 or 5 mg/kg food,
applied in EtOH) for one week. Bars represent mean (+ SE) plasma cortisol.
"k" indicate groups which are significantly different from control levels (P< 0.05).
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Discussion

We have demonstrated that ketokonazole is capable of blocking the

production of cortisol by the salmonid anterior kidney in vitro. Given this result

and the successful in vivo use of ketokonazole for the treatment of Cushing's

syndrome in humans (Sonino et al., 1985; Lou et al., 1986), one would believe that

an effective in vivo treatment for salmonid fish could be developed. However,

we were not able to demonstrate any effect of ketokonazole in any in vivo

experiment. A single injection of ketokonazole (0.5-10 mg/g) using either EtOH

or DMSO as the vehicle did not result in a decreased production of cortisol in

response to stress. Feeding ketokonazole for one week did not reduce the stress

induced production of cortisol in juvenile chinook salmon. Oral delivery is the

most convenient method and has been proven effective in humans. It is possible

that larger doses or a longer treatment period may be required before any

significant effect could be detected. Successful injection or implantation may

require the development of a sustained release delivery system.

We have also demonstrated that the glucocorticoid receptor antagonist

RU 486 will block the immunosuppressive effects of cortisol in salmonid fish in

vitro. The fact that RU 486 also binds to progesterone receptors makes it an

unattractive candidate for therapeutic use in sexually maturing salmon, as

progesterone plays an important role in the process of sexual maturation and

ovulation. Only in vivo trials on sexually maturing salmon could determine the

promise or problems associated with the use of RU 486.

Pindolol was not effective in blocking the stress induced production of

cortisol in our experiments. It is possible that a different dose or delivery

method could prove pindolol effective in fish.
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APPENDIX 2. Testosterone and immunocompetence in vivo: Disease challenge
experiments.

Introduction

All Pacific salmon (of the genus Oncorhynchus) are semelparous (die after

spawning) and their bodies degenerate greatly during sexual maturation

(Robertson and Wexier, 1960). Changes in the immune systems of spawning

salmon include involution of the thymus, a drastic reduction in the number of

lymphocytes in the kidney and spleen (Robertson and Wexler, 1960); and

immune deficiencies, such as lowered bactericidal activity of normal serum (Iida

et al., 1989) and the inability to produce isohemagglutinins, antibodies readily

produced in immature fish (Ridgway, 1960, 1962). Sexually maturing salmonids

have high plasma levels of many hormones, including cortisol and the sex

steroids (Schmidt and Idler, 1962; Sower et. al., 1982; Fitzpatrick et al., 1986).

Elevated plasma cortisol is known to reduce the numbers of antibody-producing

cells and to lower disease resistance of salmonid fish (Kaattari and Tripp, 1987;

Tripp et al., 1987; Maule et al., 1987, 1989; Pickering, 1989; Pickering and

Pottinger, 1989). This reduction in numbers of immunocompetent cells, along

with the immunosuppressant effects of elevated cortisol, may be partly

responsible for determining programmed post-spawning death and for the

increase in infection and mortality which often occurs before spawning.

Sexual maturation may also play a role in the degenerative process which

leads to post-spawning mortality, pre-spawning mortality, or both. It has been

clear for some time that sex steroids can modulate the mammalian immune

response (Grossman, 1984). It is now becoming clear that sex steroids can

modulate the immune responses of other vertebrates as well. Testosterone has



122

been shown to cause immune dysfunction and lymphopenia in lizards and

turtles (Saad, 1990; 1991). Anecdotal evidence suggests that gonadectomy

prevents post-spawning mortality in salmon (McBride et al., 1963). Saprolegnia

infection increases in trout after treatment with androgen (Cross and

Willoughby, 1989), and we have found that testosterone reduces the immune

response in chinook salmon (Slater and Schreck, 1993).

In the current study our objective was to determine if the high

concentrations of testosterone found in spawning salmon have any effect on the

function of the immune system in vivo. To avoid the confounding effects of

already high concentrations of cortisol and sex steroid hormones found in

sexually maturing adults, juvenile chinook salmon, known to have low

concentrations of sex steroids in their plasma (Patino and Schreck, 1986), were

used in the experiments.

Methods

Experimental animals. Juvenile spring chinook salmon (Willamette River stock)

were raised and maintained at the Fish Performance and Genetics Laboratory of

Oregon State University in Corvallis, Oregon. Fish were maintained under

natural photoperiod and fed a commercial diet of semimoist pellets. Fish were

held in 1-m circular, fiberglass tanks, provided with flow-through water at 12±

1°C.

Administration of testosterone. Testosterone was administered to juvenile

spring chinook salmon in dosed food. Testosterone (100 mg) was dissolved in 50

ml absolute ethanol and sprayed onto 1 kg of fish food. The ethanol was

allowed to evaporate, and the food refrozen for future use. In every case a

control group of fish was fed food which was sprayed with an equal amount of
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ethanol only, and another control group was fed the normal food. Plasma

testosterone levels were determined by RTA (Sower and Schreck, 1982; modified

by Fitzpatrick et al., 1986).

Disease challenge. Exposure to the pathogenic bacteria Vibrio anguillarum was

used to determine if disease resistance was affected in chinook salmon with

plasma testosterone levels raised artificially by eating testosterone-dosed food.

Treatment groups of 50 juvenile spring chinook salmon were fed normal food,

ethanol-treated food, or testosterone-dosed food. Each treatment was replicated.

Fish were fed the treatment diets for the full length of the experiment. After one

week all fish were moved to the Salmon Disease Laboratory of Oregon State

University where the Vibrio challenge was conducted. Treatment groups of 50

fish were placed in 100 1 tanks provided with flow-through water at 12±1°C.

The water was shut off to all treatment tanks and the water level lowered to 20 1.

15 ml of broth containing growing Vibrio was added to all treatment tanks except

one of the testosterone fed groups. This tank served as a control to show that the

Vibrio was responsible for the fish mortality and not the testosterone food. After

30 min. the water was turned back on and the tanks filled to 100 1. Over the next

two weeks the number of mortalities in each tank was recorded and the percent

mortality for each treatment group was calculated. Two trials were conducted,

the first was started on 18 July 1995 and the second was started on 13 October

1995.

Results

We determined that feeding juvenile spring chinook a diet with

testosterone at 100 mg T/kg food for at least four days resulted in an average

rise in plasma testosterone concentration to near that of spawning adults (100
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ng/ml). Plasma testosterone concentrations declined to about 60 ng/ml in fish

which were fed T for one week then transferred to the Salmon Disease Lab

where dosed food was continued for two more weeks. Plasma testosterone

concentrations declined to around 30 ng/ml in fish which were exposed to

Vibrio after the move to the Salmon Disease Lab (fig 7).

The Vibrio challenge experiments failed to show any effect of increased plasma

testosterone on disease resistance of chinook salmon, in vivo. (fig 8).
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Fig. 7 Plasma testosterone concentrations of surviving juvenile chinook salmon
fed testosterone-dosed, EtOH-treated, or normal food prior to and during
exposure to the pathogen Vibrio anguillarum. Bars represent mean plasma
testosterone concentrations (+SE). Different letters indicate groups which are
significantly different (p< 0.05).
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Fig. 8 Cumulative mortality of juvenile chinook salmon fed testosterone-
dosed, EtOH-treated, or normal food then exposed to Vibrio anguillarum. Points
represent total mortality in each treatment group plotted against days post Vibrio
exposure. Squares represent testosterone food groups, circles represent ethanol
food groups, and triangles represent normal food groups. Each treatment group
was replicated.
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Discussion

We have determined that feeding juvenile spring chinook a diet dosed

with testosterone at 100 mg T/kg food for four days will raise their average

plasma testosterone concentration to 100 ng/ml. Plasma levels were maintained

at 60 ng/ml, with continued feeding, two weeks after fish were moved to a new

environment. I believe that the plasma T levels fell to 60 ng/ml because the fish

were stressed by the move and did not fuiiy adjust to their new environment.

The fish were removed from dark green colored, 1 m circular tanks with water

depth of about 1 m and placed in shallow (0.25 m), light blue (almost white) oval

tanks (0.5m x 0.25m). Fish did not resume normal feeding habits after the move

and I believe this is the reason for the drop in plasma testosterone. Fish which

were exposed toVibrio fed very little and the survivors had much lower plasma

testosterone levels than did testosterone fed healthy fish. These low levels could

be due to their reduced feeding, or to differential mortality. Because only fish

that survived the disease challenge could be sampled, we could not determine if

plasma testosterone levels of the fish that died were higher, perhaps facilitating

their deaths.

The results of the disease challenge experiments failed to show any effect

of increased plasma testosterone on disease resistance of chinook salmon. In

both Vibrio challenges, the mortality in all groups was near 80%. When

mortality in control groups is this high the likelihood of seeing any treatment

effects is small. Ideally, mortality in the control groups should be around 50%.

It is possible that if the dose of the pathogen could be adjusted to achieve a 50%

mortality in control groups some treatment effects could be observed.
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