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Abstract

In humans, anabolic androgenic steroid (AAS) use has been associated with hyperactivity and 

disruption of circadian rhythmicity. We used an animal model to determine the impact of AAS on 

the development and expression of circadian function. Beginning on day 68 gonadally intact male 

rats received testosterone, nandrolone, or stanozolol via constant release pellets for 60 days; 

gonadally intact controls received vehicle pellets. Wheel running was recorded in a 12:12 LD 

cycle and constant dim red light (RR) before and after AAS implants. Post-AAS implant, 

circadian activity phase, period and mean level of wheel running wheel activity were compared to 

baseline measures. Post-AAS phase response to a light pulse at circadian time 15h was also tested. 

To determine if AAS differentially affects steroid receptor coactivator (SRC) expression we 

measured SRC-1 and SRC-2 protein in brain. Running wheel activity was significantly elevated 

by testosterone, significantly depressed by nandrolone, and unaffected by stanozolol. None of the 

AAS altered measures of circadian rhythmicity or phase response. While SRC-1 was unaffected 

by AAS exposure, SRC-2 was decreased by testosterone in the hypothalamus. Activity levels, 

phase of peak activity and circadian period all changed over the course of development from 

puberty to adulthood. Development of activity was clearly modified by AAS exposure as 
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testosterone significantly elevated activity levels and nandrolone significantly suppressed activity 

relative to controls. Thus, AAS exposure differentially affects both the magnitude and direction of 

developmental changes in activity levels depending in part on the chemical composition of the 

AAS.
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INTRODUCTION

Abuse of anabolic androgenic steroids (AAS) has increased dramatically in recent years 

[1,2,3,4,5]. AAS abuse has become a public health issue, and evidence of numerous 

undesirable behavioral changes have been reported. For example, AAS use reportedly 

induces hyperactivity and sleep disturbances [2,5,6,7,8]. Since these disorders are associated 

with changes in circadian rhythmicity [9,10,11,12] as well as with human AAS abuse, it is 

quite plausible that these effects are mediated by AAS-induced changes in biological clock 

function. Because the human data are largely subjective or based on single case reports and 

uncontrolled conditions, it is essential to establish animal models to confirm the validity of 

the findings for humans. Human alterations in circadian rhythms associated with psychiatric 

disorders are quantitative in nature, typically represented by relatively small but significant 

differences in phase or amplitude of various daily rhythms [9,10,11,12]. Thus, even 

relatively minor changes in circadian rhythm expression can serve as markers of certain 

psychopathological states [10].

Studies using various mammalian species have demonstrated effects of replacement doses of 

testosterone on circadian rhythmicity in castrated males [13,14,15,16]. For example, 

testosterone increased activity levels and elevated nocturnal amplitude of activity in 

castrated male voles [16]. In hamsters, castration increased the variability and duration of 

running wheel activity [15]. The diurnal rodent, Octodon degus exhibited significantly 

reduced wheel-running activity and increased phase angle of entrainment after castration 

[14]. Castrated male mice displayed a slightly shorter free-running period and increased 

activity following treatment with exogenous testosterone [13]. These data, along with the 

human studies discussed above, suggest that chronic exposure to very high doses of 

androgens such as those employed by human AAS users, may indeed affect circadian 

rhythms and mean levels of wheel-running activity. To our knowledge, the current study is 

the first to determine the impact of AAS exposure on the chronobiological regulation of 

activity.

In order to provide a comprehensive assessment of the effects of AAS on the 

chronobiological regulation of activity, there were three hypotheses that guided this study. 

The first hypothesis was that exposure to AAS would influence wheel running activity and 

circadian rhythms. The rational for this hypothesis is predicated on the hyperactivity and 

altered sleep patterns reported for humans following AAS use [2,5,6,7,8], and data showing 

that endogenous levels of testosterone may influence circadian rhythms in other rodent 
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species [13,14,15,16,17]. The second hypothesis was that AAS with dissimilar chemical 

characteristics would differentially affect both the level of wheel running activity and 

circadian parameters. This is based on behavioral research indicating that three of the most 

commonly abused AAS, testosterone, nandrolone and stanozolol [8,18], all have markedly 

different effects on a variety of behavior patterns. For example testosterone potentiates 

aggressiveness, nandrolone has little effect on aggression and stanozolol actually inhibits 

aggression [19]. The third hypothesis was that chronic AAS exposure would have an impact 

on the ontogenetic development of wheel running activity and circadian rhythms. This was 

predicted on the basis of work in Octodon degus showing that the development of adult 

circadian rhythm patterns are age and hormone dependent [17]. Because our baseline 

measures of wheel-running activity began prior to puberty and continued through 

adolescence and into adulthood we were able to examine the impact of these three distinct 

AAS on running wheel activity and circadian rhythms over the course of development.

Several measures were obtained in order to examine how AAS influence circadian rhythms 

and the expression of wheel running activity. Specifically, we assessed the effects of chronic 

AAS exposure on running wheel activity in 12:12 LD and constant dim red light (RR), peak 

time of activity in LD, circadian period in RR and phase-response to a light pulse at 

circadian time 15 hours. These parameters represent central circadian clock properties that 

play a critical role in the normal expression of circadian rhythms [20]. To better understand 

the biological consequences of AAS exposure on activity levels and circadian rhythms, we 

measured body and tissue weights, serum testosterone levels, and two nuclear receptor 

coactivators, SRC-1 and SRC-2 which have been shown to dramatically enhance the 

transcriptional activity of nuclear receptors, including androgen receptors (AR) [21,22,23].

MATERIALS AND METHODS

Subjects and Treatment Groups

Forty-Eight male Long-Evans rats, approximately 25 days old, were purchased from Charles 

River Labs (North Wilmington, MA, 01887, USA). Each rat was randomly assigned to one 

of four treatment groups: testosterone propionate (T), nandrolone (N), stanozolol (S) and 

control (C). Body weights were recorded twice: once when hormone pellets were implanted 

and again at the time of sacrifice. All procedures were conducted in accordance with the 

guidelines established for the care and use of laboratory animals by the National Institute of 

Health.

Housing

The rats were placed directly into transparent plastic cages, 47 x 27 x 20 cm (length x width 

x height) with ad lib food and water, and a 34 cm diameter running wheel on the day of their 

arrival in the lab in a 12:12 LD cycle with lights on at 0900 hours. Cages were arranged on 

open racks, alternating by drug treatment in a random block design. Trays suspended below 

wire mesh cage floors contained crushed corncob bedding. Bedding was changed, and water 

and food replenished approximately once per week. During 12:12 LD entrainment, light was 

provided by overhead fluorescent ceiling fixtures. The light intensity at the bottom center of 

each cage averaged 59 +/− 7 lux, with no significant difference among the four treatment 
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groups. During free-running circadian period assays and phase-response assays in constant 

dim red light (RR) the red light was provided by three safelights, each with a number one 

Kodak red monochromatic filter and a 15 watt bulb in a light-tight room measuring 16 ft. 

long by 8 ft. wide and 8 ft. High. Red light intensity was less than one lux in all cages.

AAS Treatment

The three AAS, testosterone (T), nandrolone (N) and stanozolol (S), were chosen for several 

reasons: 1) they are structurally distinct in their chemical composition, 2) they have differing 

affinities for the androgen receptor [24], 3) they are markedly different in their behavioral 

consequences (for review, see [19]), and 4) they are highly abused by humans. Previous 

studies [25,26,27,28,29,30] have employed daily subcutaneous injections to provide chronic 

exposure to high doses of AAS. In order to eliminate the effects of repeated handling and 

injections of the animals while in the running wheels, we used timed-release pellets 

(Innovative Research of America, Sarasota, FL, USA) designed to administer 200 mg of 

hormone at a constant rate for 60 days. This dosage reportedly provides approximately 3.3 

mg AAS/rat/day (Innovative Research of America, Sarasota, FL, USA). Interscapular 

subcutaneous implants were inserted under a ketamine (100 mg/ml) and xylazine (18 

mg/ml) anesthesia mix injected ip at 0.75 ml per kg body weight with wound clip sutures.

Schedule of Wheel-Running Assays and AAS Implantation

The rats were allowed to acclimate to the running wheels for six days from age 25 days to 

age 31 days. All rats were assayed for baseline wheel-running activity in the 12:12 LD cycle 

for 14 days from age 32 days to age 46 days, and in RR for 12 days from age 47 days to age 

59 days. Rats were removed from running-wheel cages from age 60 days to age 83 days and 

housed individually in plastic cages with ad lib food and water in 12:12 LD with lights on at 

0600h. During this time, while the rats re-entrained to the 12:12 LD cycle, they were 

implanted with timed-release hormone pellets at age 68 days, and the running wheel cages 

were cleaned.

The rats were assayed for post-treatment wheel-running activity in 12:12 LD for 12 days 

from age 84 days to age 96 days, and in RR from age 97 to 115 days. A 30 minute white 

light pulse was presented to all rats simultaneously on day 97 at approximately circadian 

time fifteen (ct15) (27 hours after lights-off on the last day of LD entrainment). The pulse 

source was a 15-watt fluorescent lamp centered and aligned front to back approximately six 

inches over the top of each cage. Light intensity at the center of each cage during light-

pulses averaged 502 +/− 28 lux, and was not significantly different among treatment groups. 

The 12:12 LD photoperiod was restored at age 116 days, and all the rats were sacrificed at 

age 118 days.

Wheel Running Assays

Wheel revolutions were recorded with magnetic switches, using VitalView software (cages, 

wheels, computer interface and software were purchased from Minimitter Co., Inc., Bend, 

OR, 97701, USA), as total revolutions per successive ten-minute interval. Mean number of 

wheel-revolutions per ten-minute interval, for the duration of LD and RR testing, was used 
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to determine mean activity levels in each condition. Actiview software (Minimitter) was 

used to construct computer-generated actograms for each subject.

Circadian phase was determined using the cosinor function in Actiview and best eye-fit 

regression lines through activity onsets to estimate baseline and post-AAS peak activity time 

in the 12:12 LD photoperiod. The periodogram function in Actiview was used to estimate 

baseline and post AAS treatment circadian periods for each rat in LD and RR by finding the 

best-fit period between 22 and 26 hours sampling successive one-minute intervals. Best-fit 

regression lines drawn on actograms through successive activity onsets were also used to 

estimate baseline and post-treatment circadian periods in LD and RR. The post-AAS 

circadian period in RR was estimated from the last ten days of the 18 days in RR following 

the ct15 light pulse.

Phase of activity onset following the light pulse was estimated by projecting onsets from 

days 10–19 in RR back to last day of prior entrainment, and using the clock time of the 

projected phase on the last day of entrainment as the measure of post-light pulse phase 

position. This post light-pulse phase value was compared to a control phase measurement 

(same procedure but no light pulse) for each rat from the pre-AAS assay of RR activity 

projected back to the last day of baseline LD activity to estimate the phase shift induced by 

the light pulse.

Blood and Tissue Collection

At the conclusion of testing, the animals were weighed and sacrificed by decapitation. Trunk 

blood was collected and serum was removed and frozen at −20 degrees. Serum levels of 

testosterone were determined using an I125 kit from ICN Biomedicals, Inc. (Costa Mesa, 

CA). Testes and seminal vesicles were removed and weighed.

Western Blot Analysis of SRC-1 and SRC-2

Immediately after decapitation, the entire hypothalamus and amygdala brain tissues were 

excised, placed in chilled microfuge tubes, snap frozen on dry ice and stored at −80 C. 

Tissue was homogenized in TEDG (consisting of 10 mM Tris-base, 1 mM EDTA, 1 mM 

Dithiothreitol (DTT), 10% glycerol 400 mM NaCl, pH = 7.4) and protease inhibitors 

(P2714, 1:10 dilution, Sigma, Saint Louis, MO) using a Teflon homogenizer. After tissue 

homogenization, samples were centrifuged at 12,000 g for 30 min at 4 C to sediment cellular 

debris and nuclei. The supernatant fraction was collected, and the protein concentration was 

determined by Bradford assay. Eighty ug of total protein from each tissue sample was gel 

electrophoresed on 7.5% polyacrylamide gels containing 1% SDS and transferred to a 

polyvinylidene difluoride membrane (Millipore, Bedford, MA). Samples were analyzed by 

Western blot for detection of SRC-1 as described previously [31]. Briefly, SRC-1 from brain 

was probed by using a mouse monoclonal antibody generated against amino acids 477–947 

of human SRC-1 (1135-H4, 0.5 ug/ml. Membranes were incubated in a horseradish 

peroxidase-linked sheep-anti-mouse secondary antibody (1:6000, Amersham, Piscataway, 

NJ) for one hour. Immunoreactive bands were detected with an enhanced 

chemiluminescence kit (ECL; New England Biolabs, Ipswich, MA) and membranes exposed 

to a Storm 860 PhosphorImager (Molecular Dynamics, Piscataway, NJ) for analysis and 
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then exposed to film (Blue Sensitive X-ray film, Laboratory Products Sales, Rochester, NY) 

for image collection. Membranes were stripped with stripping buffer (62.5 mM Tris, 

pH=6.7, containing 100 mM 2-mercaptoethanol and 2% SDS) and then re-probed for actin 

to normalize for differences in total protein loaded. Membranes were incubated overnight in 

a mouse monoclonal antibody generated against chicken actin (1:75,000, MAB1501, 

Chemicon, Temecula, CA) and then membranes were incubated in a horseradish peroxidase 

linked sheep-anti-mouse secondary antibody (1:10,000, Amersham) for one hour. For 

analysis of SRC-2, samples were gel electrophoresed as described above, and membranes 

were incubated in a mouse monoclonal antibody generated against amino acids 959–1067 of 

human SRC-2 (TIF2, clone 29, 1.0 ug/ml, BD Transduction Lab, San Jose, CA) overnight 

and then incubated in horseradish peroxidase linked sheep-anti-mouse secondary antibody 

(1:6000, Amersham) for one hour. Immunoreactive bands were detected and blots were 

stripped and probed for actin as described above. The total volume of the immunoreactive 

bands (total area of immunoreactive pixels X average optical density) detected on the 

PhosphorImager were analyzed using Image Quant software (v. 5.2, Molecular Dynamics).

Statistical Analysis

Main effects of AAS treatment and post-hoc comparisons among specific AAS groups were 

derived from analysis of variance using the GLM procedure in SAS (SAS Institute, Carey, 

NC, USA). Values are reported as mean +/− SEM. Mean differences from baseline within 

groups were tested against the null hypothesis of no change with the paired t-test. Body and 

tissue weights, serum testosterone levels and nuclear receptor coactivator expression levels 

were analyzed using ANOVA followed by Fisher's PLSD or Bonferroni’s test for post hoc 

comparisons.

RESULTS

Wheel running activity in LD and RR

AAS treatment significantly altered wheel running activity in LD and RR photoperiods 

(Figure 1). Baseline (pre-AAS) measures of activity in both conditions were not 

significantly different among AAS treatment groups for both LD and RR conditions 

(p>0.76). However, after AAS treatment there was a significant overall effect of AAS 

exposure on running wheel activity for LD and RR (p<0.0001). Post-hoc analysis revealed 

that T significantly (p<0.05) increased mean activity levels in both LD and RR conditions 

relative to controls. In contrast, N treatment resulted in a significant (p<0.05) decrease in 

wheel running activity in both LD and RR conditions. Mean activity levels of S-treated 

males were similar to controls.

There was also a highly significant (p< .001) effect of mean running wheel activity over 

time (Figure 2). Control rats displayed a three-fold increase in wheel running activity over 

the course of development (p< 0.01: days 84–96 vs days 32–46 (LD) and days 97–115 vs 

days 32–46 (RR)). Stanozolol treated males exhibited essentially the same pattern with a 

significant increase in activity over the course of development (p<0.001: days 84–96 vs days 

32–46 (LD) and days 97–115 vs days 32–46 (RR)). Testosterone-treated males showed the 

greatest increase in wheel running activity, but the same pattern of increase over time was 
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observed (p<0.001: days 84–96 vs days 32–46 (LD) and days 97–115 vs days 32–46 (RR)). 

Notably, nandrolone-treated males were similar to all other groups prior to AAS exposure, 

but after AAS exposure these animals exhibited no significant developmental increase in 

wheel running activity.

Circadian Period

Sample actograms are shown in Figure 3 for baseline and post-treatment in LD and RR for 

each treatment group. There were no statistically significant effects of AAS treatment on 

circadian period. The mean baseline period from periodogram analysis in RR was 23.89 +/− 

0.04 h RR (p>0.87), and 23.75 +/− 0.04 h post treatment (p>0.43). Comparable values from 

best-fit regression line estimates were 23.86 +/− 0.02 h for baseline period in RR (p>0.71), 

and 23.80 +/− 0.03 h post-treatment in RR (p>0.41).

There was a significant decrease in circadian period over the course of development in all 

groups. The mean changes in circadian period from baseline to RR was −0.15 +/− 0.04 h 

from periodogram estimates (p<0.001) and −0.07 +/− 0.03 h for best fit regression line 

estimates (p<0.05). There was no significant effect of AAS exposure on the shortening of 

tauRR over time.

Phase of Peak and Phase of Activity Onset

The phase of peak is shown in Table 1. There were no significant differences among the 

AAS groups for either baseline or post-treatment means for phase. There was, however, an 

overall significant (p< 0.001) advance in the mean time of peak of nearly three hours over 

the course of development (age 32–46 days to age 84–96). The change from pre-AAS to 

post-AAS values was significant for controls (p< 0.01) as well as for all AAS treatment 

groups (p< 0.001). The advance in time of peak was not affected by AAS treatment. There 

was no significant difference between groups for phase of activity onset over development 

(Table 1).

Ct15 Phase Response

The overall mean phase response to the ct15 light pulse was a phase delay of 1.82 +/− 0.23h 

(p<0.001). There were no significant differences in magnitude of the response among any of 

the AAS treatment groups.

Body and Tissue Weights

Body weights are shown in Table 2. Body weights did not differ between groups at the start 

of AAS treatment. However, by the end of the experiment, the body weights of the T group 

were significantly lower than gonadally intact controls (p<.05). There were no significant 

differences in body weights of either N or S groups compared to controls. Testes weights 

(Table 3) were significantly lower than gonadally intact controls in all three AAS groups. 

Seminal vesicle weights in testosterone-exposed males were significantly elevated compared 

to gonadally intact controls (Table 3).
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Serum Testosterone Levels

Serum testosterone levels (Table 3) in males exposed to testosterone were significantly 

higher than controls, reflecting the level of exogenous AAS treatment. Nandrolone exposure 

resulted in serum testosterone levels that were significantly below gonadally intact levels. 

Serum levels of testosterone in stanozolol-treated males were not statistically different from 

controls. Control levels (gonadally intact) of serum testosterone were within the normal 

range [32].

Western Blot Analysis of SRC-1 and SRC-2

Testosterone exposure significantly decreased expression of SRC-2 in hypothalamus in 

comparison to controls (Figure 4). There was no effect of AAS treatment on SRC-2 

expression in the amygdala (data not shown). In contrast to SRC-2, no effects of AAS 

exposure on SRC-1 expression were detected in the hypothalamus or amygdala.

DISCUSSION

A major goal of this study was to determine the impact of three different AAS on both 

running wheel activity levels and circadian rhythms in gonadally intact male rats. An 

important feature of the experimental paradigm was that we were also able to assess 

ontogenetic changes in circadian function from adolescence to adulthood.

Effects of AAS on circadian rhythms

Pubertal exposure to chronic high levels of testosterone to mimic AAS exposure, 

significantly increased running wheel activity. Previous studies have shown that testosterone 

plays a role in maintaining running wheel activity levels in rodents, as castration reduces 

running wheel activity [13,14,16]. In the current study, the running wheel activity of males 

chronically exposed to high levels of testosterone was significantly increased in comparison 

to intact control males. It is important to note that this increase is in comparison to gonadally 

intact males- not castrates. This suggests that very high testosterone levels can influence 

running wheel activity and may be responsible for some of the side effects of AAS reported 

in humans such as hyperactivity and disturbances in sleep patterns [2,5,6,7,8]. The increased 

running wheel activity is consistent with earlier studies showing that exposure to chronic 

high levels of testosterone increases other androgen-dependent behaviors such as aggression, 

sexual behaviors and scent marking [25,26,27,28,29,30]. However, locomotor (open field) 

activity is not increased by exposure to testosterone [33,34,35,36,37]. Thus, AAS effects on 

running wheel activity appear to be specific to androgenic influences, rather than a 

generalized, nonspecific increase in arousal.

Consistent with our previously published studies, differential effects of testosterone, 

nandrolone and stanozolol were quite evident. However, the effects did not parallel those of 

AAS effects on sociosexual and aggressive behaviors. For example, with the exception of a 

suppression of ultrasonic vocalizations, nandrolone has typically had either no effect or a 

stimulatory effect on behavior [25,26,27,28,29,30,38]. On the other hand, stanozolol, which 

has been found to inhibit most androgen-dependent behaviors, such as sexual, aggressive, 

and sociosexual behaviors [25,26,27,28,29,30], had no effect on wheel running activity. Our 
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current data clearly show that running wheel activity is influenced by AAS. The differential 

effects of individual AAS may explain the common practice in AAS abusers of using 

several AAS simultaneously (“stacking”: [2,5]) as some AAS may enhance anabolic 

responses while simultaneously attenuating or even blocking potentially pernicious effects 

of others. This view is supported in animal models in which the stacking of stanozolol with 

testosterone has been found to prevent the inhibitory effects of stanozolol on several 

androgen-dependent behaviors [30].

In contrast to the effect of AAS on wheel running activity, there were no effects of AAS on 

circadian period, phase or phase response. Although Daan et al. [13] reported that castrated 

male house mice treated with replacement levels of exogenous testosterone displayed a 

slightly shorter circadian period relative to controls, studies in other rodent species have 

reported that testosterone does not alter circadian period [14,15,16]. The effects of castration 

on circadian period have not been studied in rats, but it is possible that androgens do not 

play a major role in circadian clock function in this rodent species. The large (n=12) 

numbers of animals per group, the lengthy AAS exposure (7 weeks), and the small standard 

errors all suggest that subtle changes in rhythmicity would be detected if they were present. 

One important factor, however, is the dose of AAS. Because we did not wish to disturb the 

rats in the running wheels, we used AAS pellets rather than injections and the dosing was 

somewhat lower as a result. Human AAS users often report using extremely high doses of 

multiple AAS, and it may be that even higher AAS doses than those employed in this study 

would modify circadian clock function. The dose administered in the present study still 

exceeded control males serum T levels, and was sufficient to alter running wheel activity. If 

it were possible to administer a higher dose in the running wheels, perhaps AAS would have 

modified the central clock.

Previous studies in adult male rats have reported that AAS have no effect on body weight 

[25,39]. In the current study we found that males receiving chronic exposure to high doses 

of testosterone had significantly lower body weights than all other groups. Our data suggest 

that, in adult rats, the testosterone-induced increase in running wheel activity may be 

responsible for the suppression of body weight.

One notable difference between the present study and previous studies in AAS animals is 

the use of pellets rather than injections to maintain chronic high levels of AAS. In the 

current study it was necessary to deliver the AAS on a relatively constant basis without 

disturbing the rats in the running wheels. In order to assess the effectiveness of the AAS 

pellets, we measured testes and seminal vesicle weights and body weights. Chronic exposure 

to high doses of testosterone, nandrolone and stanozolol have all been previously shown to 

decrease testes weights [30,40] and testosterone has been shown to increase seminal vesicle 

weights [30]. Our endocrine data show that the pellets were effective in suppressing testes 

weights in all AAS groups compared to gonadally intact males. Moreover, the seminal 

vesical weights of testosterone-treated males were significantly increased. Although the 

AAS pellets yielded lower serum testosterone levels than AAS injections [30], these levels 

were clearly sufficient to reduce body weight and to have effects on endocrine measures 

similar to injections. Most importantly, the doses used in this study were sufficient to induce 
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clear behavioral changes in the expression of wheel running activity directly attributable to 

specific the AAS administered.

Androgen receptor (AR) activation in brain is believed to be involved in mediating male 

reproductive and aggressive behaviors [41]. However, in animals exposed to AAS, AR) 

binding and affinity may not be directly correlated with changes in behavior [24,30]. This 

suggests that other aspects of AR action may be affected by chronic exposure to very high 

levels of androgens. For example, it has recently been shown that nuclear receptor 

coactivators may contribute to nuclear receptor transcription through processes such as 

acetylation, methylation, phosphorylation and chromatin remodeling [23]. Thus, a possible 

explanation for the differences in AAS effects is via alterations in AR cofactors [42]. To 

address this question, we measured levels of steroid receptor coactivator-1 (SRC-1, also 

known as NcoA-1) [43] and SRC-2 (also known as NCoA-2, TIF-2, GRIP-1) [44,45]. 

SRC-1 and SRC-2 have both been shown to play a profound role in steroid hormone action 

in brain [31,46,47,48,49]. Both SRC-1 and SRC-2 are expressed at high levels in the 

hypothalamus of rodents [46,47,48,50,51,52]. However, to date, only SRC-1 has been 

examined in amygdala. Both the hypothalamus and amygdala contain high levels of 

androgen receptors [53]. SRC-1 expression in brain appears to be regulated by a variety of 

factors, including hormones [54,55] and daylength [56]. However, SRC-1 was not altered by 

exposure to AAS in the present study. On the other hand, SRC-2 was significantly increased 

in males chronically exposed to high levels of testosterone. This effect was brain-region 

specific as the increase was found only in the hypothalamus, and not in the amygdala. Thus, 

the behavioral effects of specific AAS differ with respect to their interaction with steroid 

receptor cofactors and with respect to brain region. SRC-2 is expressed in androgen-

responsive motoneurons [42] and as been shown to be critical for AR action in testes [57]. 

While, to the best of our knowledge, the role of SRC-2 on wheel running activity has not 

been investigated, one study in SRC-1 knock-out mice reveals that this coactivator is 

involved in motor function [58]. These findings suggest that chronic exposure to AAS may 

influence androgen-dependent behaviors, such as wheel running activity, by modulating 

expression of SRC-2 in brain. For example, down-regulation of SRC-2 in the hypothalamus 

may be a potential compensatory mechanism to decrease steroid receptor activity in the 

presence of elevated T levels. The present study of nuclear receptor coactivator expression 

analyzed the entire hypothalamus by Western Blot. In future studies, it will be important to 

investigate coactivator expression with techniques that provide cellular resolution (eg. 

immunohistochemistry), thus allowing a more detailed neuroanatomical analysis.

Developmental changes in circadian function

One of the most striking and consistent findings from our study was a change in circadian 

phase and period over the course of development. From day 32 (prior to puberty) to day 115, 

there was a significant increase in running wheel activity, a significant phase advance in 

peak levels and a significant shortening of the circadian period. Recent work in both humans 

[59] and the diurnal rodent, Octodon degus [17] suggests that the maturation of adult 

patterns of circadian function develop during puberty. Octodon showed a phase delay and 

lengthened circadian period following puberty. A similar phase delay has also been reported 

in humans [59]. These changes mirror the phase advance and shortened circadian period 

McGinnis et al. Page 10

Physiol Behav. Author manuscript; available in PMC 2015 June 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



observed in the present study. Although humans and other species such as Octodon and rats 

show changes in circadian phase across puberty, the differences in direction may reflect 

species-specific mechanisms. The lack of effect on phase of activity onset in our study 

suggests that the time of activity onset does not shift, but the distribution of activity does.

In our gonadally intact control males, running wheel activity increased during puberty, 

(from days 32–59) and then following a further elevation during young adulthood (days 84–

96), remained stable thereafter (days 97–115). These changes in wheel running activity 

parallel rising serum T levels. For example, it has been found that there is a marked increase 

in serum T between days 21 and 43 [60] and between days 48 and 56 [61] which is 

consistent our wheel running activity changes. In addition, the serum T levels of our control 

males taken at sacrifice are within the range (2–5 ng/ml) previously reported for adult males 

[25,29,62]. Taken together these data suggest that the developmental changes in wheel 

running activity may be a reflection of changes in serum testosterone levels.

The AAS treatments began on day 68 and it is during this period of AAS exposure that the 

expression the wheel running activity clearly began to diverge between groups. Specifically, 

testosterone-treated males showed a significant increase in wheel running activity, while the 

nandrolone-treated rats displayed a significant decrease in running wheel activity. 

Stanozolol-treated males did not differ from controls. This supports our hypothesis that the 

impact of the AAS on wheel running activity is influenced by the chemical composition of 

the AAS. This hypothesis is further substantiated by the differences in serum T levels 

obtained for each of our treatment groups. Serum T levels were significantly elevated in 

testosterone-treated males relative to controls. Nandrolone-treated males, which showed a 

marked decrease in wheel running activity also had significantly lower serum T levels than 

controls. Stanozolol-treated males did not differ significantly from control males with regard 

to either their running wheel activity or serum T levels. The alterations in wheel running 

activity after exposure to AAS in late puberty underscores the point that AAS exposure can 

have a profound impact on the development of adult activity levels.

Conclusions

This study constitutes a comprehensive developmental analysis of circadian rhythmicity and 

wheel running activity in gonadally intact male rats exposed to three different anabolic 

androgenic steroids (AAS). Three major findings resulted from this study. First, chronic 

exposure to AAS affects wheel running activity without altering circadian clock regulation 

of activity. Second, the expression of running wheel activity in male rats is explicitly 

modified by the specific chemical nature of the AAS. Third, adult patterns of activity and 

circadian rhythms change over the course of adolescent development.
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Figure 1. 
Mean (±SEM) running wheel activity in LD and RR showing post-AAS values. Chronic 

exposure to testosterone significantly increased (** p< 0.05) running wheel activity 

compared to gonadally intact controls. This occurred in both the LD and RR conditions. In 

contrast, chronic exposure to nandrolone significantly decreased (* p< 0.05) running wheel 

activity relative to gonadally intact control levels. N = 12 rats/group
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Figure 2. 
Mean (±SEM) activity levels over time. Compared to baseline (day 32–46) there was a 

highly significant increase in activity levels in testosterone-treated males (p< 0.001). 

Controls and stanozolol-treated males were similar and also displayed a significant increase 

in activity compared to baseline (p< 0.001). In contrast, nandrolone-treated males did not 

show an increase in activity over the course of development.
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Figure 3. 
Sample actograms for each treatment group showing pre-AAS and post-AAS activity 

patterns. Pre-AAS treatment activity is shown in the top figure for each group, and post-

AAS activity is shown below for the same subject. The dotted line separates the 12:12 LD 

activity from constant dim red light (RR).
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Figure 4. 
Western blot analysis of SRC-2 expression in the hypothalamus. Testosterone treatment 

decreased mean SRC-2 protein levels in the hypothalamus compared to control animals 

(mean + SEM, * p < 0.03). Densitometric analysis of SRC-2 immunoreactive bands and 

Actin immunoreactive bands expressed as a ratio. N = 6 animals/group.
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Table 1

Mean baseline and post-AAS peak phase of activity and phase of activity onset over development. Values are 

given in hours relative to time of lights off (8 pm). N= 12 animals/group.

Group days 32–46 (preAAS) days 84–96 (post-AAS)

PEAK PHASE OF ACTIVITY

Testosterone (T) −6.7 ± .68 −4.7 ±.18 **

Nandrolone (N) −7.7 ± .40 −5.0 ± .31 **

Stanozolol (S) −7.9 ± .57 −5.3 ± .28 **

Gonadally intact (C) −7.6 ± .53 −4.7 ± .12 *

PHASE OF ACTIVITY ONSET

Testosterone (T) 21.07 ± .03 21.00 ±.00

Nandrolone (N) 21.07 ± .03 20.00 ± .01

Stanozolol (S) 21.07 ± .03 21.00 ± .00

Gonadally intact (C) 21.15 ± .10 21.01 ± .01

*
p < 0.01 compared to days 32–46

**
p < 0.001 compared to days 32–46
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Table 2

Mean baseline and post-AAS body weights over development. Values are given in grams. N= 12 animals/

group.

Group days 32–46 (pre-AAS) days 97–115 (post-AAS)

Testosterone (T) 366 ± 11 411 ±.14 *

Nandrolone (N) 342 ± 9 482 ± 15

Stanozolol (S) 358 ± 8 478 ± 13

Gonadally intact (C) 362 ± 9 479 ± 13

There were no significant differences between groups on days 32–46.

Weights of testosterone-treated males were significantly lighter (* p < 0.01) when compared to controls on days 97–115
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Table 3

Mean (±sem) values for for testes weights, seminal vesicles weights and serum testosterone levels for males 

receiving testosterone (T), nandrolone (N), or stanozolol (S) and gonadally intact control animals (C). N= 12 

for all groups.

Tissue TP ND ST C

Testes wt (g) 3.31±.13** 3.23±.09*** 3.51±.12* 3.85±.08

Seminal vesicle wt (g) 2.18±.17** 1.80±.12 1.15±.08 1.41±.14

Serum testosterone (ng/ml) 6.37±13** 0.18±.07** 0.78±.27 3.25±.69

*
p< .05 compared to gonadally intact controls

**
p< .01 compared to gonadally intact controls

***
p< .001 compared to gonadally intact controls

Physiol Behav. Author manuscript; available in PMC 2015 June 22.


