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Abstract

Anabolic androgenic steroids (AAS) are taken by both sexes to enhance athletic performance and

body image, nearly always in conjunction with an exercise regime. Although taken to improve

physical attributes, chronic AAS use can promote negative behavior, including anxiety. Few

studies have directly compared the impact of AAS use in males versus females or assessed the

interaction of exercise and AAS. We show that AAS increase anxiety-like behaviors in female but

not male mice and that voluntary exercise accentuates these sex-specific differences. We also

show that levels of the anxiogenic peptide corticotrophin releasing factor (CRF) are significantly

greater in males, but that AAS selectively increase CRF levels in females, thus abrogating this

sex-specific difference. Exercise did not ameliorate AAS-induced anxiety or alter CRF levels in

females. Exercise was anxiolytic in males, but this behavioral outcome did not correlate with CRF

levels. Brain-derived neurotrophic factor (BDNF) has also been implicated in the expression of

anxiety. As with CRF, levels of hippocampal BDNF mRNA were significantly greater in males

than females. AAS and exercise were without effect on BDNF mRNA in females. In males,

anxiolytic effects of exercise correlated with increased BDNF mRNA, however AAS-induced

changes in BDNF mRNA and anxiety did not. In sum, we find that AAS elicit sex-specific

differences in anxiety and that voluntary exercise accentuates these differences. In addition, our

data suggest that these behavioral outcomes may reflect convergent actions of AAS and exercise

on a sexually differentiated CRF signaling system within the extended amygdala.
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INTRODUCTION

An estimated 10 million Americans illicitly obtain AAS each year to enhance body image

and athletic performance. Approximately 4% of adolescents and ~1% of girls use AAS

(vandenBerg et al., 2007; Hallberg, 2011; Johnston et al., 2013). Several reports suggest that

the mean age for initiation of AAS use is 14–15 years with some reported to use AAS as

early as age 8 (Tanner et al., 1995; Bahrke et al., 1998; 2000), although a report published

subsequent to the completion of the studies presented here suggests that most users are over

20 when AAS use begins (Pope et al., 2013). Although illegal, a survey of high school

students indicates that steroids are easy to obtain (Johnston et al., 2013). AAS may also be

surreptitiously added to over-the-counter supplements that are often taken in conjunction

with AAS or on their own as performance enhancers (Geyer et al., 2008; Aqai et al., 2013).

Thus, AAS use is prevalent and even among adolescents constitutes a significant health risk.

Concern with young users is heightened by the fact that adolescence is a time when the brain

is primed to be exquisitely sensitive to long-lasting or even permanent effects of steroids

(Sato et al., 2008; Cunningham et al., 2013). It is also important to recognize when

determining the impact of illicit AAS use on adolescent users that all AAS regimens result

in supratherapeutic levels of androgens and their metabolites: by an estimated 10–100× in

men and by >1000× in women and in adolescents (Oberlander and Henderson, 2012a).

Although taken to enhance somatic physiology and performance, AAS use is associated with

significant changes in behavior, including anxiety, in both human (Su et al., 1993; Cooper et

al., 1996; Galligani et al., 1996; Hall et al., 2005) and non-human (for review, Clark and

Henderson, 2003; Oberlander and Henderson, 2012a) subjects. Moreover, AAS-dependent

anxiety may contribute to other noted behavioral effects of AAS, including increased

aggression, hostility and impulsivity (Annitto and Layman, 1980; Pope and Katz, 1988;

Burnett and Kleiman, 1994; Cooper et al., 1996; Hall et al., 2005; Pagonis et al., 2006).

Studies of AAS in rodent models suggest that chronic exposure to these synthetic steroids

has diverse effects on the expression of anxiety-like behaviors that likely depend on the age

and sex of the animal, dose and chemical identity of the AAS, and assay performed (for

review, Clark and Henderson, 2003; Oberlander and Henderson, 2012a). For example,

treatment of adult female mice with a high dose of 17α-methyltestosterone was reported to

have no effect on anxiety-like behaviors on the elevated plus maze (EPM), light-dark

transitions or defensive behavior tests (Barreto-Estrada et al. 2004), whereas treatment of

female mice during adolescence with a mixture of AAS (methandrostenolone, nandrolone

decanoate and testosterone cypionate) significantly increased anxiety-like behavior as

determined by the acoustic startle response (ASR) and the EPM (Costine et al., 2010;

Oberlander and Henderson, 2012b). Beyond fundamental traits such as sex, age and genetic

background, environmental factors may also play an important role in AAS actions on

anxiety. This hypothesis is supported by studies demonstrating that exposure to a chronic

low dose of testosterone propionate increased contextual fear responses only in female mice

who had been previously subjected to social isolation (Agis-Balboa et al., 2009).

That the AAS may have significant sex-specific effects on the expression of anxiety-like

behaviors is also suggested by the markedly higher prevalence of anxiety and anxiety

disorders, in the absence of steroid use, in females compared to males (Cameron and Hill,
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1989; Pigott, 1999; for review, Palanza, 2001; Simonds and Whiffen, 2003; Bao and Swaab,

2011; ter Horst et al., 2012) and in notable sex-specific differences in brain regions that are

implicated in the expression of anxiety-like behaviors. For example, the amygdala, the

intermediate nucleus of the hypothalamus, the bed nucleus of the stria terminalis (BnST),

and the human homologue of the medial preoptic area, INAH1, are larger in men than in

women, while prefrontal cortices are larger in women than in men (Goldstein et al., 2001;

Hamann 2005; Bao and Swaab, 2011). In rodents, it has been well demonstrated that early

organizational actions of sex steroids result in sex-specific differences in cell number and

critical chemical signaling pathways in these same regions, suggesting that by adolescence,

the neural templates that give rise to anxiety are explicitly different in the male versus the

female brain (Toufexis, 2007; Forger, 2009; Harada et al., 2009; Hisasue et al., 2010;

Bangasser and Valentino, 2012; Gilmore et al., 2012; Valentino et al., 2012, 2013).

Connections among the regions of the brain that govern the expression of anxious states are

most often reciprocal loops (McDonald et al., 1999; Dong et al., 2001; Vertes, 2004; Dong

and Swanson, 2006), and bidirectional communication among key cortical and subcortical

regions are needed for proper regulation of anxiety (Hammack et al., 2009; Kim et al.,

2011). Neural circuits in the extended amygdala, including the pathway between the lateral

central amygdala (CeA) and the dorsolateral BnST, have been shown to be critical conduits

in the expression of generalized anxiety (for review, Shekhar et al., 2005; Walker et al.,

2009; Davis et al., 2010). While expression of anxiety arises from the coordinate actions of

many signaling systems in these regions, key among them is the peptide corticotropin

releasing factor (CRF). Elevated levels of CRF are a hallmark of anxiety and stress disorders

in humans (Reul and Holsboer, 2002; Hauger et al., 2006, 2009; Holsboer and Ising, 2008),

and central infusion of CRF in rodents stimulates anxiety-like behaviors, as observed in a

wide variety of testing paradigms (for review, Bale and Vale, 2004; Davis et al., 2010). The

BnST is believed to be the primary site of the anxiogenic action of CRF. Although it has not

been studied in the extended amygdala, sex-specific differences in the stress response and in

CRF signaling that arise from differential internalization of CRF type 1 receptor have been

demonstrated in the locus coeruleus (Bangasser et al., 2010; for review, Bangasser and

Valentino, 2012; Valentino et al., 2012, 2013).

An important, but unstudied, environmental determinant in assessing the effects of AAS on

anxiety is exercise. Nearly all AAS users follow an exercise regimen (Parkinson and Evans,

2006; Kokkevi et al., 2008; Ip et al., 2011). Physical activity is often found to be anxiolytic

in humans (Fox, 1999; Manger and Motta, 2005; Herring et al., 2010; Herring et al., 2012),

and voluntary exercise, which is usually accomplished through wheel running, has been

shown to influence anxiety-like behaviors in rodents (Binder et al., 2004; Burghardt et al.,

2004; Duman et al., 2008; Fox et al., 2008; Salam et al., 2009). Few studies have examined

the effect of exercise on anxiety-related peptides like CRF. Voluntary wheel running has

been reported to decrease CRF mRNA in the paraventricular nucleus of male mice (Droste

et al., 2003, 2006). Gustafsson et al. (2011) found that voluntary exercise augmented CRF

mRNA in the CeA of female mice, but that the differences did not attain significance.

Overall, the exact impact of exercise on anxiety is dependent upon the duration of exercise

and on the specific molecular and or behavioral endpoint examined (for review, Novak et

al., 2012). Given the lack of information on sex-specific differences of AAS effects in males
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versus females under conditions that reflect human use paradigms, the goal of this study was

to determine if there are sex-specific differences in the effect of chronic AAS on anxiety-

like behaviors and the impact that exercise may have on those AAS actions.

METHODS

Animal Care and Use

80 Female and 96 male C57BL/6J mice (Jackson Laboratories Bar Harbor, ME) were used

for these experiments. Standard rodent chow and water were available ad libitum. All mice

were maintained in a temperature-controlled facility with a 12/12 hr on/off light cycle with

lights on at 0700. On arrival at ~postnatal day (PN) 21, mice were group-housed (4 per cage)

in standard cages (L × H × W) 35 cm × 12 cm × 15 cm without enrichment. Animals used to

assess the effects of exercise were moved to larger cages on PN24 (vide infra). In all cases,

care was taken to minimize the discomfort and the number of animals used, and all

procedures were approved by the Dartmouth College Institutional Animal Care and Use

Committee and conducted in accordance with guidelines from the National Institutes of

Health.

Mice were injected intraperitoneally (i.p.) beginning at PN 24 for 5 days per week for 4

weeks with equal concentrations of a combination of three commonly abused AAS:

testosterone cypionate (Sigma; St. Louis, MO), nandrolone decanoate (Sigma) and

methandrostenolone (Steraloids; Newport, RI) dissolved in sesame oil at a final

concentration of 7.5 mg/kg/day. This treatment period spans adolescence (Laviola et al.,

2003), and this dosage reflects a high human abuse regime (for discussion, Costine et al.,

2010). Age-matched control subjects were administered the same volume (20–30 µl based

on body mass) of sesame oil alone. Behavioral testing commenced ~PN55, and treatment

with either AAS or oil was continued during testing. Oil-injected control female mice used

for behavioral testing were not restricted by estrous cycle stage. Following cessation of

behavioral testing, estrous cycle was determined by daily vaginal lavage (Cooper et al.,

1993). As previously reported, AAS treatment imposed an anestrous state characterized by

diestrous-like profiles (Blasberg and Clark, 1997; Penatti et al, 2009a, 2011). Following the

behavioral tests, all mice were euthanized with CO2 and decapitated. Oil-injected control

female mice were euthanized in diestrus for cell biological assays.

Behavioral Testing

Except for initial experiments performed to confirm previously published results from

animals housed 4 per cage in standard cages (Costine et al., 2010; Oberlander and

Henderson, 2012b), at PN24, mice were transferred to larger cages that measured 45 cm ×

20 cm × 23 cm and maintained 2 per cage with either two running wheels (Med Associates,

St. Albans, VT) or two plastic igloos; i.e. cages of pair-housed animals had enrichment. All

cages were supplied with nestlet material. Mice were maintained under these conditions to

avoid possible confounds of social isolation while permitting access of each animal to a

running wheel under conditions where we could surmise that both animals in a cage were

active (see Voluntary Exercise below). These larger cages were supplied with ~ 4 cm of

bedding to allow young mice access to water bottles and chow. All cohorts of mice were
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subjected to marble burying, elevated plus maze, acoustic startle, and social choice testing

(in that order). Behavioral tests of animals maintained under these conditions were repeated

in two or three separate cohorts of 8 animals of each sex per each different condition (oil/no

exercise; AAS/no exercise; oil/exercise; AAS/exercise). All behavioral tests were performed

between 1000 and 1800.

Voluntary Exercise

Each large cage containing 2 mice was equipped with two ENV-044 low profile RF running

wheels coupled to a USB interface hub (Med Associates, St. Albans, VT). Running wheel

activity was recorded and analyzed for revolutions per 30 min epoch for days 25–30 of the

treatment period (prior to behavioral testing) using the Med Associates Wheel Manager

software (Med Associates, St. Albans, VT). Although it was not possible to determine which

mouse of a given pair was using which wheel during any specific epoch of a given day,

analysis of the actogram data for each wheel in a single cage indicated that both wheels

showed comparable patterns, suggesting similar activity by the two individual mice in a

single cage. Similar results of equal time on a wheel have been reported previously for male

mice housed 4/cage (Fox et al., 2008). In all experiments, mice with running wheels are

described as “exercising”

Acoustic startle response (ASR)—ASR testing (Koch 1999) was carried out using the

MED-ASR-PRO1/ MED-ASR-FPS apparatus and software equipped with a single chamber

ENV-264C animal holder (Med Associates; St. Albans, VT, USA) and using testing

paradigms effective for both male and female mice on a C57BL/6 background at these ages

(Costine et al., 2010; Oberlander and Henderson, 2012b; Maue et al., 2012). Eighty female

and 96 male mice were examined for ASR testing. Each cohort of animals was acclimated in

the chamber without stimuli for 8 min on two different days. Two days following the second

acclimation, ASR testing consisted of 5 minutes of acclimation followed by exposure to the

startle stimulus of a 50ms/100 dB burst of white noise (1 ms rise/fall; 10 sec inter-trial

interval) for 60 trials. Peak amplitudes of the startle responses were analyzed by linear

regression for habituation over the 60 trials. No significant differences in the slopes of the

habituation relationship were observed. Therefore, responses corresponding to the first 30

trials were averaged for subsequent analyses of average startle amplitude.

Elevated plus maze (EPM)—The EPM was 45 cm high and arms were 30 cm long.

Walls of the closed arms were 15.25 cm high. EPM testing was done according to standard

procedures (Lister, 1987; Walf and Frye, 2007). The luminous intensity in the center of the

maze and at both ends of the open arms was 3.8 cd, equivalent to the intensity of the home

cage during non-testing periods. The mouse was placed in the center of the EPM apparatus

facing an open arm, and the time spent in the open and closed arms as well as the number of

entries (scored by a keyboard event recorder) during a 5 min epoch were acquired.

Assessment of the number of closed arm entries was made as an independent assessment of

the effect of wheel running on locomotion. Wheels were locked at least 2 hours prior to

behavioral testing to prohibit running in the period preceding the test. Sixty four female and

64 male mice were tested on the EPM.
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Social choice paradigm—Tests of social interaction and social novelty preference were

made according to Moy et al. (2004) and Crawley (2007). Briefly, cohorts of male or female

mice (64 total for each sex) were transferred to a three-compartment arena consisting of two

side chambers (24 cm × 33 cm × 39 cm) and a central compartment (19 cm × 33 m × 39

cm). Dividing walls were clear plexiglass. No bedding was added to the compartments, and

the arena was thoroughly cleaned with chlorine dioxide (Clidox®) between tests and trials.

Testing consisted of three consecutive 5-min sessions. In the first session (acclimation), the

test mouse was placed in the center chamber with the doors to the other two chambers

closed. Following acclimation, the doors were unblocked and two separate tests were

performed. In test 1, an unfamiliar stimulus mouse (male and of comparable age to the test

animal) was placed in one side chamber under a wire mesh cup, and an empty identical wire

mesh cup was placed on the other side. In test 2, the now familiar stimulus mouse from the

first session was placed under the wire mesh cup on the opposite side of the arena, and a

second (novel) age-matched male stimulus mouse was placed under the wire mesh cup in

the other chamber. As constructed, with no time delay between Test 1 and Test 2, this assay

is believed to assess social interaction more than social memory (Moy et al., 2004; Crawley,

2007). Each animal’s movements in tests 1 and 2 were recorded on a video recorder

(KODAK Model Z×5), and scoring was done offline using a keyboard event recorder. The

number of crosses into each chamber, time spent in each chamber and the number of times

the test mouse touched or sniffed the wire mesh cups with the familiar mouse, unfamiliar

mouse or empty pencil cup were scored and analyzed. In one experiment for one group of

male mice, a slightly modified two-chambered arena was used (no central compartment). A

stimulus mouse was placed on one side in a wire mesh cup and an empty wire mesh cup was

placed on the other side. The number of crosses the test mouse made, the time spent on each

side, and the numbers of times the test mouse touched or sniffed the cup with the stimulus

mouse were recorded. In test 2, the now familiar mouse from test 1 was placed on the same

side and a novel mouse was placed on the other side. The number of crosses, time spent and

touches were recorded as in test 1. Results for the two different arenas for male mice were

not statistically different, and the data have been combined. Although the number of crosses

was recorded to provide an independent measure of effects on locomotion, they are not

reported as this parameter has previously been shown to be independent of a preference for

social novelty (Moy et al., 2004)

Marble burying test (MBT)—Cohorts of mice (64 females and 64 males in total) were

assessed for marble burying behavior according to Deacon (2006). Mice, like other rodents,

engage in digging behavior. This behavior is escalated under conditions of stress and is

sensitive to the anxiolytic actions of benzodiazepines (Deacon, 2006). Burying the marbles

is a secondary consequence that can be used as an indirect measure of digging and of

anxiety-like behavior (Deacon, 2006). Mice were placed for 30 min in a cage filled with 5

cm of bedding and 18 marbles that had been arranged in rows and spaced evenly. Marbles in

which greater than two-thirds of the marble was buried were assigned a value of 1 and the

number of such marbles scored.

Hanging wire test—The hanging wire test (Crawley, 2000) was performed for 16 female

and 8 male mice as a simple assessment of grip strength in all mice tested. Since the ASR is
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a response of how hard the animal pushed against the accelerometer, strength and mass must

be considered in interpreting the startle response. Startle amplitudes were normalized to

mass; and grip strength was assessed to determine if there were any differences evident

across any of the groups. In brief, the mouse was placed on top of a wire cage lid; the lid

was shaken 2 times to prompt the mouse to grab the cage wires and then inverted. The lid

remained suspended ~20 cm above a padded surface, and the time until the mouse fell off

was recorded. A maximum time of 5 min was allowed for the assay.

Cell and Molecular Biological Assays

Since the effects of AAS observed in the behavioral tests for animals maintained under

either 2 per cage or 4 per cage housing conditions were not significantly different, cell

biological assays to assess sex-specific differences in baseline levels of CRF peptide and

mRNA and the effect of AAS treatment on these molecules were made from brains pooled

from animals maintained under the two housing conditions.

Protein extraction and enzyme-linked immunosorbent assay (ELISA)—
Following behavioral testing, 300 µm sections were obtained from each mouse brain using

an Electron Microscopy Sciences OTS-5000® vibroslicer (Hatfield, PA), and the BnST

dorsal to the anterior commissure (Bregma 0.26–0.14mm) was microdissected. This region

of the BnST was isolated as neural circuits in the extended amygdala, including the pathway

between the lateral central amygdala and the dorsolateral bed nucleus, are critical conduits

in the expression of generalized anxiety. Neurons from the central amygdala send a major

GABA/CRF projection to the dorsolateral BnST, and the BnST is believed to be the primary

site of the anxiogenic action of CRF (for review, Bale and Vale, 2004; Davis et al., 2010;

Oberlander and Henderson, 2012a). Prior work from our laboratory has demonstrated that

AAS treatment of female mice increases CRF expression in the dlBnST and augments

GABAergic inhibition in this region through a CRF-dependent mechanism (Costine et al.,

2010; Oberlander and Henderson, 2012b). Protein extraction was performed as described

previously (Penatti et al., 2009b). Briefly, tissue was lysed in 100uL of lysis buffer (25mM

Tris pH 7.5, 150mM NaCl, 5mM MgCl2, 1% NP-40, 5% glycerol, 0.001% TritonX-100,

1mM PMSF, 2mM NaF, and 1X Complete-mini (Roche, Indianapolis, IN, USA) protease

inhibitor cocktail), and protein concentration was determined using a BCA Protein Assay

(Pierce, Rockford, IL). Samples were then frozen at −20 °C until tissue from all animals in a

cohort had been collected (as noted, for females, brains were collected when animals were in

diestrus). Not more than five days later, protein lysates were analyzed using an Enzyme

Immuno Assay (EIA) kit (EK-019-06, Phoenix Pharmaceuticals INC., Burlingame, CA)

according to the manufacturer’s instructions. Each reaction was analyzed in duplicate on a

microtiter plate reader and CRF concentration determined at an absorbance O.D. of 450nm

relative to the standard curve. The detection limit for each kit was 0–100ng/mL.

RNA extraction, reverse transcription and quantitative real-time PCR (qRT-
PCR)—Real time PCR was performed according to minor modifications of previously

described approaches (Penatti et al., 2009a,b; Costine et al., 2010; Oberlander et al., 2012).

Briefly, a 300µm slice was made using an Electron Microscopy Sciences OTS-5000®

vibroslicer (Hatfield, PA), and tissue corresponding to the CeA was dissected (bilaterally) as
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the circular nucleus lying dorsal and lateral to the optic tract and medial to the external

capsule (−2.2mm Bregma). Tissue corresponding to the hippocampus was dissected from

the rest of the block. All tissue was stored in RNAlater® (Ambion Inc., Austin TX, USA) at

−20 °C. Total RNA was extracted according to the manufacturers protocol for E.N.Z.A.™

MicroElute™ Total RNA kit (OMEGA bio-tek, Norcross,GA), DNase treated with RNase-

Free DNase 1 (OMEGA bio-tek, Norcross,GA), and the concentration of the RNA was

determined by measuring the optical density at 260 nm. 50ng of RNA was reverse

transcribed using reagents and protocols included in the iScript™ cDNA Synthesis kit (Bio-

Rad, Hercules, CA). Quantitative RT-PCR was performed using an AB 7500 Sequence

Detection System, and all cDNAs were analyzed in triplicate with TaqMan®Gene

Expression Assays (Life Technologies, Foster City, CA). Primers used were

Mm01293920_s1 (CRF); Mm01334047_m1 (BDNF) and Hs99999901_s1 (18S rRNA).

Samples with reverse transcriptase omitted were used to control for genomic DNA

contamination and with template omitted to control for any reagent contamination. All gene

expression assays used were demonstrated to amplify with equal efficiencies. Data are

expressed normalized to endogenous control as 2−ΔCT values (Livak and Schmittgen, 2001;

Peirson et al., 2003).

Statistics

Values for variables are presented as mean ± standard error of the mean. Statistical analyses

were run using SPSS 18 and STATView. Repeated measures ANOVA was used to analyze

the ASR data. Two-way ANOVA with cohort as a blocking variable was used in analyses of

the interaction and overall effects of exercise and AAS. Individual groups were compared

using one-way ANOVAs to determine significant differences. Numbers of animals (n) are

indicated for all data in figures and/or figure legends. In those figures where data are

presented normalized to control groups, statistical analyses were performed on the raw data

values. For all data, the alpha level was set at p ≤ 0.05. For data comparisons with p-values

greater than alpha (i.e. p ≥ 0.05) but less than 0.1, effect size was calculated as Cohen’s d

(Cohen, 1988). In all figures, asterisks indicate statistical significance where * indicates p ≤

0.05; ** indicates p ≤ 0.01; *** indicates p ≤ 0.001.

RESULTS

I. Sex-specific effects of chronic AAS treatment on anxiety-like behaviors

Chronic AAS treatment increases anxiety-like behaviors of female but not
male mice—Initial experiments replicated the results of previous studies (Costine et al.,

2010; Oberlander and Henderson, 2012b) by confirming that AAS treatment throughout

adolescence of female C57BL/6 mice maintained 4/cage in standard mouse housing

significantly increased the average startle amplitudes on the ASR [F1,14 = 5.312, p = 0.037].

All subsequent behavioral studies were carried out with multiple cohorts of eight animals for

each sex and treatment condition maintained as pairs in larger cages with enrichment. For

female mice pair-housed in these larger cages with enrichment, AAS treatment also led to a

significant increase in the average amplitude of the ASR [F1,42 = 5.883, p = 0.02] (Figure

1A, B). Anxiety-like behaviors of female mice treated with AAS were also found to be

significantly elevated on the marble burying test [F1,28 = 11.00; p = 0.003] (Figure 2A).
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When normalized for mass, the average startle amplitudes between oil-injected male and

female mice were not significantly different. However, in contrast to female mice,

comparable AAS treatment of male mice had no significant effect on startle amplitude with

pair-housed animals [F1,42 = 2.625; p = 0.113] (Figure 1C, D) or when all animals were

pooled across the different housing conditions (8 cohorts of 8 AAS-treated and 8 oil-injected

male mice). Similarly, AAS treatment had no effect on marble burying scores in male mice

[F1,28 = 0.916; p = 0.347] (Figure 2B).

Low levels of social interaction may also be symptomatic of anxiety disorders in humans

and startle amplitudes in people are correlated with social anxiety (Grillon, 2008). Tests for

social interactions have been assessed in mice by using a social choice paradigm, wherein

diminished exploration of the novel mouse may reflect an anxiety-related state (Crawley,

2007). Analysis of the parameters measured in this test revealed a significant effect of sex in

that oil-injected males spent more time on the novel side than did oil-injected females [F1,28

= 4.313; p = 0.047]. AAS-injected males also spent more time on the familiar side than did

AAS-injected females [F1,28 = 7.140; p = 0.012] and made more touches on the familiar side

[F1,28 = 13.46; p = 0.001]. However, within a given sex, there was no significant effect of

treatment (Table 1A).

II. Sex-specific effects of chronic AAS treatment on CRF in the extended amygdala

CRF levels in the extended amygdala are sexually differentiated and AAS
treatment abrogates that difference—For male and female mice assessed at ~PN65,

there was a significant interaction of sex by treatment for CRF peptide levels in the BnST

[F1,115 = 12.02; p = 0.02]. Pairwise comparisons indicated that CRF levels were

significantly higher in oil-injected male than oil-injected female mice [F1,54 = 21.05; p <

0.0001]. As has been reported previously using immunocytochemistry (Costine et al., 2010),

chronic treatment of female mice with AAS throughout adolescence significantly increased

CRF peptide (in the current study, as measured by ELISA) in the BnST of female mice

[F1,52 = 7.709; p = 0.008] (Figure 3C). No effect of AAS treatment on CRF peptide was

observed for male mice (Figure 3E). The AAS-induced increase in CRF in female, but not

male, mice abolished the sex-specific difference observed in baseline levels of this peptide.

Pairwise comparisons of AAS-treated males versus females indicated no significant

difference in the levels of CRF in the BnST [F1,61 = 1.16; p = 0.464].

There was also a significant effect of sex with respect to CRF mRNA in the CeA [F1,81 =

7.789; p = 0.007] wherein levels of CRF mRNA in were significantly higher in oil-injected

male than oil-injected female mice [F1,40 = 7.037; p = 0.011]. We previously observed that

AAS treatment significantly increased CRF mRNA in the CeA of female mice (Costine et

al., 2010), however, in the current study, this increase did not attain significance [F1,81 =

3.223; p = 0.076] (Figure 3D). Cohen’s effect size (d = 0.78) suggested a high practical

significance. No effect of treatment was evident for CRF mRNA in the CeA of male mice

(Figure 3F). As with CRF peptide in the BnST, the overall impact of AAS treatment was to

eliminate the sex-specific difference observed in levels of this transcript. Pairwise

comparison of AAS-treated male versus female mice indicated no significant difference in

the levels of CRF mRNA [F1,41 = 2.56; p = 0.117].
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III. Sex-specific interactions of AAS and voluntary exercise

Wheel running as a form of voluntary exercise has been postulated to promote anxiolytic

effects in rodents (Binder et al., 2004; Fox et al., 2008; Duman et al., 2008; Salam et al.,

2009). To determine if exercise alters the effects of chronic AAS treatment on the

expression of anxiety-like behavior, data from oil-injected and AAS-injected male and

female mice were compared for animals pair-housed with igloos versus those pair-housed

with running wheels.

Chronic AAS treatment significantly alters wheel-running activity in male but
not female mice—All groups of mice (male or female; AAS-treated or oil-injected)

increased wheel running commensurate with lights off (Figure 4A). There was a statistically

significant interaction of sex and treatment [F1,60 = 4.972; p = 0.03] for daily running

activity. Pairwise comparisons indicated that daily running activity was not significantly

different in oil-injected versus AAS-treated females (Figure 4B, D); however, activity was

significantly lower in AAS-treated versus oil-injected male mice [F1,28 = 5.414; p = 0.027]

(Figure 4C, E).

AAS and exercise exert differential effects on body mass in female versus
male mice—In females, where AAS-treated and oil-injected mice had comparable levels

of activity, there was no significant effect of exercise on body mass. There was however, an

overall effect of treatment on body mass [F1,70 = 31.09; p < 0.0001] wherein AAS-treated

females weighed significantly more than oil-injected controls in both the non-exercising

[F1,42 = 50.98; p < 0.0001] and the exercising groups [F1,28 = 5.764; p =0.023] (Table 2). In

males, despite the lower level of activity in AAS-treated male mice, there was an overall

effect of exercise on body mass in this sex [F1,83 = 10.77; p = 0.002] wherein males that had

access to running wheels weighed less than their counterparts maintained with igloos in both

oil-injected [F1,41 = 6.395; p =0.015] and AAS-treated [F1,42 = 4.678; p =0.036] mice

(Table 2). There was no effect of AAS treatment on body mass in male mice. Grip strength,

as measured by the hanging wire test, was not significantly altered by exercise or AAS

treatment in either females or males (Table 2).

Interactions of AAS and exercise on anxiety-like behaviors in female and male
mice—Despite the reported anxiolytic effects of exercise, voluntary wheel running did not

abrogate the increase in anxiety-like behavior in AAS-treated female mice. Despite access to

running wheels, there was still an overall effect of AAS treatment on startle amplitudes

[F1,70 = 16.60; p < 0.0001] and on marble burying scores [F1,56 = 13.71; p < 0.0001] in this

sex. Pairwise comparisons revealed that ASR amplitudes [F1,28 = 11.52; p = 0.002] (Figure

5A) and marble burying scores [F1,28 = 5.205; p = 0.03] (Figure 5B) were significantly

higher for AAS-treated exercising females than their oil-injected counterparts.

Female mice—For female mice, there was a significant effect of exercise on the ASR

when cohort was not used as a blocking variable [F1,76 = 5.63; p = 0.02] (Figure 5A).

However there was also a significant effect of cohort (p = 0.033), and when it was used as a

blocking variable, no overall effect of exercise on the startle response was evident. There

was an overall effect of exercise on marble burying in female mice [F1,56 = 4.536; p =
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0.037]. This effect could be attributed to lower scores with exercise in the AAS-treated

group [AAS versus AAS+Ex; F1,28 = 4.422; p = 0.045] (Figure 5B). Finally, there was no

interaction on either test for AAS treatment and exercise. For females in the social choice

paradigm, there was no significant interaction between treatment and exercise, however

there was a significant overall effect for time spent on the novel side for treatment [F1,56 =

4.793; p = 0.033] and for exercise [F1,56 = 4.211; p = 0.045]. This was because the group of

AAS-treated females in toto (exercising and non-exercising) spent more time on the novel

side than their oil-injected counterparts and that non-exercising females in toto (AAS-treated

and oil-injected) spent more time on the novel side than their exercising counterparts (Table

1B).

Male mice—For male mice as previously discussed, there was no significant effect of AAS

treatment on the ASR (Figure 1C, D), nor was there an interaction of AAS treatment and

exercise on this test. There was, however, an overall effect of exercise on the ASR [F1,83 =

8.436; p = 0.005], with lower ASR levels in the males from the exercise groups. There was

no overall effect of cohort in males. Pairwise comparisons indicated that the decrease in

startle amplitudes with exercise in males attained statistical significance in the oil-injected

mice [F1,41 = 4.947; p = 0.032], although this change did not attain significance for AAS-

treated males [F1,42 = 3.454; p = 0.07] (Figure 5C). For male mice, there was also a

significant overall effect of exercise on marble burying score [F1,56 = 23.34; p = 0.015],

with the decrease attaining significance in the mice treated with AAS [F1,28 = 8.725; p =

0.006] (Figure 5D). For male mice in the social interaction paradigm, there was no

significant effect of exercise on the percent time spent on either the novel side or the

familiar side (Table 1B).

Exercise decreases locomotion on the elevated plus maze in both female and
male mice—AAS treatment of female mice maintained 4 per cage without enrichment has

been shown to decrease the total time spent on the open arms in the EPM, supporting an

anxiogenic action of chronic AAS treatment in this sex (Oberlander and Henderson, 2012b).

In the current study, for both oil- and AAS-injected mice, when animals were housed with

running wheels, we found that exercise significantly decreased time spent in the open arms

in both females [F1,56 = 25.31; p < 0.0001] (Figure 6A) and males [F1,56 = 36.16; p <

0.0001] (Figure 6B). However, exercise also promoted a significant decrease in closed arm

entries in both females [F1,56 = 30.52; p < 0.0001] and males [F1,56 = 20.14; p < 0.0001].

Moreover, this decrease in closed arm entries correlated with open arm time in both females

(Figure 6C; R = 0.34; p = 0.006) and males (Figure 6D; R = 0.51; p = 0.00002). Fuss et al.

(2010) have also reported that wheel running decreased both exploration and overall

locomotion in adult male C57BL/6 mice. Normalizing percent open arm time to closed arm

entries revealed no significant effect of exercise on percent time spent in the open arms on

the EPM in either female or male mice (Figure 6E, F) and suggests that interpretation of the

effects of exercise on AAS-induced anxiety as measured on the EPM may be compromised

by the overall effect of wheel running on locomotion.
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IV. Interactions of AAS and Exercise on CRF in the Extended Amygdala

Exercise has sex-specific effects on CRF in the extended amygdala

There was a significant interaction of AAS treatment and exercise for female mice [F1,52 =

5.918; p = 0.018] on the levels of CRF peptide in the BnST. Pairwise comparisons revealed

that exercise significantly increased CRF peptide in the BnST of oil-injected [F1,28 = 5.498;

p = 0.027] but not AAS-treated female mice (Figure 7A). There was no effect of exercise on

CRF mRNA in female mice (Figure 7B).

For male mice, as discussed, there was no effect of AAS treatment on CRF mRNA or

peptide (Figure 3B, D). Moreover there was neither an effect of exercise nor any interaction

between AAS treatment and exercise on CRF mRNA or peptide in this sex (Figure 7C, D).

Exercise has sex-specific effects on BDNF in the hippocampus

Although neurotransmission within the extended amygdala is central to the expression of

generalized anxiety, the full range of anxiety behaviors reflects a broader system that

includes bidirectional communication with other key structures, including the hippocampus

(Canteras et al., 2010; Kim et al., 2011). Exercise is known to impose significant effects on

the expression of anxious states, and brain-BDNF acting in this region has been implicated

as a major player in mediating these exercise-induced effects (for review; Pedersen et al.,

2009; Zoladz and Pilc, 2010; Novak et al., 2012). As exercise elicited a significant decrease

in marble burying scores in AAS-treated males without any corresponding changes in CRF

levels, we also examined the effects of AAS and exercise on the levels of BDNF mRNA in

the hippocampus.

Hippocampal BDNF mRNA was significantly higher in male than in female mice across all

treatment and exercise conditions [F1,119 = 72.86; p < 0.0001]. Neither AAS treatment nor

exercise altered BDNF mRNA in female mice (Figure 8A). In male mice, there was a

significant interaction of treatment and exercise [F1,55 = 6.447; p = 0.014]. Pairwise

comparisons indicated that AAS treatment significantly decreased BDNF mRNA levels in

males that did not have access to running wheels [F1,28 = 4.245; p = 0.049], but that exercise

significantly increased levels of this transcript in both AAS-treated [F1,27 = 19.89; p <

0.0001] and oil-injected [F1,28 = 4.893; p = 0.035] male mice, thus abolishing the AAS

versus oil difference in the exercising group for this sex (Figure 8B).

DISCUSSION

Chronic use of supratherapeutic levels of AAS is associated with significant changes in a

wide range of complex behaviors and in a multitude of neural signaling mechanisms that

give rise to them (for review, Clark and Henderson, 2003; McGinnis, 2004; Wood, 2008;

Melloni and Ricci, 2010; Oberlander and Henderson, 2012a). Despite the growing body of

data demonstrating the impact of AAS use on the brain and behavior, the majority of studies

has not incorporated critical variables such as sex into their designs, and only a handful has

assessed the importance of key environmental variables, such as exercise.
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Sex-specific differences in AAS-induced anxiety-like behaviors

Anxiogenic effects in rodents treated with AAS have been repeatedly demonstrated (Rocha

et al., 2007; Agis-Balboa et al., 2009; Ambar and Chiavegatto, 2009; Costine et al., 2010;

Oberlander and Henderson, 2012b). However, AAS exposure does not always promote an

increase in anxiety (Bitran et al., 1993; Ågren et al., 1999; Barreto-Estrada et al., 2004;

Rojas-Ortiz et al., 2006; Steensland et al., 2005; Frye et al., 2008; Kouvelas et al., 2008).

The variability in AAS effects on expression of anxiety-like behaviors is hypothesized to

arise from a host of factors, of which sex is likely key (for review, Clark and Henderson,

2003; Clark et al., 2006). However, teasing out the importance of sex has been confounded

by the fact that few studies use the same age, species or strain of animal and employ

different environmental conditions, behavioral assays, and drugs, including differences in

their doses and durations. We show that for animals maintained without access to running

wheels, chronic treatment of female C57BL/6 mice throughout adolescence with a mixture

of three AAS that are commonly abused in the human population increases anxiety-like

behaviors as measured on the ASR (Costine et al., 2010; Oberlander and Henderson, 2012b;

current study), the EPM (Oberlander and Henderson, 2012b) and on the marble burying test

(current study). In contrast, treatment of male C57BL/6 mice of the same age and with the

same AAS paradigm was without effect on these behaviors. Results from the social

interaction paradigm also indicated that female mice were more sensitive than male mice to

the actions of the AAS in that AAS treatment significantly augmented the time spent on the

novel side for female mice, but was without effect in males. However, this sex-specific

difference only attained significance when data from both exercising and non-exercising

groups were combined. Within a given exercise condition, AAS treatment was without

effect on measures of social interaction/social novelty in either sex. Thus, the interpretation

of these data is likely to reflect more complex phenomena than simply an anxiogenic or

anxiolytic effect.

The basis for the insensitivity to AAS effects on anxiety-like behaviors in these male mice is

not known, but is unlikely to reflect an overall insensitivity of gonadally intact male mice to

the actions of AAS arising from a “ceiling effect” imposed by endogenous androgens since

high doses of AAS diminish testes weight and circulating testosterone (Clark et al., 1997).

Similarly, a dearth of androgens, and thus androgen receptor signaling in the brain, is also an

unlikely cause as radioimmunoassays of male mice injected with this AAS mixture

demonstrate levels of testosterone in brain tissue (likely AAS-derived) that were greater than

8-fold those found in oil-injected controls (Penatti et al., 2009b). Finally, gonadally intact

male mice are capable of responding to chronic AAS treatment with increased aggression

(Martínez-Sanchis et al., 1998; Ambar and Chiavegatto, 2009; Robinson et al., 2012), as are

gonadally intact adolescent male hamsters (for review, Melloni and Ricci, 2010). We instead

favor the hypothesis that sex-specific neural templates are established in development such

that by adolescence, the circuitry that gives rise to anxiety-like behaviors in females is more

sensitive to the effects of these exogenous steroids on the expression of anxiety-like

behaviors, than is this circuitry in males. This hypothesis is also supported by studies

demonstrating that AAS treatment is far less efficacious in eliciting aggressive behaviors in

mutant male mice that have been bereft of androgen receptor signaling since birth, but that
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acute androgen receptor blockade has only a modest impact on AAS-induced aggression

(Robinson et al., 2012).

Sex-specific differences in AAS effects on CRF in the extended amygdala

CRF signaling through the CRF type 1 receptor (CRF1) in the extended amygdala is critical

for the expression of sustained anxiety and for the ability of AAS to augment anxiety-like

behaviors and alter GABAA receptor-mediated signaling in the extended amygdala in

female mice (for review, Oberlander and Henderson, 2012a). Data from the current study

suggest that sexually differentiated CRF signaling within the extended amygdala may make

an important contribution to the sex-specific effects of chronic AAS treatment on the

expression of anxiety-like behaviors. First, levels of CRF peptide in the BnST and CRF

mRNA in the CeA were significantly lower in oil-injected female than oil-injected male

mice; data that are in agreement with previous studies of these regions of the extended

amygdala in rats (Desbonnet et al., 2008; Sterrenburg, 2011). Our data are also consistent

with numerous previous reports indicating that the CRF signaling system in the extended

amygdala shows both sex-specific and hormone-dependent regulation. Specifically, a sex-

specific difference in the number of CRF-expressing cells (as assessed by in situ

hybridization) in the CeA of the rat has been reported to arise during development (Viau et

al., 2005); levels of CRF mRNA are regulated by endogenous gonadal steroids in the CeA

(Lund et al., 2004; Viau et al., 2005); the promoter region of the CRF gene contains

response elements for both androgen and estrogen receptors (Bao et al., 2006; Kageyama

and Suda, 2010); and mice engineered to be deficient in the expression of both CRF1 and

CRF2 show sex-specific differences in the expression of anxiety-like behaviors (Bale et al.,

2002). Second, AAS treatment increased CRF levels in the extended amygdala of female

mice (Costine et al., 2010; Oberlander and Henderson, 2012b; Figure 3), but had no effect in

males. By raising CRF levels in females, AAS treatment nullified the basal sex-specific

difference in this critical signaling peptide. These results suggest an interesting parallel with

the studies by Bangasser et al. (2010) in which it was shown that exposure to a stressor

abolishes a baseline sex-specific difference in CRF1-Gs coupling in the rodent cortex, albeit

in this case, by a stress-induced increase in receptor-Gs coupling in males.

How might AAS interact with a sexually differentiated CRF system to elicit anxiety in

female but not male mice? Stress-related psychological disorders are twice as prevalent in

women than in men and as a general rule of thumb, females show an exaggerated stress

response compared to males (for discussion, Iwasaki-Sekino et al., 2009; Valentino et al.,

2012). It is interesting to speculate that chronic AAS may function as a “stressor” to which

females show a greater response than do males. As noted above, stress has been shown to

enhance internalization of CRF1 and desensitization of forebrain neurons to CRF only in

male mice, thus rendering females both more sensitive to low levels of CRF and less able to

adapt to higher levels of this peptide in stressed states (Bangasser et al., 2010). CRF, in turn,

has been shown to influence 5-HT receptor signaling and internalization resulting in

sensitization of 5-HT2 receptor signaling and increased anxiety-like behavior (Tan et al.,

2004; Magalhaes et al., 2010). 5-HT receptors comprise the major target for the treatment of

anxiety disorders (Hammack et al., 2009) and in the medial prefrontal cortex have also been

shown to be internalized in a stress- and sex-dependent manner (Goodfellow et al., 2009;
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Benekareddy et al., 2010). Although the small size of the BnST precludes the kind of direct

biochemical assessment that has been made for larger regions of the forebrain, an attractive

mechanism for sex-specific actions of AAS on anxiety may entail enhanced CRF signaling

in the BnST in female mice (Oberlander and Henderson, 2012b) and a subsequent

preferential increase in 5-HT2 receptor-mediated excitation in this region that could then

contribute to enhanced anxious states (Hammack et al., 2009).

Sex-specific interactions of exercise and AAS-induced anxiety

Exercise is a fundamental component of the regimes of most individuals who use AAS to

enhance performance or body image, whether they are amateur or professional athletes

(Wood and Stanton, 2012; Eisenberg et al., 2012; Fitch, 2012; Buckman et al., 2013), and

AAS users tend to exercise at a higher rate than non-users (Kokkevi et al., 2008; Ip et al.,

2011). Previous studies have focused on the impact of AAS use on voluntary exercise itself.

Bronson and colleagues (Bronson, 1996; Bronson et al., 1996) first demonstrated that high

doses of a mixture of AAS (testosterone, testosterone cypionate, methyltestosterone and

norethandrolone) administered to adult CF-1 mice for 6 months decreased wheel running in

both sexes, but the difference attained significance only in females. Chronic exposure to

high doses of nandrolone or nandrolone decanoate also reduced wheel running in adult male

rats (females were not tested) (McGinnis et al., 2007; Tanehkar et al., 2103). However, the

impact of AAS on wheel running was compound-specific. In contrast to nandrolone,

testosterone increased wheel running and stanozolol was without effect (McGinnis et al.,

2007). Our data also demonstrate that the effects of AAS on wheel running were sex-

specific, and that chronic exposure throughout adolescence to the mixture of AAS used in

this study (testosterone cypionate, nandrolone decanoate and methandrostenolone)

significantly decreased wheel running in male, but not female, C57BL/6 mice.

To our knowledge, the current study and a recent report (Tanehkar et al., 2013) published

during the course of our experiments are the first to address the impact of exercise on AAS-

induced changes in non-locomotory behaviors. Tanehkar et al. (2013) demonstrated that,

despite an exercise-induced increase in hippocampal BDNF (vide infra), wheel running did

not alter the deficits in spatial learning elicited in adult male rats by high doses of

nandrolone decanoate. In a similar vein, we find that exercise was unable to inhibit the

increase in anxiety-like behavior elicited by AAS treatment of female mice and interestingly

promoted a significant increase in CRF in the BnST of oil-injected females. Increases in

CRF and an excessive drive to exercise are correlated with the pathological anxiety that

accompanies anorexia nervosa in women (Hotta et al., 1986; Kaye et al., 1987; Kaye, 2009).

It is interesting to speculate that exercise-dependent changes in CRF in the extended

amygdala may interact with those elicited by AAS in a markedly different fashion in males

and females, and our data underscore that even for healthy women, the combination of AAS

and exercise may make them vulnerable to enhanced anxiety in a fashion not seen in their

male counterparts.

Although CRF signaling in the extended amygdala is central to the expression of generalized

anxiety, the full range of anxiety behaviors reflects a broader system that includes

bidirectional communication with other key structures, including the hippocampus (Canteras
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et al., 2010; Kim et al., 2011). In particular, changes in hippocampal levels of BDNF have

been widely accepted as important in promoting beneficial behavioral actions of exercise in

both humans and rodents (for review, Zoladz and Pilc, 2010). Studies are however far more

variable than common wisdom appears to suggest, and results are dependent on the same

range of critical variables, including sex, that are important with respect to AAS effects (for

discussion Fuss et al., 2010; Novak et al., 2012). We thus also assessed whether there were

sex-specific interactions of AAS and exercise that correlated with the observed impact of

these two factors on the expression of anxiety.

Previous studies in male rodents have suggested that, concomitant with its anxiolytic effect,

exercise increases BDNF mRNA and protein in the hippocampus (Adlard et al., 2005;

Engesser-Cesar, 2007; Fuss et al., 2010; Hopkins and Bucci, 2010; Zajac et al., 2010; Sartori

et al., 2011; Abel and Rissman, 2013; Tanehkar et al., 2103). Prior reports in female rodents

suggest that exercise either has no effect (Engesser-Cesar et al., 2007; Alvarez-López et al.,

2013) or increases hippocampal BDNF (Zajac et al., 2010; Marlatt et al., 2013). Our data

indicate a significant sex-specific difference in the baseline levels of hippocampal BDNF

mRNA, but that neither AAS treatment nor exercise altered BDNF mRNA levels in female

mice. That chronic exposure to supratherapeutic levels of synthetic AAS had no effect on

BDNF mRNA in female mice is of interest as BDNF mRNA and protein levels in the

hippocampus are regulated by physiological levels of estradiol (for review, Carbone and

Handa, 2013). These findings underscore the fact that the prolonged exposure to greatly

elevated levels of chemically modified AAS has markedly different molecular, functional

and behavioral outcomes than do hormone regimes that mimic physiological conditions (for

review, Oberlander at al., 2012). In male mice, we found that AAS treatment decreased the

levels of BDNF mRNA and that this AAS-dependent decrease could be reversed by

exercise. Our data for males are in agreement with Mastrisciano et al. (2010) who report that

AAS treatment decreased hippocampal BDNF in adult male rats but contrast with previous

report by Rossbach et al. (2007) and Tanehkar et al. (2013) who found, respectively, either

no change or an increase in BDNF with AAS treatment. Although our data from male mice

are consistent with other reports that positively correlate exercise-induced increases in

BDNF with decreases in anxiety-like behaviors, it is unlikely that hippocampal BDNF is a

key modulator of AAS-induced anxiety as AAS did not change the levels of this transcript in

female mice, which manifest an AAS-induced increases in anxiety, and, conversely, male

mice did not exhibit AAS-induced anxiety, despite the fact that AAS treatment decreased in

BDNF mRNA in this sex.

In conclusion, our data demonstrate a clear sex-specific difference in CRF signaling within

the extended amygdala and in the effects of AAS on both behavioral and neurochemical

correlates of anxiety in C57BL/6 mice. Furthermore, we found that exercise was ineffective

in diminishing AAS-induced anxiety or AAS-dependent increases in CRF in female mice,

while AAS do not augment anxiety-like behaviors in males and exercise has a modest

anxiolytic effects in this sex. This study highlights that behavioral actions of AAS in human

cohorts, which are nearly always male, should not be blithely extrapolated to females, and

that female athletes who take AAS may be particularly susceptible to changes in neural

signaling that promote an increase in the incidence of anxious states.
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HIGHLIGHTS

• Chronic exposure to anabolic steroids increases anxiety in female not male mice

• Voluntary exercise accentuates sex-specific differences in anabolic steroid-

induced anxiety

• Basal levels of CRF are higher in the extended amygdala of male versus female

mice

• Exposure to anabolic steroids increases CRF in females to male-like levels

• Levels of hippocampal BDNF mRNA are sex- and exercise-, but not AAS-

dependent
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Figure 1. AAS effects on startle amplitude
(A) Representative ASR data from one cohort (n = 8) of female mice maintained in pair-

housed conditions with enrichment (igloos) illustrating habituation of the first 30 startle

responses (5 responses/bin) and significant AAS-dependent enhancement of the startle

response for this cohort (p = 0.004; n = 8 per group). (B) Averaged data for three cohorts of

female mice. Oil: oil-injected and AAS: AAS-treated. There was a significant increase in

startle with AAS treatment (*p = 0.02). (C) Comparable representative data from a cohort (n

= 8) of male mice and (D) averaged data from three cohorts of male mice maintained in pair-
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housed conditions with enrichment. AAS did not have a significant effect on startle

amplitude in males.
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Figure 2. AAS effects on marble burying
Marble burying scores were significantly higher in AAS-treated female (A; **p = 0.003) but

not male (B) mice.
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Figure 3. Sex-specific differences in baseline and AAS-induced changes of CRF in the extended
amygdala
(A) Levels of CRF peptide in the BnST were significantly higher in oil-injected male than

female mice (***p < 0.0003). (B) Levels of CRF mRNA in the CeA were significantly

higher in oil-injected male than female mice (**p < 0.004). (C) AAS treatment significantly

increased CRF peptide levels in the BnST (**p = 0.008) in female mice. There was no effect

of AAS treatment on (E) CRF peptide in the BnST or (F) CRF mRNA in the CeA in male

mice. The data in A and B are the same data for oil-injected animals shown in C–F, but have

been shown on separate axes to more clearly illustrate baseline sex-specific differences in

CRF in the extended amygdala.
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Figure 4. Running wheel activity in oil- and AAS-treated mice
A) Representative actogram of daily running activity. Each horizontal line represents a 24 hr

period and each grey block represents running activity in 5 min bins over that day. AAS

treatment did not change the circadian patterning of running; all groups were most active in

the dark cycle. (B) Average data indicating that AAS treatment did not significantly alter the

number of wheel rotations in female mice. (C) Average data indicating that AAS treatment

significantly decreased average wheel rotations in male mice (*p = 0.027). (D)

Representative average running activity for the first 6 hours of the dark cycle (7:00 PM to

midnight) binned in 30-minute blocks demonstrating that AAS treatment did not

significantly alter running in female mice (same animals as for data in C). (E)

Representative average running activity for the first 6 hours of the dark cycle binned in 30-

minute blocks demonstrating that AAS treatment significantly decreased average running

activity over the period in male mice (same animals as for data in C).
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Figure 5. Effects of exercise on anxiety-like behaviors
Data demonstrating average values for AAS-treated animals without access to running

wheels (black bar), oil-injected animals with access to running wheels (grey bar) and AAS-

injected animals with running wheels (stippled bar) normalized to the values for oil-injected

animals without access to running wheels (100%: solid line). (A) ASR amplitudes of female

mice were significantly higher with AAS treatment whether female mice had access to

running wheels or not (***p < 0.0001; comparison of histogram bar values to the line

representing 100% of oil-injected/no exercise). ASR amplitudes were also significantly

higher in AAS-treated than oil-injected females who exercised (**p = 0.002; stippled versus

grey bars). Exercise was correlated with a significant decrease ASR amplitude for oil-

injected female mice (**p = 0.02; grey bar versus line indicating 100%), however the

difference reflects a contribution of cohort (p = 0.033). (B) Consistent with results on the

ASR, there was a significant effect of AAS treatment on marble burying scores of female

mice irrespective of exercise (***p < 0.0001). Marble burying scores were also significantly

higher in AAS-treated than oil-injected females who exercised (*p = 0.03; stippled versus

grey bars). There was also a significant overall effect of exercise (p = 0.037) on marble

burying with exercise significantly decreasing marble burying in AAS-treated female mice
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(*p = 0.045; black versus stippled bars). (C) For male mice, there was neither a significant

effect of treatment nor an interaction of treatment and exercise on the ASR. In males, there

was an overall effect of exercise on the ASR (p = 0.005) with significantly lower startle

amplitudes with exercise for oil-injected mice (*p = 0.032; grey bar versus 100%). (D) For

male mice, there was a significant overall effect of exercise on marble burying (p = 0.015),

and scores were significantly lower with exercise for AAS-treated males (**p = 0.006; black

versus stippled bars).
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Figure 6. Effects of exercise on locomotion in male and female mice
Four weeks of voluntary exercise significantly decreased percent time spent in the open

arms of the elevated plus maze in (A) female oil-injected (Oil versus Oil+Ex; ***p =

0.0009) and AAS-treated (AAS versus AAS+Ex; **p = 0.01) mice and in (B) male oil-

injected (***p < 0.0001) and AAS-treated (*p = 0.028) mice. Time spent in the open arms

was directly correlated with the number of closed arm entries (a measure of locomotion) in

(C) female (R = 0.34; p = 0.006) and (D) male (R = 0.51; p = 0.00002) mice. Percent time

spent in the open arms normalized to the number of closed arm entries to account for the

effect of locomotion on open arm time in (E) female and (F) male mice. There was no

significant effect of exercise on normalized percent open arm time in either sex.
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Figure 7. Effects of exercise on CRF levels in the extended amygdala
Data are displayed as in Figure 6: average values for AAS-treated animals without access to

running wheels (black bar), oil-injected animals with access to running wheels (grey bar)

and AAS-injected animals with running wheels (stippled bar) normalized to the values for

oil-injected animals without access to running wheels (100%: solid line). (A) Levels of CRF

peptide in the BnST of female mice were significantly higher in oil-injected animals that had

access to running wheels (*p = 0.027; grey bar versus 100%). (B) In non-exercising female

mice. (C) Neither treatment nor exercise had an effect on CRF peptide in the BnST of male

mice.(D) Neither exercise nor treatment altered CRF mRNA in the CeA in male mice.
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Figure 8. Effects of exercise on BDNF mRNA expression in the hippocampus
(A) Neither treatment nor exercise altered BDNF mRNA in the hippocampi of female mice.

(B) AAS treatment significantly decreased BDNF mRNA in the hippocampi of male mice

(Oil versus AAS; *p = 0.049). Exercise significantly increased BDNF in the hippocampi of

oil-injected (Oil versus Oil+Ex; #p = 0.035) and AAS-treated (AAS versus AAS+Ex; ###p

< 0.0001) male mice. In both sexes, n = 16 per group.
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Table 1

Social interaction test parameters.

Females Males

A. Non-Exercising Mice

Oil AAS Oil AAS

%Familiar Side 41.2 ± 2.4 37.3 ± 4.0** 44.3 ± 2.1 49.4 ± 2.3

Touches 23.3 ± 1.9 19.8 ± 2.5** 26.9 ± 1.5 27.3 ± 1.3

%Novel Side 42.4 ± 2.5* 49.8 ± 3.7 49.7 ± 2.5 43.1 ± 2.5

Touches 26.4 ± 2.3 24.2 ± 2.6 27.9 ± 2.0 23.6 ± 1.9

%Center 16.4 ± 1.9 12.9 ± 1.5 12.7 ± 1.1 15.3 ± 2.7

Females Males

B. Exercising Mice

Oil AAS Oil AAS

%Familiar Side 51.9 ± 5.7 39.9 ± 3.5 46.4 ± 4.8 46.6 ± 3.5

Touches 27.8 ± 3.0 22.9 ± 2.9 23.0 ± 2.3 26.8 ± 2.9

%Novel Side 33.9 ± 4.7 42.9 ± 3.5 47.5 ± 4.4 46.3 ± 3.5

Touches 19.4 ± 3.0 25.1 ± 2.6 26.1 ± 3.2 28.5 ± 2.2

%Center 14.2 ± 2.6 17.2 ± 3.1 12.3 ± 0.9 14.1 ± 2.0

(A) Average values for female and male mice in social interaction paradigm for animals housed without access to running wheels (no exercise).
Significant differences were evident between the sexes, but there was no significant effect of treatment on these measures. Specifically, between
AAS-treated males versus females, there were significant differences on the percent time spent on the familiar side (% Familiar Side; **p = 0.012)
and on the number of touches on the familiar side (***p = 0.001). There was also a significant difference on the percent time spent on the novel
side (%Novel Side; *p = 0.047) oil-injected males versus females. (B) Average values for female and male mice in social interaction paradigm for
animals with access to running wheels (exercise). There was a significant overall effect of sex on the percent time spent on the novel side (% Novel
Side; p = 0.043) however no significant differences were evident on pairwise comparisons.
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Table 2

AAS effects on body mass and grip strength

Females Males

Mass Hanging Wire Mass Hanging Wire

Oil 18.1 ± 0.2 291.6 ± 8.4 23.0 ± 0.6 242.9 ± 37.6

AAS 20.0 ± 0.2*** 287.3 ± 9.2 23.6 ± 0.5 226.9 ± 39.9

Oil+Exercise 18.6 ± 0.2 272.8 ± 17.6 21.8 ± 0.5*** 270.3 ± 29.8

AAS+Exercise 19.5 ± 0.3*** 263.1 ± 20.9 22.5 ± 0.5*** 293.3 ± 6.8

Average values for female and male mice for mass (PN62) and for maximum time that they remained suspended on the hanging wire test. n = 16
animals for each sex for all measurements except the hanging wire test for males (n = 8). AAS-treated females weighed significantly more than oil-
injected controls for both exercise and non-exercise groups (***p< 0.0001). In contrast, males that had access to running wheels weighed less than
their counterparts maintained with igloos in both oil-injected (p =0.015) and AAS-treated (p =0.036) groups.
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