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Abstract—Anabolic steroids are drugs of abuse. However,
the potential for steroid reward and addiction remains largely
unexplored. This study used i.c.v. testosterone self-
administration and controlled infusions of testosterone or
vehicle in hamsters to explore central mechanisms of andro-
gen overdose. Forty-two hamsters used nose-pokes to self-
administer 1 pg/pl testosterone i.c.v. 4 h/day in an operant
chamber. During 1-56 days of androgen self-administration,
10 (24%) hamsters died. Deaths correlated with peak daily
intake of testosterone. Of the hamsters that self-administered
a peak intake of <20 pg/day, there was 100% survival (10/10).
Survival decreased to 86% (19/22) when daily testosterone
intake peaked at 20—-60 pg/day. Only 30% (three of 10) sur-
vived when daily testosterone intake exceeded 60 pg/day.
Deaths are not due to volume or vehicle because i.c.v. infu-
sions of 80 pl vehicle had no effect. Testosterone overdose
resembles opiate intoxication. When male hamsters received
infusions of 40 pg testosterone, locomotion (25.1+18.8 grid-
crossings/10 min), respiration (72.7+5.4 breaths/min) and
body temperature (33.5+0.4 °C) were significantly reduced,
compared with males receiving vehicle infusions (186.1+8.1
crossings/10 min, 117.6+1.0 breaths/min, 35.9+0.1 °C,
P<0.05). However, males developed tolerance to continued
daily testosterone infusion. After 15 days, locomotion
(170.2+6.3 crossings), respiration (118.4%=1.3 breaths/min),
and body temperature (35.3+0.3 °C) in testosterone-infused
males were equivalent to that in vehicle controls (P>0.05).
The depressive effects of testosterone infusion are blocked
by the opioid antagonist, naltrexone. With naltrexone pre-
treatment (10 mg/kg s.c.), locomotion (183.7+1.8 cross-
ings/10 min), respiration (116.9+0.3 breaths/min), and body
temperature (36.1+0.4 °C) during testosterone infusion were
equivalent to vehicle controls. Likewise, naltrexone prevents
the reinforcing effects of i.c.v. testosterone self-
administration. These results indicate that testosterone at
high doses causes central autonomic depression, which may
be a factor in deaths during self-administration. As well, the
depressive effects of large quantities of testosterone may be
mediated, at least in part, by an opioidergic mechanism.
© 2004 IBRO. Published by Elsevier Ltd. All rights reserved.
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Anabolic—androgenic steroid (AAS) abuse has been on the
rise despite increased reports of adverse medical and
psychiatric effects (Johnston et al., 2003; Koch, 2002;
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NIDA Research Report Series, 2002). In addition to the
negative societal impact of trafficking in illegal steroids
(crime from buying and selling steroids, impure steroids,
needle sharing), AAS use in quantities beyond the normal
physiologic range of circulating androgen concentrations
can produce serious health consequences including myo-
cardial infarction, cardiomyopathy, stroke, and hepatic tu-
mors and lesions (Brower, 2002; see also Ishak and
Zimmerman, 1987; Creagh et al., 1988; Brower et al.,
1991b; Sullivan et al., 1998; Fineschi et al., 2001; Parssi-
nen and Seppala, 2002). According to Brower (2002),
anabolic effects of AAS on muscle growth account for the
initial stage of steroid use. However, with chronic expo-
sure, users can develop physical and psychological de-
pendence on AAS, as defined by Diagnostic and Statistical
Manual of Mental Disorders Il revised (DSM-III-R) (Brower
et al.,, 1991a). When steroid use is discontinued, many
AAS users experience withdrawal symptoms character-
ized by a hyperadrenergic state resembling opioid with-
drawal (Kashkin and Kleber, 1989). Other studies suggest
that AAS may possess euphorigenic effects (Cicero and
O’Connor, 1990; Brower et al., 1991b; see also Kashkin
and Kleber, 1989; Galloway, 1997; Leshner, 2000; Do-
weiko, 2002). While these data suggest that AAS are
rewarding independent of their anabolic effects, defining
the potential for AAS addiction in humans has been diffi-
cult.

Research in laboratory animals is useful to explore
androgen reinforcement and potential addiction. Previous
studies have demonstrated conditioned place preference
for testosterone in rats (Alexander et al., 1994; Packard et
al., 1997) and mice (Arnedo et al., 2000). In addition, our
laboratory has shown that hamsters will voluntarily con-
sume testosterone by oral (Johnson and Wood, 2001), i.v.,
and i.c.v. self-administration (Wood et al., 2004). Together,
these data suggest that testosterone is rewarding in an
experimental context where athletic performance is irrele-
vant. Is testosterone addictive in animals? One of the
hallmarks of drug addiction is continued use despite harm
(Institute of Medicine, 1996). Physical dependence, includ-
ing tolerance, may also accompany addiction. In the
present study, we report deaths associated with voluntary
i.c.v. testosterone self-administration in hamsters. Al-
though human users ingest AAS orally, transdermally, and
by i.m. injection, i.c.v. self-administration was used in the
present study to focus on central effects of androgens. To
investigate the cause of death with i.c.v. testosterone, our
subsequent studies used controlled infusions of testoster-
one or vehicle. Because excess intake of androgen pro-
duces symptoms resembling opiate overdose, we further
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tested the effects of opioid antagonists during controlled
infusion or self-administration of testosterone. It appears
that excessive androgen intake depresses behavior and
central autonomic function. However, hamsters develop
tolerance, both behavioral (locomotion) and physiologic
(respiration, body temperature), to repeated infusions of
testosterone. Tolerance and fatal overdose suggest the
potential for androgen addiction. Moreover, both the rein-
forcing (measured as operant responses) and depressive
effects (measured as locomotion, respiration, and body
temperature) of exogenous androgens can be blocked by
opioid antagonists.

EXPERIMENTAL PROCEDURES
Animals

Adult male and female Syrian hamsters (Mesocricetus auratus,
130-150 g; Charles River Laboratories, Wilmington, MA, USA)
were used. They were individually housed under a long-day pho-
toperiod (14:10 LD) and stable ambient temperature (24 °C).
Hamsters remained gonad-intact to more closely approximate
AAS use in humans. All hamsters were tested under dim illumi-
nation during the first 4 h of the dark phase when activity peaks.
Water and food were available at all times, except during daily 4 h
i.c.v. infusions. All experimental procedures were in accordance
with the “Guide for the Care and Use of Laboratory Animals”
(National Research Council 1996) and were approved by the
University of Southern California Animal Care and Use Commit-
tee. All efforts were made to minimize the number of animals used
and their suffering.

Surgery

One week before testing in the operant chambers, each hamster
was implanted with a 22-gauge stainless steel guide cannula
(Plastics One, Roanoke, VA, USA) into the lateral ventricle under
stereotaxic guidance, as described previously (Wood et al., 2004).
Hamsters were anesthetized with sodium pentobarbital (100 mg/
kg). The cannula assembly was anchored to the skull with stain-
less steel screws and dental acrylic. Coordinates for the lateral
ventricle were AP: +1.0 mm, ML: +1.0 mm, DV: —3.0-5.0 mm
relative to bregma according to the hamster brain atlas of Morin
and Wood (2001). Testosterone or vehicle (1 pl/injection) were
delivered (0.2 pl/s) for 5 s via a 28 gauge infusion cannula
introduced into the guide cannula at the start of each test session.
At other times, the guide cannula was protected by a dummy
cannula with dust cap.

Apparatus

Each operant conditioning chamber (Med Associates, St. Albans,
VT, USA) was enclosed in a sound-attenuating cubicle with a fan
for ventilation. Operant conditioning chambers were equipped with
a house light, two nose-poke holes, and a computer-controlled
syringe pump (Med Associates) with balance arm and fluid swivel
(Instech, Plymouth Meeting, PA, USA). Nose-poke holes were
located 6 cm above the cage floor on the left wall of the chamber,
below the house light. Aqueous solutions of testosterone or vehi-
cle from a 100 pl glass syringe (Hamilton Co., Reno, NV, USA)
were delivered to the i.c.v. cannula via Tygon tubing protected by
a metal spring. Hamsters were tested daily (5X/week) in the
operant chambers during 4 h sessions for testosterone self-
administration or controlled infusions of testosterone or vehicle.

Drugs

To enable i.c.v. delivery of an aqueous androgen solution, testos-
terone (Steraloids, Newport, RI, USA) for i.c.v. self-administration
was dissolved in an aqueous vehicle of 2-hydroxypropyl-B8-
cyclodextrin (RBI, Natick, MA, USA). Each 1 pl injection contained
1 ng testosterone in 13% B-cyclodextrin. Vehicle infusions con-
sisted of the 13% B-cyclodextrin solution alone. Solutions were
filtered through a syringe-mounted Millex-HA filter (Millipore, Bed-
ford, MA, USA) immediately before use. Glass was used for
preparation and delivery of testosterone and vehicle solutions
since steroids readily adsorb to plastic (Bruning et al., 1981).

Experiment 1: testosterone overdose (n=42)

For testosterone self-administration, each response on the active
nose-poke delivered 1 p.g testosterone in 1 pl vehicle. The loca-
tion of the active nose-poke (to the front or rear of the left wall of
the chamber) was balanced to control for side preferences. Ham-
sters received no prior exposure or training in the operant cham-
bers before testing for testosterone self-administration. Based on
our previous studies of i.c.v. testosterone self-administration in
male and female hamsters, hamsters acquire a consistent prefer-
ence for the active nose-poke (first of 4 consecutive days in which
responses on the active nose-poke>responses on the inactive
nose-poke) after only 4-5 days of exposure (Wood et al., 2004;
Triemstra and Wood, 2004). To aid in discrimination of the active
nose-poke, the house light was extinguished and the stimulus light
was illuminated during the 5-s infusion interval. Further operation
of the active nose-poke during this 5-s time-out period was re-
corded, but not reinforced with drug delivery. Likewise, operation
of the inactive nose-poke was recorded, but produced no injection
or stimulus light. Data from both nose-pokes were collected by a
PC running Windows-compatible software (WMPC; Med
Associates).

To determine the potential for fatal testosterone overdose, we
evaluated testosterone intake in all hamsters tested for i.c.v. tes-
tosterone self-administration in our laboratory to date. These in-
cluded 25 adult males and 17 adult females that self-administered
testosterone for 1-56 days (mean: 19.1+2.2 days). For each
hamster, the average daily testosterone intake and the maximum
daily dose of testosterone were determined. Testosterone intake
of animals that died during self-administration was compared with
that of unaffected animals. Testosterone intake was correlated
with percent survival by test of logistic regression using Statview
5.1 (SAS Institute Inc., Cary, NC, USA).

Experiment 2: controlled infusion (n=29)

There are many possible reasons for deaths with high-dose an-
drogen intake. In particular, self-administration of large quantities
of androgen also necessarily involves injection of large quantities
of fluid i.c.v., and it is possible that deaths result from fluid volume
or the cyclodextrin vehicle. Using self-administration, it is not
possible to compare the effects of large volumes of testosterone
and vehicle because hamsters do not voluntarily self-administer
equivalent volumes of vehicle i.c.v. Moreover, with testosterone
self-administration, there is considerable variability in androgen
intake within and between animals. Therefore, to explore mecha-
nisms for fatal androgen overdose under more controlled condi-
tions, additional groups of male hamsters were tested with con-
trolled i.c.v. infusions of testosterone (n=16) or vehicle (n=13).
Although there were no sex differences in testosterone self-
administration or overdose in experiment 1, subsequent studies
were conducted in males to eliminate potentially confounding
effects of sex differences in endogenous hormone levels. For
controlled infusion of testosterone, hamsters (n=9) received 1 pl
infusions i.c.v. on a fixed schedule (every 6 min) to deliver testos-
terone at levels subthreshold for overdose (40 j.g/4 h). A separate
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group of hamsters (n=7) received the same volume of vehicle
i.c.v. on the same fixed schedule (every 6 min). Controlled infu-
sions continued for 15 days. During controlled infusion, operation
of the nose-pokes was not recorded, and produced no response.
Two animals receiving testosterone infusions died before the end
of the testing period (after days 12 and 13 of infusion), and there
was no evidence of hydrocephalus or infarction found at necropsy.
To determine physiologic and behavioral effects of i.c.v. infusion,
locomotor activity, body temperature, and respiration were re-
corded immediately after each infusion session (see below). In
addition, locomotor activity was re-tested after a challenge with
the opiate antagonist, naloxone. Behavioral and physiologic re-
sponses in males receiving 40 pl testosterone or vehicle were
compared on the first and last day of the infusion period by
Student’s t-test with Bonferroni’s correction for multiple compari-
sons. After the final infusion session, males were weighed and
killed under deep pentobarbital anesthesia (180 mg/kg). Testes,
seminal vesicles, and epididymal fat pads were weighed to esti-
mate systemic androgen effects of central testosterone infusion.
Organ weights in the two groups of males receiving 40 infusions/
4 h were compared by MANOVA.

A third group of males (n=6) received controlled i.c.v. infu-
sions of 80 wl vehicle (1 pl every 3 min for 4 h) daily for 5 days;
80 wl is well within the lethal range for testosterone self-
administration. These males serve as a further control for deaths
due to testosterone overdose in experiment 1. As with the 40 pl
controlled infusions, males were tested for locomotion, respiration
and body temperature immediately after 80 .l vehicle infusions
(see below). Behavioral and physiologic responses in all testos-
terone- and vehicle-treated males were compared on the first 5
days of the infusion period by factorial ANOVA.

To determine if testosterone produces a biphasic locomotor
response (inhibition, followed by activation) similar to that in-
duced by morphine (Schnur et al., 1983), a fourth group of
males (n=7) received controlled i.c.v. infusions of 40 g tes-
tosterone and 40 pl vehicle on alternating days for 8 days.
Locomotion was tested 30, 90, 120, and 150 min following the
end of each infusion session. Between locomotion tests, ani-
mals remained in their home cages. Mean locomotor responses
following vehicle or testosterone infusion were compared over
time by repeated measures ANOVA.

Locomotion was measured in a circular arena (95 cm diam)
marked with a 15X 15 cm grid. A male was placed at the center of
the arena, and the number of grid crossings was recorded for
10 min. Initially, animals were habituated to the arena on two
occasions. Baseline activity was recorded in a third test conducted
before the first controlled infusion. Thereafter, locomotor behavior
was measured immediately after each 4 h infusion.

To measure body temperature and respiration, males were
briefly anesthetized with ketamine (100 mg/kg). This dose is the
minimum required for temporary (ca. 5 min) immobility. Rectal
temperature was recorded with a digital thermometer (Becton-
Dickinson, Franklin Lakes, NJ, USA). Respiration (breaths/min)
was determined from the average of three 15-s measurements. As
with locomotor activity, baseline recordings for both were obtained
before the first infusion session. Thereafter, body temperature and
respiration were measured after each 4 h infusion.

Following temperature and respiration measures, hamsters
were allowed 20 min to recover from ketamine sedation. Each
male then received a naloxone challenge. To acutely block opioid
receptors, hamsters received naloxone (2.5 mg/kg in saline;
Sigma, St. Louis, MO, USA) i.p. This dose is based on previous
studies of morphine withdrawal in hamsters using naloxone at
1-4 mg/kg (Avis and Peeke, 1975). Ten minutes following the
naloxone injection, locomotor activity was recorded a second time,
using the methods above.

Experiment 3: opioid blockade during controlled
infusion (n=13)

To determine if blocking opioid receptors prevents the sedative
effects of testosterone, eight male hamsters were pre-treated
with the long-acting opioid antagonist naltrexone before receiv-
ing controlled infusions of testosterone according to the meth-
ods for “Experiment 2: controlled infusion,” above. For long-
acting opioid receptor blockade, hamsters received naltrexone
(10 mg/kg in saline) s.c. At 10 mg/kg, naltrexone reduces
stimulated drinking in hamsters, but does not affect feeding or
spontaneous locomotion (Lowy and Yim, 1982; Lowy et al.,
1985). Briefly, 30 min before infusion, each male received
5.0 mg/kg naltrexone s.c. Males received a second injection of
naltrexone (5.0 mg/kg, s.c.) halfway through the infusion ses-
sion. Locomotion, body temperature, and respiration were mea-
sured following each infusion session, as described above.
Males received controlled infusions of testosterone with nal-
trexone pretreatment for 10 days, followed by an average of
11.7£2.2 days of controlled infusion with vehicle (range: 9-13
days). Behavioral and physiologic responses were compared
on the first and last days of naltrexone and vehicle treatment by
paired t-test with Bonferroni’'s correction for multiple
comparisons.

To determine the amount of naltrexone required to block
the sedative effects of testosterone, an additional group of five
males was pretreated with naltrexone at 1 mg/kg. At 1 mg/kg,
naltrexone partially blocks the sedative effects of 15 mg/kg
morphine in hamsters (Schnur and Barela, 1984). After base-
line testing for locomotion, respiration and body temperature,
males were pretreated with 1 mg/kg naltrexone (two injections
of 0.5 mg/kg) and received controlled infusion of testosterone
for 5 days. Locomotion, body temperature, and respiration were
measured following each infusion session. Mean responses
during the 5 days of infusion were compared with baseline
values in each male by paired t-test.

Experiment 4: opioid blockade during testosterone
self-administration (n=13)

To determine if blocking opioid receptors prevents the reinforc-
ing effects of testosterone, eight male hamsters were pre-
treated with naltrexone before testing for testosterone self-
administration according to the methods for “Experiment 1:
testosterone overdose,” above. Naltrexone pretreatment was
the same two-dose regimen as used in “Experiment 3: opioid
blockade during controlled infusion,” above. Each male was
tested for testosterone self-administration with naltrexone pre-
treatment for 10 days, followed by 20 days of testosterone
self-administration without naltrexone. Responses on the active
and inactive holes after 10 days of naloxone or vehicle pre-
treatment were compared by paired t-test with Bonferroni’'s
correction for multiple comparison. Additionally, the number of
days to express a consistent preference for the active nose-
poke hole was calculated for each animal.

To determine the amount of naltrexone required to block
the reinforcing effects of testosterone, five males were tested
for testosterone self-administration following pretreatment with
naltrexone at 1 mg/kg. These males had previously received 5
days of controlled testosterone infusion with 1 mg/kg naltrex-
one pretreatment to test sedative effects of testosterone (see
experiment 3, above). Each male was tested for 1 pg/pl tes-
tosterone self-administration following 1 mg/kg naltrexone pre-
treatment (two injections of 0.5 mg/kg) for 10 days. Mean
operant responses on the active and inactive nose-pokes were
compared.
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Fig. 1. Left: Daily i.c.v. testosterone self-administration in two repre-
sentative male hamsters. Male no. six (top) died shortly after consum-
ing 99 g testosterone on day 11, while male no. 346 (bottom) con-
tinued to self-administer testosterone at more consistent levels. Right:
mean daily androgen intake was not significantly different (P>0.05).

RESULTS
Experiment 1: testosterone overdose

A total of 42 hamsters have been tested for i.c.v. testos-
terone self-administration in our laboratory. Of these, 10
(24%) died during testing. None of the deaths occurred in
the operant chambers. Instead, hamsters often died during
the night, several hours after removal from the operant
chamber. Eight animals were autopsied to determine if
i.c.v. testosterone infusion caused acute brain injury. No
evidence of hydrocephalus or brain infarction was found.

Deaths during testosterone self-administration were
more closely related to peak testosterone intake rather
than average daily self-administration. Fig. 1 presents op-
erant responses for two representative males during tes-
tosterone self-administration. Although average daily an-
drogen intake in the two males was similar (no. 6:
34.7+6.8 pg; no. 346: 27.1=3.1 ng, P>0.05), peak intake
in no. 6 (95 ng on day 11) was substantially greater than in

10
Dead (n=10)

75T

Alive (n=32)
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Fig. 2. Deaths during i.c.v. testosterone self-administration in male
hamsters relative to peak daily androgen intake (0—20, 21-40, 41-60,
61-80, 81-100 pg testosterone). Top: number of animals that died at
each testosterone dose. Middle: number of animals that survived at
each testosterone dose. Bottom: percent survival. Survival decreased
significantly above 60 pg testosterone/day (P<0.05).

no. 346 (50 ng on days 8, 9, and 18). After reaching a peak
on day 11, male no. 6 showed a progressive decline in
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androgen intake on days 12 and 13, and died on day 14.
By contrast, no. 346 continued to self-administer testoster-
one at more modest levels for 21 days with no evident
impairment.

Fig. 2 compares percent survival versus peak testoster-
one intake in all hamsters self-administering testosterone
i.c.v.. There was a significant correlation between peak tes-
tosterone and percent survival (R?=0.92, P<0.05). In 10
hamsters whose peak daily testosterone intake did not ex-
ceed 20 pg, there were no deaths. With peak androgen
intake between 20 and 60 g, survival was 86% (19 of 22
hamsters). At peak doses above 60 p.g/4 h (60—100 n.g) only
30% survived (three of 10 hamsters). Animals that died dur-
ing the study reached their highest testosterone intake after
15.4+3.8 days of self-administration. Death occurred
2.3+1.5 days after peak testosterone intake, and was pre-
ceded by profound autonomic depression. There were no sex
differences in peak testosterone intake (males: 47.1+5.6 p.g,
females: 40.0£6.4 pg), and no sex differences in survival
(19/25 males, 76%; 13/17 females, 76.5%).

Experiment 2: controlled infusion

Fig. 3 illustrates the effects of controlled infusions on loco-
motion, respiration and body temperature. Before the start
of controlled infusion, there were no differences in baseline
locomotor activity between males receiving testosterone or
vehicle. At baseline, males averaged 185.2+6.2 grid-
crossings/10 min. Thereafter in males receiving controlled
infusions of vehicle at 40 or 80 wl/4 h, locomotor behavior
remained at baseline levels throughout the experiment
(188.7+3.3 grid-crossings/10 min, 181.7x3.0 grid-
crossings/10 min, respectively). By contrast, controlled in-
fusion of 40 ng testosterone/4 h significantly depressed
locomotor activity. For testosterone-treated animals, loco-
motion averaged 25.1+18.8 grid-crossings/10 min on the
first day of treatment. However, locomotor activity gradu-
ally increased over the next 10 days. By the last day of
the study, grid-crossings after testosterone infusion
(169.0£5.5/10 min) were comparable to those in males
with vehicle infusion (184.67.0/10 min, P>0.05). Unlike
morphine (Schnur et al., 1983), testosterone does not
produce a biphasic effect on locomotor activity. Instead,
during the first 4 days of testosterone infusion, locomotor
activity was reduced below baseline from 30 min
(10.3=0.6 grid-crossings/10 min) through 150 min
(9.2+0.8 grid-crossings/10 min) following testosterone in-
fusion (P<<0.05; Table 1). By contrast, motor behavior after
vehicle infusion in the same males was unaffected (30 min:
183.8+2.7 grid-crossings/10 min vs 150 min: 186.4+3.0
grid-crossings/10 mi, P>0.05).

The effects of controlled infusions on respiration and
body temperature were similar. Vehicle infusions of 40 pl
or 80 wl did not alter resting respiration (116.5+
0.3 breaths/min, 116.8+0.6 breaths/min, respectively) or
body temperature (36.2+0.1 °C; 36.3=0.1 °C) compared
with baseline measurements (117.0+0.5 breaths/min,
35.8+0.4 °C). By contrast, on the first day of testing con-
trolled infusion of testosterone significantly reduced respi-
ration to 72.7+5.4 breaths/min and body temperature to

33.5£0.4 °C (P<0.05) compared with baseline control
values. However, by the last day of infusion, respiration
(117.5+1.4 breaths/min) had returned to baseline values,
and body temperature (35.3+0.3 °C) was not significantly
different from vehicle controls (P>0.05).

Following vehicle infusion, the opiate antagonist nalox-
one did not alter locomotor activity (183+3.0 grid-
crossings/10 min, P>0.05). However, naloxone produced
a striking effect on males with testosterone infusion. Ten
minutes after naloxone injection, locomotor activity in
testosterone-infused males increased to 472.610.5 grid
crossings/10 min, exceeding not only their post-infusion
locomotor activity (100.0=6.1 grid-crossings/10 min), but
also their baseline locomotion (188.6x4.7 grid-
crossings/10 min). This increase in locomotor activity after
naloxone remained consistent throughout the 15-day test
period. It is important to note that one male (no. 18) failed
to respond to controlled infusions of testosterone. In this
individual, locomotion, respiration and body temperature
remained at baseline values throughout 15 days of i.c.v.
testosterone. However, like the other testosterone-infused
males, his locomotor activity increased acutely following
naloxone challenge.

Fig. 4 illustrates organ weights in testosterone- and
vehicle-treated animals. Males receiving testosterone
infusions weighed significantly less (132.4+2.8 g) than
vehicle-treated males (156.1+1.2 g, P<0.05). As well,
epididymal fat pad weight in testosterone-treated males
(0.8+0.1 g/100 g BW) was significantly less than in
vehicle-treated animals (1.5+0.1 g/100 g BW, P<0.05).
Despite the difference in body weight, males receiving
testosterone had significantly larger seminal vesicles
(1.5=0.1 g/100 g BW) than vehicle-infused males
(0.60.1 g/100 g BW, P<0.05). Although paired testes
weights/100 g BW were significantly larger in testoster-
one-treated males (2.6+0.1 g) compared with vehicle-
infused controls (2.4+0.1 g), this effect was largely due
to the smaller body weight of testosterone-infused males
(85% of controls). Paired testes weights uncorrected for
BW in testosterone- and vehicle-treated males were
similar (3.4+0.1 g and 3.7=0.1 g, respectively).

Experiment 3: opioid blockade during controlled
infusion

Fig. 5 illustrates the effects of pre-treatment with naltrexone
on the response to controlled infusion of testosterone. Before
exposure to naltrexone or testosterone, baseline measure-
ments for locomotion, body temperature and respiration av-
eraged 179.3x3.9 grid-crossings/10 min, 36.0+0.1 °C, and
116.1£1.3 breaths/min, respectively. When males were pre-
treated with 10 mg/kg naltrexone, controlled infusion of tes-
tosterone had minimal behavioral or physiologic effects. Lo-
comotion (183.7+1.8 crossings/10 min), body temperature
(36.1+0.04 °C), and respiration (116.9+0.3 breaths/min)
were comparable to baseline values throughout the 10 days
of testing. However, males did not develop tolerance to tes-
tosterone during 10 mg/kg naltrexone pre-treatment. When
naltrexone was discontinued, controlled infusion of testoster-
one significantly depressed locomotion (16.8+3.1 counts/10
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Fig. 3. (A) Experimental design: testosterone- and vehicle-treated males were tested for locomotor behavior, body temperature, and respiratory rate
following a 4 h controlled infusion session. Males receiving 40 g testosterone or 40 pl vehicle were tested for locomotor behavior a second time following
a naloxone challenge. All experiments occurred during the dark phase of the light cycle. For further discussion, please see Experimental Procedures. (B)
Behavioral and physiological effects of daily i.c.v. infusions of 40 ug testosterone (n=9, filled circles) or 40 pl vehicle (n=7, open circles) for 15 days in male
hamsters: locomotor behavior (Loc., top left), body temperature (°C, bottom left), and respiration (Resp., bottom right). Shaded line indicates baseline
measures obtained from all animals before infusion. Top right: effects of the opioid antagonist naloxone (2.5 mg/kg) on locomotor activity following each
infusion session. (C) Behavioral and physiological effects of i.c.v. infusions of 40 g testosterone (T40, n=9), 40 pl vehicle (V40, n=7), and 80 pl vehicle

(V80, n=6) for 5 days in male hamsters: locomotor behavior (left), body temperature (middle), and respiration (right).

min), body temperature (33.5+0.3 °C), and respiration
(69.2+3.4 breaths/min, P<<0.05) on the first day of testing. By
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Table 1. Mean=S.E.M. locomotor behavior (grid-crossing/10 min) in
male hamsters (n=7) following 4 h controlled infusion of testosterone
(40 pg of 1 ng/pl) or vehicle (40 pl) on alternate days for 8 days®

Time Testosterone Vehicle
30 Min 10.3+0.6* 183.8+2.7
90 Min 9.4+0.9* 185.5+3.3
120 Min 9.3+1.1* 189.2+2.3
150 Min 9.2+0.8* 186.4+3.0

2 Asterisks indicate significant difference from vehicle controls.

(35.5+0.1 °C), and respiration (110.5+3.8) had significantly
increased, compared with the first day of testosterone infu-
sion (P<0.05).

In contrast to the effects of naltrexone at 10 mg/kg, nal-
trexone pretreatment at 1 mg/kg failed to block the sedative
effects of testosterone. During 5 days of testosterone infusion
following 1 mg/kg naltrexone pretreatment, locomotion
(20.4+3.8 grid-crossings/10 min), respiration (60.2+2.8
breaths/min) and body temperature (33.6+0.1 °C) were all
significantly below baseline values (193.0£6.5 grid-
crossings/10 min, 111.2+1.0 breaths/min, 37.2=0.1 °C).

Experiment 4: opioid blockade during testosterone
self-administration

Fig. 6 illustrates i.c.v. self-administration of testosterone in the
presence and absence of an opioid antagonist. When pre-
treated with naltrexone, males failed to develop a significant
preference for the active nose-poke hole during 10 days of
i.c.v. testosterone self-administration. On the last day of nal-
trexone pre-treatment, responses on the active and inactive
nose-poke holes averaged 12.0+2.1 and 14.5*+3.1 per 4 h,
respectively. Operant responses were comparable to re-
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Fig. 4. Effects of 15 daily i.c.v. infusions of 40 pg testosterone (n=9,
filled bars) or 40 pl vehicle (n=7, open bars) on paired weights of
testes, seminal vesicles, and epididymal fat pads (mean=S.E.M.) in
male hamsters. Asterisks indicate significant differences between
groups.

sponses for self-administration of the cyclodextrin vehicle
alone (Wood et al., 2004). However, when naltrexone pre-
treatment was discontinued, males developed a significant
preference for the active nose-poke within 5.0+1.0 days of
testosterone self-administration. On the 10th day of vehicle
pretreatment, males made significantly more responses on
the active nose-poke (27.0+5.7 per 4 h), compared with the
inactive nose-poke (9.4£1.6 per 4 h). Operant responding on
the active nose-poke averaged 23.5+2.1 nose-pokes/4 h
during 20 days of self-administration (P<<0.05). Responding
on the inactive nose-poke remained constant (9.1+0.4 nose-
pokes/4 h). By contrast, pretreatment with naltrexone at
1 mg/kg failed to block testosterone self-administration. Op-
erant responses on the active nose-poke (30.4+3.3 per 4 h)
were significantly higher than responses on the inactive
nose-poke (15.5+3.3 per 4 h) during days 6—10 of testoster-
one self-administration.

DISCUSSION

The present study demonstrates the potential for fatal
testosterone overdose during i.c.v. self-administration in
hamsters. Deaths correlated with maximal daily testoster-
one intake (>60 pg/day), rather than average androgen
consumption. Moreover, fatalities were not due to i.c.v.
fluid intake, as determined by controlled infusion of testos-
terone or vehicle. Symptoms of androgen overdose resem-
bled those of opiate intoxication, including reduced loco-
motion, respiration and body temperature. However, with
repeated exposure, males developed tolerance to the de-
pressive effects of testosterone infusion. Administration of
the opioid antagonist naloxone acutely reversed
testosterone-induced locomotor depression. Likewise, pre-
treatment with the long-acting opioid blocker naltrexone
blocked the physiologic and behavioral symptoms of tes-
tosterone infusion and prevented the reinforcing effects of
testosterone self-administration. These data suggest the
potential for testosterone addiction, which may be medi-
ated through opioidergic mechanisms.

The present study is part of an ongoing series of in-
vestigations to determine the potential for addiction to
anabolic steroids, and to determine brain mechanisms
underlying androgen reinforcement. In humans, anabolic
steroids are drugs of abuse. Recently, Brower (2002) pro-
posed a two-stage model of AAS dependence. According
to the model, anabolic effects of AAS on muscle growth
account for the initial stage of steroid use. However, with
chronic exposure, users develop dependence on the psy-
choactive effects of AAS. In this regard, there are reports
that AAS may possess euphorigenic effects (Cicero and
O’Connor 1990; Brower et al., 1991; see also Kashkin and
Kleber, 1989; Galloway, 1997; Leshner, 2000; Doweiko,
2002). Moreover, AAS users frequently experience with-
drawal when steroids are discontinued. Nonetheless, it is
difficult in humans to separate direct psychoactive effects
of AAS from the user’s psychological dependence on the
anabolic effects of AAS. In laboratory rodents, testoster-
one reward and reinforcement have been established pre-
viously by conditioned place preference (rats: Alexander et
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Fig. 5. Left: behavioral and physiological effects of daily i.c.v. infusions of 40 g testosterone (Testo; n=8) for 15 days in male hamsters: locomotor activity
(Loc., top), body temperature (°C, middle), and respiration (Resp., bottom). For the first 10 days (shaded box), animals were pre-treated with the long-acting
opioid antagonist, naltrexone (10 mg/kg). Open box represents testosterone infusion without naltrexone pre-treatment. Shaded line indicates baseline
measures obtained before infusion. Right: group means during days 1-5 in males pretreated with vehicle or naltrexone (10 or 1 mg/kg).
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Fig. 6. Operant responses (mean=S.E.M.) for i.c.v. testosterone (1 ng/1 pl injection) in male hamsters. Closed circles represent operation of the
active nose-poke; responses on the inactive nose-poke are indicated by open circles. For the first 10 days (shaded box), animals were pre-treated
with the long-acting opioid antagonist, naltrexone (Nalt). Open box represents testosterone infusion without Nalt pre-treatment (Veh). Top: daily
responses in representative hamsters pretreated with Nalt at 10 (left) and 1 mg/kg (right). Bottom: group means (n=8). Asterisks indicate significant
differences in operant responses on the active (closed bars) and inactive (open bars) nose-pokes during days 6—10 of testing.

al., 1994; Packard et al., 1997; King et al., 1999; Rosellini
et al., 2001; mice: Arnedo et al., 2000), and by oral (John-
son and Wood, 2001), i.v. and i.c.v. self-administration in
rats and hamsters (Wood et al., 2004). Conditioned place
preference with testosterone appears to involve dopamine
release in the nucleus accumbens (Packard et al., 1997,
1998), which acts on D1 and D2 types of dopamine recep-
tors (Schroeder and Packard, 2000).

Although the foregoing studies suggest that testoster-
one is reinforcing, many substances (e.g. sucrose) that are

reinforcing are not necessarily addictive. Results of the
present study offer the first evidence for testosterone ad-
diction in experimental animals. Addiction is characterized
by loss of control over use, such that subjects continue to
seek out the drug despite adverse consequences (Insti-
tute of Medicine, 1996). In the present study, self-
administration of testosterone to the point of death sug-
gests the potential for androgen addiction. Other criteria to
establish addiction in animal studies include tolerance,
withdrawal and sensitization (Koob and Nestler, 1997). Itis
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significant that hamsters in experiment 2 developed phys-
ical and behavioral tolerance to repeated infusions of tes-
tosterone. After the first day of infusion, testosterone-
treated males were flaccid, while vehicle infusions had no
effect. However, testosterone and vehicle-treated males
were indistinguishable after 15 days of exposure.

Nonetheless, it is evident that androgen reinforcement is
not comparable to that of cocaine or heroin. In part, this may
be due to the slow time-course of testosterone effects. While
cocaine and heroin produce a “rush” in human users, former
opiate addicts did not report euphoria following an injection of
testosterone (Fingerhood et al., 1997). Likewise, death can
occur rapidly with cocaine due to sudden cardiac death (Eick-
elberg and Mayo-Smith, 1998) or by heroin due to severe
respiratory depression (O’Connor and Kosten, 1998). By
contrast, deaths due to testosterone overdose in the present
study typically occurred several days after peak androgen
intake. Moreover, whether by oral (Johnson and Wood 2001),
i.v., or i.c.v. self-administration, rats and hamsters show only
a modest preference for testosterone (Wood et al., 2004). It
may be that the magnitude of steroid reinforcement is similar
to that of other mild reinforcers, such as caffeine, nicotine, or
benzodiazepines.

At high doses, the behavioral and physiologic effects of
testosterone were reminiscent of narcotics or sedatives.
Opiates cause CNS depression, particularly in respiratory
control, and testosterone overdose appears to have similar
effects. Previous investigators have postulated an interac-
tion of AAS and opioids. In humans, it has been suggested
that AAS abuse may lead to abuse of opioids (Arvary and
Pope, 2000), and naloxone treatment produced withdrawal
symptoms in a single case study of an AAS user (Tennant
et al., 1988). In rat brain, AAS increase levels of endoge-
nous opioids in the hypothalamus, striatum and periaque-
ductal gray (Johansson et al., 1997, 2000). In the present
study, the ability of naloxone and naltrexone to block tes-
tosterone intoxication and self-administration suggests
that testosterone modulation of the opioid system may be
behaviorally relevant. Nonetheless, testosterone does not
precisely mimic opioid effects. It is significant that we did
not observe classic symptoms of opiate withdrawal [wet-
dog shakes, paw shakes, teeth chattering, abdominal
writhing, yawning, and defecation (Schnur, 1991)] after
naloxone treatment of testosterone-infused hamsters.
Similar findings have been reported for rhesus monkeys
treated with naloxone following testosterone propionate
(Negus et al., 2001). As a further caveat, we have not
tested other neurotransmitter antagonists. In this regard,
previous studies have also suggested parallels between
testosterone and sedative-hypnotics such as benzodiaz-
epines. Like benzodiazepines, testosterone and its deriv-
atives have anxiolytic and analgesic effects, as demon-
strated with an elevated plus-maze in mice (Aikey et al.,
2002) and with open field, tail flick, paw lick, defensive
burying, and social interaction tests in rats (Frye and Se-
liga, 2001). Androgens also modulate activity of the GABA/
benzodiazepine receptor (Jorge-Rivera et al., 2000).

To date, deaths with central autonomic depression simi-
lar to that observed in hamsters with i.c.v. testosterone infu-

sions have not been described in humans. AAS users may
take androgenic compounds at up to 100X the dose used for
medical purposes (Brower et al., 1990). However, most AAS
users begin with small doses of less potent androgens, and
gradually increase their intake. Based on results of the
present study, androgen overdose would be expected only
with initial exposure to high doses of steroids. Most clinical
studies have either administered more modest doses (300
mg) to normal volunteers, or have recruited current steroid
users, who have presumably already developed tolerance to
AAS (Parssinen and Seppala, 2002).

Nonetheless, there is a precedent for androgen-related
deaths in human users (reviewed in Parssinen and Seppala,
2002) and laboratory animals (Bronson and Matherne, 1997).
While early studies focused on steroid-induced hepatic dys-
function (Hickson et al., 1989), recent studies and case re-
ports describe fatalities due to myocardial infarction and ce-
rebrovascular accident. Among athletes and body builders,
AAS abuse can precipitate sudden cardiac death during ex-
ercise (Kennedy and Lawrence, 1993; Dickerman et al.,
1995; Fineschi et al., 2001), with cardiac hypertrophy noted at
autopsy. The anabolic effects of androgens include hypertro-
phy of cardiac myocytes (Maron et al., 1986) and androgen-
stimulated thrombosis (Dickerman et al., 1995). In the
present study testosterone infused i.c.v. was not restricted to
the brain. While we cannot exclude the possibility of distur-
bances in cardiovascular function due to ic.v. self-
administration, we have not observed fatalities in rats and
hamsters self-administering testosterone i.v. (Wood et al.,
2004). With i.v. self-administration, androgen intake aver-
aged >300 pg/day, far beyond the lethal dose for most
hamsters self-administering testosterone i.c.v.. Thus, it ap-
pears that fatal androgen overdose in the present study is
largely due to effects on the brain.
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