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Introduction

The mass die-off of Pacific salmon (genus Oncorhyncus) shortly after they spawn is one of the most dramatic but poorly understood phenomena in biology (Dickhoff, 1989).  Highly elevated levels of the stress hormone cortisol mediate this programmed death by causing tissue degeneration, suppressing the immune system, and impairing various homeostatic mechanisms (Dickhoff, 1989; Stein-Behren and Sapolsky, 1992). The cause of this hypercortisolism, however, is not known (Dickhoff, 1989). We postulated that post-spawning mortality is regulated by 17,20-dihydroxyprogesterone (17,20-P) – a gonadal steroid that rises markedly at spawning and regulates final gamete maturation in both sexes (Scott and Carario, 1987; Nagahama, 1987).  Specifically, we tested the hypothesis that 17,20-P inhibits peripheral cortisol metabolism leading to hypercortisolism. 

Materials and Methods

Coho salmon were obtained from the Lake Mills State Fish Hatchery, Lake Mills, Wisconsin. Rainbow trout were obtained from commercial sources.  The fish were reared in 750-L flow-through tanks under ambient temperature conditions (11-16°C) and a constant 16-hr light/8-hr dark photoperiod.  The fish were fed Silver Cup trout feed (Murray, UT) once daily at approximately 1% of their body weight. The fish ranged in size from 80 to 263 g, and all were sexually immature. Cortisol metabolism was analyzed by measuring the formation of ether- and water-soluble products after incubation of kidney and liver fragments in the presence of 170 nM [14C]-cortisol for 1-24 hr at 15°C. Controls were incubates without tissue. Cortisol metabolites were extracted and analyzed by liquid chromatography - mass spectrography (LC-MS) according to Marwah et al. (2002). 
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Figure 1. Dose-response effects of 17,20-dihydroxy-4-pregnen-3-one (17,20-P) on the production of cortisol-sulfate (bars) and cortisone (line) by coho salmon kidney.  Tissue was incubated in vitro for 21 hours at 15°C in the presence of [14C]-cortisol.  Data shown are mean + SEM of triplicate incubations.  cpm = counts per minute. 

Results 

Kidney tissue of both rainbow trout and coho salmon rapidly converted cortisol into water-soluble metabolites (WSMs), whereas the liver of both species had almost no cortisol metabolizing activity (data not shown). Analysis by LC-MS demonstrated that the coho salmon kidney primarily converted cortisol into cortisol-sulfate, although a neutral steroid tentatively identified as cortisone was also produced. The rainbow trout kidney produced almost no cortisol-sulfate, but primarily converted cortisol into an unidentified, water-soluble, multi-hydroxylated metabolite (data not shown).  

In coho salmon kidney, the production of cortisol-sulfate was strongly inhibited by 17,20-P, and there was a corresponding increase in cortisone (Fig. 1). 17,20-P also inhibited cortisol metabolism by the rainbow trout kidney, but the inhibitory effects were significantly less than in coho salmon (Table 1). 

Table 1.  Effects of Steroids on the Production of Water Soluble Cortisol Metabolites by the Kidney of Coho Salmon and Rainbow Trout

	Treatment
	Coho Salmon
	Rainbow Trout

	No steroid control
	100 + 7.4
	100 + 11.8

	17,20-P
	6.4 + 0.2***
	43.7 + 0.9*

	17,20-P
	9.8 + 0.9***
	73.7 + 11.8

	Cortisone
	9.4 + 0.5***
	30.1 + 10.2**

	Cortisol
	53.7 + 7.6**
	32.9 + 8.0**

	Estradiol-17
	115.6 + 12.3
	65.7 + 6.3

	Testosterone
	76.7 + 0.6
	101.3 + 13.1

	11-Ketotestosterone
	63.4 + 3.9*
	48.8 + 0.9*


Note. Levels are expressed as percentage of control (mean + SEM, n = 3).  Asterisks indicate significant differences within species between the steroid treatment group and the corresponding no steroid control (*, P < 0.05; **, P < 0.01, ***, P < 0.001).  Italics indicate steroids where a significant difference between species was observed (P < 0.05). All steroids were tested at 1.5 x 10-6 M. 

Experiments were conducted to investigate the effects of various steroid hormones on cortisol metabolism by the kidney of coho salmon and rainbow trout. In coho salmon, 17,20-P, cortisone and 17,20-P strongly inhibited the conversion of [14C]-cortisol to cortisol-sulfate (Table 1). In rainbow trout, cortisone also the most potent inhibitor of cortisol metabolism, but this steroid was much less effective in rainbow trout than coho salmon (Table 1).  

Discussion

We discovered a novel cortisol-metabolizing enzyme in the kidney of the coho salmon, a steroid sulfotransferase, whose activity is strongly inhibited by physiological concentrations of 17,20-P and cortisone. The sulfotransferase is not present in rainbow trout, a closely related species that does not die after spawning. These discoveries may be key to understanding the hypercortisolism associated with the post-spawning death of Pacific salmon.  We propose the following model: the prespawning surge in 17,20-P inhibits sulfotransferase in the coho salmon kidney blocking the metabolism of cortisol.  The inhibition of sulfotransferase allows cortisol to be converted to cortisone, and cortisone further inhibits sulfotransferase activity, and so on.  This mechanism does occur in the iteroparous rainbow trout that lacks the renal cortisol sulfotransferase.  
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