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Animals respond to stressful situations with increases in plasma levels of

glucocorticoid stress hormones. These hormones originate from the adrenal cortex

in response to stimulation of the hypothalamic-pituitary-adrenal axis.

Glucocorticoids (corticosterone in reptiles) function to mobilize energy and

suppress unnecessary functions until the stress passes. Among these immediately

unnecessary functions is reproduction. Suppression of reproduction by

glucocorticoids is often manifested as decreased plasma sex steroid levels and

diminished mating behavior. However, animals living in extreme conditions with

limited reproductive opportunities will often suppress their stress response during

the breeding season in order to maximize their reproductive opportunities. The

purpose of these studies was to investigate seasonal and environmental adaptations

of both the behavioral and hormonal responses to stress in the garter snake,

Thamnophis sirtalis. The red-sided garter snake, T s. parietalis, of Manitoba

Canada, is active for only four months of the year and mates during a brief period

in the spring. Males respond to capture stress during the mating season with an
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increase in corticosterone and a decrease in testosterone but this has no effect on

sexual behavior. Thus, these animals exhibit a novel response to stress in which

sexual behavior is uncoupled from the physiological response to stress. However,

treatment with exogenous corticosterone does suppress mating behavior in a dose-

dependent manner. This suggests that corticosterone levels are maintained below a

threshold level above which mating behavior is suppressed. When compared

across seasons, males display a suppressed hormonal response to capture stress

during the breeding season relative to the non-breeding season. In contrast, the red-

spotted garter snake, T.s. concinnus, of western Oregon is active for ten months of

the year and mates during an extended period in the spring. Plasma corticosterone

and testosterone levels cycle together through the year in a positive relationship.

These animals exhibit a consistent stress response of increased corticosterone and

decreased testosterone throughout the year. In summary, these studies demonstrate

that both the hormonal and behavioral stress responses are seasonally and

environmentally adapted in these conspecific garter snakes inhabiting very different

environments.
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Stress and Reproduction in Male Garter Snakes

Chapter 1. Introduction

The Adaptive Stress Response

The physiological stress response was first described by Hans Selye (1936)

as the "general adaptation syndrome." He identified it as a set of physiological

changes in laboratory rats exposed to various noxious stimuli (such as cold,

surgical injury or excessive exercise). The syndrome appeared to be a generalized

effort, on the part of the organism, to adapt itself to new conditions that it faced and

occurred in three distinct stages. The first stage he termed the "general alarm

reaction" and included the short-term effects he noticed 6-48 hours after initial

injury. These included, but were not limited to, decreases in the size of the thymus,

spleen, lymph glands and liver, as well as the disappearance of fat tissue. The

second stage, termed the "resistance phase," began after 48 hours and included

hypertrophy of the adrenal glands and atrophy of the gonads. Finally, after 1-3

months of exposure to the noxious stimuli, the animal entered into the stage of

"exhaustion" with symptoms similar to those witnessed in the first stage. Selye

hypothesized that a specific set of physiological changes enabled an animal to adapt

itself to new stressful conditions. As such he defined stress as "the nonspecific

response of the body to any demand" (Selye, 1956). While vague, this definition

encompassed the idea that the stress response is generalized and independent of the
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nature of the stressful stimuli (stressor), either internal or external as well as biotic

or abiotic in nature (Selye, 1936, 1956).

Since Selye's original work, many studies have described the stress

response and refined its definition. For example, in response to fmdings

demonstrating that corticosteroids were potent anti-inflammatory agents, Munck et

al. (1984) proposed an alternative role for the steroids. This proposal suggested

that glucocorticoids act by suppressing the physiological responses to stressors,

thereby checking an otherwise uncontrolled defense mechanism. In this case,

inflammation is part of a positive feedback response to bodily injury that

glucocorticoids work to moderate. However, this definition assumes that

inflammation is maladaptive and glucocorticoids help temper the response. While

this hypothesis works for certain physiological actions of glucocorticoids in certain

situations, it does not work for some others including changes in behavior.

Glucocorticoids have specific behavioral effects, independent of other actions (e.g.

suppression of sexual behavior; Moore and Miller, 1984). It is now generally

accepted that the body responds to stressors with an adaptive stress response

mediated by a suite of hormones that orchestrate an emergency reaction that

suppresses unnecessary processes and promotes survival until the stress passes

(Axeirod and Reisine, 1984; Sapolsky, 1987; Pickering and Fryer, 1994).

What situations does an animal face that constitute a stressor? The term

stress originated from engineering and thus it is challenging to adapt its use to

biological systems. In an ecological context, stressors can be abiotic, such as
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storms and other such environmental challenges (Wingfield, 1984). In addition,

stressors can be biotic and social (Sapolsky, 1987). These include the challenges

faced in social interactions within species (Knapp and Moore, 1996; Schuett et al.,

1996). Finally, the activities associated with reproduction itself can elicit a stress

response (Wilson and Wingfield, 1992). It is currently accepted that anything that

challenges homeostasis in an animal can be defined as a stressor (Sapoisky, 1987).

Since the stress response was first described, much effort has gone into

elucidating the neuroendocrine pathways that are activated during times of stress.

The hormonal stress response consists of two components. The first is the rapid

and short term response of catecholamines, epinephrine and norepinephrine,

released from the adrenal medulla and central nervous system. This alarm reaction

occurs in seconds to minutes after the stress is initiated. The secondary response is

the slower and extended release of glucocorticoids from the adrenal cortex. This

slower component of the stress response, the subject of this dissertation, occurs in

the minutes, hours and days following the initiation of a stressful event. It is

initiated by the release of corticotropin-releasing factor (CRF) from the

paraventricular nucleus of the hypothalamus. Corticotropin-releasing factor passes

to the adenohypophysis and initiates the release of adrenocorticotropic hormone

(ACTH) into the blood which then stimulates the release of glucocorticoids from

the adrenal cortex. Glucocorticoids pass into the general circulation and have

actions throughout the body (Norris, 1997).
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Glucocorticoids (corticosterone in rats, birds, amphibians and reptiles and

cortisol in most mammals and fish [Idler, 1972]) have been described in every

vertebrate investigated and have actions throughout the body including mobilizing

energy stores and suppressing functions that are unnecessary for immediate

survival (Axeirod and Reisine, 1984; Munck et al., 1984; Lance, 1990; Pickering

and Fryer, 1994; Schreck et al., 1997). Specifically, these actions include the

suppression and later, inhibition of reproductive behavior and sex steroid synthesis

(Licht et al., 1983; Moore and Miller, 1984; Silverin, 1986, 1998; Lance and Elsey,

1986; Greenberg and Wingfield, 1987; Dauphin-Villemant et al., 1990; Elsey et al.,

1991; Zerrani et al., 1991; Grassman and I-less, 1992a, b; On and Mann, 1992;

Wilson and Wingfield, 1992, 1994; Zerrani and Gobbetti, 1993; DeNardo and

Licht, 1993; DeNardo and Sinervo, 1994; Astheimer et al., 1995; Mabmoud et al.,

1996; Mahmoud and Licht, 1997), suppression of territorial behavior (Wingfield

and Silverin, 1986; Tokarz, 1987; DeNardo and Licht, 1993; DeNardo and Sinervo,

1994; Knapp and Moore, 1995), suppression of growth (Elsey et al., 1990),

suppression of the immune system (Lance, 1994) as well as increases in energy

mobilization and gluconeogenesis (Wingfield and Silverin, 1986; Gray et al.,

1990), foraging behavior (Astheimer et al., 1992) and promotion of escape

behavior (Wingfield, 1984, 1988). All of these effects help the animal maintain

homeostasis despite the stressor and assist in survival.

The deleterious effects of stress on reproduction have been noted since

Selye's original description of the stress response (Selye, 1936). These occur
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primarily because of negative interactions between the hypothalamic-pituitary-

adrenal (FIPA) axis and the hypothalamic-pituitary-gonadal (FIPG) axis. The close

anatomical proximity between CRF neurons and gonadotropin releasing hormone

(GnRH) secreting neurons suggests possible paracrine actions of CRF (Rivier and

Rivest, 1991). Evidence that injection of a CRF antagonist into cerebral ventricles

reverses the inhibitory action of stress on luteinizing hormone (LH) secretion,

which stimulates release of sex steroids, supports this hypothesis (Rivier et al.,

1986). At least part of the inhibitory effects of glucocorticoids are mediated

through their actions at the level of the pituitary where they suppress the release of

gonadotropins (Baldwin, 1979; Cohen and Mann, 1981; Kamel and Kubajak,

1987). There is also evidence that stress hormones exert direct inhibitory effects on

the gonads by decreasing their sensitivity to gonadotropins (Charpenet et al., 1981,

1982). These studies, all conducted with laboratory rodents, have shown that stress

acts to suppress the HPG axis at many levels including the hypothalamus, anterior

pituitary, and gonads and thus results in generalized suppression of reproduction

(Rivier and Rivest, 1991).

Recently, comparative endocrinologists have begun to describe the effects

of both biotic and abiotic stressors on reproduction (Wingfield et al., 1982,

Wingfield etal., 1983; Deviche, 1983; Moore and Miller, 1984; Wingfield, 1984;

Moore and Zoeller, 1985; Silverin, 1986; Sapoisky, 1987; Moore et al., 1991;

Wingfield et al., 1992; Schuett et al., 1996; ; Wingfield et al., 1998). For example,

short-term stress has been shown, at the level of the hypothalamus, to directly



suppress reproductive behavior in the rough-skinned newt, Taricha granulosa

(Moore and Miller, 1984). In addition to directly suppressing mating behavior, the

short-term stress, or exogenous corticosterone, act to suppress plasma levels of

testosterone and luteinizing hormone releasing hormone (Moore and Zoeller,

1985). In the olive baboon, Papio anubis, Sapoisky (1985) found that stressors,

both biotic and abiotic, result in increases in plasma glucocorticoids and subsequent

decreases in plasma testosterone titer and reproductive behavior within six hours.

However, not all animals exhibit a stress response with negative impacts on

reproduction.

It has been suggested that animals that live in extreme environments, with

limited reproductive opportunities, should suppress their stress response, at least

during the breeding season, to avoid these potentially deleterious effects on

reproductive effort (Wingfield et al., 1995). This could result in increased

mortality, but the potential benefit is increased reproductive success (Wingfield et

al., 1998). Some bird species inhabiting harsh environments with short breeding

seasons suppress their stress response during the breeding season (Wingfield et al.,

1992; Wingfield etal., 1994a, b). It is hypothesized that this allows the animal to

devote its energy to the maintenance of the reproductive effort by mitigating the

potentially deleterious effects of glucocorticoids on reproduction (Wingfield,

1988). During the non-breeding season, the same species will exhibit a significant

stress response (Wingfield, 1988; Wingfield et al., 1992; Wingfield et al., 1998).
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However, studies in other vertebrates investigating the seasonality of the stress

response and its relationship to the reproductive cycle are lacking.

In fact, few studies have investigated the stress response in reptiles (for

review: Tyrrell and Cree, 1998). With one exception, all reptiles investigated

display increases in plasma levels of corticosterone in response to the stress of

capture and handling. Following acute handling stress, male tree lizards,

Urosaurus ornatus, displayed an increase in plasma titer of corticosterone and a

decrease in testosterone (Moore et al., 1991). Subsequent studies revealed that all

males responded to restraint with an increase in plasma corticosterone

concentration, however only non-territorial males exhibited a correlated decrease in

testosterone (Knapp and Moore, 1995, 1997). These results suggest that the

response is not fixed within the species. In free-living populations of the western

fence lizard, Sceloporus occidentalis, corticosterone increases in response to

capture and handling stress were found to be greatest in populations at the margin

of the species' range and during the hottest and driest seasons, presumably stressful

environments. However, sex steroid levels were not determined and basal

concentrations of corticosterone were not affected by seasonal or geographical

differences (Dunlap and Wingfield, 1995a, b).

Snakes present some examples of exceptions to the lizard pattern of

responses to stress. The female red-sided garter snake, Thamnophis sirtalis

parietalis, responded to six hours of capture and confinement with a decrease in

plasma corticosterone levels (Whittier et al., 1 987a). However, these animals were
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captured immediately after mating when a brief and rapid increase in estrogen is

occurring. Further investigation of the female stress response during different

periods of the reproductive cycle is necessary in this system. Schuett et al. (1996)

described the hormonal differences between winners and losers of staged combat in

male copperhead snakes, Agkistrodon contortrix. Losers had significantly higher

plasma levels of corticosterone but there was no difference in plasma testosterone

levels. While these types of interactions could be termed stressful, they may not be

representative of a maximal stress response. Thus, with one exception, reptiles

respond to stress with increases in plasma corticosterone and in some cases with

concomitant decreases in plasma sex steroids.

Even fewer studies have investigated the direct effects of corticosterone on

reptilian physiology and behavior. Corticosterone implants significantly decreased

plasma levels of testosterone in the side-blotched lizards, Uta stansburiana, as well

as decreasing levels of activity and aggression (DeNardo and Licht, 1993).

However, the direct relationship between plasma levels of the two hormones was

not examined. Different male morphs of the tree lizard, Urosaurus ornatus, both

display decreases in plasma testosterone in response to dermal corticosterone

patches (Knapp and Moore, 1997). However, only the nomadic morph displays a

significant negative relationship between endogenous levels of the hormones while

the territorial morph shows no relationship. These studies in lizards have

documented negative effects of exogenous corticosterone on endogenous



testosterone levels. However, these studies have not always addressed the direct

relationship between plasma levels of the two hormones.

There is a lack of knowledge of how reptiles respond to stress, the direct

role of stress hormones, and how they effect reproductive parameters such as sex

steroid secretion and sexual behavior. We may not fully understand in any

vertebrate, how the stress response is modified both seasonally and

environmentally and how this is related to reproduction. Seasonal reproductive

cycles give offspring the maximum chance of survival. Similarly, the stress

response may be seasonally adapted to maximize the reproductive success of the

adults. Interactions between the HPA axis and HPG axis in free-living animals

have not been well studied. In most cases, the HPA and HPG axes are negatively

correlated, however examples exist of positive relationships between the axes (e.g.

Wilson and Wingfield, 1994). In these cases, glucocorticoids may not suppress

reproduction but rather facilitate certain aspects by mobilizing energy stores. More

information is needed on how free living animals respond to stressors if we are to

understand how animals maintain homeostasis in unpredictable environments.

The Common Garter Snake as a Model System

In this series of studies, I investigated how conspecific garter snakes in

dramatically different habitats have adapted their reproductive tactics and adaptive

stress responses to their unique environments. The common garter snake,

Thamnophis sirtalis, is a good model system with which to investigate such
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adaptations. This species is one of the most abundant reptiles in North America

with an extensive range from the Atlantic to Pacific coasts, and from near the

Arctic Circle in the north to Central America in the south. This species inhabits

dramatically different environments and may be active anywhere from three to

twelve months of the year depending on environmental conditions. It also has one

of the best understood reproductive systems in a reptile. Investigators have

examined both male and female annual reproductive cycles, including testicular

and ovarian development, pheromonal communication, mating behavior, and sperm

transport and storage in females (Aleksiuk and Stewart, 1971; Aleksiuk and

Gregory, 1974; Gregory, 1977; Crews, 1984; Crews et al., 1984; Garstka and

Crews, 1985; Mason and Crews, 1985, 1986; Whittier and Crews, 1986, 1989,

1990; Krohmer et al., 1987; Krohmer and Crews, 1987; Whittier et al., 1987a, b;

Mason et al., 1989; Mason et al., 1990; Crews, 1991; Crews et al., 1993; Mason,

1993; Gregory and Larsen, 1996). The red-sided garter snake, T.s. parietalis, in

Manitoba, Canada, mates in the spring immediately upon emergence from eight

months of winter dormancy while plasma sex steroid levels are declining, gonads

are regressed and glucocorticoid levels are high (Aleksiuk and Gregory, 1974;

Crews, 1984; Weil, 1985; Whittier et al., 1987a; Krohmer et al., 1987). The

breeding period is explosive and lasts just 4 weeks. However, no studies have been

conducted to investigate the stress response or the relationship of corticosterone to

other factors such as testosterone and body condition. Gonads recrudesce and their

activity peaks late in the summer when males produce sperm to be used the
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following spring. The conspecific red-spotted garter snake, T.s. concinnus, inhabits

the Willamette valley of western Oregon and is active for at least 10 months of the

year with mating occurring over an extended 8-10 week period in the spring. No

studies have investigated the endocrine correlates of reproduction or stress in this

subspecies. This system, of two conspecifics with dramatically different life

history characteristics, presents the opportunity to investigate how animals have

environmentally and seasonally adapted their behavioral and hormonal stress

responses.
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Chapter 2

Behavioral and Hormonal Responses to Capture Stress in the Male
Red-Sided Garter Snake, Thamnophis sirtalis parietalls

Ignacio T. Moore, Michael P. LeMaster and Robert T. Mason

In Press: Animal Behaviour
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Abstract

We measured the behavioral and hormonal responses to capture-stress in

male red-sided garter snakes. Four hours of capture-stress resulted in no

suppression of mating behavior relative to control individuals. In contrast, the

same stress resulted in a significant increase in plasma levels of corticosterone and

a significant decrease in plasma levels of testosterone. There was a significant

negative correlation between plasma levels of corticosterone and testosterone in

both control and capture-stress groups, suggesting that the increase in

corticosterone directly drives the decrease in testosterone. While there was no

relation between body size and initial plasma levels of the two steroids, longer

individuals had a significantly greater increase in corticosterone following capture-

stress than did shorter individuals. Snakes display indeterminate growth,

suggesting that older individuals have decreased sensitivity to negative feedback in

the hypothalamic-pituitary-adrenal axis and thus hypersecrete glucocorticoids.

Results of this study suggest that male red-sided garter snakes have uncoupled their

behavioral stress response from their hormonal stress response to maximize

reproductive opportunities.

Introduction

During the breeding season, the hormonal and behavioral responses of an

animal to a stressor are dependent on many factors including the individual's

reproductive state and the environment it inhabits (Greenberg and Wingfield, 1987;
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Wingfield, 1988, 1994; Moore etal., 1991; Wingfield etal., 1992; Dunlap and

Wingfield, 1995). The hormonal stress response is typically seen as an increase in

plasma g!ucocorticoid hormones (corticosterone in reptiles), while the behavioral

response can be manifested as suppression of reproductive behaviors (Greenberg

and Wingfield, 1987). This genera!ized reproductive suppression occurs primarily

because of negative interactions between the hypothalamic-pituitary-adrenal (HPA)

axis, responsible for g!ucocorticoid re!ease, and the hypothalamic-pituitary-gonadal

(HPG) axis, responsib!e for sex steroid re!ease (Greenberg and Wingfield, 1987;

Rivier and Rivest, 1991). Where reproductive opportunities are limited, some

animals will suppress their stress response (Wingfield et al., 1992, 1995). Although

suppressing sensitivity or activity of the HPA axis could increase mortality, in

some environments the benefit of increased reproductive success outweighs this

potential cost (Wingfie!d et al., 1998).

Most reptiles studied to date respond to capture-stress and short-term

confinement with increases in plasma corticosterone levels (reviewed by Lance,

1990; Tyrrell and Cree, 1998) and decreases in plasma testosterone (Moore et al.,

1991; Knapp and Moore, 1995, 1997). No studies in reptiles have investigated both

the hormonal and behavioral effects of stress on reproduction. However, an

amphibian, the rough-skinned newt, Taricha granulosa, has served as a model for

understanding the behavioral effects of stress and corticosterone on reproductive

behavior. Short-term stress as well as exogenous corticosterone have been

demonstrated to directly suppress reproductive behavior (Moore and Miller, 1984).
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We used an estimated effect size for the suppressive effects of capture-stress on

mating behavior from Moore and Miller (1984) to investigate whether the male red-

sided garter snake shows a similar suppression of reproductive behavior in response

to capture-stress.

Because of its unique life history in Manitoba, Canada, the red-sided garter

snake is a good model for investigating adaptations of the stress response. It has a

short 4-month activity period each year followed by 8 months of winter dormancy.

Mating occurs immediately upon emergence in the spring, in large mating balls of

up to 100 males courting a single female, while plasma sex steroid levels are

decreasing, gonads are regressed and glucocorticoid levels are elevated (Crews et

al., 1984; Krohmer et al., 1987; Whittier et al., 1987). We hypothesized that males

would suppress their behavioral and hormonal stress response during the brief

breeding season to avoid the potentially deleterious effects on reproduction. We

base this hypothesis on previous observations suggesting that male red-sided garter

snakes are behaviorally and hormonally resistant to natural stressors and capture

(Krohmer et al., 1987; Whittier et al., 1987).

Materials and Methods

We subjected male red-sided garter snakes to a capture-stress protocol (e.g.

Wingfield, 1994), which involves capture and isolation in a small cloth bag, to

determine their behavioral response and the sensitivity of the HPA and HPG axes to

stress. All field studies were conducted at the Narcisse Wildlife Management Area
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in the Interlake region of Manitoba, Canada during the month of May, 1997. All

animals were held in captivity for less than 24 h and then returned to the site of

capture.

Behavioral Stress Response

To describe the effects of capture-stress on mating behavior, we randomly

captured 72 males, individually numbered each male on the head with a paint pen

and randomly assigned them to capture-stress or control groups (N1=N2=36).

Capture-stress males were held singly in cloth bags (20 x 20 cm) for 4 h prior to

behavioral trials, while controls were tested immediately upon capture. We

conducted mating behavior trials with three capture-stress and three control males

simultaneously introduced to a single female in a nylon cloth arena measuring 1 x 1

x 1 m. Males were introduced in groups of six to mimic natural conditions, where

mating balls rarely contain fewer than five males courting a single female (Joy and

Crews, 1985). The observer was blind to the treatment group of each male. Males

were observed for a period of 2 h after introduction or until mating occurred. Using

an ethogram of male garter snake mating behavior (Table 2.1), we recorded the

highest score achieved by each male during the trial. We compared the distribution

of maximal mating scores between the capture-stress and control groups. To

compare our results with previous studies (Moore and Miller, 1984), in which

individual animals were scored as displaying courtship behavior or not, male red-

sided garter snakes achieving a score of 3.0 or greater were considered 'courting
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males' as these behaviors are only seen in the context of male courtship. With an

effect size of 0.80, based on a Fisher's exact test, and sample sizes of N1=N2=16, we

would have a good chance of detecting effect sizes of the magnitude reported in

Moore and Miller (1984).

Table 2.1. Ethogram of courtship behavior for the male red-sided garter snake,
Thamnophis sirtalis parietalis. * Behaviors 3.0 and greater only occur in a
reproductive context and are indicative of sexual behavior.

Courtship score Description
1.0 Male investigates female, increased tongue-flick rate
2.0 Male chin rubs female with rapid tongue-flicks
3.0 Male aligns body with female
4.0 Male actively tail searches and attempts cloacal apposition and

copulation with female; possible caudocephalic waves
5.0 Male copulates with female

*Modjfied from Crews et al. (1984)

Hormonal Stress Response

We examined the hormonal response to stress in male red-sided garter

snakes by analyzing plasma hormone levels in control and capture-stress

individuals. We randomly captured 18 males from the den site and stressed them

by isolating them individually in cloth bags (20 x 20 cm) for 4 h, after which we

obtained a blood sample. We randomly captured another group of 18 individuals

and bled them within 90 s (mean = 53 s) of capture. We obtained all blood samples
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between 1600 and 1720 hours on 5 and 6 May to avoid diel and seasonal variation

in plasma hormone levels.

We obtained blood samples from the caudal vein using heparinized 1 cc

syringes and 25 g needles. Blood samples were stored on ice until we returned to

the field station where the samples were centrifuged and the plasma separated. The

plasma was then stored at -4°C until return to Oregon State University, where it was

stored at -60°C until assayed.

We obtained body size measurements of snout-vent length (SVL) and body

mass for each individual. Body condition was defined as each individual's residual

from the regression of body mass on SVL for the population. A positive residual

would indicate a greater mass than average for a given SVL, while a negative

residual would indicate the opposite.

Radio immunoassay

We measured plasma levels of testosterone and corticosterone by

radioimmunoassay following the procedures of Moore (1986) with slight

modification. Briefly, plasma samples were fractionated on celite microcolumns to

separate the steroids from one another and from neutral lipids, which interfere with

the assay. Samples were assayed in duplicate and corrected for individual recovery

variation. All samples were run in a single assay with an intra-assay variation of

14% for corticosterone and 10% for testosterone calculated from an assay of

standards (N= 16) by I.T.M.
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Statistics

All statistical analyses were performed using Jandel SigmaStat Version 2.0

software package (Jandel Corporation). Level of significance was P< 0.05.

Differences in the distribution of maximal mating scores between control and

capture stress groups were analyzed by a chi-square analysis of contingency tables.

Differences in hormone levels were analyzed by Mann- Whitney U-test. Direct

relationships between hormone levels and snout-vent length and mass were

analyzed by linear regression analysis.

Results

Behavioral Stress Response

There was no difference between the distribution of maximal mating scores

between the capture-stress and control groups (Figure 2.1; chi-square analysis of

contingency tables: X52= 3.451, P= 0.631, power 0.246). There was no

difference in the percentage of male red-sided garter snakes receiving a score of 3.0

or better between capture-stress and control groups (chi-square test: 2= 0.337, P

0.562, power = 0.084). Power analysis (Cohen 1988) based on an effect size of

0.80, an alpha of 0.05, and our sample size (N1=N2=36) suggests we would have a

greater than 99% chance of detecting a difference of similar magnitude to that

reported by Moore and Miller (1984).
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Figure 2.1. The distribution of maximal mating scores between control (0; N= 36)
and capture-stress (U; N= 36) male red-sided garter snakes. Each individual was
given the highest score it displayed during the mating trial.

Hormonal Stress Response

Males responded to 4 h of capture-stress with a significant increase in

plasma corticosterone levels (Fig. 2.2a; Mann-Whitney U test: U= 11, N1=N2=18,

P< 0.001) and a significant decrease in plasma testosterone levels (Figure 2.2b;

Mann-Whitney Utest: U= 20, N1=N2=18, P< 0.001). Plasma levels of

corticosterone increased 2.8 timesduring the 4 h of stress, while testosterone

decreased 5.6 times. There was a significant overall negative correlation between

testosterone and corticosterone levels (linear regression: R2 0.678, N= 36, P<
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0.00 1). In the control group, there was no relationship between the time it took to

obtain the initial blood sample and plasma testosterone or corticosterone levels

(linear regression: testosterone: R2 0.096, N= 18, P= 0.21, power = 0.24;

corticosterone: R2= 0.045, N= 18, , P= 0.40, power = 0.13).
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Figure 2.2. Mean (± SE) plasma (a) corticosterone and (b) testosterone levels of
control (0; N= 18) and capture-stress (I; N= 18) male red-sided garter snakes.
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There was also no correlation between SVL and initial levels of testosterone

or corticosterone (Figure 2.3; linear regression: corticosterone: R2= 0.0033, N= 18,

P= 0.82, power = 0.041; testosterone: R2= 0.0026, N= 18, P= 0.84, power = 0.039).

In addition, there was no correlation between SVL and testosterone levels in

animals stressed for 4 h (linear regression: R2= 0.00 15,N= 18, P= 0.88, power =

0.03 5). However, longer males subjected to 4 h of capture-stress had significantly

higher levels of corticosterone than did shorter males (Figure 2.3; linear regression:

R= 0.23, N= 18, P= 0.042). There was a significant positive relationship between

SVL and body mass in the combined capture-stress and control groups (linear

regression: R2= 0.897, N= 36, P< 0.01). However, there was no relationship

between steroid levels and individual body condition (linear regression: control

testosterone: R2= 0.103, N= 18, P= 0.195, power = 0.250; capture-stress

testosterone: R2 0.026, N= 18, P= 0.523, power = 0.092; control corticosterone:

R2= 0.0059, N= 18, P 0.763, power 0.048; capture-stress corticosterone: R2=

0.0090, N= 18, P= 0.708, power = 0.056).
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Figure 2.3. Regression of plasma corticosterone levels on snout-vent length for
control (0) and capture-stress () male red-sided garter snakes.

Discussion

Our results suggest that male red-sided garter snakes do not respond to

acute capture-stress with suppression of mating behavior. However, the statistical

power of this experiment was low, both when analyzed as a maximum score on the

contingency table (power = 0.246) and when analyzed as courting or not (power =

0.084). As these are below the desired power of 0.80, we need to use caution when

interpreting our negative findings. Therefore, the most we can conclude is that a

strong negative relationship between stress and mating behavior was not observed

in our study. However, based on our power analysis, we had a greater than 99%

chance of detecting an effect of capture-stress on mating behavior, or more
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specifically, of not making a type II error (not rejecting the when it is false).

That is, we feel confident that capture-stress does not negatively affect mating

behavior in this population of garter snakes.

Suppression of the stress response during the mating season has been

described in other classes of animals, but a different mechanism appears to be

responsible. Studies in birds have demonstrated that in severe habitats, including

deserts and the Arctic, they may suppress sensitivity of the HPA axis during the

breeding season to maximize reproductive opportunities (Wingfield et al., 1992,

1995; Wingfield, 1994; Astheimer et al., 1995). While these birds are both

physiologically and behaviorally resistant to stressors, male red-sided garter snakes

appear to have uncoupled the behavioral and hormonal stress response. This

uncoupling is a novel mechanism to impart behavioral resistance to stressors while

allowing the animal to physiologically respond to stressors (e.g. mobilize energy

stores) while maximizing reproductive opportunities. As these snakes face many

potential challenges during the breeding season including floods, blizzards and

predation by crows (I.T.M., personal observation) the ability to physiologically

respond without suppressing mating behavior would be adaptive.

Although male red-sided garter snakes do not respond to capture-stress by

suppressing mating behavior, they do show a significant increase in plasma

corticosterone and a significant decrease in plasma testosterone. This is similar to

the hormonal stress response shown by most other reptiles (reviewed by Lance,

1990; Tyrrell and Cree, 1998). In addition, we found a strong negative correlation
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between plasma levels of corticosterone and testosterone, which suggests a direct

negative interaction between the HPA and HPG axes. However, we do not know

how quickly the increase in corticosterone or the decrease in testosterone occurred,

as samples were not obtained between the initial sample and the 4 h sample, or if

the maximal hormonal response was reached. Moore et al. (1991) showed a

significant increase in corticosterone within 10 mm and a decrease in testosterone

within 4 h in male tree lizards, Urosaurus ornatus, and that study along with

another on the red-eared slider turtle, Trachemys scripta elegans (Cash et al., 1997)

suggest that reptiles show a maximal response within 4 h.

In addition to being behaviorally resistant to the change in plasma hormone

levels, male red-sided garter snakes mate despite what appear to be elevated initial

plasma corticosterone concentrations. We are confident that these levels represent

a baseline during this period as blood samples were obtained on average within 1

mm of capture and there was no correlation between initial corticosterone and

testosterone levels and the time to bleed. In addition, the hormone levels we report

correspond well with levels previously reported in this species (Krohmer et al.,

1987; Whittier et al., 1987). The initial elevated levels of corticosterone probably

serve to mobilize energy stores during the energetically demanding period of

courtship. During this 3-4 week period, males do not feed and lose almost 1% of

their body mass each day (I.T.M., unpublished data). The ability of male red-sided

garter snakes to mate with elevated corticosterone levels may represent an



!A1

adaptation to the harsh environment, lack of food and limited breeding

opportunities.

We found initially elevated levels of testosterone that decreased rapidly

following the onset of capture-stress. These high initial levels are in contrast to

those reported by Crews et al. (1984) but are in accord with findings of Weil (1985)

and Krohmer et al. (1987). Our samples were obtained during the first week of

spring emergence, similar to when Krohmer et al. (1987) found that testosterone

levels were elevated before declining over the following 3 weeks. We hypothesize

that the decrease in plasma testosterone following capture-stress is representative of

a decreased rate of production of the steroid from the testes.

In contrast to our findings on male red-sided garter snakes, Whittier et al.

(1987) reported that during the spring emergence, females caught immediately after

mating responded to 6 h of capture-stress with a significant decrease in

corticosterone and a spike in estrogen. The activity of the HPG axis in response to

mating could suppress the HPA axis resulting in no hormonal stress response. Our

protocol needs to be performed with females to determine whether the difference is

a result of techniques or is the result of a sexual dimorphism.

While we saw no relation between SVL of individuals and their initial

plasma corticosterone levels, we did see a significant trend for longer animals to

show a greater increase in corticosterone in response to capture-stress than shorter

ones. No such trend in testosterone was evident. This was not a simple effect of

body condition as there was no relationship between individual body condition and
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plasma levels of corticosterone or testosterone. While there is considerable

individual variation (Waye and Gregory, 1998), snakes display indeterminate

growth, thus longer individuals are generally older than shorter individuals (Fitch,

1965). There is precedence in laboratory rats for older individuals to hypersecrete

glucocorticoids in response to stress due to decreased sensitivity to negative

feedback of the HPA axis (e.g. Sapolsky et al., 1986). We believe this is the first

study to suggest hypersecretion of glucocorticoids in aged individuals of a free

living animal.

To our knowledge no previous studies have demonstrated an uncoupling of

the physiological stress response from the behavioral stress response. We

hypothesize that this is an adaptation to the unique life history traits displayed by

red-sided garter snakes. The possession of a hormonal stress response that could

mobilize energy stores, yet not suppress mating behaviour, would enable these

animals to mate during challenging periods. Future studies will attempt to

determine whether this uncoupling of the behavioural stress response from the

hormonal stress response is adapted to this specific environment or is a conserved

trait of garter snakes.



28

Acknowledgements

We thank the Manitoba Department of Natural Resources and D. Roberts

for help in the field. We also thank A. Blaustein, J. Keisecker and S. Arnold for

statistical advice, L. Belden for useful comments on the manuscript and M. Greene,

D. Lerner, and A. Price for technical assistance. Radiolabelled steroids were

donated by Amersham Pharmacia Biotech, Piscataway, NJ, USA. This research

was supported by a Porter Fellowship from the American Physiological Society and

Oregon State University Zoology Research Funds to I.T.M., and the National

Science Foundation (INT-91 14567), NSF National Young Investigator Award

(IBN-93 57245), Earthwatch and its Research Corps, and the Whitehall Foundation

(W95-04) to RTM. This research was conducted under the authority of Manitoba

Wildlife Scientific Permits No. WSP 02-97 and Oregon State University

Institutional Animal Care and Use Committee Protocol No. LAR-1848B. All

research was conducted in accord with the U.S. Public Health Service 'Policy on

Humane Care and Use of Laboratory Animals' and the National Institutes of Health

'Guide to the Care and Use of Laboratory Animals'.



Chapter 3

Behavioral and Hormonal Responses to Exogenous Corticosterone in the Male
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Abstract

We examined the behavioral and hormonal response to exogenous

corticosterone in the red-sided garter snake, Thamnophis sirtalis parietalis.

Previous investigations have documented that this species exhibits no behavioral

response to capture stress and that plasma corticosterone and testosterone levels are

inversely correlated. However, investigating the direct behavioral and

physiological actions of hormones requires manipulation of endogenous levels. In

the first part of this study, we found that intraperitoneal injection with increasing

concentrations of corticosterone rapidly suppressed mating behavior in a dose-

dependent manner. However, exogenous corticosterone had no effect on plasma

levels of testosterone. Thus, the negative relationship observed previously between

plasma levels of corticosterone and testosterone is probably not the direct result of

corticosterone acting on the hypothalamic-pituitary-gonadal (HPG) axis. Rather,

our results seem to indicate that the negative associations between the

hypothalamic-pituitary-adrenal axis and the HPG axis occur higher up in the

neuroendocrine pathways. Taken together, these data suggest that the effects of

exogenous corticosterone on behavior are not occur because of indirect effects on

plasma levels of testosterone.

Introduction

Stress can have dramatic negative effects on reproduction at many levels

(Greenberg and Wingfield, 1987). These primarily occur through glucocorticoid
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stress hormones from the adrenal cortex which have been shown to directly inhibit

the testes in a variety of species (Cumming et al., 1983; Sapoisky, 1985; Orr and

Mann, 1992). In addition, these hormones can suppress reproduction at other levels

of the hypothalamic-pituitary-gonadal (HPG) axis (Kamel and Kubajak, 1987).

Other intermediaries in the hypothalamic-pituitary-adrenal (HPA) axis, such as

corticotropin-releasing hormone (CRH) and adrenocorticotropic hormone (ACTH),

have been shown to mediate many of the negative effects of stress on both

reproductive physiology and behavior (Rivier and Rivest, 1991). Thus, reciprocal

interactions between the FIPA axis and the HPG axis may occur at all levels to

suppress reproduction.

Reptiles exposed to stress respond with increases in plasma levels of

corticosterone (reviewed by: Lance, 1990; Tyrrell and Cree, 1998), the primary

glucocorticoid in reptiles (Idler, 1972). However, relatively few studies in reptiles,

especially squamates, have progressed past the effects of stress on plasma levels of

corticosterone. Investigations of how activation of the HPA axis affects

reproductive behavior and other hormones, such as sex steroids, have been

conducted on only a few reptile species. Capture stress has been shown to result in

increases in plasma corticosterone and decreases in plasma testosterone in the male

alligator, Alligator mississippiensis (Lance and Elsey, 1986) and in the male

tuatara, Sphenodonpunctatus (Cree et al., 1990; Tyrrell and Cree, 1998). Male

alligators, Alligator mississippiensis, responded to an injection of ACTH with

increased plasma levels of corticosterone but no change in plasma testosterone
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(Mahmoud et al., 1996). Male tree lizards, Urosaurus ornatus, respond to acute

stress with increases in plasma corticosterone and decreases in plasma testosterone

(Moore et al., 1991). Implants of exogenous corticosterone cause a decrease in

plasma levels of testosterone in this species (Knapp and Moore, 1997) as well as in

the male side-blotched lizard, Uta stansburiana (DeNardo and Licht, 1993). In

addition, corticosterone implants caused a decrease in activity and aggression in

male side-blotched lizards, Uta stansburiana, even if plasma levels of testosterone

were experimentally elevated (DeNardo and Licht, 1993; DeNardo and Sinervo,

1994). However, there are a lack of data on the direct effects of stress or stress

hormones on reproductive behavior in reptiles (Guillette et al., 1995).

Corticosterone directly suppresses mating behavior in the male rough-

skinned newt, Taricha granulosa, in a dose-dependent manner (Moore and Miller,

1984). This rapid suppression of reproductive behavior by corticosterone is

thought to occur through a membrane bound receptor in the brain (Orchinik, et al.,

1991). Furthermore, corticosterone acts at the level of the hypothalamus to

suppress release of LHRH (Moore and Zoeller, 1985). These studies suggest that

corticosterone can have dramatic behavioral effects independent of their actions on

other hormone systems.

Our study examines the behavioral and hormonal responses to exogenous

corticosterone in the male red-sided garter snake, Thamnophis sirtalis parietalis.

This species exhibits a dissociated reproductive pattern in which testosterone is not

necessary to elicit mating behavior (Crews, 1984; Crews et al., 1984). In addition,
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Moore et al. (in press), documented four hours of capture stress as having no effect

on male mating behavior but did result in an increase in plasma levels of

corticosterone and a decrease in plasma levels of testosterone. There was a strong

negative relationship between the two steroids, suggesting that corticosterone

directly suppresses testosterone. We hypothesize that if male snakes are resistant to

stress because corticosterone is not reaching the target cells, then exogenous

administration of corticosterone will suppress mating behavior in a dose-dependent

manner. If the appropriate brain areas are insensitive to corticosterone (e.g. lack

receptors) then exogenous corticosterone should have no effect on mating behavior.

Furthermore, if the increase in corticosterone drives the decrease in testosterone,

then exogenous corticosterone should result in decreased plasma levels of

testosterone.

Material and Methods

All studies were conducted in the field with free-living male red-sided

garter snakes, T.s. parietalis, at the Narcisse Wildlife Management Area in the

Interlake region of Manitoba, Canada. These investigations occurred during the

month following spring emergence when testosterone levels are declining and

animals are mating (Krohmer et al., 1987). We injected male Ts. parietalis with

exogenous corticosterone to investigate both their behavioral and hormonal

responses to this stimulus. All animals were held in captivity for less than 24 h and

then returned to the site of capture.
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Effects of corticosterone on mating behavior

This experiment was performed between 9 and 25 May 1997 to investigate

the direct effects of corticosterone on mating behavior. Male T. s. parietalis were

captured and randomly assigned to one of six different treatment groups. To define

a dose-dependent behavioral response to corticosterone, individuals in the first four

groups received an intraperitoneal injection of lOp.g (n=27), 25pg (n=24), 50j.ig

(n=24), or 1 00tg (n=27) of corticosterone (dissolved in ethanol and then in

reptilian ringers' solution). The volume of all injections was 0.10 ml. The first set

of controls (reptilian ringers) received an intraperitoneal injection of reptilian

ringers (n=53) and the second set received no injection (n=53). All males had an

individual number written on their heads and were then allowed to acclimate in

nylon cloth arenas (1 x 1 x 1 meter) for 30 mm. Each arena included eight males,

two of each control group and two each of two different dosage treatments. The

observer of each behavioral trial was blind to the treatment of the individuals. At

the end of the acclimatization time a single unmated female was introduced to the

males and the behaviors exhibited by each male were scored on an ethogram of

male courtship behavior (Table 3.1). Males were observed for 2 h after

introduction. The highest score achieved by each individual was its mating score.

Males achieving a score of 3.0 or greater were considered to be exhibiting mating

behavior as these behaviors are only observed in the context of male courtship.

The proportion of males exhibiting mating behavior in each groups was compared

by chi-square analysis.
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Table 3.1. Ethogram of courtship behavior for the male red-sided garter snake,
Thamnophis sirtalisparietalis.* Behaviors 3.0 and greater only occur in a
reproductive context and are indicative of sexual behavior.

Courtship score Description
1.0 Male investigates female, increased tongue-flick rate
2.0 Male chin rubs female with rapid tongue-flicks
3.0 Male aligns body with female
4.0 Male actively tail searches and attempts cloacal apposition and

copulation with female; possible caudocephalic waves
5.0 Male copulates with female

*Modjfied from Crews et al. (1984)

Effects ofcorticosterone on plasma testosterone

This experiment was performed between 29 April and 2 May, 1998 to

investigate the direct effects of corticosterone on plasma levels of testosterone.

Male T.s. parietalis were captured and randomly assigned to one of three treatment

groups. The first group, corticosterone injected (n=l0), received an intraperitoneal

injection of 50jig of corticosterone dissolved in ethanol and then reptilian ringers

solution. We chose this dosage as it was sufficient to result in a consistent

behavioral response, based on the behavioral aspect of this study, yet low enough to

avoid possible pharmacological effects. The second group, reptilian ringers

injected (n=10) received an intraperitoneal injection of reptilian ringers. Injection

volume for each group was 0.1 ml. The third group, arena controls (nlO),

received no injection and controlled for the effect introducing the animals to the

arenas. Males were introduced into arenas (1 x 1 x imeter) in four groups of nine,
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three from each of the three treatment groups. Two females, previously determined

to be sexually attractive, were introduced into the arenas at the same time to

resemble a natural situation of groups of males courting females (Joy and Crews,

1985). All individuals were bled after being in the arena for 4 hours as this was the

time span when capture stressed males exhibited a significant decrease in

testosterone (Moore et al., in press). Blood samples from 10 of the 12 animals in

each group were randomly selected to be analyzed. A fourth group of males,

controls (n=10) were captured randomly from the field, at the same time of day,

and a blood sample immediately.

Plasma levels of testosterone were measured by radioimmunoassay

following the procedures of Moore (1986) with slight modification. Briefly,

plasma samples were fractionated on celite microcolumns to separate the steroids

from one another and from neutral lipids, which interfere with the assay. Samples

were assayed in duplicate and corrected for individual recovery variation. All

samples were run in a single assay with an intra-assay variation of 10% for

testosterone calculated from an assay of standards (N= 16) in the hands of I.T.M.

Plasma levels of the testosterone were compared between the four study groups by

one-way ANOVA on ranks.
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Results

Effects of corticosterone on mating behavior

Exogenous corticosterone suppressed mating behavior in a dose-dependent

manner. There was a significant difference between the proportion of animals

exhibiting mating behavior between the six treatment groups (CM-square, P<

0.00 1). There was no difference in the proportion of animals displaying mating

behavior between control, saline and l0j.ig corticosterone-injected animals (CM-

square, P= 0.81) and they were combined. We also saw no difference between

males treated with 25tg, 50.tg, and 100tg corticosterone (CM-square, P= 0.38) and

they were combined. When we compared the two groups we found a significant

difference between them (Figure 3.1; Chi-square, P< 0.001). Thus, male T. s.

parietalis treated with the three highest dosages of corticosterone suppressed

mating behavior relative to the lowest corticosterone dosage and controls.

Effects of corticosterone on plasma testosterone

We found no effect of exogenous corticosterone on plasma levels of

testosterone. There was no difference in plasma levels of testosterone between the

four different treatment groups (Figure 3.2, ANOVA on ranks, H= 1.15, P= 0.77).
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is no significant differences between the groups.



Discussion

Exogenous administration of corticosterone suppressed mating behavior in

male Ts. parietalis in a dose-dependent manner. Individuals treated with 25p.g or

more of corticosterone significantly suppressed mating behavior compared to

control, saline, and 1 O.tg corticosterone-treated individuals. Previous studies have

documented that this species responds to four hours of capture stress with an

increase in plasma levels of corticosterone and a decrease in plasma levels of

testosterone (Moore et al., in press). However, the change in steroid levels did not

suppress mating behavior. Thus, it appears that the higher corticosterone

treatments used in this study raised levels of the hormone above a threshold level at

which point they had behavioral effects. These studies suggest that, under normal

circumstances, the mechanism is in place for corticosterone to suppress mating

behavior but that endogenous levels are kept below a threshold level or are isolated

from target tissues.

We believe that the behavioral effects of corticosterone that we document

are not the result of a pharmacological dose of the hormone. It is possible that the

highest doses that we used were pharmacological but the fact that we saw no

behavioral effect with our lowest dose and found a threshold above this supports

our contention that our dosages were in the physiological and not pharmacological

range.

One possible mechanism to explain the suppression of mating behavior by

exogenous corticosterone and the lack of such an effect through capture stress and



elevated endogenous corticosterone is through the actions of corticosterone-binding

globulin (CBG). Corticosterone-binding globulin can bind corticosterone in the

plasma and thus isolate it from target tissues (Hammond, 1995). Plasma levels of

CBG may be high enough that even elevated levels of corticosterone following

acute stress are bound and thus isolated from their targets. Administration of

corticosterone at higher levels may result in elevated levels of free steroid which

can find their way to target tissues and exert behavioral effects.

There is precedence for the direct behavioral effects of corticosterone we

document here. Corticosterone suppresses mating behavior in male rough-skinned

newts, Taricha granulosa (Moore and Miller, 1984) similar to what we observed in

male Ts. parietalis. In the rough-skinned newt, this is thought to result from

corticosterone binding a membrane-bound corticosteroid receptor rather than

through traditional genomic action of the steroid (Orchinik et al., 1991). It is also

possible that the behavioral effects we document occur through a metabolite of

corticosterone. Although we cannot rule out more traditional genomic effects, our

data (direct and rapid effect of corticosterone) are consistent with the action of a

membrane-bound corticosteroid receptor.

In our second experiment, we found that exogenous administration of

corticosterone had no effect on plasma levels of testosterone after four hours. This

was surprising as a previous study of this population of snakes documented a

significant increase in plasma levels of corticosterone and a significant decrease in

plasma levels of testosterone, with a strong negative relationship between the two
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hormones in response to four hours of capture stress (Moore et al., in press). It is

possible that testosterone levels declined and then recovered over the period of the

experiment. However, given that there was a significant decrease in plasma

testosterone levels in four hours of capture stress (Moore et al., in press) we think

this is unlikely. This is usually evidence of a direct negative effect of

corticosterone on testosterone production.

Investigations in other reptiles, particularly lizards, suggest that exogenous

corticosterone has a negative effect on endogenous testosterone, regardless of the

direct relationship between plasma levels of the two hormones (DeNardo and Licht,

1993; Knapp and Moore, 1997). Corticosterone implants significantly decreased

plasma levels of testosterone in the side-blotched lizards, Uta stansburiana

(DeNardo and Licht, 1993). However, whether there is a direct relationship

between plasma levels of the two hormones is not addressed. Different male

morphs (associated with alternative reproductive tactics) of the tree lizard,

Urosaurus ornatus, both display decreases in plasma testosterone in response to

dermal corticosterone patches (Knapp and Moore, 1997). However, only the non-

territorial morph displays a significant negative relationship between endogenous

levels of the hormones (Knapp and Moore, 1997). This is hypothesized to allow

the territorial morph to maintain aggressiveness despite the stress of intrasexual

agonistic encounters. In contrast, male alligators, Alligator mississippiensis, treated

with ACTH displayed an increase in plasma corticosterone but no change in plasma

testosterone (Mahmoud et al., 1996). Thus it appears that, at least within reptiles,



the direct effects of corticosterone on plasma levels of testosterone are not

consistent. This may be associated with the need to maintain elevated plasma

testosterone levels, despite being stressed, during certain periods such as the

breeding season or during gametogenesis.

The lack of an effect of exogenous corticosterone on plasma testosterone

does not necessarily mean that the HPA and HPG axes are not reciprocally related.

Our data suggest that endogenous corticosterone levels are not responsible for

driving the decrease in testosterone, leaving other parts of the HPA neuroendocrine

cascade as likely being responsible. There is evidence for direct negative effects,

such as paracrine actions of CRF on GnRI-I producing neurons, between higher

levels of the HPA and HPG axes (Rivier and Rivest, 1991). These types of

interactions could be responsible for the effects we see here as well as those in

previously published reports.

The studies reported here suggest that the suppressive effect of

corticosterone on mating behavior occurs through direct actions of the hormone

itself and not through negative effects on testosterone. This is not surprising as

previous studies with this species have shown that the testes are not necessary for

mating behavior to be exhibited (Crews et al., 1984). Male Ts. parietalis are

capable of exhibiting mating behavior for an extended period of up to two years

after being castrated (Crews, 1991).
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Abstract

We investigated the annual cycles of plasma testosterone and corticosterone

and the relationships between these hormones and body condition in a free-living

population of male red-spotted garter snakes, Thamnophis sirtalis concinnus, over a

2 year period. In the 10 months that snakes were sampled, two peaks in

testosterone were observed, one in late summer during gametogenesis and one

during early spring coinciding with the beginning of the mating period.

Corticosterone and testosterone cycles were positively correlated, in contrast to

many vertebrates, suggesting the lack of a negative interaction between the two

hormones. Body condition, defined as the residual of the linear regression of mass

on snout-vent length, also cycled annually with individuals being more robust

during the summer than during the spring or fall. Individuals with a positive body

condition had significantly lower plasma levels of corticosterone than did

individuals with a negative body condition, supporting the energetic role of

glucocorticoids. There was no relationship between body condition and

testosterone. This study suggests that annual cycles of testosterone, corticosterone

and body condition can be associated with one another either directly or indirectly

and considering all three simultaneously is necessary to understand their control

and function.



Introduction

Understanding the seasonal cycles of steroid hormone secretion is a

necessary prerequisite for conducting experimental manipulations to elucidate the

behavioral and physiological actions of these hormones. In addition, investigating

the relationships between different hormones is an important step to understanding

hormonal control mechanisms. For example, plasma levels of sex steroids from the

gonads and glucocorticoids from the adrenal cortex are generally thought to exhibit

a reciprocal relationship (Greenberg and Wingfield, 1987). This relationship

occurs primarily because of negative interactions between the hypothalamic-

pituitary-adrenal axis, responsible for glucocorticoid release, and the hypothalamic-

pituitary-gonadal axis, responsible for sex steroid release (Rivier and Rivest, 1991).

However, other physiological factors need to be considered when trying to

understand hormone control mechanisms.

One such factor, body condition (mass per unit length), could potentially

effect or be affected by steroid hormone levels. However, few studies in reptiles

(e.g. Tokarz et al., 1998) have investigated the relationships between plasma steroid

levels and body condition despite their obvious potential interactions.

Corticosterone (the primary glucocorticoid in snakes (Idler, 1972)) can affect body

condition through its role in energy mobilization. Elevated levels of corticosterone

are generally observed during periods of physiological stress and mobilize fat

stores and promote muscle catabolism and gluconeogenesis (Wingfield et al.,

1998). Similarly, elevated levels of testosterone can affect body condition through
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suppression of the immune system, increased parasite load (Salvador et al., 1996)

and increased daily activity (Marler and Moore, 1988). No studies have

investigated the relationship of body condition to plasma sex steroids and

corticosterone levels in free-living snakes.

The purpose of this study is to describe the annual cycles of testosterone

and corticosterone in the male red-spotted garter snake, Thamnophis sirtalis

concinnus, and observe any correlates with breeding periods and annual variation

in body condition. The garter snake, T. sirtalis, is the widest ranging reptile in

North America, existing from east coast to west coast and from Texas into northern

Canada. The red-spotted garter snake, T.s. concinnus, of the Willamette Valley of

western Oregon has an extended mating season of 10-12 weeks following spring

emergence and can be active during 10 months of the year (I.T.M., personal

observation). Little is known about the reproductive endocrinology of this

subspecies.

In contrast, the reproductive endocrinology of the subspecies Ts. parietalis

is one of the most investigated of any reptile (e.g. Crews, 1984; Crews et al., 1984;

Mason and Crews, 1985; Krohmer et al., 1987; Whittier et al., 1987; Mason et al.,

1989; Crews, 1991). The red-sided garter snake, Ts. parietalis, lives at the

northern limit of the species' range and has a limited activity period of four months

during the spring and summer followed by 8 months of winter dormancy. Mating

occurs in the spring when testosterone levels in males are declining and testes are

regressed (Krohmer et al., 1987). Testes are fully recrudesced and testosterone



levels peak in the late summer before the animals enter winter dormancy (Weil,

1985; Krohmer et al., 1987). These investigators did not find a relationship

between plasma corticosterone levels and sex steroid levels and they did not

investigate cycles of body condition. Considering the wide array of environments

this species inhabits, we hypothesized that population differences in reproductive

cycles would exist between subspecies. Furthermore, we wanted to investigate the

relationships between sex steroid hormones and glucocorticoid stress hormones

cycles as well as associated cycles in body condition. By investigating these

factors together we hoped to elucidate their control and function in a free-living

vertebrate.

Material and Methods

Sampling

Male T.s. concinnus were captured from beneath cover boards during a two

year period (1995-6) at the E.E. Wilson Wildlife Area, 15km north of Corvallis,

Oregon. This habitat is a recovering natural wetlands area with numerous

permanent and seasonal bodies of water. Animals were captured during 10 months

of the year because no samples were obtained during December and January when

animals could not be found. Immediately after capture, each individual was bled

by cardiac puncture and a 100 p1 sample of whole blood was obtained. On average,

blood samples were obtained within 163 seconds of sighting the animal. All blood
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samples were obtained during the natural daily activity period of the animal to

avoid potential confounding die! variation.

After taking the blood sample, snout-vent length (± 1 mm) and mass (± 1 g)

were measured on each individual. Animals were individually marked and released

at the original site of capture after all measurements were obtained. No animals

were bled more than once. Blood samples were stored on ice until return to the

laboratory where they were centrifuged and the plasma was separated using a 100-

i.tl Hamilton syringe. Plasma samples were frozen (-60°C) until assayed for

corticosterone and testosterone.

Relative body condition for each animal was calculated as its residual value

from the linear regression of mass on snout-vent length for the population

(Bradshaw 1986).

Radio immunoassay

Plasma levels of testosterone and corticosterone were measured by

radioimmunoassay following the procedures of Moore (1986) with modifications.

Briefly, plasma volumes of 10 pi were used in the assay. For individual recovery

determination, each sample was equilibrated overnight with 2,000 cpm of tritiated

testosterone and corticosterone (Amersham). Each sample was then extracted

twice in 2 ml of diethyl ether and the ether phase removed and dried in a warm

water bath, under a stream of nitrogen gas. The extracts were then resuspended in

10% ethyl acetate in isooctane. The samples were chromatographed through
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individual celite colunms to separate the steroid fractions and neutral lipids. The

fractions were eluted using stepwise increasing proportions of ethyl acetate in

isooctane. The purified eluates were dried and resuspended in buffer (phosphate

buffered saline with 0.1% gelatin) for the assay.

For the assay, individual sample recoveries were determined from 50 p.1 of

the sample while 200 p.1 of the sample was allocated to each of two duplicates.

Serial dilutions for the standard curves were performed in triplicate. All samples,

including serial dilutions and 100% bound, were incubated overnight with 100 p.1 of

antibody (testosterone antibody T-3003 from Wein and corticosterone antibody

B21-42 from Endocrine Sciences) and 100 p.1 of tritiated steroid. Unbound steroid

was separated using dextran-coated charcoal and the bound steroid decanted into

scintillation vials. The samples were resuspended in 4 ml of toluene-based

scintillation fluid, incubated for 12 h and counted on a Beckman LS 1800

scintillation counter. A cubic spline curve was fitted to the standard curve points

and final steroid concentrations were calculated from this curve and adjusted based

on individual recoveries. Intra-as say variation was 14% for corticosterone and 10%

for testosterone calculated from an assay of standards (n= 16). Samples were

analyzed in two assays with an interassay variation of 17% for corticosterone and

12% for testosterone. Limits of detectability were approximately 1.30 ng/ml for

corticosterone and 0.30 ng!ml for testosterone.



51

Statistics

Hormone levels across months were compared by a one-way ANOVA on

ranks. The relationships between plasma levels of testosterone and corticosterone

as well as between snout-vent length and mass were determined by linear

regression analysis. Body condition across months was compared by one-way

ANOVA. Corticosterone levels between individuals with positive versus negative

body conditions were compared by rank sum test. For all tests the level of

significance was P< 0.05. All data were analyzed using Jandel SigmaStat ®

Version 2.0 statistical package.

Results

Steroid cycles

Plasma levels of testosterone varied significantly by month (Figure 4.1,

ANOVA on ranks, H1,9 = 37.5 17, P< 0.001). Testosterone displayed two peaks, in

September levels were higher than in March, May or June and in February levels

were higher than in May (Dunn's method, P< 0.05). Plasma levels of

corticosterone also varied significantly by month (Figure 4.1, ANOVA on ranks,

H1, 9 = 34.822, P< 0.00 1). Levels of corticosterone were higher in September than

in June or August (Dunn's method, P< 0.05). There was a significant positive

relationship between plasma levels of the natural log transformed values of the two

steroids (Figure 4.2, linear regression, R2= 0.10, P= 0.005).
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Figure 4.1. Annual cycles of plasma steroid hormone levels (mean ± SE) in male
red-spotted garter snakes, Thamnophis sirtalis concinnus, during the 2 years of the
study. The numbers in parentheses represent the sample size for that month.
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Figure 4.2. Relationship of ln-converted plasma testosterone and ln-converted
plasma corticosterone levels in male red-spotted garter snakes, Thamnophis sirtalis
concinnus.



53

Body condition cycles

There was a significant relationship between mass and snout-vent length

(linear regression, R2 0.86, P< 0.00 1). Body condition, the residual of the

regression of mass on snout-vent length, varied by month (Figure 4.3, ANOVA, F1,

9=2.490, P= 0.0 16). There was a significant negative relationship between plasma

levels of corticosterone and body condition (linear regression, R2= 0.08, P= 0.013).

Individuals with a negative body condition had significantly higher levels of

plasma corticosterone than did individuals with a positive body condition (Figure

4.4, rank sum test, T1=1115.00, P= 0.005). There was no relationship between

body condition and testosterone levels.
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Figure 4.3. Annual cycle of body condition (mean ± SE) in male red-spotted garter
snakes, Thamnophis sirtalis concinnus, during the 2 years of the study. Body
condition is defined as the residual from the regression of mass on snout-vent
length. The numbers in parentheses represent the sample size for that month.
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Figure 4.4. Plasma corticosterone levels (mean ± SE) between male red-spotted
garter snakes, Thamnophis sirtalis concinnus, with negative and positive relative
body conditions. Body condition is defined as the residual from the regression of
mass on snout-vent length.

Discussion

Testosterone cycle

As expected, male red-spotted garter snakes displayed an annual cycle of

plasma testosterone with a peak in September and lowest levels recorded in May.

This coincides with previous morphological and histological evidence of testicular

cycles from the closely related San Francisco garter snake, Ts. infernalis, Western

terrestrial garter snake, T elegans terrestris, and Pacific Coast aquatic garter snake,

T. atratus (Fox, 1952, 1954). Interestingly, our study showed a second, spring peak

in testosterone during February, the beginning of the mating season. While the

sample size is small, the variance is low and testosterone levels are significantly
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higher in February than in May, when the mating season ends. Similarly, Ts.

parietalis (Krohmer et al., 1987) and T.s. sirtalis (Weil, 1985) emerge from

hibernation with elevated testosterone levels, which declined in the following

weeks. The presence of a peak in testosterone during the spring may be associated

with mating behavior while the fall peak is associated with gametogenesis and

potential fall mating. While previous studies suggest the testes are regressed during

the spring in this species (Crews et al., 1984, Krohmer et al., 1987), the presence of

high testosterone levels suggest that the testosterone producing Leydig cells may be

active and steroidogenic.

Corticosterone cycle

Corticosterone levels also cycle through the year with the highest levels

again observed during September and the lowest in June. The levels of

corticosterone we found are lower than those reported for Ts. parietalis in

Manitoba, Canada (Krohmer et al., 1987; Moore et al., in press). The difference in

plasma levels of corticosterone between subspecies is probably representative of an

adaptation to unique environments. The relatively low levels we report here, as

compared to T. s. parietalis could represent less abiotic stress or milder

environmental conditions experienced by T.s. concinnus. Alternatively, the

differences between the subspecies could represent genetic variation.

Corticosterone levels cycle with testosterone levels throughout the year and

there is a significant positive correlation between plasma levels of the two steroids
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when compared across all months. In general, glucocorticoids are thought to have

negative effects on sex steroids and reproduction (Greenberg and Wingfield, 1987);

however, this is not universal (Wilson and Wingfield, 1994; Knapp and Moore,

1997; Tyrrell and Cree, 1998; Schramm et al., 1999). A similar positive

association between plasma corticosterone and reproduction was noted in the side-

blotched lizard, Uta stansburiana, where corticosterone levels parallel annual

activity patterns (Wilson and Wingfield, 1994). The lack of a negative relationship

between the steroids suggests that there is not a negative effect of corticosterone

levels on testosterone production in this population. The presence of a significant

positive relationship between the two steroids could occur because the energetic

costs associated with elevated testosterone (gametogenesis in the late summer and

mating in the spring). These energetic costs could necessitate increased available

energy and thus plasma corticosterone levels rise to mobilize energy stores. In

addition, this positive association may be a mechanism that allows the animals to

respond to stressors, during certain seasons, with increases in plasma corticosterone

while maintaining sufficient plasma levels of testosterone to mediate sex steroid

dependent processes (Moore et al., in prep.).

Body condition cycle

In addition to annual cycles of testosterone and corticosterone, male T s.

concinnus display an annual cycle of body condition. The annual cycle suggests

that individuals are significantly more robust during the summer than during the
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spring and fall. This cycle is surprising as we expected to see the most robust

animals in the fall after a summer of feeding and preparing to enter hibernation.

However, the energetic costs of winter dormancy may be minimal for

poikilotherms, which do not metabolically maintain body temperature as

temperatures decline. Based on our results, we hypothesize that low body

condition in the spring is associated with the lack of food availability and the active

searching and courtship displayed by these animals in an effort to mate. During the

summer, there is an abundance of food and body condition is elevated. The decline

in body condition in the fall could be associated with a decline in food availability

and the energetic costs of gametogenesis during this period.

Individuals with a negative body condition had significantly higher levels of

corticosterone than did individuals with a positive body condition. Corticosterone

has been demonstrated to play a role in energy mobilization and utilization

(Wingfield et al., 1995). Thus, it is not surprising that individuals of low body

condition had elevated plasma corticosterone levels. The lack of an association

between testosterone and body condition is interesting as some studies have argued

for fitness benefits of increased testosterone (e.g. increased territory size and

quality (Fox, 1983)). In contrast, others have suggested there may be fitness costs

to elevated testosterone levels such as increased parasite load (Salvador et al.,

1996) and increased activity as well as decreased survivorship (Marler and Moore,

1988). Our data do not support either of these contentions, however, we did not

directly test these hypotheses experimentally.
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In conclusion, we describe annual cycles of testosterone, corticosterone and

body condition that are either directly or indirectly linked in male Ts. concinnus.

Testosterone levels are highest in the spring and fall when the snakes are most

reproductively active. Corticosterone levels are positively associated with

testosterone levels but negatively associated with body condition. Thus,

corticosterone may play a critical role in uniting these three physiological factors.

Future studies need to consider all three factors together when investigating their

actions and carefully designed experimental protocols are necessary to elucidate

their control mechanisms.
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Abstract

Stress and stress hormones are commonly thought to suppress reproductive

behavior. We tested this in a reptile by investigating the behavioral response to

capture stress in male red-spotted garter snakes, Thamnophis sirtalis concinnus.

Free-living individuals were captured and randomly assigned to either a control or

capture-stress group. Control animals were immediately introduced into arenas

with sexually attractive females and their behaviors noted and quantified. Capture-

stress males were isolated in a cloth bag for a period of 4 h before being introduced

into arenas. Blood samples were obtained from capture-stress individuals upon

capture and after 4 h of isolation. Plasma corticosterone and testosterone levels

were measured by radioimmunoassay. There was no difference in the proportions

of males exhibiting mating behavior between the two treatment groups. In both

treatment groups, approximately half of the individuals displayed courtship

behavior. Within the capture-stress group, there was a trend for individuals that

exhibited courtship behavior to have had less of a decrease in testosterone levels,

following the 4 h of capture stress, than those individuals that did not exhibit

courtship behavior. Thus, whether an individual exhibits a behavioral stress

response seems to depend on whether it exhibits a hormonal stress response.
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Introduction

The behavioral responses of an animal to a stressor are dependent on many

factors including the individual's reproductive state and the environment it inhabits

(Greenberg & Wingfield, 1987; Wingfield, 1988; Wingfield et al., 1992; Wingfield

et al., 1994; Wingfield et al., 1998). The hormonal stress response is typically seen

as an increase in plasma glucocorticoid hormones (corticosterone in reptiles), which

suppress all unnecessary processes until the stress passes (Sapoisky, 1990).

Reproductive behavior is one such activity that is unnecessary for immediate

survival. Thus, the behavioral response to stress can be manifested as suppression

of reproductive behavior, and this aspect of the stress response is often studied

(Greenberg and Wingfield, 1987).

Short-term stress has been shown to suppress reproductive behavior in the

rough-skinned newt, Taricha granulosa, (Moore & Miller, 1984) as well as the

olive baboon, Papio anubis (Sapoisky, 1985, 1987). While many studies of reptiles

have documented the hormonal stress response of increased plasma corticosterone

levels (reviewed by: Lance, 1990; Tyrrell & Cree, 1998) and decreased plasma

testosterone levels (Moore et al., 1991; Knapp & Moore, 1995; Knapp & Moore,

1997), few have investigated the behavioral stress response. The only study in

reptiles to investigate the effect of stress on sexual behavior found no effect of

capture stress on mating behavior (Moore et al., in press) in the red-sided garter

snake, Thamnophis sirtalis parietalis. That population of garter snakes lives at the

northern limit of the species' range. With limited reproductive opportunities, it was
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predicted that males would suppress their behavioral stress response (Wingfield et

al., 1998), and that is what was found (Moore et al., in press).

The current study examined the behavioral response to capture stress in the

male red-spotted garter snake, Ts. concinnus. This population has an extended

mating period of 10-12 weeks in the spring during which animals respond to

capture stress and blood sampling with significant increases in plasma

corticosterone and decreases in plasma testosterone (Moore et al., in prep.).

Therefore, we hypothesized that male T.s. concinnus would suppress mating

behavior in response to capture stress.

Materials and Methods

During April and May 1999, we subjected male T.s. concinnus to a capture

stress protocol and mating trials to elucidate their behavioral response to stress. All

field studies were conducted at the E.E. Wilson Wildlife Area, 10km north of

Corvallis, Oregon.

To describe the effects of capture stress on mating behavior, males were

captured, numbered on the head with a paint pen and randomly assigned to capture-

stress (N1 1) or control groups (N=7). Capture-stress males were held singly in

cloth bags (20 x 20 cm) for 4 h prior to behavioral trials while controls were tested

immediately upon capture. Mating behavior trials were conducted with the focal

male introduced into a 1 x 1 x 1 meter nylon cloth arena with two or more sexually

attractive females. The observer was blind to the treatment group of each male.



Males were observed for 2 h after introduction. Using an etho gram of male garter

snake mating behavior (Table 5.1), we recorded the highest score achieved by each

male during the trial. Male T.s. concinnus achieving a score of 3.0 or greater were

considered courting males as these behaviors are only observed in the context of

male courtship.

Blood samples were obtained from capture-stress individuals and plasma

levels of testosterone and corticosterone were measured by radioimmunoassay.

Individuals were bled upon capture as well as 4 h later when they were introduced

to the females. Initial blood samples were obtained as quickly as possible from the

time each animal was captured and always within 2 mm. Blood samples were less

than 100 p.1 and were collected from the caudal vein using heparinized icc syringes

and 25g needles. Samples were stored on ice until return from the field at which

time they were centrifuged and the plasma separated. Samples were stored at -

60°C until assayed.

We measured plasma levels of testosterone and corticosterone by

radioimmunoassay following the procedures of Moore (1986) with slight

modification. Briefly, plasma samples were fractionated on celite microcolunins to

separate the steroids from one another and from neutral lipids, which interfere with

the assay. Samples were assayed in duplicate and corrected for individual recovery

variation. All samples were run in a single assay with an intra-assay variation of
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14% for corticosterone and 10% for testosterone calculated from an assay of

standards (N= 16) by I.T.M.

Table 5.1. Ethogram of courtship behavior for the male red-spotted garter snake,
Thamnophis sirtalis concinnus! Behaviors 3.0 and greater only occur in a
reproductive context and are indicative of sexual behavior.

Courtship score Description
1.0 Male investigates female, increased tongue-flick rate
2.0 Male chin rubs female with rapid tongue-flicks
3.0 Male aligns body with female
4.0 Male actively tail searches and attempts cloacal apposition and

copulation with female; possible caudocephalic waves
5.0 Male copulates with female

*Modified from Crews et al. (1984)

Results

There was no effect of capture-stress on mating behavior. Four of seven

control individuals and five of eleven capture-stress individuals exhibited mating

behavior. There was no difference in the proportion of male Ts. concinnus

receiving a score of 3.0 or better between capture-stress and control groups (Figure

5.1; z-test, P=0.99).

Testosterone levels declined significantly over the 4 h of capture stress

(Paired t-test, P= 0.023), while there was a trend for corticosterone levels to

increase (Paired t-test, P 0.056). We divided the capture-stress group into

individuals that courted and those that did not (Table 5.2). There was a trend for



individuals that did not exhibit courtship to show a greater decrease in testosterone

levels (Paired t-test, P 0.055) than those that did court (Paired t-test, P=0. 151).
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Capture-stress males
Courtship (N= 5) No-courtship (N= 6)
T0= 25.09 ± 9.60 T0= 19.82 ± 9.00
B0= 17.63± 10.99 B0= 16.59 ± 9.51
T4= 13.30± 8.51 T4=4.46±2.45
B4=45.42± 13.69 B4=30.87±9.06

Table 5.2. Hormone levels (nglml; mean ± SE) of capture-stress male red-spotted
garter snakes, Thamnophis sirtalis concinnus, divided between those that courted
and those that did not (T testosterone and B= corticosterone). The number 0
represents a blood sample collected immediately upon capture and the number 4
represents a blood sample collected after 4 h of capture stress.

Discussion

Our results suggest that male T s. concinnus respond to acute capture-stress

with suppression of mating behavior. However, this is dependent on an

individual's hormonal response to the stressor. This conclusion is based on the

combination of the behavioral and hormonal data. Approximately half of the

capture stress individuals exhibited courtship behavior while half did not. There

was a trend for all individuals to exhibit a corticosterone increase in response to

capture stress. However, there was a trend for individuals exhibiting mating

behavior to maintain testosterone levels, relative to individuals that did not exhibit

mating behavior, despite being stressed. In other words, those that did not exhibit

sexual behavior displayed a trend towards a greater decrease in testosterone when

stressed. These data suggest that those individuals that are able to maintain

testosterone levels in the face of potential stressors will continue to court females.
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In contrast, those individuals that exhibit a decrease in testosterone levels suppress

mating behavior. Because blood samples were not obtained between the initial

samples and the four hour samples we are unable to determine if testosterone levels

were maintained in individuals that displayed courtship or rather decreased and

subsequently recovered.

A similar study of the conspecific red-sided garter snake, T s. parietalis, of

Manitoba, Canada yielded similar results with no difference in the behavioral stress

response between control and capture-stress individuals (Moore et al., in press).

However, in that study almost 80% of individuals exhibited mating behavior. In

addition there was a significant increase in plasma corticosterone and decrease in

testosterone over the four hours of capture stress. This suggests that while on the

surface, the results of no difference in mating behavior between capture-stress and

control groups are similar, there is a fundamental difference.

There are many possible factors that could contribute to certain individuals

maintaining testosterone levels when stressed while others do not. It is possible

that individuals exhibit reproductive behavior only if body condition (relative mass

per unit length) is optimal. Our sample size was too small to determine if this was

a factor in this study. However, during the annual cycle of this sub-species there is

a positive relationship between plasma corticosterone and testosterone levels and a

negative relationship between plasma corticosterone and body condition (Moore et

al., in review). Future studies should investigate the relationships between the

behavioral stress response and these other physiological factors.



This study was performed in the middle of the breeding season, eliminating

the possibility that some individuals were sampled either before or after the

breeding season. A similar pilot study (unpublished data) was performed the

previous spring (1998), with the animals being stressed for 2 h rather than four,

with similar results suggesting a consistent theme. Additional data from females

suggest that individuals in this population are capable of reproducing every year.

This minimizes the possibility that annual differences in reproductive activity are

playing a role in the stress response.

It is probable that many individuals initiate a stress response immediately

upon capture. This would explain why not all of the control animals in this study

displayed sexual behavior. We attempted to begin the behavioral trials as soon as

control individuals were captured. However, one to three minutes elapsed between

the time of capture and the beginning of the trial. While there was no relationship

between the time to begin the trial and the sexual behavior exhibited by the

animals, we cannot rule out that a stress response had been initiated.

In summary, the behavioral stress response is probably dependent on how

an individual hormonally responds to the stressor. If an individual is able to

maintain testosterone levels despite an increase in corticosterone, they exhibit

sexual behavior. In contrast, if testosterone levels decline as corticosterone levels

rise, then sexual behavior is suppressed. Future studies are warranted in this sub-

species investigating how testosterone levels correlate with the behavioral stress

response.
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Chapter 6

Environmental and Seasonal Adaptations of the Adrenocortical and Gonadal
Responses to Capture Stress in Two Populations of the Male Garter Snake,

Thamnophis sirtalis

Ignacio T. Moore, Michael J. Greene and Robert T. Mason
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Abstract

Stress and reproduction are generally thought to work in opposition to one

another. This is often manifested as reciprocal relationships between

glucocorticoid stress hormones and sex steroid hormones. We investigated

seasonal adaptations of the hormonal response to capture stress in two free-living

populations of the garter snake, Thamnophis sirtalis. We tested the hypothesis that

animals with limited reproductive opportunities will suppress their hormonal stress

response during the breeding season. This could result in increased mortality, but

the benefit is increased reproductive success. The red-sided garter snake, T. s.

parietalis, of Manitoba, Canada has a brief breeding season during which males

displayed no change in either plasma levels of testosterone or corticosterone in

response to capture stress. During the summer, capture stress resulted in increased

plasma corticosterone and decreased testosterone. During the fall, when mating

can also occur, males exhibited a significant decrease in testosterone but no

increase in corticosterone in response to capture stress. The red-spotted garter

snake, T.s. concinnus, of western Oregon has an extended breeding season during

which males displayed a stress response of increased plasma corticosterone and

decreased testosterone. The corticosterone response to capture stress is similar

during the spring, summer and fall. In contrast, the testosterone response is

suppressed during the summer and fall. These data suggest that male garter snakes,

in both populations, seasonally adapt their stress response but for different reasons

and by potentially different mechanisms.
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Introduction

Hormonal responses to physiological stress usually involve activation of the

hypothalamic-pituitary-adrenal (HPA) axis and increases in plasma glucocorticoid

concentrations, which can result in concomitant decreases in plasma sex steroids

(Greenberg and Wingfield, 1987). These effects occur primarily because of

negative interactions between the HPA axis and the hypothalamic-pituitary-gonadal

(HPG) axis at multiple levels with the end result being generalized suppression of

reproductive function (Rivier and Rivest, 1991). The stress response can be

initiated in response to social cues (e.g. Sapolsky, 1987; Schuett et al., 1996; Knapp

and Moore, 1995; Knapp and Moore, 1996), abiotic environmental perturbations

(e.g. Wingfield et al., 1982; Wingfield, 1988) as well as in response to the stress of

capture and handling (e.g. Moore et al., 1991).

However, animals inhabiting extreme habitats with limited breeding

opportunities, will often suppress their stress response to maximize their limited

reproductive chances (Wingfield et al., 1998). While this could result in an

increased probability of mortality, it minimizes the chances the animal will miss a

reproductive opportunity (Wingfield et al., 1995). Studies of birds have found that

while some species do exhibit a stress response during the breeding season

(Dawson and Howe, 1983), others do not (Wingfield, 1988; Wingfield et al., 1994;

Silverin and Wingfield, 1998). This modulation of the stress response occurs both

in the extreme environments of the arctic (Wingfield et al., 1995) and the desert

(Wingfield et al., 1992). While some studies have investigated hormonal responses
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to capture stress in reptiles (reviewed by Lance, 1990; Tyrrell and Cree, 1998),

only one series of studies has examined seasonal and population variation of the

stress response (Dunlap and Wingfield, 1 995a, b). Differences in the hormonal

stress response were found between populations of the fence lizard, Sceloporus

occidentalis, at the center versus the limit of their geographic range and between

the hot-dry season versus wet part of the year. Individuals at their range limit and

during the hot-dry season displayed the greatest increase in corticosterone in

response to capture. However, there was no consistent pattern of variation in basal

levels of corticosterone (Dunlap and Wingfield, 1995a). In a seasonal investigation

of baseline stress hormone levels in seven populations of the side-blotched lizards,

Uta stansburiana, levels of corticosterone paralleled activity patterns (Wilson and

Wingfield, 1994). While these types of studies document seasonal and

environmental adaptations of the corticosterone response possibly related to

reproductive cycles, they fail to investigate related changes in plasma sex steroid

concentrations in response to capture stress.

We tested the hypothesis that species with limited breeding opportunities

would suppress their stress response during the breeding season. We did this by

comparing the stress response between populations with curtailed and extended

breeding seasons as well as between seasons within each population. Thus, this

study investigated both environmental and seasonal adaptations of the

corticosterone and testosterone responses to capture stress in two free-living

populations of the garter snake, Thamnophis sirtalis. The red-sided garter snake,
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T.s. parietalis, of Manitoba, Canada is active for 4 months of the year and mates

during a brief 3-4 week period in the spring. Previous studies of this population

have shown that males are behaviorally resistant, at least in terms of sexual

behavior, to capture stress (Moore et al., in press). Conflicting evidence suggests

that they may or may not be hormonally resistant to capture stress (Moore et al., in

press; Krohmer et al., 1987). In contrast, the red-spotted garter snake, T.s.

concinnus, of western Oregon is active for 10 months of the year and breeds during

an extended 10-12 week period in the spring. Due to their limited reproductive

opportunities, we predicted that male T. s. parietalis would suppress their stress

response during the spring mating period while maintaining it during other times of

the year. Furthermore, T.s. concinnus, with their longer breeding season, would

maintain their stress response throughout the year. We predicted that differences in

initial levels of corticosterone would exist and be associated with differences in

body condition (mass per unit length) during different times of the year. We tested

these predictions by subjecting males from both populations to capture stress and

serial blood sampling during three distinct periods in the reproductive cycle: the

spring breeding season, the summer feeding season and the fall immediately

preceding winter dormancy.
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Materials and Methods

Study sites and sampling periods

Free-living male red-sided garter snakes, Ts. parietalis, were captured and

subjected to serial blood sampling during four times of the year. The first series of

samples (early spring) was obtained at the beginning of the mating period

immediately following winter dormancy on April 27, 1998. The second series (late

spring) was obtained on May 19, 1998 which is towards the end of the mating

period. The third series (summer) was obtained from 2-4 August, 1998 at the

feeding grounds. The final series of samples (fall) was obtained between 10-22

September, 1995 when the snakes had returned to the dens for winter dormancy.

The snakes were late returning to the den during the fall of 1998 due to an extended

summer, therefore we used blood samples collected in the same manner but during

a different year for our fall sample. Samples obtained during both spring periods

and the fall period were from animals captured at the Narcisse Wildlife

Management Area in the Interlake region of Manitoba, Canada. Samples obtained

during the summer period were from animals that had migrated from the dens to

the feeding grounds, and were captured on the banks of Fish lake, approximately

15km west of Gimli, Manitoba.

Free-living male red-spotted garter snakes, Ts. concinnus, were captured

from beneath cover boards at E.E. Wilson Wildlife Area, 15km north of Corvallis,

Oregon. Spring samples were obtained during the middle of the breeding period

between April 2 and 12, 1999. To make comparisons between years, a second set
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of spring samples was obtained on April 5-6, 1995. The summer series of samples

was obtained between July 6 and 15, 1999 when gonadal activity is minimal

(Moore et al., in review). The final period of sampling occurred between 8-15

September, 1999 when gonadal activity and testosterone levels are peaked (Moore

et al., in review).

Blood sampling

Each individual was bled from the caudal vein using heparinized icc

syringes and 25g needles. A 100 tl whole blood sample was collected immediately

upon capture and again at 1 h and 4 h later. During the summer sampling period,

Ts. parietalis were also bled 24 h after capture. Animals were isolated and

stressed in cloth bags (20cm X 20cm) between bleeds. Ten individuals were

sampled at each period and site, except during the spring of 1995 when six male

T. s. concinnus were sampled. Initial blood samples were obtained as quickly as

possible from the time each animal was captured and always within 3 minutes.

Blood samples were stored on ice until return from the field and then they were

centrifuged and the plasma separated. In Manitoba, samples were stored at 4°C

until return to Oregon State University where they were stored at 60°C until

assayed. All samples obtained in Oregon were stored at 60°C until assayed.
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Body condition

Body size measurements of snout-vent length (SVL) and body mass were

obtained for each individual. Body condition was defined as each individual's

residual from the regression of body mass on SVL for each population, across

seasons. Seasonal differences in body condition were then compared. Plasma

levels of testosterone and corticosterone were compared and correlated with body

condition as well.

Radioimmunoassay

Plasma levels of testosterone and corticosterone were measured by

radioimmunoassay following the procedures of Moore (1986) with modifications.

Briefly, plasma volumes of 10 j.il were used in these assays. For individual recovery

determination, each sample was equilibrated overnight with 2,000 cpm of tritiated

testosterone and corticosterone (Amersham). Each sample was then extracted

twice in 2 ml of diethyl ether and the ether phase removed and dried in a warm

water bath, under a stream of nitrogen gas. The extracts were then resuspended in

10% ethyl acetate in isooctane. The samples were chromatographed through

individual celite columns to separate the steroid fractions and neutral lipids. The

fractions were eluted using stepwise increasing proportions of ethyl acetate in

isooctane. The purified eluates were dried and resuspended in buffer (phosphate

buffered saline with 0.1% gelatin) for the assay.
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For the assay, individual sample recoveries were determined from 50 j.tl of

the sample while 200 j.il of the sample was allocated to each of two duplicates.

Serial dilutions for the standard curves were performed in triplicate. All samples,

including serial dilutions and 100% bound, were incubated overnight with 100 j.il of

antibody (testosterone antibody T-3003 from Wein and corticosterone antibody

B2 1-42 from Endocrine Sciences) and 100 j.tl of tritiated steroid. Unbound steroid

was separated using dextran-coated charcoal and the bound steroid decanted into

scintillation vials. The samples were resuspended in 4 ml of toluene-based

scintillation fluid, incubated for 12 h and counted on a Beckman LS1800

scintillation counter. A cubic spline curve was fitted to the standard curve points

and final steroid concentrations were calculated from this curve and adjusted based

on individual recoveries. Intraassay variation was 14% for corticosterone and 10%

for testosterone calculated from an assay of standards (n= 16) in the hands of ITM.

Samples were analyzed in two assays with an interassay variation of 15% for both

corticosterone and testosterone. Limits of detectability were approximately 5.17

ng/ml for corticosterone and 0.36 ng/ml for testosterone.

Statistics

Changes in plasma hormone levels following capture were analyzed by one-

way repeated measures ANOVA. Differences in initial and stress hormone levels

between the sampling periods were analyzed by one-way ANOVA. The

relationships between plasma levels of testosterone and corticosterone, between



snout-vent length and mass, and between hormone levels and body condition were

determined by linear regression analysis. Differences in body condition between

seasons were analyzed by ANOVA or ANOVA on ranks if data was non-normal.

For all tests the level of significance was P< 0.05. All data were analyzed using

Jandel SigmaStat ® Version 2.0 statistical package.

Results

Thamnophis sirtalis parietalis

Hormonal stress response

Male T s. parietalis exhibited a hormonal response to capture stress during

non-breeding times of the year and not during the mating season (Figure 6.1 and

Table 6.1). During the early spring sampling period, neither plasma corticosterone

levels (Repeated measures ANOVA, F= 2.30, P= 0.13) nor testosterone levels

(Repeated measures ANOVA, F= 3.25, P= 0.063) changed in response to capture

stress. Similarly, during the late spring neitherplasma corticosterone levels

(Repeated measures ANOVA, F= 0.27, P= 0.77) nor testosterone levels (Repeated

measures ANOVA, F= 0.52, P= 0.61) changed in response to capture stress.

During the summer sampling period, plasma corticosterone levels increased

significantly in response to capture stress (Repeated measures ANOVA, F= 16.71,

P< 0.00 1) while plasma testosterone levels declined significantly (Repeated

measures ANOVA, F= 25.81, P< 0.001). There was no difference between 4 h and

24 h samples in either steroid (corticosterone: t-test, t= -0.94, P= 0.36; testosterone:
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Rank sum test, t=82.0, P= 0.089). In contrast, during the fall sampling period when

animals have migrated back to the dens and mating has been documented

(Mendonca and Crews, 1989), plasma corticosterone levels did not change in

response to capture stress (Repeated measures ANOVA, F= 1.77, P= 0.198) while

plasma testosterone levels fell significantly (Repeated measures ANOVA, F= 3.70,

P= 0.045).
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Figure 6.1. Plasma corticosterone (A) and testosterone (B) responses to capture
stress and serial blood sampling during four different periods in male red-sided
garter snakes, Thamnophis sirtalisparietalis, from Manitoba, Canada.
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Initial corticosterone levels were significantly different between the

sampling periods (ANOVA, F= 25.32, P< 0.00 1) with the lowest levels in the

summer, higher levels during the fall and highest levels during the early and late

spring (Tukey test, P< 0.05). Initial plasma levels of testosterone were significantly

different between the sampling periods (ANOVA, F= 4.34, P= 0.01) with the

summer levels being higher than during the late spring periods (Tukey test P<

0.05). Maximal levels of corticosterone were significantly different between the

sampling periods (ANOVA, F=3.00, P< 0.043) with higher levels during the late

spring than during the summer (Tukey test: P< 0.05). Stressed levels of

testosterone were significantly different between the seasons (ANOVA, F= 3.72,

P= 0.02) with the early spring being higher than both the summer and late spring

periods (Tukey test: P< 0.05).

Body condition in relation to season and plasma hormone levels

There was a significant relationship, across all seasons, between snout-vent

length and mass in our study population (linear regression, R2=0.763, P< 0.001).

An individual's body condition was defined as its residual from this regression.

Body condition varied significantly by season (Figure 6.2; ANOVA, F= 10.892, P=

0.001). In addition, there was a significant negative relationship between baseline

corticosterone levels and body condition (Figure 6.3; linear regression, R2= 0.428,

P< 0.001). There was no relationship between testosterone levels and body

condition (linear regression, R2= 0.022, P= 0.365).
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Thamnophis sirtalis concinnus

Hormonal stress response

Male Ts. concinnus exhibited a hormonal response to capture stress during

all times of the year (Figure 6.4 and Table 6.1). During the 1995 spring sampling

period, plasma corticosterone levels increased significantly in response to capture

stress (Repeated measures ANOVA, F= 19.50, P< 0.00 1) while testosterone levels

decreased significantly (Repeated measures ANOVA, F= 7.33, P= 0.011). During

the 1999 spring sampling period, plasma corticosterone levels were elevated in

response to capture stress (Repeated measures ANOVA, F= 4.51, P= 0.02 6) while

plasma levels of testosterone decreased significantly (Repeated measuresANOVA,

F= 18.27, P< 0.001). During the summer sampling period plasma corticosterone

levels increased significantly in response to capture stress (Repeated measures

ANOVA, F= 9.92, P= 0.00 1). During this same period, plasma testosterone levels

changed significantly (Repeated measures ANOVA, F= 6.77, P= 0.006), however

the difference was the result of an increase between the 1 and 4 h samples (Tukey

test, P< 0.05). During the fall sampling period corticosterone increased

significantly in response to capture stress (Repeated measures ANOVA, F= 10.92,

P< 0.00 1). During this same period, plasma testosterone levels changed

significantly in response to capture stress (Repeated measures ANOVA, F= 3.66,

P= 0.046) with the difference occurring within 1 h (Tukey test, P< 0.05) but not

maintained at 4 h.
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Figure 6.4. Plasma corticosterone (A) and testosterone (B) responses to capture
stress and serial blood sampling during four different periods in male red-spotted
garter snakes, Thamnophis sirtalis concinnus, from western Oregon.
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Hormone concentrations in relation to season

Initial corticosterone levels were significantly higher during the spring 1999

period relative to the spring 1995, summer and fall periods(ANOVA on ranks, H=

21.85, P< 0.001, Dunn's test: P< 0.05). Initial plasma levels of testosterone were

significantly higher during the summer than during the fall (ANOVA on ranks, H=

14.03, P= 0.003, Dunn's test, P< 0.05). Maximal levels of corticosterone were

significantly higher during the spring 1999 than during the summer periods

(ANOVA on ranks, F= 13.89, P= 0.003, Dunn's test: P< 0.05). Stressed levels of

testosterone were significantly lower during the spring 1999 than during the fall

period (ANOVA on ranks, H= 8.99, P= 0.03, Dunn's test: P< 0.05).

Body condition in relation to season and plasma hormone levels

There was a significant positive relationship between snout-vent length and

mass in male Ts. concinnus (linear regression, R2= 0.954, P< 0.00 1). However,

there were no differences in body condition between the four different sampling

periods (ANOVA, P= 0.49). In addition, there was no relationship between initial

hormone levels and body condition (corticosterone: linear regression, R2= 0.0020,

P= 0.80; testosterone: linear regression, R2= 0.00002 1, P= 0.98).
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T.s. parietalis
Sampling period unange in normone ieveis

Early Spring
B None
T None

Late Spring
B None
T None

Summer
B 1'lhour
T 11hour

Fall
B None
T 4hours

T.s. consinnus

B t 4 hours
T 4hours

Spring 1999
B 1' 4 hours
T 4hours

Summer
B 1¼ 1 hour
T None

Fall
B 1' 1 hour
T 1hour

Table 6.1. Summary of hormonal (T= testosterone, B= corticosterone) responses to
capture stress in two populations of garter snakes during different sampling
periods. Arrow represents direction of significant change from initial hormone
levels and time represents the period during which the change occurred.
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Discussion

We tested the hypothesis that populations of animals living in extreme

environments, with limited reproductive opportunities, may suppress their stress

response during the breeding season. In support of the hypothesis, male Ts.

parietalis from Manitoba, Canada have a brief mating period in the spring and do

not exhibit a stress response during the mating season but do during other times of

the year. In contrast, male Ts. concinnus from Oregon have an extended breeding

period and display a stress response during the breeding season. However, there

are also seasonal differences in the stress response in the Oregon population.

While not addressed in this study, it is possible that the differences in the hormonal

stress response results from differences in either production and/or clearance rates.

This could result from differences in body temperature and thus metabolism in this

poikilotherm. A more detailed analysis shows that seasonal cycles in reproduction

and body condition are at least partially responsible for seasonal and population

differences in the stress response.

Seasonal adaptations of the stress response

Thamnoyhis sirtalis yarietalis

Male T. s. parietalis live at the northern limit of the species' range and have

limited reproductive opportunities. Males suppress their stress response during the

mating season, presumably to avoid potentially deleterious effects that a stress

response could have on reproduction (Rivier and Rivest, 1991). Only during the



summer did male T s. parietalis display a traditional stress response of a rapid

increase in plasma corticosterone and decrease in testosterone levels in response to

capture stress. While mating primarily occurs during the spring, they may mate in

the fall (Whittier et al., 1987; Krohmer et al., 1987; Mendonca and Crews, 1989).

This could explain the stress response in testosterone, but not corticosterone, seen

in the fall. It is possible that the differences in the stress response between the fall

and the other sampling periods is the result of annual rather than seasonal

differences as the fall samples were obtained during a different year than the spring

and summer samples. We see a similar situation with male Ts. concinnus, where

the stress response is different across years. Thus the stress response is plastic and

can be adapted to the prevailing demands placed on the animal. Similar seasonal

suppression of the stress response has been documented in some birds living both

in the arctic and in the desert (Wingfield et al., 1992; Wingfield et al., 1995;

Wingfield et al., 1998).

In addition to seasonal variation in the stress response profile, there is

seasonal variation in the initial level of corticosterone. We hypothesized that

elevated initial levels of corticosterone should play a pivotal role in mobilizing

energy stores during the energetically costly periods of mating (spring) as well as

migration (fall) when individuals undertake extended migrations of up to 15km

twice per year (Gregory, 1977). In support of this, body condition varied with

season and appears related to the availability of food. When the snakes were at the

dens and food was not available, in both spring sampling periods and the fall, body



condition was at its lowest. It peaked in the summer when the animals were at the

feeding grounds. The role of corticosterone in energy mobilization during times of

diminished body condition is supported by the negative relationship we found

between body condition and initial levels of corticosterone. Wilson and Wingfield

(1994) suggest that seasonal variation in baseline levels of corticosterone may not

be indicative of the degree of stress that the animals face but are positively

associated with annual patterns of activity. Our results suggest a similar

association between baseline corticosterone and activity level. However, baseline

corticosterone levels are also associated with the degree of stress the animal is

facing as evidenced by the negative association between plasma levels of the

hormone and body condition. Finally, elevated levels of corticosterone were

different between the late spring and summer. This suggests that there is not an

absolute maximum level of the steroid, but that maximum levels are seasonally

variable as are initial levels, however probably not to as great an extent.

Data showing the lack of a stress response during the spring mating season,

appear to contradict previous data. Moore et al. (in press) demonstrated that male

T s. parietalis have a hormonal response to capture stress of increased plasma

corticosterone and decreased testosterone during the first week following spring

emergence in 1997. In 1997, initial levels of corticosterone (62 nglml) were

significantly lower (t-test, P< 0.001) than during the early spring period of this

study (129 ng/ml), while testosterone levels were similar in the two years. This is

not associated with differences in body condition. Thus, we hypothesize that these



animals maintain a testosterone stress response until initial levels of corticosterone

reach a critical threshold level, such as during this study (spring 1998), at which

point the response is suppressed. This type of variability might allow the animals

to best adapt to the prevailing conditions in an unpredictable environment. When

conditions are optimal and corticosterone levels are low, the animals' response to

stressors includes a decrease in plasma testosterone levels. When conditions are

harsh and corticosterone levels are elevated, the benefits of high plasma

glucocorticoid levels are already in effect and a further increase is unnecessary. In

this case testosterone levels remain elevated.

Thamnophis sirtalis concinnus

Male T.s. concinnus in western Oregon have a 10 month activity period and

an extended spring breeding season. They display a hormonal stress response

throughout the year. Males respond to capture stress with increased plasma

corticosterone during all sampling periods, except in spring 1999 when initial

levels were already elevated. However, the testosterone response was not the same

during all seasons. During both spring periods (1995 and 1999) testosterone levels

declined in response to capture stress within 4 h. However, during the summer,

testosterone levels were actually higher 4 h after capture than 1 h after capture.

During the fall, testosterone levels decreased within 1 h but recovered within 4 h.

Supporting the lack of an effect of stress on testosterone levels, during the summer

and fall, is the fact that throughout their annual cycles these two hormones
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exhibited a significant positive relationship in male T s. concinnus (Moore et al., in

review). This sex steroid response to capture stress is similar to the increase in

plasma estradiol in response to capture that Whittier et al. (1987) noted in female

T s. parietalis. In addition, male green frogs, Rana esculenta, display an increase

in plasma estradiol and corticosterone levels and a decrease in androgen levels in

response to capture during both the pre-reproductive period and the reproductive

period (Zerani et al., 1991). During the post-reproductive period, both plasma

estradiol and androgen levels decline in response to capture stress in this

amphibian. Similarly, male marine toads, Bufo marinus, respond to the stress of

mating competition with increases in both corticosterone and testosterone (Orchinik

et al., 1988). Male tree lizards, Urosaurus ornatus, respond to capture stress with

an increase in plasma corticosterone (Moore et al., 1991). However, both in

response to capture stress and exogenous corticosterone, the nomadic morph

exhibits a greater concomitant decrease in testosterone than the territorial morph

(Moore et al., 1991; Knapp and Moore, 1996; Knapp and Moore, 1997). These

studies suggest that there are population differences in the relationship between the

glucocorticoid and sex steroid response to stress. The traditional reciprocal

relationship between the two sets of hormones may not always be true. The current

study suggests that these differences are also seasonally variable. Perhaps, at

certain times of the year (e.g. during gameto genesis or mating) plasma sex steroid

levels must remain elevated to support these functions. During these times, male

T. s. concinnus maintain plasma testosterone levels in spite of being stressed and
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display a corticosterone response appropriate to support reproduction and survive

the stressor.

Initial and elevated levels of plasma corticosterone were significantly higher

during the spring 1999 than during the other three sampling periods. The spring of

1999 was average in terms of temperature (mean temperature 1999= 6.9°C for

January-April) while the spring of 1995 (mean temperature 1995= 8.1°C for

January-April) was unusually early and warm (mean temperature 1961-1999=

7.0°C for January- April; Oregon Climate Service- data for Corvallis-Hyslop, OR).

While the relationship is only suggestive, the steroid levels and response we noted

during the spring of 1999 may be more typical and the low initial corticosterone

levels we document in 1995 are the result of the favorable environmental

conditions and the earlier availability of prey items. In support of this, a previous

study (Moore et al., in press) has documented a significant negative relationship

between body condition and plasma corticosterone levels throughout the annual

hormone cycle.

There was no seasonal difference in body condition in male T.s. concinnus

as we documented in male Ts. parietalis. In addition, there was no relationship

between body condition and plasma hormone levels. It is possible that in western

Oregon the environment is relatively optimal and thus capable of maintaining a

greater level of individual variation. In contrast, the extreme habitat of Manitoba is

only capable of supporting limited life history strategies. Thus, we see significant



populational trends in body condition and associated hormone levels in male Ts.

parietalis but not in male Ts. concinnus.

Environmental adaptations of the stress response

Most studies investigating the hormonal response to stress sample during

one distinct part of the year. This is especially true in reptiles (reviewed by Tyrrell

and Cree, 1998) where conclusions of how these animals respond to stress are often

based on single point studies that may have occurred during a period when the

stress response was suppressed (e.g. Whittier et al., 1987). As evidenced by the

current study and those published by Dunlap and Wingfield (1995a, b), there are

both seasonal and population differences in the hormonal response to stress. This

appears to be an environmental adaptation associated with reproduction.

Male T.s. concinnus exhibit a significant hormonal response to capture

stress, during the mating season, consisting of an increase in plasma corticosterone

and a decrease in testosterone. In contrast, male T.s. parietalis suppress their stress

response during the mating season. These data suggest that in the relatively mild

environment of western Oregon, Ts. concinnus can afford to respond to stressors

by activating the HPA axis during the breeding season. This limits mortality and

there is a temporally extended period in which to mate. Male Ts. parietalis have

limited reproductive opportunities that they cannot afford to miss and thus they

suppress their HPA axis during the breeding season, which may increase the

probability of mortality, but maximizes the limited reproductive opportunity.



Summary

This comparative population study documents environmental as well as

seasonal adaptations of the stress response. The hormonal stress response is not

fixed within species but rather is adapted to the unique environmental and life

history challenges that individuals in the population face. Seasonal adaptations

exist in addition to environmental adaptations. This occurs in both extreme and

temperate environments. Not only are initial levels of glucocorticoids and sex

steroids seasonally variable but the response to capture stress is as well. During

any single sampling period, both plasma corticosterone and sex steroids levels can

change in response to stress, neither can change, or either one alone can change.

Taken together, sampling the stress response in multiple seasons can elucidate

seasonal adaptations of the stress response while interpreting data from a single

season can lead to potential generalizations that do not take into effect

environmental and annual variation.
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Chapter 7. Conclusion

The prime objective of this research was to gain a more comprehensive

understanding of how garter snakes respond to stress. This is the first series of

studies investigating adaptations of the stress response in snakes and the first to do

so in such depth in any reptile. Specifically, I attempted to elucidate both

hormonal and behavioral responses to capture stress as well as how these responses

can be seasonally and environmentally adapted within a species. In addition, I

investigated how garter snakes responded, both behaviorally and physiologically, to

exogenous administration of corticosterone, the primary glucocorticoid hormone in

reptiles. Results of this work are broadly applicable to all vertebrate classes. When

viewed in light of previous work in other species, we are now starting to understand

more fully how stress and reproduction are related at the physiological and

behavioral level.

The early assumption that stress simply suppresses reproduction has

recently been demonstrated to be much too simplistic; it is simply not true in some

species and under many conditions. The most important of these conditions

appears to be when mating opportunities are limited. In these types of situations

the stress response, or certain aspects of it such as behavior, may be suppressed to

avoid disrupting the reproductive effort. Additionally, many studies including this

one (chapter four) have shown that certain aspects of stress and reproduction can be

positively rather than negatively related. It is not surprising that the activities

associated with reproduction (courtship, gametogenesis, etc.) can be energetically



costly and thus elicit a stress response. It is unknown what factors directly

contribute to determining the relationship between stress and reproduction in each

species or population.

The garter snake, Thamnophis sirtalis, has been an ideal system for

addressing questions concerning the hormonal and behavioral responses to stress.

This species has an extensive range, across almost all of North America, and thus it

inhabits a wide variety of environments. In my research, I utilized animals from

two sub-species: the red-sided garter snake, Ts. parietalis, from Manitoba, Canada

and the red-spotted garter snake, Ts. concinnus, from western Oregon. The

Manitoba garter snakes are active for only four months of the year and mate during

a brief period in the spring. In contrast, the Oregon garter snakes are active for 10

months of the year and mate during an extended period in the spring. This

difference in life history characteristics is the foundation for many of the

investigations I have reported here. Understanding how the stress responses is

adapted to these differences in life history is the central theme of this research.

Throughout these studies I have used the capture-stress paradigm to elicit a

stress response from the subject animals. This involves capturing the animals and

isolating them in a small cloth bag during which time blood samples are obtained,

either by cardiac puncture or from the caudal vein. This protocol has advantages

and disadvantages. It is applicable across species, years and seasons and thus

permits those types of comparisons. These are crucial in order to understand how

the stress response is adapted to unique situations that the animals face. There are
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limitations to the use of this protocol. This is an unnatural stressor and thus it is not

possible to extend findings to situations encountered in the nature. In addition, it is

thought that the capture-stress stimulus elicits a maximal stress response thus

limiting our ability to understand how the stress response can be gradated to the

stimulus. Future studies need to compare the stress response between natural

stimuli (e.g. storms and predation attempts) in order to evaluate the effectiveness of

the capture-stress protocol in eliciting a stress response. At this point the

advantages of using this protocol outweigh the drawbacks and there are no suitable

alternatives for addressing the types of questions posed in these studies.

In chapter two I investigated the effect of capture stress on mating behavior

as well as plasma hormone levels in the male red-sided garter snake, Ts. parietalis.

Four hours of capture stress resulted in increased plasma corticosterone levels and

decreased plasma testosterone levels. However, this had no effect on mating

behavior. Thus it appears that the hormonal and behavioral responses to stress are

uncoupled in this species. This led to the question of how these animals

hormonally and behaviorally respond to exogenous corticosterone. In the third

chapter, I challenged males with corticosterone injections and quantified its effects

on sexual behavior and endogenous testosterone levels. Intraperitoneal injections

of corticosterone did suppress mating behavior in a dose-dependent manner but had

no effect on endogenous testosterone levels. This suggests that endogenous

corticosterone levels are kept below some threshold above which it would have

detrimental effects on reproduction. The lack of an effect on testosterone suggests
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that the increase in corticosterone and decrease in testosterone, following stress,

occur through independent mechanisms.

In the fourth chapter, I described annual hormone cycles of the male red-

spotted garter snake, T s. concinnus, of western Oregon. During the annual cycle,

testosterone displayed two peaks, one in the late summer when gametogenesis is

occurring and one in the early spring at the time of mating. There was a significant

positive relationship between plasma levels of corticosterone and testosterone.

Corticosterone levels were negatively associated with body condition, confirming

its role as an energetic hormone. I followed this by investigating the effect of stress

on sexual behavior in this population. I found no difference in mating behavior

between capture stress and control groups. This is probably due to individual

differences in hormonal responses to stress. There was a trend for capture-stress

individuals that displayed mating behavior to maintain higher testosterone levels

than those that did not display mating behavior.

Finally I investigated the seasonal and environmental adaptations of the

hormonal stress response. I measured both corticosterone and testosterone

responses to capture stress in both populations (Oregon and Manitoba) during the

breeding and non-breeding season. The Manitoba garter snakes, which have a brief

spring breeding period of three to four weeks, displayed a stress response during

the non-breeding season but not during the breeding season. In contrast, the

Oregon garter snakes, which have an extended spring breeding season of two to

three months, displayed a hormonal stress response during the breeding season as
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well as the non-breeding season. The Oregon garter snakes can afford to respond

to stresses because they will have additional reproductive opportunities. In

contrast, if the Manitoba garter snakes suppress their sexual behavior in response to

a stressor, they may not have another chance of reproducing until the following

year. Thus, the hormonal stress response is both seasonally and environmentally

adapted.

From these studies it is apparent that the stress response is very different

between these two populations of animals. This could be the result of such factors

as a founder effect but more likely results from selective pressure. It is likely that

characteristics, such as the relationship between testosterone and corticosterone

being negative in male Ts. parietalis and a positive in male T.s. concinnus, are

maintained by natural selection. These two populations face dramatically different

challenges and have resultantly different life history characteristics. In Oregon the

greatest challenge to a male Ts. concinnus, may be to find a mate and thus stress

and reproduction are positively related. In Manitoba, where male Ts. parietalis are

living on the edge, and must respond to stressors in an adaptive manner to survive,

any type of stressor results in suppressed sex steroids. Adaptations of the stress

response to face these unique challenges and life histories thus result in very

different ecologically adapted phenotypes or ecophenotypes.

It is unknown whether the differences in the stress response that I present

here, particularly in chapter six, are genetic in origin. This could be addressed in

common garter or transplant experiments. By raising members of both populations



103

in a common environment or by transplanting individuals from one environment to

the other would address the basis of the differences in the stress response. If the

population differences are maintained in similar rearing conditions then we could

assume the differences are genetic. In contrast, if the population differences

disappear in the similar rearing conditions then we could conclude that the

differences I document are the result of relatively plastic phenotypic differences. In

this case, we could assume that the population differences are ecophenotypes. In

chapter six I document extreme phenotypic plasticity in the stress response of both

populations of garter snakes. The garter snakes' stress responses are

environmentally, annually and seasonally adapted. As the stress response is not

fixed within populations, it would be surprising if the environmental differences I

document are not the result of phenotypic plasticity. This would allow the

individual to adapt to the prevailing conditions and demands.

In addition to its contribution to basic scientific research, this research has

conservation applications. Natural habitats are disappearing worldwide at a

phenomenal rate and humans are having direct detrimental effects on free-living

animals on many levels. Many of these interactions, such as human encroachment

and exposure to man-made toxins could be viewed as stressors to the animals.

Studies investigating how animals respond to stressors will be helpful as a

foundation to understand how potential stressors such as environmental changes

will affect animals. For example, in order to evaluate if an animal is being stressed

by global warming we will need to know its how it responds to obvious stressors
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such as capture and handling. In addition, comparisons of the responses to obvious

stressors, such as capture and handling, can serve as benchmarks for behavioral and

hormonal responses to more subtle stressors such as climate change and low levels

of man-made toxins in the environment. These types of controlled experimental

studies on free-living animals are necessary as investigations of laboratory rodents

may well prove inadequate to understanding how animals respond to stressors in

the field.
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