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A B S T R A C T

The activation of the hypothalamic pituitary adrenal (HPA) axis is one of the most important physiological
processes in coping with any deviation in an organism's homeostasis. This activation and the secretion of
glucocorticoids, such as corticosterone, allow organisms to cope with perturbations and return to optimal
physiological functioning as quickly as possible. In this study, we examined the HPA axis activation in common
gartersnakes (Thamnophis sirtalis) as a response to a natural toxin, tetrodotoxin (TTX). This neurotoxin is found in
high levels in the Rough-skinned Newt (Taricha granulosa), which is a prey item for these snakes. To consume
this toxic prey, these snakes have evolved variable resistance. We hypothesized that the more resistant
individuals would show a lower HPA axis response than less resistant individuals, as measured by corticosterone
(CORT) and bactericidal ability, which is a functional downstream measurement of CORT's activity. We
determined “resistance level” for tetrodotoxin from each individual snake by determining the dose which
reduced race speed by 50%. Individuals were injected them with an increasing amount of tetrodotoxin (10, 25,
and 50 MAMUs) to determine this value. Thirty minutes after every injection, we gathered blood samples from
each snake. Our results show that, while there were no significant differences among individual CORT levels in a
dose-dependent manner, female snakes did have a larger stress response when compared to both males and
juveniles. Different life-histories could explain why females were able to mount a higher HPA axis response.
However, TTX had no downstream effects on bactericidal ability, although juveniles had consistently lower
values than adults. Our research shows a possible dichotomy between how each sex manages tetrodotoxin and
gives way for a more comprehensive analysis of tetrodotoxin in an ecological context.

1. Introduction

Organisms have a suite of physiological responses to various
external challenges, most of which are considered adaptive (Love and
Williams, 2008; McEwen, 2007; Råberg et al., 1998). One of the most
important and conserved of these responses is the initiation of the
activation of hypothalamic-pituitary-adrenal axis (HPA; Wingfield and
Romero, 2001; Wingfield, 2005). This system is responsible for inter-
acting with other physiological systems by activating and/or suppres-
sing functions, dependent upon context (Dhabhar, 2009; Sapolsky et al.,
2000). While this activation has been examined in organisms for both
anthropogenic and natural stressors, many questions remain as to the
adaptive value of the HPA axis response and resulting physiological
cascades (Dickens and Romero, 2013). There is a high amount of
variation in both behavioral and neuroendocrine responses which are

likely based on both genetic and environmental factors (Øverli et al.,
2007; reviewed in Koolhaas et al., 1999; Korte et al., 2005).

Within this context, is the question of how organisms are adapted to
respond to deviations from homeostasis that are regularly encountered
within their specific environment. Theoretically, there should be an
“optimal response,” by which an organism does not over- or under-
respond to these deviations (McEwen, 2007; Korte et al., 2005;
Charmandari et al., 2004), especially if the challenge is frequently
faced.

It would likely be beneficial for organisms to modulate their
response based on evolutionary history with factors that might other-
wise cause dramatic alterations in the homeostatic balance (Romero
et al., 2009; Wingfield and Romero, 2001). Theoretical examinations of
the HPA axis provide evidence that its responses are likely influenced
by evolutionary pressures (Ellis et al., 2006). Further, these examina-
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tions are supported by an ever-growing body of work that provides
tangible examples. Variation exists between individuals, but also occurs
between sexes and across life history stages (Lattin et al., 2012; Wada
et al., 2008; Crespi et al., 2013; Moore and Jessop, 2003). These
variances between sexes within species is especially important as the
sexes often have disparate life history strategies due to the inherent cost
of reproduction for females (Stearns, 1989; Madsen, 1987) and sex
hormones which greatly influence the action of the HPA axis (von der
Ohe and Servheen, 2002; Kajantie and Phillips, 2006; Wingfield and
Sapolsky, 2003).

However, measuring HPA activation requires an examination of
multiple factors (Breuner et al., 2013; Sapolsky et al., 2000). While
glucocorticoids, such as corticosterone (CORT) in reptiles (Moore and
Jessop, 2003), are most frequently used, these values have proven to be
extremely complex (Dickens and Romero, 2013). Therefore, examining
multiple measurements of HPA activation, such as downstream func-
tional effects of CORT and the health of the animal, is necessary
(Breuner et al., 2008). One increasingly common method is to analyze
an organism's immune function (French et al., 2008). Acute increases in
CORT typically correspond to increases in immune function, especially
innate immunity (Dhabhar, 2002; Dhabhar and McEwen, 1997).
However, studies in reptilian ecoimmunology have not shown consis-
tent patterns as to the relationship between bactericidal ability and
acute increases in CORT (Refsnider et al., 2015; Neuman-Lee and
French, 2014; French et al., 2010), possibly because much is unknown
about the reptilian immune system (Zimmerman et al., 2010). Finally,
examining the physical condition of animals is important when asses-
sing HPA responses because this process is engaged to mobilize energy
(Sapolsky et al., 2000). Energetic stores, as measured by body condi-
tion, can have a large impact on the resulting HPA activation (Jaatinen
et al., 2013; Moore et al., 2005, 2000; Smith et al., 1994).

To examine the potential variation of the HPA response between
individuals, sexes, and ontogenetic stages, a system with measured
variation that could correspond to HPA activation and downstream
effects should be tested. Gartersnakes (Thamnophis sirtalis) have
adapted the ability to consume the highly toxic Rough-skinned Newt
(Taricha granulosa), however, this trait is highly variable across
populations and even within populations (Brodie and Brodie, 1990).
For example, across populations, resistance varies from very high
(> 90 MAMU; San Mateo, California) to very low (< 4 MAMU; Bear
Lake, UT) (Brodie and Brodie, 1990; Brodie et al., 2002). This is due to
the fact that sympatric newt populations also have a high amount of
variance in toxicity, which matches the snake resistance to toxicity
(Hanifin et al., 1999). This pattern is evidence of an evolutionary arms
race which results in increasing toxicity of the newts by the concurrent
increase in toxicity resistance by the snakes (Brodie and Brodie, 1990;
Brodie et al., 2002). However, there is variation in both the population
of newts (Hanifin et al., 1999) and snakes (Brodie and Brodie, 1990) in
toxicity and resistance, respectively. This system makes testing whether
there is variation in the HPA response among individuals and between
sexes and ontogenetic stages in relation to exposure to the toxin.

Rough-skinned Newts secrete the potent neurotoxin tetrodotoxin
(TTX) when threatened (Brodie, 1968). Tetrodotoxin binds competi-
tively to sodium ion channels in muscle tissue and causes paralysis,
which leads to suffocation and death (reviewed in Narahashi, 2001).
Many populations of gartersnakes have evolved changes in the proteins
of the sodium channel, which blocks the binding of TTX and therefore
resists the effects (Geffeney et al., 2005). Because the muscle tissue is
affected, resistance to TTX can be measured using the behavioral metric
of sprint speed (Brodie and Brodie, 1990). Thus a snake's resistance can
be measured by determining how fast it moves with varying concentra-
tions of TTX relative to no TTX.

In this study, we wanted to determine the individual snake's
resistance to TTX and relate this resistance to its stress and immune
response. We tested reproductive-age male and females and juveniles to
examine potential sex and ontogenetic differences in the response in a

dose-response manner. We hypothesized that individuals with higher
resistance would have a lower CORT response to TTX exposure, but that
the response would be dose-dependent. We further hypothesized that
innate immunity would be positively correlated with increasing levels
of CORT. Finally, we predicted that these relationships would be
consistent across both sex and ontogenetic stage.

2. Methods

2.1. Collection

Common gartersnakes (Thamnophis sirtalis) were hand collected in
April 2014 in Benton County, OR (n = 41; Females = 21, Males = 12,
Juveniles = 8), and transported in individual opaque bags to Utah State
University within 10 days of capture. Each individual was housed
separately in a glass aquaria (37.8 L) with newspaper substrate, water
dish, and plastic hide box with moist sphagnum moss. Air temperatures
were maintained at 27 °C, snakes were allowed a thermal gradient using
heat tape, and light was on a 12:12 on:off cycle. Snakes were all offered
one meal of thawed mice (approximately 10% of their body mass) six
days after arriving in the laboratory. All uneaten food was removed and
recorded. Fifteen days after arrival at the laboratory, each snake was
weighed to the nearest tenth of a gram, the snout-vent length was
determined (SVL, distance from snout to cloaca), and the number of
follicles in females was counted using an ultrasound (Sonosite,
Micromaxx). All procedures were approved by the Utah State
University IACUC (Protocol #2299).

2.2. Racing and determining resistance level

This bioassay was conducted as described by Brodie and Brodie
(1990). Two days after measurements, we began the testing. All animals
were tested on the same day in the same manner so that animals had
been housed in captivity for the same amount of time. Briefly, 24 h
prior to racing, all snakes were removed from heat tape to ensure that
each individual was the same temperature, as temperature affects
racing speed (Brodie and Russell, 1999). To test maximal racing speed,
each individual was removed from the aquaria and placed on a three-
meter racetrack lined with astroturf. The investigator then lightly taps
the tail of the snake to simulate a predator to ensure that the snake
moves as quickly as possible. Four half-meter sections are measured
using a digital timer and the fastest time is used. For the baseline
measurement, this process was repeated twice, four hours apart, and
the speeds averaged. All future racing speeds were calculated as a
percentage of this maximal speed. Previous work has shown that snake
speed is slowed linearly with TTX injections (Brodie and Brodie, 1990;
Brodie et al., 2002). Therefore, by determining the dose at which the
speed of the snake is reduced by 50% of the control run, individual
resistance level can be calculated. Hereafter this is referred to as
“resistance level.”

2.3. Dosing and collecting blood samples

The day after the baseline race, each snake was given an intra-
coelomic injection with a mass-adjusted dose of Ringer's solution. The
snake was promptly put back into its aquarium for exactly 30 min. At
30 min, the snake was removed and raced down the track as described
above. A blood sample was then collected via the caudal vein within
1 min. All samples were stored on ice for less than 1 h and centrifuged
at 2400 rpms. The plasma was separated from the red blood cells and
stored at −80 °C until further processing.

Two days later, the snakes were injected with 10 mass-adjusted
mouse units (MAMUs, i.e. the amount of TTX required to kill 1 g of
mouse; (Brodie and Brodie, 1990). This initial dose was selected due
known resistance from previous investigations of this population. After
30 min, snakes were raced and bled as described before. The same
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process was repeated two days later using 25 MAMUs and then two
more days later using 50 MAMUs. The maximum time that this took an
individual was eight days. Because of the variation within the popula-
tion, if an individual snake proved to be less resistant than 50% at any
of the doses (its speed was decreased> 50% at a given dose), it was not
given the next highest dose to prevent killing it. In these cases, the
snake's blood was not used in the statistical means given that it did not
receive the same dose. The following are number of animals tested at
Baseline: Females (F) = 21, Males (M) = 12, Juveniles (J) = 8); 10
MAMUs: F = 21, M = 12, J = 8; 25 MAMUs: F = 17, M = 11, J = 4;
50 MAMUs: F = 11, M = 8, J = 4.

2.4. Radioimmunoassay

Circulating corticosterone levels were determined using a pre-
viously described protocol (French et al., 2010; French et al., 2006;
Moore, 1986). Samples were extracted using isooctane: ethyl acetate,
dried, and resuspended in PBS buffer. Samples were assayed in
duplicate for CORT (MP Biomedicals, Lot #3R3PB-19E) and the mean
of the two were used in analysis. For each sample, we used an aliquot of
the resuspended fractions to measure individual recoveries following
extraction and chromatography. These recoveries were used to adjust
final sample concentration values to account for any losses during these
procedures. Standards of known value and negative controls were
included in every assay as a reference to ensure accuracy. All samples
were run in a single assay. Intra-assay variation was 12.1% and
accuracy was 103.6%.

2.5. Bactericidal ability

We performed the bactericidal assay (BKA) to measure innate
immune function, following the protocol outlined in French and
Neuman-Lee (2012). Briefly, we combined a 1:4 dilution of plasma
with CO2-Independent media (Gibco, Grand Island, NY) plus 4 nM L-
glutamine (Sigma-Aldrich), and 105 CPU (colony producing unit)
Escherichia coli (EPowerTM Microorganisms #0483E7, ATCC 8739,
MicroBioLogics, St. Cloud, MN), and agar broth on a 96-well micro-
plate. We calculated the background absorbance using BioRad xMark
microplate reader. After a 12 h incubation, we again read the absor-
bance and calculated the bactericidal ability by dividing the mean
absorbance for each sample (run in duplicate) by mean absorbance for
the positive controls (containing only media and bacterial solution),
and multiplying by 100. This provides the percent bacteria killed
relative the positive controls. Negative controls (containing media
only) were also run to ensure contamination was absent. Inter-assay
variation between plates was 1.1%.

2.6. Statistical analyses

Body condition was calculated by taking the residual of mass and
SVL (Neuman-Lee et al., 2015c) for each individual. Linear regressions
of the residual against physiological measures were calculated for all
snakes and within each sex class. Further, the number of follicles was
regressed against the residuals for females.

Corticosterone was not normally distributed, so we log10-trans-
formed the data for all analyses. We first measured possible differences
between the sexes and juveniles (male, female, juvenile) at each time-
point (increasing values of TTX) using an analysis of variance (ANOVA).
When appropriate, we compared the groups using a Tukey's pairwise
comparison. To measure the effect of time on the sexes, we conducted a
repeated measures ANOVA (rmANOVA). We repeated this procedure
for the bactericidal ability, although the data were not normal and no
transformations were successful. Therefore, we conducted a Wilcoxon/
Kruskal-Wallis to determine sex effects and a Wilcoxon each pair test
for pair-wise comparisons.

We measured the possible differences in resistance level between

the sexes and juveniles by log10-transforming the resistance values and
conducting an ANOVA. To determine the possible effect of individual
resistance level on corticosterone and bactericidal ability, we conducted
linear regressions of the individual resistance level against the log10
CORT. We could not meet the assumption of normality for the
bactericidal ability data, thus we conducted a Spearman's test.
Bonferroni corrections were made to all linear regressions to reduce a
Type I error and for these tests, the α= 0.003.

Females were separated by those with verifiable follicles against
those that were non-reproductive. A t-test was conducted then con-
ducted for CORT and resistance level, a Wilcoxon test for bactericidal
ability. All analyses were conducted in JMP 11.0 (SAS Institute, Inc.,
2013).

3. Results

3.1. Body condition

Mass was significantly different between sex classes
(F(2,38) = 80.97, p < 0.0001), with females being the largest and
juveniles being the smallest (g ± 1 standard error; females
51.79 ± 5.38, n= 21; males 31.32 ± 2.33, n = 12; juveniles
6.95 ± 0.49, n = 8).

Body condition was significantly different among the three groups
(male, female, juvenile; F(2,38) = 18.84, p < 0.0001), with no signifi-
cant difference between the female and juveniles, but a difference
between both of them and males. However, this was likely due to
females having a higher condition due to developing follicles and thus
made the females have larger mass. The number of follicles each female
had was strongly positively related with female body condition
(R2 = 0.72, p < 0.0001).

Body condition had varying relationships with corticosterone
(Table 1). Overall, body condition did not affect corticosterone
concentrations at any time point (p > 0.09). When each sex was
analyzed, body condition was negatively correlated with CORT only for
males at 25 MAMU (R2 = 0.68, F(1,10) = 21.32, p= 0.001). Body
condition was not related to bactericidal ability at any time point
(p > 0.1).

3.2. Reproduction

At the onset of the study, 14 of the 21 females had verifiable
follicles. No factors (CORT, BKA, resistance level) were influenced by
follicle presence (p > 0.15).

3.3. Corticosterone

At baseline (after saline injection), there was no difference in CORT

Table 1
Body condition (residual of snout-vent length and mass) vs CORT concentrations (log-
transformed) in gartersnakes (Thamnophis sirtalis) after increasing doses of TTX. Asterisk
indicates significance after Bonferroni correction (α = 0.003).

Baseline 10 MAMU TTX 25 MAMU TTX 50 MAMU TTX

All snakes R2 = 0.002 R2 = 0.05 R2 = 0.07 R2 = 0.13
F(1,39) = 0.08 F(1,39) = 2.15 F(1,38) = 2.98 F(1,20) = 2.96
p= 0.78 p = 0.15 p = 0.09 p= 0.10

Male snakes R2 = 0.22 R2 = 0.35 R2 = 0.68 R2 = 0.51
F(1,10) = 2.85 F(1,10) = 5.42 F(1,10) = 21.32 F(1,5) = 5.17
p= 0.12 p = 0.042 p = 0.001* p= 0.07

Female
snakes

R2 = 0.04 R2 = 0.002 R2 = 0.10 R2 = 0.37
F(1,19) = 0.84 F(1,19) = 0.05 F(1,18) = 2.07 F(1,9) = 5.38
p= 0.37 p = 0.83 p = 0.17 p= 0.046

Juvenile
snakes

R2 = 0.50 R2 = 0.01 R2 = 0.15 R2 = 0.57
F(1,6) = 5.98 F(1,6) = 0.08 F(1,2) = 1.09 F(1,2) = 2.66
p= 0.05 p = 0.79 p = 0.34 p= 0.244
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concentration between the sexes (Male, Female, Juvenile; Fig. 1,
F(2,38) = 0.921, p= 0.41). The rmANOVA revealed a significant effect
of sex and sex*time (Time: F(3,95.8) = 1.01, p = 0.39; Sex: F(2,
38.3) = 12.62, p < 0.0001; Sex*Time: F(6, 95.7) = 4.86, p = 0.0002).
After the first toxin injection (10 MAMU), female levels were signifi-
cantly higher than either juveniles or males (F(2,38) = 11.84,
p < 0.0001). Males and juveniles did not significantly differ from
each other. Female levels of CORT remained significantly higher for
both the second (F(2,37) = 14.76, p < 0.0001) and third
(F(2,20) = 4.80, p = 0.02) toxin injections.

3.4. Bactericidal ability

At baseline, there was a significant difference between the juveniles
and either males or females, but not between males and females (Fig. 2,
×2 = 8.55, p = 0.014, d.f. 2). Juvenile bactericidal ability continued
to be significantly lower than either males or females for the remaining
injections (1st: ×2 = 9.89, p = 0.007; 2nd: ×2 = 12.96, p = 0.002;
3rd: ×2 = 8.55, p = 0.014). The rmANOVA reflected these analyses
showing no significant effect of time, but only of sex (Time:
F(3,85.4) = 0.87, p = 0.46; Sex: F(2, 38.7) = 11.39, p < 0.0001; Sex*-
Time: F(6, 85.1) = 0.44, p = 0.85).

3.5. Resistance

There was no difference among the sexes (male, female, juvenile) in
terms of resistance level (F(2,38) = 0.832, p = 0.44; Resistance in
MAMUs± 1 standard error: Females 42.67 ± 10.80, Males
48.76 ± 8.82, Juveniles 45.86 ± 17.66). There was a high amount
of variation between individuals (Fig. 3). There was no relationship
between individual resistance level and CORT or bactericidal ability,
regardless of time-point (p values between 0.17 and 0.98). Further,
none of the parameters were related to individual resistance level (p
values between 0.13 and 0.91).

4. Discussion

The current study provides evidence that female gartersnakes may
respond differently to TTX than either males or juveniles. Females had
an elevated CORT response after the first TTX injection that remained
throughout the next three injections, while the males and juveniles did
not elevate their CORT levels above baseline at any dose. Individual
TTX resistance was not related to CORT levels. This CORT response was
not related to body condition in females, yet was negatively correlated
to body condition for males at the second (25 MAMU) injection. Finally,
TTX and CORT had no apparent effect on bactericidal ability, although
overall juveniles had significantly lower innate immune function than
adults.

Contrary to our predictions, our study showed no evidence that
individual snakes modulated their CORT response to TTX based on their
individual resistance, as a measure of homeostatic deviation. However,
evidence that fitness and health of an organism is directly related to
CORT has proven elusive (Bonier et al., 2009a, 2009b; Dickens and
Romero, 2013) and additional measurements, such as other immune
metrics and corticosteroid binding globulins, may be necessary to
provide a more clear picture of the mechanisms behind the HPA axis
functioning (Breuner et al., 2013).

When examining the additional measure of immune function, we
found no effect of TTX in either sex. Juveniles had a consistently lower
level of bactericidal ability, as is seen in many species where juveniles
do not have a fully developed immune system. Bactericidal ability can
be seen as a functional measurement of health given that organisms in
the wild must frequently cope with pathogens (French and Neuman-
Lee, 2012). In reptiles, bactericidal ability is especially useful given the
high reliance on non-specific innate immune responses (Zimmerman
et al., 2010).

The increase in CORT associated with TTX exposure for females, but
not males or juveniles, may occur for many reasons, none of which are

Fig. 1. Corticosterone levels (ng/ml) in female, male, and juvenile gartersnakes
(Thamnophis sirtalis) 30 min after exposure to increasing levels of TTX and immediately
after racing. Error bars indicate± 1 standard error. Sample sizes, in the following order:
BL, 10 MAMU, 25 MAMU, and 50 MAMU, for females (21, 21, 17, 11), males (12, 12, 11,
7), and juveniles (8, 8, 4, 4).

Fig. 2. Bactericidal ability in female, male, and juvenile gartersnakes (Thamnophis sirtalis)
30 min after exposure to increasing levels of TTX and immediately after racing. Error bars
indicate± 1 standard error. Sample sizes, in the following order: BL, 10 MAMU, 25
MAMU, and 50 MAMU, for females (16, 16, 14, 10), males (12, 12, 11, 8), and juveniles
(8, 5, 4, 4).

Fig. 3. Resistance levels in individual gartersnakes (Thamnophis sirtalis) to tetrodotoxin
(TTX) as calculated by the concentration of TTX which decreased their race speed by
50%. Units are given as mass-adjusted mouse units (MAMU), which is a standardized
amount of TTX used in previous studies (see Brodie and Brodie, 1990).
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mutually exclusive: 1) It may be adaptive for females to have a stronger
stress response, 2) Males may be energetically less able to mount a
stress response after emergence and mating, 3) Females may be able to
redirect energy from developing follicles or existing fat stores toward
the stress response, 4) TTX may serve as an anticipatory signal for
larger snakes (females) that a meal is about to be ingested, and/or 5)
Other physiological mechanisms, such as sex steroids, play a role in
enhancing the stress response.

A key component of most life-history trade-off theories is that a high
amount of energetic investment is required to reproduce (Stearns, 1989;
Wade and Schneider, 1992). However, in the vast majority of organ-
isms, the female expends the bulk of this energy by producing eggs,
carrying eggs/embryos, supplying nutrients to developing embryos,
and/or providing nutrients after parturition (lactation (Wade and
Schneider, 1992; Blackburn and Flemming, 2009)). Therefore, it is
likely that there are major differences by which males and females have
adapted due to this inherent dissimilarity in energetic expenditure for
reproduction. It may be beneficial for sexes to have a different reaction
norm to a similar stressor. Females also may have a higher stress
reactivity because they must have a more proactive coping style to
ensure not only her survival, but that of her young (Kajantie and
Phillips, 2006). However, in some species, females show a reduced
stress response relative to males to prevent abandoning already vested
eggs or offspring (Bokony et al., 2009). Females in this study, however,
were still early in reproduction and therefore able to resorb follicles if
necessary.

The second possibility for the lack of response in the males is that
males had a negative energy balance and were therefore unable to
mount a stress-response (Wingfield, 2005). Moore et al. (2000)
provided evidence that males from this population have low body
condition after emerging from overwintering, likely due to the lack of
prey. Interestingly, this study found that males have the some of the
lowest concentrations of CORT during this time frame as well. This
study did not examine females, but another study with gartersnakes
showed that females have a significantly higher fat body index than
males throughout and after hibernation (Costanzo, 1985).

In conjunction with emerging from hibernation with a lower body
condition, males also typically emerge earlier than females (Gregory,
1974; Shine et al., 2001), forcing them to use more energetic stores
while waiting for females to emerge. Males may expend this valuable
energy in courtship and vying for a female and will often remain at the
hibernaculum site for a longer period of time, while females will
disperse rapidly and likely begin foraging (Gregory, 1974; Shine et al.,
2001). While gartersnakes do not display energetically costly combat as
in other species (e.g. rattlesnakes), they still must compete to mate with
the female (Shine and Mason, 2005). Throughout the entire mating
period, male gartersnakes undergo a period of anorexia, further
compounding their lower body condition (O'Donnell et al., 2004).

Thirdly, in capital breeders, such as snakes, the majority of the
energetic requirements for reproduction is obtained prior to or early in
reproduction (Doughty and Shine, 1997), allowing females the possi-
bility to divert this energy away from developing follicles.

Our fourth explanation of the enhanced female reactivity comes
from the nature of the source of TTX. Rough-skinned newts average
5.7–8.9 cm (Stebbins, 2003), and therefore only larger snakes may be
regularly ingesting adult newts. There is a considerable amount of work
which shows that CORT increases in individuals as an anticipatory
hormone prior to eating (Stephan, 2002; Krieger, 1974; Honma et al.,
1984). While this model has mostly been applied to lab rodents that are
on a regular feeding schedule, the mechanism behind this repeated
observation has not been fully determined (Stephan, 2002). When a
snake first bites a newt, the newt begins secreting TTX, thus exposing
the snake orally to the toxin. This may serve as a signal that food will be
ingested shortly. However, this seems an unlikely scenario given that
there is a high latency to eating in snakes (Rossman et al., 1996) and an
inherent unpredictability for predators to find prey in the wild.

The fifth possibility states that other physiological mechanisms
inherent in females may interact with and enhance CORT concentra-
tions. A large body of research has revealed that females will often have
increased levels of glucocorticoids after experiencing a stressor, likely
due to elevated estradiol levels (reviewed in Kudielka and Kirschbaum,
2005). Estradiol levels are known to enhance corticotropin-releasing
factor gene transcription in humans (Vamvakopoulos and Chrousos,
1993), increase both adrenocorticotropic hormone and glucocorticoids
(Kitay, 1963), decrease receptor-mediated negative feedback (thereby
increasing CORT responsiveness (Burgess and Handa, 1992)), and
increases the production of corticosteroid-binding globulins (Moore
et al., 1978). Taken together, it is possible that the stress-response to
TTX was, in part, enhanced by estradiol.

Given the design of the study, whereby we controlled for the effects
of injection and antipredator behavior in order to isolate the effects of
TTX on CORT, we were unable to take true baseline CORT measure-
ments. However, males and juveniles did not mount an additional
response to TTX when compared to vehicle control, whereas females
did, providing strong evidence for sex differences in reactivity.
Interestingly, we found a different result when we subjected a subset
of adult individuals in this study to an acute handling stressor (baseline
sample then 30 min after initial capture) in the field. From these data,
we know that the sexes responded similarly to this acute handling stress
(males (n = 12) baseline CORT = 21.8 ± 6.8 and stress-induced
CORT = 88.6 ± 18.9 and females (n= 13) baseline
CORT = 19.4 ± 6.8 and stress-induced CORT = 93.9 ± 18.9
Neuman-Lee, unpublished data). Moreover, in a different study testing
the effects of an anthropogenic contaminant (polybrominated diphenyl
ether), female snakes did not have elevated CORT throughout the study
nor a significant change in magnitude compared to the control
(Neuman-Lee et al., 2015b). An additional complication in our inter-
pretation was the increasing dose of TTX with each snake. We may have
seen different results had we tested snakes with only a higher dose
instead of starting at a lower dose and then increasing the dosage.

We used behavior as a metric of resistance (standardized protocol in
TTX research) and thus our study also tested possible relationships
between antipredator response and CORT. While some studies have
shown certain antipredator behaviors are associated with elevated
levels of CORT (Thaker et al., 2009a, 2009b), CORT may not always
be correlated with behavior (Neuman-Lee et al., 2015a). In this case, it
is likely that the physiological effects of TTX (i.e. paralysis of muscular
tissue (Narahashi, 2001)) are the primary control mechanisms of racing
antipredator behavior.

Our current study demonstrates a clear difference between sexes in
responses to an ecologically and evolutionarily relevant toxin. This is
surprising given that both sexes are known to ingest toxic newts in the
wild, and that the sexes respond similarly to other controlled stressors
(capture and handling stress). The difference between the sexes in the
hormonal response to tetrodotoxin illustrates a potential divergence in
strategies for coping with a toxic byproduct of a valuable food source.
This divergence may be driven by classic evolutionary reproductive
conflicts in energy use and requirements or physiological differences
between the sexes. However, we did not see divergence in bactericidal
ability between the sexes, indicating that TTX exposure may not be
related to innate immune function. More work is needed testing
responses to TTX across varying reproductive and energy states to
disentangle the sex related differences that we observed.
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