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Abstract

The purpose of this study was to investigate the effects of acute and chronic administration of 

anabolic–androgenic steroids (AAS) on nociception and morphine antinociception in acute pain 

models, as well as on chronic inflammatory nociception. In Experiment 1, adult, gonadally intact 

male rats were injected s.c. for 28 days with either 5 mg/kg testosterone (T), dihydrotestosterone 

(DHT), stanozolol (STAN), or safflower oil vehicle (N = 12–25/group). On day 28, rats in each 

group were tested on acute thermal and mechanical nociceptive assays, before and after morphine 

treatment. In Experiment 2, rats in each group (N = 8–10/group) were injected with mineral oil or 

complete Freund's adjuvant (CFA) into one hindpaw after 28 days of AAS treatment, and then 

tested for thermal hyperalgesia, mechanical allodynia, inflammation and locomotor suppression 

intermittently for 28 days. Experiment 3 replicated nociceptive measurements in Experiments 1 

and 2, but with a single AAS or vehicle injection occurring 3 h prior to testing (N = 10–12/group). 

While chronic AAS administration tended to decrease body weight gain and alter reproductive 

organ weights in the expected manner, it did not significantly alter acute nociception nor attenuate 

the development of various chronic pain indices after CFA administration. Morphine 

antinociceptive potency was significantly decreased by chronic DHT on the hotplate test only. 

Acute AAS administration also did not significantly alter acute or chronic nociception, or 

morphine antinociceptive potency. Comparisons between acute and chronic AAS administration 

suggest that steroid tolerance did not occur in rats treated with AAS chronically. Taken together, 

these data do not support the hypothesis that AAS exposure alters nociception or morphine 

antinociception in gonadally intact males.
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1. Introduction

Following their chemical identification in 1929, anabolic–androgenic steroids (AAS) gained 

popularity as a means to improve athletic performance. Recent research suggests that AAS 

use has now extended beyond professional athletes to adolescents, college students and 

females (Berning et al., 2008; McCabe et al., 2007; U.S Department of Health and Human 

Services, 2007; van den Berg et al., 2007). AAS and exercise have a strong link, because 

anabolic gains are maximized through the combination of AAS with exercise. Individuals 

who exercise at high intensity often experience pain through injury or overtraining. Users 

report that AAS help them to recover faster and to resume training. Accordingly, AAS have 

been implicated in the modulation of pain.

Recent studies have tested the effects of androgens in animal models of acute and chronic 

pain. For example, in male rats, depletion of testosterone (T) by gonadectomy increased 

formalin-induced nociceptive responses (Aloisi and Ceccarelli, 2000), while replacement of 

T to physiological levels decreased nociception in the formalin test (Gaumond et al., 2005). 

When androgens are increased to supraphysiologic levels, as in AAS abuse, experimental 

findings reveal significant variability. Administration of T or its metabolites increased 

latency to respond on acute pain tests (Frye et al., 2007; Hau et al., 2004), and decreased 

formalin-induced nociceptive responses (Aloisi et al., 2004; Fischer et al., 2007), suggesting 

that AAS have analgesic properties. However, other studies using the same tests reported 

little or no effect of T (Negus et al., 2001).

In addition to their effects on nociception, androgens may modulate opioid antinociception. 

Androgens interact with opioids in the brain (Johansson et al., 1997; 2000), and AAS 

overdose produces symptoms resembling opioid intoxication, which can be reversed with an 

opioid antagonist (Peters and Wood, 2004). However, animal studies of androgen effects on 

opioid antinociception are conflicting. Castration decreased opioid antinociception in male 

rats (Borzan and Fuchs, 2006; Stoffel et al., 2003), and T replacement enhanced opioid 

antinociception (Cicero et al., 2002; Stoffel et al., 2003). In contrast, other studies report no 

significant T effect on opioid antinociception (Celerier et al., 2003; Negus et al., 2001; 
Sumner et al., 2006), and still others found an increase in opioid antinociception after 

castration (South et al., 2001) and a decrease in opioid antinociception after AAS treatment 

(Philipova et al., 2003). It is important to keep in mind that the mechanisms of action, and 

hence the behavioral effects, of steroids at pharmacologic doses may be fundamentally 

different from hormone replacement at more physiologic levels. In this regard, human AAS 

users can achieve circulating androgen concentrations up to 100× the physiologic range for 

an adult male (Brower et al., 1990). Accordingly, we hypothesized that the antinociceptive 

effects of AAS, alone and in combination with opioids, may be primarily evident at 

supraphysiologic doses.

The purpose of the first two experiments was to investigate the effects of chronic AAS 

exposure on nociception and morphine antinociception. A follow-up experiment was 

conducted to determine whether steroid tolerance developed after chronic AAS 

administration in the first two experiments. Steroid tolerance has been demonstrated both in 

humans (Brower et al., 1991) and in rodents following chronic use: 15 days of ICV infusion 
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of T produced tolerance to the depressive and motoric effects of steroids (Peters and Wood, 

2004). Tolerance to the antinociceptive effects of steroids has not yet been investigated.

To model the typical human AAS user, we tested gonadally intact, young adult male rats. To 

evaluate the generality of AAS effects on nociception, three AAS were tested: T, 

dihydrotestosterone (DHT) and stanozolol (STAN). Testosterone is a pro-hormone that is 

typically converted to DHT via 5α-reductase, and to estradiol via aromatase. We examined T 

as a naturally occurring androgen and the precursor to DHT. DHT was chosen because it is 

both a non-aromatizable and more potent androgen than T, binding with greater affinity than 

T to androgen receptors (Kicman, 2008). Because DHT is non-aromatizable, we can be 

more certain that any effects are due to DHT itself and not due to an estrogen metabolite. 

The third AAS examined, STAN, is a synthetic, 17α-alkylated AAS with weak androgen 

receptor binding affinity due to its inability to be reduced by 5α-reductase (Kicman, 2008). 

STAN is also incapable of being aromatized to estradiol, resulting in decreased estrogenic 

side effects; for these reasons it is popular among AAS users (Wood, 2004). Thus, we chose 

STAN because of its common use and the fact that we may be fairly certain that any effects 

are due to STAN itself and not due to an estrogen metabolite. Each steroid was given in a 

dose of 5 mg/kg/day, which is a substantial androgen dose in that it falls within the range of 

human AAS use when adjusted according to body surface area according to FDA guidelines 

[http://www.accessdata.fda.gov/scripts/cder/onctools/animalquery.cfm], as well as being 

above physiologic replacement levels (which are up to 30 ug/kg/day: Hernandez et al., 1994; 
Lima et al., 2000). Furthermore, testosterone at 5 mg/kg stimulates sexual and aggressive 

behavior in male rats (Cunningham and McGinnis, 2006; Wesson and McGinnis, 2006). The 

first hypothesis was that AAS would attenuate thermal and mechanical nociception in acute 

models of pain, as well as attenuate the development of thermal hyperalgesia, mechanical 

allodynia and inflammation in a chronic pain (complete Freund's adjuvant, CFA) model. The 

second hypothesis was that AAS would enhance morphine antinociception.

2. Methods

2.1. Subjects

Subjects were 70–90 day old Sprague–Dawley rats (offspring from breeders purchased from 

Taconic Farms (Germantown, NY)). Rats were pair-housed according to hormone treatment 

(n = 8–25/group) after initial body weights were balanced among groups in Experiments 1 

and 2 (but not Experiment 3). Rats were maintained on a 12/12-hour light/dark cycle (lights 

on at 0600 h) in a vivarium room maintained at 21 ± 2 °C. Food (Teklad) and water were 

available ad libitum except during testing. Rats were housed in an AAALAC-accredited 

vivarium and all procedures were approved by the Washington State University IACUC.

2.2. Apparatus

To measure acute thermal nociception, a hotplate analgesia meter (Columbus Instruments, 

Columbus, OH) and 1-L water bath (Precision Scientific, Winchester, VA) were used. The 

hotplate was set to 50 (±0.1) °C and the water bath was set to 50 (±0.5) °C. To measure 

acute mechanical nociception, the Randall–Selitto paw pressure test was conducted with an 

analgesy-meter (Ugo Basile, Varese, Italy), which increases pressure on the paw at a rate of 
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48 g/s from 30 to 1230 g. An electric von Frey anesthesiometer (IITC Life Science, 

Woodland Hills, CA) was used to measure mechanical allodynia. To measure thermal 

hyperalgesia, an 85 × 40 × 35 cm Basile Plantar (Hargreaves) test (Ugo Basile) was used, 

with an infrared intensity of 32 mW/cm2. Locomotor activity was measured using a 

photobeam test chamber (Opto-varimex, Columbus Instruments) consisting of 15 

photobeams that cross the width of a 20 cm × 40 cm × 23 cm clear Plexiglas rodent cage. 

Photobeams are 2.5 cm apart and 8 cm above the cage floor. Whole-paw inflammation was 

assessed as displacement of tap water in a beaker filled to the 20-ml mark. Tests were 

conducted on both the left and right paw, with half of the rats being tested on the left 

hindpaw first and half on the right hindpaw first.

2.3. Drugs

Morphine sulfate (Sigma-Aldrich, Inc., St. Louis, MO) was dissolved in 0.9% physiological 

saline and administered s.c. in a volume of 1 ml/kg. T, DHT and STAN (Steraloids Inc., 

Newport, RI) were dissolved or suspended in safflower oil, and administered s.c. at a dose of 

5 mg/kg, in a volume of 0.5 ml/kg. Paw inflammation was induced with 0.1-ml injection of a 

5 mg/ml CFA solution (Mycobacterium butyricum suspended in mineral oil: Fisher 

Scientific, Pittsburgh, PA).

2.4. Procedure

For chronic hormone administration, either an AAS (T, DHT, or STAN) or vehicle 

(safflower oil) was administered s.c. daily at approximately 0900–1100 for 28–56 days. 

Body weight was recorded on the first day of treatment and thereafter at weekly intervals. 

Injection volume was adjusted weekly according to body weight. Acute nociception was 

tested on the 28th day of treatment, beginning approximately 3 h after the vehicle or AAS 

injection. Chronic nociception was tested starting on the 28th day of AAS treatment: 

immediately before and then 1, 3, 7, 10, 14, 21 and 28 days post-CFA or mineral oil 

injection; rats continued to receive daily AAS or vehicle injections during this testing period. 

Test days were chosen based on the methods and results of Cook and Nickerson (2005), as 

well as Nagakura et al.'s (2003) work, in which they found that thermal hyperalgesia and 

mechanical allodynia reached maximum by days 1 and 7, respectively, and gradually 

recovered over several weeks. For acute AAS administration (Experiment 3), rats were 

weighed at the start of the test day and a single injection of either AAS or vehicle was 

administered at approximately 0900. Acute nociception was tested 3 h following AAS 

administration. Chronic nociception was tested at four different time points: prior to AAS 

and CFA, 3 h post-AAS, 1 h post-CFA, and 24 h post-CFA to allow assessment of pain 

thresholds before both AAS and pain induction, after AAS in the absence of inflammatory 

pain, and after both AAS and induction of inflammatory pain, respectively. In all 

experiments, immediately following the last nociceptive test, rats were euthanized and 

seminal vesicles and testes were harvested. Testes were weighed wet. Seminal vesicles were 

fixed in Bouin's solution for approximately 2 weeks, after which they were trimmed, blotted 

and weighed.
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3. Experiment 1: AAS effects on acute nociception and opioid 

antinociception

3.1. Procedure

On the 28th vehicle/AAS injection day, nociception was assessed in the following order: 

hotplate (latency to lick hindpaw or jump off plate, in s), tail withdrawal (latency to tail 

flick, in s), and paw pressure (latency to retract or attempt to retract foot, in s),with cutoff 

latencies of 60 s, 20 s and 25 s, respectively, to prevent tissue damage. The sequence of the 

acute nociceptive assays followed the order of no restraint to brief restraint, to decrease any 

effects of brief restraint stress on the subsequent test. Three baseline (non-drug) tests were 

conducted. Immediately following the second baseline test, saline (1.0 ml/kg) was 

administered s.c., and 20 min later the third baseline test was conducted. Cumulative dosing 

of morphine commenced immediately after completion of the third baseline test, with the 

following actual doses injected at 20-min intervals: 1.0 mg/kg, 0.8 mg/kg, 1.4 mg/kg, 2.4 

mg/kg, 4.4 mg/kg and 8.0 mg/kg, reaching a total cumulative dose of up to 18 mg/kg. 

Cumulative dosing with doses spaced 1/4 to ½ log unit apart is often used in tests of acute 

antinociception to yield complete dose-effect curves in as few doses as possible (Manning et 

al., 2001; Stoffel et al., 2003; Morgan et al., 2006; Fischer et al., 2010). Twenty minutes 

after each injection, rats were re-tested on all 3 nociceptive tests in the order noted above. 

Testing continued until the rat reached cutoff on all three tests.

3.2. Statistical analyses

Body weight of vehicle- and AAS-treated groups over time was compared using a repeated-

measures ANOVA with treatment (vehicle or AAS) as the between-subjects factor and week 

of AAS administration as the within-subjects factor. Nociceptive baseline for each rat was 

the mean of the second and third baseline tests; the first test is dropped due to the potential 

confoundment of exploration on the hotplate test (Craft and Bernal, 2001). Baseline 

nociception was compared between vehicle- and AAS-treated groups with a one-way 

ANOVA, followed by post-hoc analysis with Dunnett's t-test (2-sided). Because there were 

individual differences in baseline latencies, response latencies following each cumulative 

morphine dose for each rat were calculated as% Maximum Possible Effect (%MPE): [(post-

injection latency − baseline latency)/(cutoff latency − baseline latency)]× 100. The point at 

which morphine antinociception reached 50%MPE (ED50) for each rat was calculated via 

log-linear interpolation using at least 1%MPE point falling under 50% and at least one point 

above 50%. Morphine ED50 values were compared between vehicle- and AAS-treated 

groups with a one-way ANOVA and post-hoc Dunnett's t-test, for each nociceptive test. 

Lastly, because organ weight increases with body weight, organ weight was adjusted by 

body weight: (organ weight (g)/BW (kg)), and then group differences were assessed with a 

one-way ANOVA and post-hoc Dunnett's t-test. Significance was set at p≤0.05.
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4. Experiment 2: AAS effects on chronic inflammatory pain using the CFA 

test

4.1. Procedure

On the 28th day of vehicle/AAS treatment, baseline responses were measured on the von 

Frey and Hargreaves tests, as well as locomotor activity and paw inflammation (i.e., paw 

displacement). Immediately thereafter rats were lightly anesthetized with isoflurane and 0.1 

ml of CFA or mineral oil was injected into the plantar surface of the right hindpaw. The 

same behavioral and inflammation measurements were taken on days 1, 3, 7, 10, 14, 21 and 

28 following injection of CFA or mineral oil. Vehicle/AAS daily injections were continued 

throughout this testing period.

4.2. Statistical analyses

Body weight was compared over weeks of treatment as well as over test days with a repeated 

measures ANOVA, with week or test day as the within-subjects factor and AAS and CFA/

mineral oil treatment as the between-subjects factors. Group differences in nociceptive 

thresholds and paw inflammation were determined using a repeated measures ANOVA with 

test day and foot (left vs. right) as the repeated factors, and AAS and CFA/mineral oil as the 

between-subjects factors. Paw displacement was determined by subtracting 20 ml (the initial 

volume) from the final volume. Locomotor activity (# of photobeam breaks) was compared 

among groups with a repeated measures ANOVA as well, with test day as the within-

subjects factor and AAS and CFA/mineral oil treatment as the between-subjects factors. A 

difference statistic was also calculated by subtracting left foot responses from right foot 

responses in each rat, thereby simplifying data presentation and analysis. Lastly, organ 

weights in vehicle- and AAS-treated rats (in g/kg body weight) were compared with a one-

way ANOVA and Student–Newman Keuls post-hoc.

5. Experiment 3: Acute AAS effects on acute and chronic nociception and 

opioid antinociception

5.1. Procedure

5.1.1. Acute pain—Rather than 28 days of AAS administration, a single injection of 

vehicle or an AAS (5 mg/kg) was given 3 h prior to baseline measurements on hotplate, tail 

withdrawal, and paw pressure. The same morphine cumulative dosing procedure was carried 

out as in Experiment 1 (with the exception of starting at a lower dose, 0.56 mg/kg).

5.1.2. Chronic pain—A separate group of rats was habituated for 15 min in hanging wire 

cages, followed by baseline measurements on the von Frey and Hargreaves tests, and then on 

locomotor activity and paw inflammation (i.e., paw displacement) tests. Rats were then 

treated with either vehicle or an AAS at 0900 and tested 3 h later on the same tests, followed 

by CFA injection. Testing was repeated 1 and 24 h after administration of CFA; a second 

injection of vehicle or an AAS was given 3 h prior to the test at 24 h.
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5.2. Statistical analyses

For the acute pain testing, nociceptive baselines, ED50 values, locomotor activity scores and 

paw inflammation were analyzed with the same statistical tests used for Experiment 1 data. 

The measurements for the chronic pain model were compared with the same statistical tests 

used for Experiment 2 data.

6. Results

6.1. Experiment 1

6.1.1. Body weight—On day 1 of injections, mean body weight in all groups was 

approximately 430 g (Fig. 1). Body weight increased significantly over the 4 weeks of AAS 

or vehicle administration (Week: F(4,236) = 120.20, p<0.001). However, while the body 

weight of most groups increased steadily, the bodyweight of T-treated rats increased only 

slightly across the four weeks, such that T-treated rats were significantly lighter than vehicle-

treated rats by weeks 3–4 (AAS × week: F(12,236) = 16.60, p<0.001; Fig. 1).

6.1.2. Nociceptive and antinociceptive behavior—Fig. 2 shows nociceptive 

baselines for the hotplate, tail withdrawal and paw pressure tests. Administration of an AAS 

for 28 days did not significantly alter basal nociception on any test. However, Fig. 3 shows 

that AAS treatment significantly altered morphine's antinociceptive potency, on the hotplate 

test: specifically, ED50 values in DHT-treated rats were significantly higher than those in 

vehicle-treated controls (F(3,59) = 3.58, p = 0.02).

6.1.3. Reproductive organs—Fig. 4 (left panel) shows that testis weight was slightly 

lower in T- and DHT-treated rats, and significantly lower in STAN-treated rats when 

compared to controls (F(3,44) = 3.12, p = 0.03). Also shown in Fig. 4 (right panel), seminal 

vesicles in T- and DHT-treated rats were significantly heavier than those in controls, while 

seminal vesicle weight in STAN-treated rats was similar to that in controls (F(3,57) = 78.90, 

p<0.001).

6.2. Experiment 2

6.2.1. Body weight—Treatment with CFA or mineral oil did not significantly influence 

body weight across weeks of treatment or test day, thus CFA- and mineral oil-injected rats 

were pooled into their respective steroid groups. Fig. 5 (left panel) shows body weight of all 

groups from the first week of AAS or vehicle injection through the end of testing at week 8 

(CFA was administered into the right hindpaw at week 4). Group mean starting body 

weights ranged from approximately 425–440 g. Overall, body weights increased across the 8 

weeks of vehicle/AAS treatment (week: F(8,560) = 31.60, p<0.001), but to a lesser extent in 

T- and DHT-treated rats than in controls (AAS × week: F(24,560) = 6.05, p<0.001).

Fig. 5 (right panel) shows body weight gain during weeks 4–8 only, when rats were being 

tested at various time points after CFA injection into the hindpaw. In general, body weight 

decreased within the first few days after CFA injection, and then began to increase again 

(Time: F(7,490) = 198.80, p<0.001). T-treated rats weighed significantly less than vehicle-

treated controls regardless of test day (AAS: F(3,70) = 5.32, p = 0.002); additionally, DHT-
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treated rats weighed less than controls on test days 14–28 (AAS × day: F(21,490) = 6.86, 

p<0.001).

6.2.2. Nociception and locomotor activity—An initial assessment of the mineral oil-

injected groups revealed no effects of AAS treatment on any nociceptive test. For example, 

in mineral oil-injected rats, the von Frey and Hargreaves tests yielded no significant 

response threshold differences between the right and left paw in any group (F(3,34) = 0.68, 

n.s.; data not shown), and no significant group differences in locomotor activity (Fig. 7, left 

panel). In contrast, Fig. 6 shows that in the CFA-injected groups, there was a dramatic 

decrease in mechanical and thermal thresholds on the von Frey (Day: F(7,238) = 8.34, 

p<0.001) and Hargreaves tests, respectively (Day: F(7,238) = 9.30, p<0.001), as well as a 

decrease in locomotor activity (Day: F(7,238) = 24.20, p<0.001; Fig. 7, right panel) 

immediately following administration of CFA. However, there were no statistically 

significant differences in allodynia, hyperalgesia or suppressed locomotion between AAS-

treated rats and vehicle-treated controls.

6.2.3. Paw inflammation—Inflammation was demonstrated by increases in paw volume 

in the right (injected) paw compared to the left (uninjected) paw, as shown in Fig. 8. In rats 

injected with mineral oil, right paw volume was no greater than left paw volume (data not 

shown). In CFA-injected rats, right paw volume increased immediately after CFA injection 

(F(7,238) = 65.00, p<0.001). However, no significant differences in paw volume were found 

between AAS-treated groups and controls.

6.2.4. Reproductive organs—Fig. 9 shows the effect of AAS on reproductive organs 

after 56 days of AAS administration. Similar to Experiment 1, only STAN-treated rats had 

significantly lower testis weights in comparison to controls (F(3,74) = 14.00, p<0.001). Also 

similar to Experiment 1, T- and DHT-treated rats had substantially heavier seminal vesicles 

than controls; however, in addition, STAN-treated rats had significantly heavier seminal 

vesicles compared to controls (F(3,74) = 155.80, p<0.001).

6.3. Experiment 3

6.3.1. Acute pain—Acute administration of an AAS (single injection of T, DHT or STAN) 

did not significantly influence basal nociception on the hotplate, tail withdrawal or paw 

pressure tests (data not shown). ED50 values for morphine antinociception in AAS-treated 

rats tended to be higher than those in vehicle-treated controls on the hotplate test, however, 

this difference was not statistically significant (F(3,40) = 2.28, p = 0.09; data not shown). 

The single dose treatment with T, DHT or STAN also did not produce any significant 

changes in reproductive organ weights, either the testes or seminal vesicles.

To assess the effect of duration of AAS exposure on nociceptive measures, Experiment 1 

(chronic AAS administration) and Experiment 3 (acute AAS administration) data were 

compared. Comparing acute nociception in Experiments 1 vs. 3, baseline response latencies 

on the hotplate (F(1,105) = 11.73, p = 0.001) and tail withdrawal (F (1,105) = 28.37, 

p<0.001) tests were longer in Experiment 3 than in Experiment 1. Additionally, ED50 values 

for morphine antinociception overall tended to be lower in Experiment 3 than in Experiment 
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1, regardless of nociceptive test (hotplate: F(1,35) = 17.37, p<0.001; tail withdrawal: F(1,35) 

= 20.80, p<0.001; paw pressure: F(1,35) = 13.77, p = 0.001; data not shown).

6.3.2. Chronic pain—Acute administration of an AAS (single injection) did not produce 

any changes in mechanical allodynia (F(3,44) = 1.79, n.s.) or thermal hyperalgesia (F(3,44) 

= 0.86, n.s.) that developed after CFA injection (data not shown). Acute AAS administration 

also did not exert an anti-inflammatory effect (F(3,44) = 0.57, n.s.) or change locomotor 

activity (F(3,44) = 0.28, p = 0.84) or organ weight (seminal vesicles: F(3,12) = 2.19, n.s.; 

testes: F(3,12) = 1.36, n.s.) compared to vehicle-treated controls (data not shown).

Comparing Experiment 2 (chronic AAS administration) and Experiment 3 (acute AAS 

administration) data, there were no significant differences overall on either the Von Frey 

(F(1,84) = 1.53, n.s.) or Hargreaves (F(1,84) = 1.24, n.s.) tests (data not shown). However, 

rats acutely treated with an AAS locomoted less than chronically treated rats (F(1,84) = 

20.37, p<0.001; data not shown).

7. Discussion

7.1. Effect of chronic AAS administration on acute and chronic nociception

Chronically AAS-treated rats did not differ from controls in acute nociceptive thresholds on 

the hotplate, tail withdrawal and paw pressure tests. This result is consistent with findings 

from other studies showing that modulating androgen levels either through castration (Ali et 

al., 1995; Liu and Gintzler, 2000; Stoffel et al., 2003) or castration with T replacement via 

hormone capsules (Sumner et al., 2006) did not alter basal nociception. However, several 

studies have demonstrated an antinociceptive effect of T in tests of acute thermal nociception 

(Edinger and Frye, 2004; Frye et al., 2007; Hau et al., 2004).

Pain measurements in Experiment 2 (chronic inflammatory pain) also did not reveal any 

significant differences between chronic AAS-treated groups and controls. As such, the 

hypothesis that AAS administration attenuates acute and chronic pain was not supported. 

This result contrasts with research findings that implicate a protective role of androgens in 

the development and severity of chronic inflammatory pain, as shown in formalin (Aloisi et 

al., 2004; Gaumond et al., 2002) and CFA-induced arthritis models. In one CFA study, 

castration caused the onset of arthritic symptoms to occur sooner and administration of T 

decreased inflammation as measured by paw volume (Harbuz et al., 1995). The failure to 

observe significant anti-allodynic, anti-hyperalgesic and anti-inflammatory effects of AAS 

in the present study is not likely due to a general failure of the inflammatory pain procedure. 

Immediately following administration of CFA, all rats showed a significant decrease in 

threshold on both Hargreaves and von Frey tests, and an increase in paw inflammation; 

furthermore, allodynia and inflammation waned but did not return to baseline during the 28-

day experiment, very similar to what has been reported previously (Cook and Nickerson, 

2005; Nagakura et al., 2003).

It is also unlikely that the chronic AAS treatment regimen we used was insufficient either in 

dosage or duration, as all three AAS significantly altered reproductive organ weight in either 

Experiment 1 or 2 (or both). It is also likely that administration of 5 mg/kg daily for 4–8 
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weeks is sufficient to observe an effect on nociception, as other studies using a shorter 

duration of T administration have demonstrated antinociceptive effects (Fischer et al., 2007) 

as well as an increase in aggression with an equivalent daily dose (Breuer et al., 2001). 

Together with the significant effects of AAS on body weight and reproductive organ weight 

observed in the present study, these previous studies suggest that the dose and duration of 

AAS administration in the present study were sufficient to produce behavioral effects.

A possible explanation for why antinociceptive effects of AAS were not observed may be 

that in the present study, gonadally intact males were used—to model the typical human 

AAS user with normal sex steroid levels—whereas in many previous studies, subjects were 

gonadectomized (e.g., Frye and Seliga, 2001; Gaumond et al., 2002; Pednekar and 

Mulgaonker, 1995). Gonadectomy results in a profound depletion of sex steroids and steroid 

production. Therefore comparing steroid-treated rats to gonadectomized rats would 

maximize group differences in behavior due to the drastic group difference in sex steroid 

levels, whereas a more modest difference would be expected when comparing intact rats to 

those treated with supraphysiological doses of AAS.

Because some previous studies used acute AAS administration (e.g., Celerier et al., 2003; 
Edinger and Frye, 2004, 2005), we also considered the possibility that acute rather than 

chronic AAS exposure may alter pain. However, our negative findings after a single 

injection of AAS (Experiment 3) do not support this hypothesis.

A final explanation for the conflicting findings of our study compared to anecdotal reports of 

AAS-induced attenuation of pain in humans may stem from the pain models used. Human 

athletes using AAS often incur damage to the lower back, knee and shoulders, and suffer 

specifically from significant muscle strain and joint pain resulting from intense physical 

activity (Calhoon and Fry, 1999). Thus the pain models we and others typically use in the 

rodent may not accurately reflect the musculoskeletal pain characteristic of human AAS 

users. The acute pain models used in this study demonstrate brief, superficial pain and the 

CFA regimen produces local tissue inflammation (restricted to the paw). A model in which 

the pain state is induced through high-intensity, high-resistance exercise may better represent 

the type of pain against which AAS may be antinociceptive.

7.2. Effect of chronic AAS on morphine antinociception

In Experiment 1 (chronic AAS administration), only minimal differences between AAS-

treated groups and controls were found in regard to morphine antinociception. Specifically, 

only chronic DHT treatment significantly altered morphine potency, and only on the hotplate 

test. This finding does not support the hypothesis that AAS potentiate morphine 

antinociception, as antinociception in T- and STAN-treated groups did not differ from 

controls, and DHT-treated rats expressed a rightward shift in the dose response curve, 

thereby indicating a decrease in the potency of morphine. While this result was surprising, 

we previously found a similar DHT effect on morphine potency in gonadectomized male rats 

(chronic DHT-replaced rats were less sensitive than gonadally intact males to morphine: 
Stoffel et al., 2003).
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AAS are known to modulate brain opioid peptides. For example, the AAS nandrolone 

administered daily for two weeks increased levels of kappa, mu and delta opioid agonist 

immunoreactivity in the hypothalamus, striatum and periaqueductal gray (Johansson et al., 

2000). Likewise, chronic administration of nandrolone increased beta-endorphin levels in the 

ventral tegmental area (Johansson et al., 1997). In addition to the increase in opioid peptides, 

sex hormones may also stimulate an increase in mu-opioid receptor mRNA (Petersen and 

LaFlamme, 1997; Quinones-Jenab et al., 1997). Conversely, Hammer et al. (1993) found 

that hormone-depleted rats experienced reduced proenkephalin mRNA expression in various 

brain structures, and this reduction was not reversed with administration of DHT. Pluchino et 

al. (2009) also found that depletion of gonadal hormones decreased brain beta-endorphin 

levels, and T administration conversely increased beta-endorphin levels in various brain 

areas and in the plasma of gonadectomized rats. In contrast, DHT treatment—using a 5 

mg/kg/day regimen similar to that used in the present study—failed to restore beta-

endorphin levels. These studies suggest that the blunted morphine antinociceptive sensitivity 

we observed in chronic DHT-treated rats may be due to the failure of DHT (relative to other 

AAS) to increase brain opioid peptide levels.

How do we account for the differential effects of chronic DHT versus T and STAN? The 

classic concept of DHT as a “pure” androgen has been revised due to recent findings that 

5α-androstane-3β, 17β-diol (3βdiol), a key DHT metabolite, can bind to the beta form of the 

estrogen receptor (Pak et al., 2005). It is possible that differential activation of androgen and 

estrogen receptors, including alpha and beta receptors, accounts for the unique effects of 

chronic DHT versus T and STAN in tests of opioid antinociception against acute pain. These 

unexpected findings indicate that further investigation on the effect of chronic DHT on 

opioid potency and antinociception is warranted.

7.3. Effect of chronic AAS on other pain indices and reproductive organs

7.3.1. Body weight—In both Experiments 1 (acute pain) and 2 (chronic inflammatory 

pain), chronic T-treated rats and to a lesser degree chronic DHT-treated rats gained less 

weight than controls, which is consistent with studies demonstrating that chronic AAS 

reduce fat mass (Hartgens and Kuipers, 2004) and T administration decreases weight gain 

(Clark et al., 1997). Not surprisingly, chronic STAN, being the weakest of the androgens 

(Kicman, 2008), inhibited weight gain the least in this study. In Experiment 2, temporary 

body weight decreases after CFA injection were also an indicator of pain severity. 

Differences in body weight among chronic AAS groups were independent of CFA injection, 

implying that the decreased weight gain in T and DHT groups primarily reflected AAS 

effects rather than indicating more pain.

7.3.2. Pain suppressed behavior—While pain may elicit nocifensive behaviors, it also 

suppresses normal behaviors such as feeding and locomotion (Negus et al., 2006). The 

locomotor test was used in Experiment 2 as an additional reflection of pain following CFA 

injection. The dramatic decrease in the number of beam breaks on the day immediately 

following CFA administration occurred in concert with the drop in thresholds on the von 

Frey and Hargreaves tests, suggesting that pain suppressed locomotion. Recovery of 

locomotor activity also roughly paralleled the recovery of mechanical and thermal response 
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thresholds, as well as recovery from paw inflammation. However, chronic AAS 

administration failed to attenuate the decreases in locomotion resulting from CFA injection, 

again suggesting that AAS did not attenuate inflammatory pain in gonadally intact males.

7.3.3. Reproductive organs—Testes and seminal vesicles were harvested to confirm that 

the chronic AAS regimen used in this study was physiologically effective. Although T and 

DHT failed to decrease testis weight significantly across all experiments, all three AAS 

significantly increased seminal vesicle weight in Experiment 2, and T and DHT also 

increased seminal vesicle weight in Experiment 1. Seminal vesicles are highly sensitive to 

circulating androgens, and provide a bioassay of androgen exposure (Schmidt et al., 1972). 

By contrast, testis weight is due to activity of the seminiferous epithelium, which is sensitive 

to endogenous androgen production; with supplemental exogenous androgen exposure, 

endogenous steroid production is reduced due to negative feedback at the hypothalamus and 

pituitary (Bauman et al., 1988). Ultimately, when endogenous T is suppressed for an 

extended period, testis volume decreases. The duration of androgen treatment even in the 

chronic AAS experiments may have been insufficient to significantly reduce testis volume.

7.4. Acute versus chronic AAS administration

A number of studies demonstrating antinociceptive effects of AAS, or potentiation of 

morphine antinociception by AAS have implemented much shorter hormone regimens than 

our chronic treatment regimen: 1 h prior (s.c. and i.m.), 6 days prior (s.c.), crystalline 

hormone-filled cannula implants 7 days prior, and intra-hippocampal infusion immediately 

prior to testing (Aloisi et al., 2004; Celerier et al., 2003; Edinger and Frye, 2004, 2005). To 

address the possibility of tolerance development following chronic AAS administration in 

Experiments 1 and 2, we repeated these studies using an acute AAS regimen in which only 

one injection was given 3 h prior to acute nociceptive testing, or two injections were given 

for the chronic pain model (one injection on each of the two test days). Nociceptive 

baselines were higher overall in Experiment 3 (acute AAS administration) in comparison to 

Experiment 1 (chronic AAS administration). In addition, morphine tended to be more potent 

when AAS were administered acutely rather than chronically, suggesting that rats treated 

chronically with AAS in Experiment 1 may have developed steroid tolerance. However, 

these trends also occurred in rats receiving vehicle—thus, it is more likely that repeated 

handling for 28–56 consecutive days in the chronic AAS experiments led to differences in 

nociception and morphine antinociceptive potency between rats treated chronically vs. 

acutely with AAS. Rats treated acutely were not handled prior to testing and were therefore 

more likely to be stressed upon testing than rats handled repeatedly. Repeated handling 

attenuates stress-induced activation of the HPA axis (Gadek-Michalska and Bugajski, 2003), 

thereby preventing stress-induced potentiation of morphine antinociception, which typically 

results from the release of endogenous opioids in response to stressful stimuli (Fleetwood 

and Holtzman, 1989; Parikh et al., 2011). Lastly, nociceptive thresholds in the chronic 

inflammatory pain model did not differ between treatment groups in the acute AAS 

experiment (Experiment 3), suggesting that steroid tolerance resulting from chronic AAS 

administration is an unlikely explanation for the lack of steroid effect on nociception in 

Experiment 2.
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8. Conclusion

The AAS examined in this study did not significantly alter acute nociception nor did they 

significantly attenuate various chronic pain indices after administration of CFA. 

Furthermore, morphine antinociception was only modulated by chronic DHT on the hotplate 

test; rather than potentiating morphine antinociception, DHT decreased morphine potency. 

The findings of this study conflict with those of previous experiments that primarily used 

gonadectomized subjects. Thus it can be concluded that there are no consistent effects of 

AAS on pain, particularly in gonadally intact subjects. However, because there are very few 

AAS studies to date in gonadally intact animals and no controlled studies in humans, 

particularly under conditions of chronic pain, it may be too early to draw firm conclusions. 

As such, further study in gonadally intact animals, that better represent the typical human 

AAS user, is needed. Lastly, a model in which pain is induced through prolonged high-

intensity, high-resistance exercise may be better suited for examining the effects of AAS on 

pain and opioid sensitivity.
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Fig. 1. 
Body weight from week 0 (first day of AAS or oil vehicle administration) to week 4 in 

gonadally intact male rats treated for 28 days with vehicle (VEH), testosterone (T), 

dihydrotestosterone (DHT), or stanozolol (STAN) (5 mg/kg/day) (Experiment 1). Each point 

is the mean ± 1 S.E.M., N = 25 (vehicle group) or N = 12–14 rats (AAS groups). 

*significantly different from vehicle group, p≤0.05.
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Fig. 2. 
Nociceptive baselines on the 50 °C hotplate test (left panel), 50 °C tail withdrawal test 

(middle panel), and paw pressure test (right panel) on day 28 of daily treatment with vehicle 

(VEH), testosterone (T), dihydrotestosterone (DHT), or stanozolol (STAN). Nociceptive 

baselines were obtained immediately prior to administration of morphine. Each bar is the 

mean + 1 S.E.M., N = 25 (vehicle group) or N = 12–14 rats (AAS groups).
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Fig. 3. 
Morphine antinociception (%MPE) on the hotplate test (left panel), tail withdrawal test 

(middle panel) and paw pressure test (right panel) in gonadally intact male rats treated for 28 

days with vehicle (VEH), testosterone (T), dihydrotestosterone (DHT), or stanozolol 

(STAN). Each point is the mean ± 1 S.E.M., N = 25 (vehicle group) and N = 12–14 rats 

(AAS groups). The morphine ED50 was significantly greater in the DHT group than in the 

vehicle group on the hotplate test only.
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Fig. 4. 
Reproductive organ weights of gonadally intact males after 28 days of treatment with 

vehicle (VEH), testosterone (T), dihydrotestosterone (DHT), or stanozolol (STAN). Organs 

were harvested immediately following morphine antinociceptive testing. Organ weights 

were adjusted for individual differences in body weight (BW). Each bar is the mean + 1 

S.E.M., N = 18 (vehicle group) and N = 6–12 rats (AAS groups). *significantly different 

from vehicle group, p≤0.05.
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Fig. 5. 
Body weight at each week of AAS treatment (left panel) and on test days 0, 1, 3, 7, 10, 14, 

21 and 28 for rats treated with vehicle (VEH), testosterone (T), dihydrotestosterone (DHT), 

or stanozolol (STAN) in Experiment 2. CFA was injected into the hindpaw at week 4 (i.e., 

test day 0). Each point is the mean ± 1 S.E.M., N = 8–10 rats/group. T-treated rats were 

significantly lighter than vehicle-treated rats by week 4 and DHT-treated rats were 

significantly lighter than vehicle groups after week 6 (left panel). Across various test days 

AAS groups gained less weight than vehicle-treated rats: T-treated rats across all days, DHT-

treated rats on test days 14, 21, 28, and STAN-treated rats on day 28 (right panel). 

*significantly different from vehicle group, p≤0.05.

Tsutsui et al. Page 21

Pharmacol Biochem Behav. Author manuscript; available in PMC 2016 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Effect of CFA injection on mechanical response threshold (von Frey test, left panel) and 

thermal response threshold (Hargreaves test, right panel) in rats treated with vehicle (VEH), 

testosterone (T), dihydrotestosterone (DHT), or stanozolol (STAN). Data are presented as 

difference scores between the left (L—uninjected) and right (R—injected) paw; the dashed 

line indicates a difference score of 0 for the right paw compared to the left, meaning 

response thresholds were the same in each paw, whereas points below the dotted line 

indicate heightened sensitivity (lower threshold) in the injected paw compared to the 

uninjected paw. Nociceptive thresholds significantly differed across test days in comparison 

to baseline (day 0) responding. Each point is the mean ± 1 S.E.M., N = 8–10 rats/group.

Tsutsui et al. Page 22

Pharmacol Biochem Behav. Author manuscript; available in PMC 2016 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Effect of CFA injection on locomotor activity in rats treated with vehicle (VEH), 

testosterone (T), dihydrotestosterone (DHT), or stanozolol (STAN). Locomotor activity 

differed across test days in comparison to baseline (day 0) activity. Each point is the mean 

± 1 S.E.M., N = 8–10 rats/group.
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Fig. 8. 
Effect of CFA injection on paw inflammation as measured by paw displacement across test 

days. 0, 1, 3, 7, 10, 14, 21 and 28 for rats treated with vehicle (VEH), testosterone (T), 

dihydrotestosterone (DHT), or stanozolol (STAN). The dotted line indicates a difference 

score of 0 for the right (R) paw compared to the left (L), meaning volume was the same in 

each paw, whereas points above the dotted line indicate greater volume of the injected paw 

compared to the uninjected paw. Each point is the mean ± 1 S.E.M., N = 8–10 rats/group.
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Fig. 9. 
Reproductive organ weights of gonadally intact males following the last test on day 56 for 

rats treated with vehicle (VEH), testosterone (T), dihydrotestosterone (DHT), or stanozolol 

(STAN). Organs weights were adjusted for individual differences in body weight (BW). 

Each bar is the mean + 1 S.E.M., N = 18–20 rats/group. *significantly different from vehicle 

group, p≤0.05.
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