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Abstract
Most studies agree that males and females respond differently to drugs of abuse. In females,
estradiol enhances the behavioral response to cocaine. However, studies on the role of testosterone
and the locomotor response to psychostimulants in the male rat are inconclusive. Our study was
designed to determine the behavioral effects of testosterone on the development and persistence of
cocaine sensitization in male rats. We tested different doses of cocaine (10, 15 and 30mg/kg) to
determine which dose induced locomotor sensitization in intact (INT) and gonadectomized (GDX)
animals. We also investigated if GDX males with testosterone replacement (GDX-T) showed a
similar locomotor response to cocaine as INT males.

Our data showed that gonadectomy enhanced the locomotor response to a single cocaine injection.
This effect was not observed in gonadectomized rats that received testosterone replacement.
However, GDX rats did not show a progressive increase in their locomotor response to repeated
cocaine administration (15 and 30 mg/kg) (sensitization) as did INT and GDX-T animals. It is
possible that in GDX males, the initial high locomotor response to cocaine creates a ceiling effect
that limits further increase in cocaine-induced hyperactivity. These findings indicate that
testosterone not only modulates the behavioral response to a single and to repeated cocaine
injections, but is essential for male rats to become sensitized to cocaine.
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1. Introduction
Drug addiction is a mental health problem that affects approximately 9.9 million Americans.
The National Survey on Drug Use and Health of 2007 showed that an estimated 2.1 million
Americans were cocaine dependent, men having a higher rate of cocaine dependence than
women. This difference can be partly attributed, to the greater opportunity that males have
to use drugs compared to females [1, 2] (SAMHSA, 2004). When this factor is taken into
consideration, approximately an equal amount of men and women that are exposed to drugs
of abuse will continue to use them frequently [1, 2] (SAHMSA, 2004).
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There is some controversy regarding gender differences and the subjective effects of
cocaine. There are studies that find that cocaine induces a greater sense of “well being” [3],
and greater craving [4] in women than in men. In contrast, other studies report that men
describe a more intense “high” to cocaine than women [5–8] while other studies find no
differences between genders [9–12].

This same dichotomy has been observed when analyzing other parameters. For example,
several studies report gender differences in cardiovascular effects of cocaine [8, 13] whereas
others find no effect [11, 14]. In other areas of study, the differences between sexes are more
consistent, such as the increased reactivity of the hypothalamic-pituitary-adrenal axis to
cocaine in females [13, 15]. Gender differences have also been reported in the rate of
developing dependence once exposed to cocaine [16, 17], as well in the response to
treatment [16, 18, 19]. These gender differences appear to be independent of drug
pharmacokinetics [9–11].

Part of the above-mentioned differences between the sexes may be attributed to differences
in the gonadal hormonal milieu. For example, in women, the subjective effects of cocaine
fluctuate with the menstrual cycle. Stimulant and euphoric effects of cocaine are greater
during the follicular phase (when the progesterone/estradiol ratio is low), than during the
luteal phase (when the progesterone/estradiol ratio is high) [5, 7, 20, 21].

Sex differences in response to cocaine have also been reported in animal subjects. Cocaine
induces higher locomotor activity (LMA) in female than in male rodents [22, 23], as well as
a more robust sensitization [24]. Females also acquire the criteria of self administration
faster and the number of cocaine infusions they take is greater than that of males [25].
Ovariectomy reduces the behavioral response to chronically administered cocaine [25, 26].
Replacement of the gonadal steroid estradiol increases cocaine-induced LMA and
sensitization [23, 26–28], as well as conditioned place preference to cocaine [23] attesting to
estradiol’s enhancement of cocaine-induced locomotor sensitization. In contrast, treatment
of ovariectomized rats with progesterone diminishes acquisition of cocaine self-
administration [29].

Fewer studies have investigated the effect of androgens on the behavioral response to
psychostimulants in male rats. Several studies find that gonadectomy did not affect cocaine-
induced locomotor activity [30–33], stereotypy [34], rotational behavior [26], cocaine self-
administration [29, 35] nor amphetamine stimulated locomotor activity [36]. However,
others find that gonadectomy increased cocaine-induced hyperactivity [37] as well as
amphetamine-induced hyperactivity [38], rearing [39] and stereotypy [40]. Furthermore,
males treated with testosterone show a decrease in cocaine-induced [41] and amphetamine-
induced [40] hyperactivity.

The effect of testosterone on behavioral sensitization to repeated cocaine administration in
male rats has received little attention. Therefore, our study was designed to determine the
behavioral effects of testosterone on the development and persistence of cocaine
sensitization in male rats. Behavioral sensitization is defined as an increased response over
time to repeated intermittent drug injections [42]. It is characterized by neurochemical
changes in the reward pathway of the brain, thus making locomotor sensitization an
excellent model to study addiction. The dopaminergic projection from the ventral tegmental
area (VTA) to corticolimbic structures is an essential component of the neural circuitry that
mediates motivation, as well as the hedonic and psychomotor properties of drugs of abuse.
Experiments of intracranial self-stimulation highlight the importance of the VTA as a neural
substrate of reward [43, 44]. Indeed, transitory increased excitatory input to the VTA is
essential for the development of behavioral sensitization [45]. The nucleus accumbens
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(NAc) also plays a major role in the expression of sensitization as illustrated by experiments
where lesioning of the NAc inhibits expression of this behavior (for review see [46]).

In this study we investigated the effect of gonadectomy on behavioral sensitization to
cocaine in male rats. We also tested whether testosterone replacement to GDX animals
reinstated behaviors to similar levels as those observed in intact rats. To determine if the
effect of gonadectomy was dose-dependent, several doses of cocaine (10, 15 and 30mg/kg)
were investigated.

2. Materials and Methods
2.1 Behavioral Studies

2.1.1 Animals—Adult male Sprague-Dawley rats (300–325g) were purchased from
Taconic Farms (Germantown, NY, USA). Animals were housed in groups of two in a
temperature and humidity controlled room, under a 12-h light-dark cycle with lights off at 7
PM. Water and Harlan Tek® rat chow was provided ad libitum. All animal experiments
were approved by the Institutional Animal Care and Use Committee (IACUC) of the
University of Puerto Rico, Medical Sciences Campus and adhere to USDA, NIH and
AAALAC guidelines.

2.1.2 Drugs and Chemicals—The anesthetics used for surgery were ketamine (65mg/
kg) and xylazine (7mg/kg) (Sigma-Aldrich, St. Louis, MO, USA). Three doses of cocaine-
HCl (Sigma-Aldrich) were used in this study: 10mg/kg, 15mg/kg and 30mg/kg. All drugs
were dissolved in 0.9% sterile saline and injected intraperitoneally (i.p.).

2.1.3 Surgical Procedures—Animals were anesthetized with ketamine/xylazine
anesthesia. Intact (INT) animals were sham operated and remained gonadally intact, whereas
gonadectomized (GDX) animals had their testes removed. For the testosterone replacement
study, a 10mm silastic tube implant (inner diameter of 1.47 mm, 1.97 mm outer diameter,
Dow Corning®, Midland, MI, USA) was placed subcutaneously in the midscapular region
during surgery. Empty implants were used as controls in INT and GDX animals, while
gonadectomized animals with testosterone replacement (GDX-T) received implants filled
with testosterone propionate (4-Androsten-17β-ol-3-one 17-propionate) (Sigma-Aldrich, St
Louis, MO, USA). This method of testosterone replacement has been successful in restoring
copulatory behavior in male rats [47, 48]. Animals were allowed one week of recovery from
surgery, after which the behavioral testing began.

2.1.4 Locomotor Activity Chamber—Horizontal (HACTV) and stereotyped (STRCNT)
activity were measured with an automated animal activity cage system (Versamax™
system) purchased from AccuScan Instruments (Columbus, Ohio, USA). The activity cages
are made from clear acrylic (42 cm × 42 cm × 30 cm), with 16 equally spaced (2.5 cm)
infrared beams across the length and width of the cage at a height of 2 cm from the cage
floor (horizontal beams). An additional set of 16 infrared beams is located at a height of 10
cm from the cage floor (vertical beams). All beams are connected to a Data AnalyserR that
sends information to a personal computer that displays beam data through a WindowsR-
based program (VersadatR). The Versamax™ system differentiates between stereotyped and
horizontal locomotor activity based on repeated interruption of the same beam or sequential
breaking of different beams respectively.

2.1.5 Locomotor Sensitization—LMA was measured in a dimly isolated room with
constant humidity (70%) and temperature (25°C). To diminish the effects of novelty,
animals were habituated to the activity cage for one hour on the day before receiving the
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first injection (Day 0) and for 30 min on days 1, 5 and 13 prior to cocaine injection. On days
1, 5 and 13 LMA was measured for 30 minutes prior to injection and then for 60 additional
minutes after injection. From days 1–5 the animals received daily i.p. injections of 0.9%
sterile saline (Nicolas Carrillo, Baxter, Baxter Healthcare Corporation, Deerfield, IL, USA)
or one of the doses of cocaine (10mg/kg, 15mg/kg or 30mg/kg). During days 6–12 the
animals remained in their home cages undisturbed. On day 13, animals were challenged with
an injection of saline or of the same dose of cocaine. Each session of behavioral testing
consisted of at least one animal of each group to minimize intergroup variation that may
result from differences in time of testing and/or injections. Animals were sacrificed after
behavioral testing on the day of the challenge. Trunk blood was collected from each animal,
and blood plasma stored at −70°C until the day of the radioimmunoassay (RIA).

2.2 Radioimmunoassays
All use of radioactive materials was approved by the Radiation Safety Committee of the
University of Puerto Rico, Medical Sciences Campus. This committee oversees the
compliance of NRC regulations for all UPR MSC laboratories.

2.2.1 Total Testosterone—Total plasma testosterone was determined with a RIA kit
purchased from MP Biomedical (Costa Mesa, California). On the day of the assay, plasma
samples were thawed at room temperature and a 50ul aliquot from each sample was pipetted
into polypropylene 12×75mm culture tubes. Each sample had a duplicate. The standard
curve was prepared in triplicate with seven different concentrations of testosterone, ranging
from 0 to 10ng/ml. The assay was conducted following the instructions of the manufacturer.

2.2.2 Free Testosterone—Free plasma testosterone was determined using a Coat-A-
Count Free Testosterone RIA kit from MP Biomedical (Costa Mesa, California). In this
assay, the antibody against testosterone is bound to the walls of the test tubes. Samples were
thawed at room temperature and a 50 µl aliquot pipetted into the test tubes with antibody.
Each sample had a duplicate. The standard curve consisted of seven standards (0.25, 1.0,
2.5, 10, 25, 50 and 100 pg/ml), and was prepared in triplicates.

After completion of each assay radioactivity was counted in a gamma counter (Beckman
Gamma 5500B) for one minute. Hormonal values were interpolated from a standard curve
prepared in triplicate using standard calibrators and quality control serum. The calculation of
the data reduction was performed by linear regression and logit-log representation with the
aid of computer software. All samples were assayed in duplicate.

2.3 Statistical Analysis
The statistical analysis used varied according to the groups to be compared. Since the first
30 min after cocaine injection is where changes in LMA are more robust, we used this time
frame for statistical analysis and comparisons among groups (INT, GDX, GDX-T),
treatment (saline, cocaine) and days (1, 5 and 13).

For our time course data, a repeated measures two-way ANOVA was used to analyze the
first 30 minutes of activity after injection with locomotor activity as the dependent variable
and time (in 5 minute intervals) and days (Day 1, 5 and 13) as the independent variables. A
post-hoc Bonferroni test was conducted to determine the time points that were significantly
different. Animals that showed an overall significant increase (p<0.05) in LMA during the
first 30 minutes after repeated cocaine administration were considered sensitized.

Data presented in bar graphs, was analyzed using an unpaired t-test or a oneway ANOVA,
depending whether the comparison was within the same group or different groups of
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animals. All data were analyzed using GraphPad Prism version 5.00 for Windows
(GraphPad Software, San Diego California USA, www.graphpad.com) computer software.
Data are presented as the mean ± standard error of the mean (SEM). A p-value (p<0.05) was
considered statistically significant.

3. Results
3.1 Basal locomotor activity

Gonadectomy did not alter basal LMA on any of the days tested as compared to INT
animals (Fig. 1). In addition, basal LMA remained similar throughout the testing period (i.e.
did not increase or decrease with time) in all groups tested.

3.2 Locomotor response to cocaine
A single cocaine injection significantly increased LMA of all animals, as compared to their
saline counterparts. This hyperlocomotion was further enhanced in GDX animals at higher
doses of cocaine, such as 15 and 30 mg/kg (Fig. 2, p<0.05). On days 5 and 13 there was no
significant difference between INT and GDX animals receiving cocaine (p>0.05).

3.3 Behavioral sensitization to cocaine
The locomotor response to repeated cocaine was altered differently according to cocaine
dose and hormone treatment. When comparing the response to cocaine during the first 30
minutes after cocaine administration, a low dose of cocaine (10mg/kg) did not induce
sensitization in INT (Fig. 3A: Two-way ANOVA, p > 0.05, F = 2.747; Bonferroni post test,
D1 vs D5: 40min; D1 vs D13: 35–40 min; Fig. 3B: Two-way ANOVA, p > 0.05, F = 2.704;
Bonferroni post test, D1 vs D5: 40min; D1 vs D13: 35–40 min) nor GDX animals (Fig. 3C:
Two-way ANOVA, p > 0.05, F = 1.978; Bonferroni post test, D1 vs D5: 40min; D1 vs D13:
35–40 min; Fig. 3D, Two-way ANOVA, p > 0.05, F = 1.587; Bonferroni post test, D1 vs
D5: 40min; D1 vs D13: 35–40 min), although the first 10 minutes after injection are
significantly different. On the other hand, 15mg/kg cocaine induced sensitization in INT
male rats (Fig. 4A: Two-way ANOVA, p < 0.05, F = 5.905; Bonferroni post test, D1 vs D5:
35–45min; D1 vs D13: 35–45 min; Fig. 4B: Two-way ANOVA, p < 0.05, F = 6.647;
Bonferroni post test, D1 vs D5: 35–45min; D1 vs D13: 35–45 min). This effect was
suppressed by gonadectomy (Fig. 4C: Two-way ANOVA, p > 0.05, F = 1.948; Bonferroni
post test, D1 vs D5: 35–40min; D1 vs D13: 35 min; Fig. 4D: Two-way ANOVA, p > 0.05, F
= 2.901; Bonferroni post test, D1 vs D5: 35–40min; D1 vs D13: 35 min). Repeated
administrations of 30mg/kg cocaine had opposite effects on INT and GDX animals (Fig. 5).
In INT rats cocaine-induced LMA remained the same throughout days 1–5 and increased
after a withdrawal period of 7 days (Fig. 5A: Two-way ANOVA, p < 0.05, F = 4.700;
Bonferroni post test, D1 vs D13: 35–60 min; Fig. 5B: Two-way ANOVA, p < 0.05, F =
4.413; Bonferroni post test, D1 vs D13: 35, 60 min). In contrast, cocaine-induced horizontal
activity of GDX rats was highest at day 1, and decreased during days 5 and 13 (Fig. 5C:
Two-way ANOVA, p < 0.05, F = 4.273; Bonferroni post test, D1 vs D5: 40–45min; D1 vs
D13: 45 min; Fig. 5D: Two-way ANOVA, p < 0.05, F = 1.879; Bonferroni post test, D1 vs
D5: 45min).

3.4 Testosterone Replacement
Basal LMA of saline treated rats did not differ among the groups (Fig. 6). These data show
that gonadectomy, nor testosterone replacement, altered locomotor activity of adult male
rats. A single 15 mg/kg cocaine injection increased LMA of all animals compared to their
saline counterparts. As previously illustrated, gonadectomy enhanced the locomotor
response to a single cocaine injection; however, this effect was reversed by testosterone
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administration (Fig. 6) (One way ANOVA, p < 0.05). Similar to what we observed with INT
males treated with 15 mg/kg of cocaine, cocaine-induced LMA in GDX-T rats was higher
on days 5 and 13 than on day 1, indicative of sensitization ( Fig. 7C: Two-way ANOVA, p <
0.05, F = 7.128; Bonferroni post test, D1 vs D5: 35–60min; D1 vs D13: 35–40 min; Fig. 7D:
Two-way ANOVA, p < 0.05, F = 4.562; Bonferroni post test, D1 vs D5: 35–50min; D1 vs
D13: 35min). We also observed that basal LMA of GDX-T rats was higher on day 13 than
on day 1 and day 5 (Fig. 7A: Two-way ANOVA, p < 0.05, F = 4.052; Bonferroni post test
not significant; Fig. 7B: Two-way ANOVA, p < 0.05, F = 4.563; Bonferroni post test not
significant). To ascertain whether the increase in cocaine treated animals was due to the
increase in basal LMA, we subtracted total basal LMA from total cocaine-induced LMA in
GDX-T rats (HACTV: day 1: 6497±883.3; day 5: 12609±1326; day 13: 8930±1540;
STRCNT: day 1: 3313±511.3; day 5: 8040±912.6; day 13: 6263±1110). Although the higher
basal LMA on day 13 attenuated the increased response to cocaine, there was still a
significant increase in stereotyped activity and a trend towards increased horizontal activity
(t-test, day 1 vs day 13: HACTV: p=0.1762; STRCNT: p=0.0127).

3.5 Plasma levels of Testosterone
Total and free testosterone levels varied according to hormone treatments. As expected,
GDX animals had negligible levels of both total and free testosterone (data not shown). On
the other hand, GDX-T rats had approximately twice the amount of free and total
testosterone plasma levels than INT males (t-test, p<0.05).

A single cocaine injection (15 mg/kg) had no effect on total or free testosterone plasma
levels. However, repeated cocaine injections decreased plasma testosterone of GDX-T
compared to saline controls, although only total testosterone reached statistical significance
(t-test, Total T: p < 0.01; Free T: p > 0.05).

4. Discussion
Our data shows that in drug naïve rats, gonadectomy enhanced the locomotor response to a
cocaine injection. This effect was not observed in gonadectomized rats that received
testosterone replacement. In addition, GDX rats did not show a progressive increase in their
locomotor response to repeated cocaine administration (15 and 30 mg/kg) (sensitization) as
did INT and GDX-T males. These findings show that testosterone modulates the behavioral
response to a single and to repeated cocaine injections.

Previous studies in this area report either no effect of testosterone [26, 29–36], or attenuation
of the behavioral effects of psychostimulants in drug naïve rats [37–41], similar to what we
have found in this study. It could be argued that these discrepancies result from differences
strain of rats used [33], route of cocaine administration [30, 31], and/or the behavioral
parameter assessed [26], among others. However, we consider that the dose of cocaine used
is of the utmost importance. The effect of gonadectomy on cocaine-induced LMA is dose
dependent, seen only at the higher cocaine doses and not with 10mg/kg cocaine [33, 37, 49].
Notably, this effect may be specific to the behavioral parameter assessed, given that no
difference was reported between INT and GDX male rats when higher doses of cocaine
(20mg/kg) were administered and when rotational behavior was ascertained after a 6-
hydroxy dopamine lesion in the nigrostriatal pathway [26].

This is the first dose response study of cocaine-induced locomotor sensitization in INT and
GDX rats. Several doses of cocaine are effective in inducing behavioral sensitization in
gonadally intact males, and the effective dose can vary according to the behavioral
parameter measured. Although most studies use 15 mg/kg of cocaine to induce sensitization
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[27, 33, 50, 51] doses of 5, 10 and 20 mg/kg have also proven to be effective when
measuring rotational behavior [26].

In our study, cocaine doses of 15 and 30 mg/kg were effective in inducing sensitization in
INT but not in GDX male rats. Curiously, at a dose of 10 mg/kg, cocaine-induced
hyperactivity during the first 10 minutes after injection was higher on day 13 than on day 1
in INT and in GDX males. However, total locomotor activity during the first 30 minutes
after cocaine injection was not. Interestingly, the dose of 30 mg/kg of cocaine induced
sensitization in INT rats only after a 7 day withdrawal period. In contrast, in GDX rats it
reduced the locomotor response, a behavior reminiscent of the tolerance observed with
continuous infusion of cocaine [52–56]. Sensitization to a particular drug may persist from
months to years after discontinuing drug treatment [42, 57]. In fact, cocaine-induced
hyperactivity is enhanced in sensitized rats following a drug-free period [58–60].

A vast number of studies show that 5 daily injections of cocaine induced sensitization in
gonadally intact male rats [61–64]. The present study found the same results in INT and
GDX-T rats, but not in GDX rats. It is possible that GDX male rats require a longer
treatment period to develop sensitization or a lower dose.

Previous studies investigating the effects of gonadectomy on cocaine-induced sensitization
report that both INT and GDX male rats sensitize to various doses of cocaine [26, 33, 34].
Notably, these studies did not find that gonadectomy enhanced the initial locomotor
response to cocaine, which has been shown to predict the subsequent response to cocaine as
well as the development of sensitization [65]. For example, an acute cocaine injection
(10mg/kg, i.p.) may induce either a high or low locomotor response. High cocaine
responders (HCR) do not show an increase in the locomotor response with repeated cocaine
administration, while low cocaine responders (LCR) become sensitized to repeated cocaine
administration [65]. In our study, GDX male rats exhibited an initial higher response to
cocaine than INT rats but they did not become sensitized, thus behaving as HCR animals.

Cocaine is known to alter plasma sex steroid levels. A single injection of cocaine (15 or
40mg/kg) increases testosterone up to 2 hours after injection, followed by a subsequent
decline [66, 67] that continues after repeated administration of cocaine [67]. Our results
indicate that on day 13, plasma levels of testosterone are lower in GDX-T rats that received
cocaine repeatedly than in GDX-T saline treated rats. However, this decrease is not observed
in INT animals. These data suggest that cocaine may be altering testosterone clearance by
hepatic or renal tissue. The fact that we did not observe changes in INT animals may be
attributed to the higher testosterone released by the silastic implants. Another possibility is
that INT animals may compensate the increased clearance by increasing testosterone
synthesis, returning testosterone levels to normal.

Androgens modulate the mesolimbic dopaminergic system, an essential component of the
brain reward circuitry associated with drug reward and sensitization. Release of dopamine
(DA) in the NAc is necessary for the drug ‘high’, for the initiation of addiction [68] and is
associated with increased LMA [69, 70]. Extracellular DA concentration is regulated by
several factors, including reuptake by dopamine transporters (DAT) and decreased DA
release by activation of dopamine autoreceptors (D2 receptors). Androgens can alter DA
concentrations. Nandrolone decanoate, an anabolic androgenic steroid, has been found to
upregulate D2 receptor in the VTA, NAc core and caudate putamen [71] and decrease DAT
density in the striatum and caudate putamen [72]. Although there is still controversy, several
studies show that repeated cocaine decreases DAT mRNA expression [73–75] and activity
[65] in the reward system. Decreased expression/activity of DAT decreases DA clearance
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leading to an increased locomotor response to repeated administration of cocaine, just like
we observed in INT animals.

On the other hand, we report that GDX rats respond more robustly to a single cocaine
injection than INT rats, similar to the HCR animals described by Sabeti et al. [70]. In their
study, the initial higher response of the HCR animals was correlated with increased DAT
inhibition, which leads to increased extracellular DA in the NAc. In addition, HCR animals
do not become sensitized to repeated cocaine administrations correlating with no further
DAT inhibition, while both an increase in DAT inhibition and sensitization are observed in
LCR.

The initial high response to cocaine may be a ceiling effect limiting further increase in
locomotor response with repeated cocaine administration. Therefore it is possible that
testosterone increases DAT density in the reward pathway, thus increasing DA reuptake
which in turn decreases extracellular DA in the NAc resulting in a reduced initial locomotor
response to cocaine by both in INT and GDX-T animals. With repeated cocaine
administrations, DAT expression/activity would decrease, resulting in sensitization of
animals with testosterone. Conversely, gonadectomy can increase extracellular DA response
by decreasing DA reuptake due to lower DAT density, resulting in an increased initial
response to cocaine. There would be no further change in DAT activity/expression with
repeated cocaine administration resulting in no sensitization of male rats lacking
testosterone. This of course is speculative and requires further experimentation.

In summary, this study shows that testosterone modulates the locomotor response to cocaine
in male rats. Initially, GDX rats respond with higher hyperactivity to cocaine. However,
after repeated exposure to cocaine, the response of these animals does not increase further,
as if they had reached a plateau. However, INT and GDX-T male rats show a progressive
increase in locomotor response, or sensitization, different from the “ceiling effect” observed
in GDX rats. Further studies are warranted to elucidate the neural substrates and
mechanisms involved in testosterone modulation of cocaine-induced LMA. These data
suggest that testosterone is a required substrate that participates in neuroadaptative processes
triggered by repeated exposure to cocaine. They also attest to the relevance of evaluating
androgen receptors as potential candidates for treatment of addictive disorders.
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• Gonadectomy of male rats enhanced cocaine-induced hyperactivity.

• Gonadectomized male rats did not sensitize with repeated cocaine
administration.

• Gonadectomized male rats with testosterone show sensitization to cocaine.

• Testosterone is essential for cocaine-induced sensitization in male rats.
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Figure 1. Basal locomotor activity of intact and gonadectomized male rats
Total horizontal (A) and stereotyped (B) activity of intact (INT) (white bars) and
gonadectomized (GDX) (black bars) adult male rats is presented as the mean sum ± SEM of
the first 30 minutes after saline injection on days 1, 5 and 13; N: INT = 8, GDX = 8.
Gonadectomy did not alter basal locomotor activity on any of the days. Repeated saline
injections did not alter basal LMA throughout the testing period.
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Figure 2. Locomotor response of intact and gonadectomized male rats to different doses of
cocaine
Total horizontal (A) and stereotyped (B) activity of INT and GDX male rats is presented as
the mean sum ± SEM of the first 30 minutes after a single injection of saline (0.9%) or
cocaine (10, 15 or 30mg/kg); N: Saline: INT = 8, GDX = 8; 10mg/kg: INT = 11, GDX = 10;
15mg/kg: INT = 30 (STRCNT) 31(HACTV), GDX = 29; 30mg/kg: INT = 9, GDX = 9.
Cocaine increased locomotor activity of all animals compared to their saline counterpart.
Gonadectomy enhanced the locomotor response to 15 and 30mg/kg of cocaine when
compared to intact males. * p<0.05 compared to LMA of INT animals with the same dose of
cocaine.
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Figure 3. Locomotor response of intact and gonadectomized male rats to repeated cocaine
(10mg/kg) administration
Animals received daily injections of cocaine (10mg/kg) for 5 consecutive days and a
challenge injection on day 13. Horizontal (A and C) and stereotyped (B and D) activity was
recorded on days 1 (white bar and circle), 5 (grey bar and circle) and 13 (black bar and
circle) for 30 min prior to injection (0 – 30 min) and 1 hour after injection (31 – 90 min).
Data are presented on the left of each panel as the mean sum ± SEM of the first 30 minutes
after cocaine injection and on the right of each panel as mean ± SEM in 5 min intervals; N:
INT = 11, GDX = 10. Locomotor activity was not significantly different on days 5 and 13
from day 1, indicating that neither INT nor GDX male rats become sensitized with a 10mg/
kg dose of cocaine.
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Figure 4. Locomotor response of intact and gonadectomized male rats to repeated cocaine
(15mg/kg) administration
Animals received daily injections of 15mg/kg cocaine for 5 consecutive days and a
challenge injection on day 13. Horizontal (A and C) and stereotyped (B and D) activity was
recorded on days 1 (white bar and circle), 5 (grey bar and circle) and 13 (black bar and
circle) for 30 min prior to injection (0 – 30 min) and 1 hour after injection (31 – 90 min).
Data are presented on the left of each panel as the mean sum ± SEM of the first 30 minutes
after cocaine injection and on the right of each panel as mean ± SEM in 5 min intervals; N:
INT = 30 (STRCNT) – 31 (HACTV), GDX = 29. INT male rats show an increased
locomotor response after repeated injections, while GDX animals do not. These results
indicate that 15mg/kg of cocaine induces sensitization in INT but not in GDX male rats. *
p<0.05 compared to LMA on day 1.
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Figure 5. Locomotor response of intact and gonadectomized male rats to repeated cocaine
(30mg/kg) administration
Animals received daily injections of 30mg/kg cocaine for 5 consecutive days and a
challenge injection on day 13. Horizontal (A and C) and stereotyped (B and D) activity was
recorded on days 1 (white bar and circle), 5 (grey bar and circle) and 13 (black bar and
circle) for 30 min prior to injection (0 – 30 min) and 1 hour after injection (31 – 90 min).
Data are presented on the left of each panel as the mean sum ± SEM of the first 30 minutes
after cocaine injection and on the right of each panel as mean ± SEM in 5 min intervals; N:
INT = 9, GDX = 9. INT male rats show an increase locomotor response after a withdrawal
period. On the other hand, GDX animals show decreased horizontal activity after repeated
injections when compared to day 1. * p<0.05 compared to LMA on day 1.
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Figure 6. Locomotor response of intact, gonadectomized and gonadectomized male rats with
testosterone replacement to a single saline or cocaine (15mg/kg) injection
Total horizontal (A) and stereotyped (B) activity of INT (white bars), GDX (black bars) and
GDX-T (grey bars) male rats, presented as the mean sum ± SEM of the first 30 minutes after
a single injection of saline (0.9%) or cocaine (15mg/kg); N: Saline: INT = 8, GDX = 8,
GDX-T = 7; Cocaine: INT = 30 (STRCNT) 31(HACTV), GDX = 29, GDX-T = 28.
Testosterone treatment of GDX animals did not alter basal locomotor activity. Cocaine
administration increased LMA of all animal groups. Hormone treatment altered the
locomotor response to a single cocaine injection. The increased locomotor response of GDX
male rats to a single 15mg/kg cocaine injection was attenuated by testosterone replacement.
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* p<0.05 compared to LMA of INT animals with the same dose of cocaine.
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Figure 7. Basal and cocaine-induced locomotor activity of gonadectomized male rats with
testosterone replacement
Animals received daily injections of saline or 15mg/kg cocaine for 5 consecutive days and a
challenge injection on day 13. Horizontal (A and B) and stereotyped (C and D) activity was
recorded on days 1 (white bar and circle), 5 (grey bar and circle) and 13 (black bar and
circle) for 30 min prior to injection (0 – 30 min) and 1 hour after injection (31 – 90 min).
Data are presented on the left of each panel as the mean sum ± SEM of the first 30 minutes
after cocaine injection and on the right of each panel as mean ± SEM in 5 min intervals; N :
Saline = 7; Cocaine = 28. Basal LMA was increased on day 13 compared to days 1 and 5.
GDX-T male rats show an increased locomotor response after repeated cocaine
administrations. * p<0.05 compared to LMA on day 1; ** p<0.05 compared to LMA on day
1 and day 5.
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Figure 8. Plasma levels of total and free testosterone on the first and last day of injection of
intact and gonadectomized male rats with testosterone replacement
Total (A and B) and free (C and D) testosterone levels were measured by radioimmunoassay
in INT (white bars) and GDX-T (grey bars) animals. Data are presented as mean ± SEM; N:
Total Testosterone: Day 1: Saline: INT = 9, GDX = 8; Cocaine: INT = 8, GDX-T = 9; Day
13: Saline: INT = 22, GDX-T = 21; Cocaine; INT = 32, GDX-T = 33; Free Testosterone:
Day 1: Saline: INT = 9, GDX = 8; Cocaine: INT = 8, GDX-T = 9; Day 13: Saline: INT = 10,
GDX-T = 9; Cocaine; INT = 10, GDX-T = 10. Values for GDX animals were negligible and
not included in the graph. GDX-T animals had higher total and free testosterone levels than
intact male rats when treated with saline. A single cocaine injection (Day 1) did not alter
total (A) or free (C) testosterone plasma levels when compared to their saline counterpart.
Repeated cocaine administration (Day 13; B and D) decreased plasma testosterone of GDX-
T compared to their saline counterparts, although only total testosterone reached statistical
significance. * p<0.05 compared to INT animals with the same drug treatment; # p < 0.01
compared to the saline counterpart.
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