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Abstract
Methamphetamine (Meth) is a highly addictive stimulant. Meth abuse is commonly associated with
the practice of sexual risk behavior and increased prevalence of Human Immunodeficiency Virus
and Meth users report heightened sexual desire, arousal, and sexual pleasure. The biological basis
for this drug-sex nexus is unknown. The current study demonstrates that Meth administration in male
rats activates neurons in brain regions of the mesolimbic system that are involved in the regulation
of sexual behavior. Specifically, Meth and mating co-activate cells in the nucleus accumbens core
and shell, basolateral amygdala, and anterior cingulate cortex. These findings illustrate that in contrast
to current belief drugs of abuse can activate the same cells as a natural reinforcer, i.e. sexual behavior,
and in turn may influence compulsive seeking of this natural reward.
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Motivation and reward are regulated by the mesolimbic system, an interconnected network of
the brain areas comprised by the ventral tegmental area (VTA) nucleus accumbens (NAc),
basolateral amygdala, and medial prefrontal cortex (mPFC) (Kelley, 2004, Kalivas and
Volkow, 2005). There is ample evidence that the mesolimbic system is activated in response
to both substances of abuse (Di Chiara and Imperato, 1988, Chang et al., 1997, Ranaldi et al.,
1999) and to naturally rewarding behaviors such as sexual behavior (Fiorino et al., 1997,
Balfour et al., 2004). Male sexual behavior, and in particular ejaculation, is highly rewarding
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and reinforcing in animals models (Pfaus et al., 2001). Male rodents develop a conditioned
place preference (CPP) to copulation (Agmo and Berenfeld, 1990, Martinez and Paredes,
2001, Tenk, 2008), and will perform operant tasks to gain access to a sexually receptive female
(Everitt et al., 1987, Everitt and Stacey, 1987). Drugs of abuse are also rewarding and
reinforcing, and animals will learn to self-administer substances of abuse, including opiates,
nicotine, alcohol, and psychostimulants (Wise, 1996, Pierce and Kumaresan, 2006, Feltenstein
and See, 2008). Although it is known that both drugs of abuse and sexual behavior activate
mesolimbic brain areas, it is currently unclear whether drugs of abuse influence the same
neurons that mediate sexual behavior.

Electrophysiological studies have demonstrated that food and cocaine both activate neurons
in the NAc. However, the two reinforcers do not activate the same cells within the NAc (Carelli
et al., 2000, Carelli and Wondolowski, 2003). Moreover, food and sucrose self-administration
do not cause long term alterations of electrophysiological properties as are induced by cocaine
(Chen et al., 2008). In contrast, a collection of evidence suggests that male sexual behavior
and drugs of abuse might indeed act on the same mesolimbic neurons. Psychostimulants and
opioids alter the expression of sexual behavior in male rats (Mitchell and Stewart, 1990, Fiorino
and Phillips, 1999a, Fiorino and Phillips, 1999b). Recent data from our lab showed that sexual
experience alters the responsiveness to psychostimulants as evidenced by a sensitized
locomotor responses and sensitized reward perception to d-amphetamine in sexually
experienced animals (Pitchers et al., 2009). A similar response has previously been observed
with repeated exposure to amphetamine or other drugs of abuse (Lett, 1989, Shippenberg and
Heidbreder, 1995, Shippenberg et al., 1996, Vanderschuren and Kalivas, 2000). Together, these
findings suggest that sexual behavior and responses to drugs of abuse are mediated by the same
neurons in the mesolimbic system. Hence, the first objective of the present study is to
investigate neural activation of the mesolimbic system by sexual behavior and drug
administration in the same animal. In particular, we tested the hypothesis that the
psychostimulant, methamphetamine (Meth), acts directly on neurons that normally mediate
sexual behavior.

Meth is one of the most abused illicit drugs in the World (NIDA, 2006, Ellkashef et al.,
2008) and it has been frequently linked to altered sexual behavior. Interestingly, Meth users
report heightened sexual desire and arousal, as well as enhanced sexual pleasure (Semple et
al., 2002, Schilder et al., 2005). Moreover, Meth abuse is commonly associated with sexually
compulsive behavior (Rawson et al., 2002). Users often report having numerous sexual partners
and are less likely to use protection than other drug abusers (Somlai et al., 2003, Springer et
al., 2007). Unfortunately, studies indicating Meth use as a predictor of sexual risk behavior are
limited as they rely on unconfirmed self-reports (Elifson et al., 2006). Therefore, an
investigation into the cellular basis of Meth-induced changes in sexual behavior in an animal
model is required for understanding this complex drug-sex nexus.

In view of the above outlined evidence suggesting that drugs of abuse, and particularly Meth,
may act upon neurons normally involved in mediating sexual behavior, the objective of the
present study was to investigate neural activation by sexual behavior and administration of the
psychostimulant Meth. This study implemented a neuroanatomical technique, utilizing
immunohistochemical visualization of the immediate early genes Fos and phosphorylated Map
Kinase (pERK) to detect concurrent neural activation by sexual behavior and Meth
respectively. Fos is only expressed within the nucleus of cells, with a maximal expression level
30–90 minutes after activation of the neuron. There is ample evidence that sexual activity
induces Fos expression in the brain (Pfaus and Heeb, 1997, Veening and Coolen, 1998),
including the mesocorticolimbic system (Robertson et al., 1991, Balfour et al., 2004). There
is also evidence that drugs of abuse induce pERK expression within the mesocorticolimbic
system (Valjent et al., 2000, Valjent et al., 2004, Valjent et al., 2005). In contrast to the
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expression of Fos, phosphorylation of ERK is a highly dynamic process and only occurs 5–20
minutes after neuronal activation. The distinct temporal profiles of Fos and pERK makes them
an ideal set of markers for subsequent neuronal activation by two different stimuli.

EXPERIMENTAL PROCEDURES
Subjects

Adult male Sprague Dawley rats (210–225 g) obtained from Charles River Laboratories
(Montreal, QC, Canada) were housed two per cage in standard plexiglas cages (home cages).
The animal room was maintained at a 12/12 h reversed light cycle (lights off at 10.00 h). Food
and water were available ad libitum. All testing was performed during the first half of the dark
phase under dim red illumination. Stimulus females used for sexual behavior were bilaterally
ovariectomized under deep anaesthesia (13 mg/kg ketamine and 87 mg/kg xylazine) and
received a subcutaneous implant containing 5% estradiol benzoate (EB) and 95% cholesterol.
Sexual receptivity was induced by subcutaneous (s.c.) administration of 500 μg progesterone
in 0.1 ml sesame oil 4 h prior to testing. All procedures were approved by the Animal Care
Committee at the University of Western Ontario and conform to the guidelines outlined by the
Canadian Council on Animal Care.

Experimental Designs
Experiments 1 and 2: Male rats (n=37) were allowed to mate with a receptive female to one
ejaculation (E) or for 30 min, which ever came first in clean test cages (60 × 45 × 50 cm) during
five twice-weekly pre-test mating sessions, to gain sexual experience. During the latter two
sessions, all standard parameters for sexual performance were recorded, including: mount
latency (ML; time from introduction of the female until the first mount), intromission latency
(IL; time from introduction of the female until the first mount with vaginal penetration),
ejaculation latency (EL; time from the first intromission to ejaculation), post ejaculation
interval (PEI; time from ejaculation to first subsequent intromission), number of mounts (M),
and number of intromissions (IM) (Agmo, 1997). All males received 1 ml/kg daily injection
of 0.9% NaCl (saline; s.c.) 3 consecutive days prior to the test day, for habituation to handling
and injections. One day before the test day, all males were single housed. In experienced males,
Fos can be induced by conditioned contextual cues associated with prior sexual experience
(Balfour et al, 2004). Therefore, all mating and control manipulations during the final tests
were conducted in the home cage (avoid of predictive conditioned cues) to prevent conditioned-
cue induced activation in the unmated control males. Males were distributed into eight
experimental groups that did not differ in any measure of sexual performance during the last
two mating sessions (data not shown). During the final test, males were either allowed to mate
in their home cage until they displayed an ejaculation (sex) or did not receive female partner
(no sex). All mated males were perfused 60 minutes following the onset of mating to allow for
analysis of mating-induced Fos-expression. Males received an injection of 4 mg/kg Meth or 1
ml/kg saline (s.c) (n=4 each), either 10 (experiment 1) or 15 (experiment 2) min prior to
perfusion, for analysis of drug-induced phosphorylation of MAP kinase. Dosage and time
before perfusion were based on previous reports (Choe et al., 2002, Choe and Wang, 2002,
Chen and Chen, 2004, Mizoguchi et al., 2004, Ishikawa et al., 2006). Control groups included
males that did not mate, but received Meth 10 (n=7) or 15 (n=5) min prior to sacrifice, or saline
injections 10 (n=5) or 15 (n=4) min prior to sacrifice. Following sacrifice, brains were
processed for immunohistochemistry.

Experiment 3: Since a high dose of Meth was used in experiment 1 and 2, an additional
neuroanatomical experiment was performed to investigate if sexual behavior and a lower dose
of Meth induce dose dependent patterns of overlapping neural activation. This study was
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carried out in an identical manner as experiments 1 and 2. However, on the final test, mated
and unmated groups (n=6 each) received 1 mg/kg Meth (s.c) 15 min prior to sacrifice.

Experiment 4: To test if neural activation caused by sex and Meth is specific for Meth, this
experiment investigated whether similar patterns of overlapping neural activation could be
seen with the psychostimulant d-amphetamine (Amph). This experiment was carried out in an
identical manner as experiments 1 and 2. However, on the final test, males were administered
either Amph (5 mg/kg) or saline (1 mg/kg) (s.c) 15 min prior to sacrifice (n=5 each). Control
unmated males received saline or Amph 15 minutes prior to sacrifice. An overview of the
experimental groups utilized in experiments 1–4 is provided in Table 1.

Tissue Preparation—Animals were anesthetized with pentobarbital (270 mg/kg; i.p.) and
perfused transcardially with 5 ml of saline followed by 500 ml 4% paraformaldehyde in 0.1 M
phosphate buffer (PB). Brains were removed and post-fixed for 1 h at room temperature in the
same fixative, then immersed in 20% sucrose and 0.01% Sodium Azide in 0.1 M PB and stored
at 4°C. Coronal sections (35 μm) were cut on a freezing microtome (H400R, Micron,
Germany), collected in four parallel series in cryoprotectant solution (30% sucrose and 30%
ethylene glycol in 0.1 M PB) and stored at 20°C until further processing.

Immunohistochemistry—All incubations were performed at room temperature with gentle
agitation. Free floating sections were washed extensively with 0.1 M Phosphate-buffered saline
(PBS) between incubations. Sections were incubated in 1% H2O2 for 10 min, then blocked in
incubation solution (PBS containing 0.1% bovine serum albumin and 0.4% Triton X-100) for
1 h.

pERK/Fos: Tissue was incubated overnight with a rabbit polyclonal antibody against p42 and
p44 map kinases ERK1 and ERK2 (pERK; 1:400 experiment 1 lot 19; 1:4.000 experiment 2
and 3 lot 21; Cell Signaling Cat # 9101;), followed by a 1 h incubations with biotinylated
donkey anti-rabbit IgG (1:500; Jackson Immunoresearch Laboratories, West Grove, PA) and
avidin-horseradish peroxidase complex (ABC Elite; 1:1000; Vector Laboratories, Burlingame,
CA). Then, the tissue was incubated for 10 min with biotinylated tyramide (BT; 1:250 in PBS
+ 0.003% H2O2; Tyramid Signal Amplification Kit, NEN Life Sciences, Boston, MA) and for
30 min with Alexa 488 conjugated strepavidin (1:100; Jackson Immunoresearch Laboratories,
West Grove, PA). Next, tissue was incubated overnight with a rabbit polyclonal antibody
against c-Fos (1:500; SC-52; Santa Cruz Biotechnology, Santa Cruz, CA), followed by a 30
min incubation with goat anti-rabbit Alexa 555 (1:200; Jackson Immunoresearch Laboratories,
West Grove, PA). Following staining, the sections were washed thoroughly in 0.1 M PB,
mounted onto glass slides with 0.3% gelatin in ddH20 and coverslipped with an aqueous
mounting medium (Gelvatol) containing anti-fading agent 1,4-diazabicyclo(2,2)octane
(DABCO; 50 mg/ml, Sigma-Aldrich, St. Louis, MO). Immunohistochemical controls included
omission of either or both primary antibodies, resulting in absence of labeling in the appropriate
wavelength.

Data Analysis
Sexual behavior: For all four experiments, standard parameters for sexual performance were
recorded as described above and analyzed using analysis of variance (ANOVA). Data analysis
of sexual behavior during the final test day revealed no significant differences between groups
in any of the parameters of sexual performance.

pERK/Fos Cell Counts: Single and dual labeled cells for Fos and pERK were counted in the
caudal levels of NAc core and shell subregions, basolateral amygdala (BLA), posterodorsal
medial amygdala (MEApd), central amygdala (CeA), medial preoptic nucleus (MPN),
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posteromedial and posterolateral bed nucleus of the stria terminalis (BNSTpm and BNSTpl),
and the anterior cingulated area (ACA), prelimbic (PL), and infralimbic (IL) subregions of the
mPFC. Images were captured using a cooled CCD camera (Microfire, Optronics) attached to
a Leica microscope (DM500B, Leica Microsystems, Wetzlar, Germany) and Neurolucida
software (MicroBrightfield Inc) with fixed camera settings for all subjects (using 10x
objectives). Using neurolucida software, areas of analysis were defined based on landmarks
(Swanson, 1998) unique for each brain region (see Figure 1). Standard areas of analysis were
used in all areas except NAc core and shell. In the latter areas, pERK and Fos expression was
not homogeneous and appeared in patch-like patterns. Therefore, the entire core and shell were
outlined based on landmarks (lateral ventricle, anterior commisure, and islands of Calleja).
The areas of analysis did not differ between experimental groups, and were 1.3 mm2 in the
NAc core and shell. Standard areas of analysis for the remaining areas were: 1.6 mm2 in the
BLA, 2.5 and 2.25 mm2 in the MEApd and CeA respectively, 1.0 mm2 in the MPN, 1.25
mm2 in the BNST and mPFC subregions, and 3.15 mm2 in the VTA. Two sections were counted
bilaterally for each brain region per animal, and number of single and dual labeled cells for
pERK and Fos as well as the percentages of pERK cells that expressed Fos marker were
calculated. For experiments 1, 2, and 4, group averages were compared using two way ANOVA
(factors: mating and drug) and Fisher’s LSD for post hoc comparisons at a significance level
of 0.05. For experiment 3, group averages were compared using unpaired t-tests at a
significance level of 0.05.

Images—Digital images for Figure 3 were captured using CCD camera (DFC 340FX, Leica)
attached to a Leica microscope (DM500B) and were imported into Adobe Photoshop 9.0
software (Adobe Systems, San Jose, CA). Images were not altered in any way except for
adjustment of brightness.

RESULTS
Neural Activation of the Limbic System by Sexual Behavior and Meth Administration

Experiment 1: Analysis of single and dual labeled cells for mating-induced Fos and Meth-
induced pERK in males that received Meth 10 minutes prior to sacrifice revealed mating-
induced Fos in the MPN, BNSTpm, NAc core and shell, BLA, VTA, and all subregions of
mPFC, consistent with prior studies demonstrating mating-induced Fos expression in these
areas (Baum and Everitt, 1992, Pfaus and Heeb, 1997, Veening and Coolen, 1998, Hull et al.,
1999). Meth administration 10 minutes prior to sacrifice induced pERK in NAc core and shell,
BLA, MeApd, CeA, BNSTpl, and regions of mPFC, consistent with activation patterns induced
by other psychostimulants (Valjent et al., 2000, Valjent et al., 2004, Valjent et al., 2005).

Moreover, three patterns of co-expression of neural activation by sexual behavior and Meth
were observed: First, brain areas were identified where sex and drugs activated non-
overlapping neural populations (Table 2). Specifically, in the CeA, MEApd, BNSTpl, and
mPFC, significant increases in both drug-induced pERK (F(1,16)=7.39–48.8; p=0.015-
<0.001) and sex-induced Fos (F(1,16)=16.53–158.83; p<0.001) were observed. However, in
these regions there were no significant increases in dual labeled neurons in mated Meth-treated
males. The only exception was the MEApd, where an effect of mating on numbers of dual
labeled cells were found (F(1,16)=9.991; p=0.006). However, there was no overall effect of
drug treatment and dual labeling in Meth treated groups was not significantly higher than in
saline treated groups, thus was not caused by the drug (Table 2). Second, brain areas were
identified where neural activation was only induced by mating (Table 3). Specifically, the
MPN, BNSTpm, and VTA were activated only by mating, and contained significant increases
in mating-induced Fos (F(1,16)=14.99–248.99; p ≤ 0.001), but no Meth-induced pERK.
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Finally, brain areas were found where sex and drugs activated overlapping populations of
neurons (Figure 2 and 3). In the NAc core and shell, BLA, and ACA, there were overall effects
of mating (F(1,16)=7.87–48.43; p=0.013-<0.001) and drug treatment (F(1,16)=6.39–52.68;
p=0.022-<0.001), as well as an interaction between these two factors (F(1,16)=5.082–47.27;
p=0.04-<0.001; no significant interaction in ACA) on numbers of cells expressing both mating-
induced Fos and Meth-induced pERK. Post hoc analysis revealed that numbers of dual labeled
neurons were significantly higher in mated Meth-injected males compared to unmated Meth-
treated (p=0.027-<0.001), or mated saline-treated (p=0.001-<0.001) males (Figure 2 and 3).
When data were expressed as the percentages of drug-activated neurons, 39.2 ± 5.3% in the
NAc core, 39.2 ± 5.8% in the NAc shell, 40.9 ± 6.3% in the BLA, and 50.0 ± 5.3% of ACA
neurons were activated by both mating and Meth.

An unexpected observation was that sexual behavior affected Meth-induced pERK. Although
Meth significantly induced pERK levels in both mated and unmated Meth-injected groups, in
the NAc, BLA, and ACA, pERK labeling was significantly lower in mated Meth-injected males
when compared to unmated Meth-injected males (Figure 2b, e, h, k; p=0.017-<0.001). This
finding may further support the hypothesis that sex and drugs act on the same neurons, but it
may also be indicative of mating-induced alterations in drug uptake or metabolism that in turn
cause altered neural responses to Meth. To investigate if sexual behavior causes a different
temporal pattern of drug-induced activation, sections of the NAc, BLA, and ACA were stained
for males sacrificed at a later time point (15 min) following drug administration (experiment
2).

Experiment 2: Analysis of single and dual labeled cells confirmed the findings described above
that sexual behavior and subsequent exposure to Meth 15 minutes prior to sacrifice resulted in
significant increases of Fos and pERK immunolabeling in the NAc core and shell, BLA, and
ACA. In addition, significant co-expression of mating-induced Fos and Meth-induced pERK
were again found in these areas (Figure 4; mating effect: F(1,12)=15.93–76.62; p=0.002-
<0.001; drug effect: F(1,12)=14.11–54.41; p=0.003-<0.001). Number of dual labeled neurons
in mated Meth-injected males was significantly higher compared to unmated Meth-treated
(p<0.001) or mated saline-treated (p<0.001) males. When data was expressed as the
percentages of drug-activated neurons, 47.2 ± 5.4% (NAc core), 42.7 ± 7.6% (NAc shell), 36.7
± 3.7% (BLA), and 59.5 ± 5.1% (ACA) of neurons activated by mating were also activated by
Meth. Moreover, drug-induced pERK did not differ between mated and unmated animals
(Figure 4b, e, h, k), in all areas except for the ACA (p<0.001). These data indicate that sexual
behavior indeed causes an alteration of the temporal pattern of pERK induction by Meth.

Neural Activation following Sexual Behavior and 1 mg/kg Meth
Thus far results revealed that sexual behavior and 4 mg/kg Meth activated overlapping
populations of neurons in the NAc core and shell, BLA, and ACA. To investigate the influence
of drug-dosage on this overlap in activation, patterns of neural activation were also studied
using a lower dose of Meth. The NAc core and shell, BLA, and ACA were analyzed for
activation induced by sex and Meth. Indeed, sexual behavior and subsequent exposure to Meth
resulted in significant increases of Fos and pERK immunolabeling in the NAc core and shell
subregions, the BLA, as well as neurons in the ACA region of the mPFC (Figure 5).
Interestingly, the lower dose of Meth resulted in similar numbers of pERK labeled neurons as
induced by 4 mg/kg Meth in the four brain regions analyzed. More importantly, the NAc core
and shell, BLA, and ACA displayed significant increases in the number of dual labeled cells
(Figure 5c, f, i, l) compared to unmated Meth-injected males (p=0.003-<0.001). When data
was expressed as the percentages of drug-activated neurons, 21.1 ± 0.9% and 20.4 ± 1.8% in
the NAc core and shell respectively, 41.9 ± 3.9% in the BLA, and 49.8 ± 0.8% of ACA neurons
were activated by sex and Meth.
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Neural Activation following sexual behavior and administration of d-Amphetamine
To test whether the above results were specific for Meth, an additional experiment was
conducted to study mating- and Amph-induced neural activation. Analysis of single and dual
labeled cells for pERK and Fos showed that sexual behavior and subsequent exposure to Amph
resulted in significant increases of Fos and pERK immunolabeling in the NAc core and shell
and BLA (Figure 6; mating effect: F(1,15)=7.38–69.71; p=0.016-<0.001; drug effect: F(1,15)
=4.70–46.01; p=0.047-<0.001). Moreover, the numbers of dual labeled neurons were
significantly higher in mated Amph-treated compared to unmated Amph-treated (p=0.009-
<0.001), or mated saline-treated (p=0.015-<0.001) males (Figure 6c, f, i). When data was
expressed as the percentages of drug-activated neurons, 25.7 ± 2.8% and 18.0 ± 3.2% in the
NAc core and shell respectively, and 31.4 ± 2.0% of BLA neurons were activated by both
mating and Amph. The ACA region of the mPFC displayed significant levels of mating-
induced Fos (Figure 6j; F(1,15)=168.51; p<0.001). However, unlike Meth, Amph did not result
in significant increases in drug-induced pERK levels in the ACA (Figure 6k) or numbers of
dual labeled neurons in the ACA (Figure 6l) when compared to both mated and unmated saline-
injected males.

DISCUSSION
The current study demonstrates at a cellular level an overlap between neural activation by the
natural reinforcer sexual behavior and the psychostimulant Meth. Therefore, these data show
that not only do drugs act on the same brain regions that regulate natural reward, but in fact,
drugs activate the same cells involved in the regulation of natural reward. Specifically, it was
shown here that sexual behavior and Meth co-activated a population of neurons in the NAc
core and shell, BLA, and ACA region of the mPFC, identifying potential sites where Meth
may influence sexual behavior.

The current finding that sexual behavior and administration of Meth activate overlapping
populations of neurons in the NAc, BLA, and ACA is in contrast to findings from other studies
showing that different populations of NAc neurons encode drug and natural reward.
Specifically, electrophysiological studies that compared neural activation during self-
administration of natural rewards (food and water) and intravenous cocaine have indicated that
cocaine self-administration activated a differential, non-overlapping population of neurons that
was generally not responsive during operant responding for water and food reinforcement
(92%). Only 8% of accumbal neurons showed activation by both cocaine and natural reward
(Carelli et al., 2000). In contrast, a majority (65%) of cell in the NAc showed activation by
different natural rewards (food and water), even if one reinforcer was more palatable (sucrose)
(Roop et al., 2002). Several factors may have contributed to the discrepancy with the current
results. First, different technical approaches were used to investigate neural activity. The
current study utilized a neuroanatomical method for detection of concurrent neural activation
by two different stimuli using dual fluorescencent immunocytochemisty for Fos and pERK,
allowing for investigation of single cell activation over large spans of brain areas. In contrast,
the studies by Carelli and co-workers used electrophysiological recordings restricted to the
NAc of behaving animals to address whether self-administration of drugs of abuse activate the
same neural circuitry used by natural rewards. Second, the current study investigated a different
natural reward i.e. sexual behavior compared to previous studies, which used food and water
in restricted rats (Carelli, 2000). Food and water might have lesser rewarding value than mating.
Sexual behavior is highly rewarding and rats readily form CPP to copulation (Agmo and
Berenfeld, 1990, Martinez and Paredes, 2001, Tenk, 2008). Although, diet restricted rats do
form CPP for water (Agmo et al., 1993, Perks and Clifton, 1997) and food (Perks and Clifton,
1997), diet unrestricted rats preferably consume and form CPP for more palatable foods (Jarosz
et al., 2006, Jarosz et al., 2007). Third, our studies included different drugs of abuse compared
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to previous studies, utilizing methamphetamine and amphetamine instead of cocaine. The
present results demonstrate that specifically Meth, and to a lesser extent amphetamine, resulted
in activation of neurons also activated by sexual behavior. Drug experience may have also
played a factor in our findings. The current studies utilized animals that were sexually
experienced, but drug naïve. In contrast, the electrophysiological studies of Carelli and co-
workers used “well-trained” animals that received repeated exposures to cocaine.

Hence, it is possible that the Meth-induced activation of neurons activated by sexual behavior
is altered in drug experienced rats. However, preliminary studies from our lab suggest that drug
experience is unlikely to be a major factor as sexual behavior and Meth treatment in males
chronically treated with Meth co-activated similar percentages of drug-activated neurons as
reported in the current study (20.3 ± 2.5 % in NAc core and 27.8 ± 1.3 % in NAc shell;
Frohmader and Coolen, unpublished observations). Finally, the current study investigated the
“direct” action of drugs utilizing passive administration. Therefore, the current analysis does
not reveal information regarding neural circuits involved in drug seeking or cues associated to
drug reward, but rather reveals neural activity caused by the pharmacological action of the
drug. In the previous electrophysiological studies, NAc neural activity occurring within
seconds of reinforced responses are not the result of the pharmacological action of cocaine,
but is greatly dependent on associative factors within the self-administration paradigm (Carelli,
2000, Carelli, 2002). Specifically, NAc neural activity is influenced by response-independent
presentations of stimuli associated with intravenous cocaine delivery as well as by instrumental
contingencies (i.e., lever pressing) inherent in this behavioral paradigm (Carelli, 2000, Carelli
and Ijames, 2001, Carelli, 2002, Carelli and Wightman, 2004). In summary, our findings of
co-activation by natural and drug reward may be specific for activation by sexual behavior and
passively administered Meth and Amph.

Meth and sex activated overlapping populations of neurons in the NAc core and shell in a dose-
dependent manner. The co-activated neurons in the NAc may mediate potential effects of Meth
on the motivation and rewarding properties of sexual behavior as lesions of the NAc disrupt
sexual behavior (Liu et al., 1998, Kippin et al., 2004). In addition, these neurons are potentially
a locus for dose-dependent drug effects on mating, since the lower Meth dose (1 mg/kg) reduced
the number of dual labeled cells by 50% compared to the higher dose of Meth (4 mg/kg).
Although this study does not identify the chemical phenotype of co-activated neurons, previous
studies have shown that drug-induced pERK and Fos expression in the NAc is dependent on
both dopamine (DA) and glutamate receptors (Valjent et al., 2000, Ferguson et al., 2003,
Valjent et al., 2005, Sun et al., 2008). Although it is not clear if mating-induced neural activation
in the NAc is dependent on these receptors, this has been demonstrated on other brain regions,
particularly in the medial preoptic area (Lumley and Hull, 1999, Dominguez et al., 2007). Thus,
Meth may act on neurons also activated during sexual behavior via activation of dopamine and
glutamate receptors. The role of NAc glutamate in sexual behavior is currently unclear, but it
is well established that DA plays a critical role in the motivation for sexual behavior (Hull et
al., 2002, Hull et al., 2004, Pfaus, 2009). Microdialysis studies reported increases in NAc DA
efflux during appetitive and consummatory phases of male sexual behavior (Fiorino and
Phillips, 1999a, Lorrain et al., 1999) and mesolimbic DA efflux has been correlated to
facilitation of the initiation and maintenance of rat sexual behavior (Pfaus and Everitt, 1995).
Furthermore, DA manipulation studies show DA antagonists in the NAc inhibit sexual
behavior, while agonists facilitate the initiation of sexual behavior (Everitt et al., 1989, Pfaus
and Phillips, 1989). Thus, Meth may affect motivation for sexual behavior via activation of
DA receptors.

In contrast to the NAc, the number of dual labeled cells in the BLA and ACA remained
relatively unchanged regardless of the Meth dose. The BLA is critical for discrete associative
learning and is strongly involved in conditioned reinforcement and reward evaluation during
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instrumental responding (Everitt et al., 1999, Cardinal et al., 2002, See, 2002). BLA lesioned
rats display decreased lever pressing for conditioned stimuli paired with food (Everitt et al.,
1989) or sexual reinforcement (Everitt et al., 1989, Everitt, 1990). In contrast, this manipulation
does not affect the consummatory phase of feeding and sexual behavior (Cardinal et al.,
2002). The BLA also plays a key role in memory of conditioned stimuli associated with drug
stimuli (Grace and Rosenkranz, 2002, Laviolette and Grace, 2006). Lesions or pharmacological
inactivations of the BLA block the acquisition (Whitelaw et al., 1996) and expression (Grimm
and See, 2000) conditioned-cued cocaine reinstatement, while not affecting the process of drug
administration. Furthermore, Amph infused directly into the BLA results in a potentiated drug
reinstatement in the presence of the conditioned cues (See et al., 2003). Therefore, it is possible
that psychostimulant-enhanced DA transmission in the BLA results in potentiated emotional
salience and seeking (Ledford et al., 2003) of sexual reward, thus contributing to the enhanced
sexual drive and desire reported by Meth abusers (Semple et al., 2002, Green and Halkitis,
2006).

In the ACA, neural activation of sex-activated neurons was dosage-independent and specific
for Meth, as it was not observed with Amph. Although Meth and Amph have similar structural
and pharmacological properties, Meth is a more potent psychostimulant than Amph with longer
lasting effects (NIDA, 2006). Studies by Goodwin et al. showed that Meth generates a greater
DA efflux and inhibits the clearance of locally applied DA more effectively in the rat NAc
than Amph. These characteristics could contribute to the addictive properties of Meth
compared to Amph (Goodwin et al., 2009) and perhaps the neural activation differences
observed between the two drugs. However, it is not clear whether the different patterns of
results are due to efficacy differences between the drugs or potency issues related to the doses
employed and further investigation is required.

Co-activation by Meth and sex was not observed in other subregions of the mPFC (IL and PL).
In the rat, the ACA has been extensively studied using appetitive tasks, supporting a role in
stimulus–reinforcer associations (Everitt et al., 1999, See, 2002, Cardinal et al., 2003). There
is ample evidence that the mPFC is involved in drug craving and relapse to drug-seeking and
drug-taking behavior in both humans and rats (Grant et al., 1996, Childress et al., 1999, Capriles
et al., 2003, McLaughlin and See, 2003, Shaham et al., 2003, Kalivas and Volkow, 2005). In
line with this, it has been proposed that mPFC dysfunctioning caused by repeated exposure to
drugs of abuse might be responsible for reduced impulse control and increased drug-directed
behavior as observed in many addicts (Jentsch and Taylor, 1999). Recent data from our
laboratory demonstrated that mPFC lesions result in continued seeking of sexual behavior when
this was associated with an aversive stimulus (Davis et al., 2003). Even though this study did
not investigate the ACA, it supports the hypothesis that the mPFC (and the ACA specifically)
mediates the effects of Meth on a loss of inhibitory control over sexual behavior as reported
by Meth abusers (Salo et al., 2007).

In conclusion, together these studies form a critical first step towards a better understanding
of how drugs of abuse act on neural pathways that normally mediate natural rewards. Moreover,
these findings illustrate that in contrast to the current belief that drugs of abuse do not activate
the same cells in the mesolimbic system as natural reward, Meth, and to a lesser extent Amph,
activate the same cells as sexual behavior. In turn, these co-activated neural populations may
influence seeking of natural reward following drug exposure. Finally, the results of this study
may significantly contribute to our understanding of the basis of addiction in general.
Comparisons of the similarities and differences, as well alterations in neural activation of the
mesolimbic system elicited by sexual behavior versus drugs of abuse may lead to a better
understanding of substance abuse and associated alterations in natural reward.
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ABC avidin-biotin–horseradish peroxidase complex

ACA anterior cingulate area

Amph d-amphetamine

BLA basolateral amygdala

BNSTpl posterolateral bed nucleus of the stria terminalis

BNSTpm posteromedial bed nucleus of the stria terminalis

BT biotinylated tyramide

CeA cental amygdala

CPP conditioned place preference

E ejaculation

EL ejaculation latency

IF infralimbic area

IL intromission latency

IM intromission

M mount

MAP Kinase mitogen-activated protein kinase

MEApd posterodorsal medial amygdala

Meth methamphetamine

ML mount latency

mPFC medial prefrontal cortex

MPN medial preoptic nucleus

NAc nucleus Accumbens

PB phosphate buffer

PBS phosphate buffered saline

PEI post ejaculatory interval

pERK phosphorylated MAP Kinase

PL prelimbic area

VTA ventral tegmental area
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Figure 1.
Schematic drawings and images illustrating brain areas of analysis. Areas of analysis indicated
were based on landmarks unique for each brain region, did not differ between experimental
groups, and were 1.25 mm2 in mPFC subregions (a), 1.3 mm2 in the NAc core and shell (b),
1.0 mm2 in the MPN (c), 1.25 mm2 in the BNST subregions (d), 1.6, 2.25, and 2.5 mm2 in the
BLA, CeA, and MEApd respectively (e), and 3.15 mm2 in the VTA (f). Abbreviations: aco,
anterior commisure; AQ, cerebral aqueduct; cc, corpus callosum; CP, caudate putamen; fr,
fasciculus retroflexus; fx, fornix; ml, medial lemniscus; MM, medial mammillary nucleus; opt,
optic tract; V3, third ventricle; sm, stria medullaris; st, stria terminalis VL, lateral ventricle.
Brain drawings were modified from Swanson (1998).
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Figure 2.
Sex-induced Fos and Meth-induced pERK expression in NAc, BLA, and ACA neurons 10 min
following administration of 4 mg/kg Meth. Mean numbers ± s.e.m. of Fos (a, d, g, j), pERK
(b, e, h, k), and dual (c, f, i, l) labeled cells in the NAc core (a, b, c) and shell (d, e, f), the BLA
(g, h, i), and ACA (j, k, l). * indicate significant differences from unmated males of the same
saline or Meth injected groups (p < 0.05); # indicates significant differences from saline injected
groups of the same sex or no sex treatment (p < 0.05).
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Figure 3.
Representative images of NAc sections immunostained for Fos (red; a, d, g, j) and pERK
(green; b, e, h, k) of animals of each experimental group: No Sex+Sal (a, b, c), Sex+Sal (d, e,
f), No Sex+Meth (g, h, i), and Sex+Meth (j, k, l). Right panels are merged images illustrating
co-localization of Fos and pERK. Arrows indicate dual labeled cells. Scale bar indicates 50
μm.
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Figure 4.
Sex-induced Fos and Meth-induced pERK expression in NAc, BLA, and ACA neurons 15 min
following administration of 4 mg/kg Meth. Mean numbers ± s.e.m. of Fos (a, d, g, j), pERK
(b, e, h, k), and dual (c, f, i, l) labeled cells in the NAc core (a, b, c) and shell (d, e, f), the BLA
(g, h, i), and ACA (j, k, l). * indicate significant differences from unmated males of the same
saline or Meth injected groups (p < 0.05); # indicates significant differences from saline injected
groups of the same sex or no sex treatment (p < 0.05).
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Figure 5.
Sex-induced Fos and Meth-induced pERK expression in NAc, BLA, and ACA neurons 15 min
following administration of 1 mg/kg Meth. Mean numbers ± s.e.m. of Fos (a, d, g, j), pERK
(b, e, h, k), and dual (c, f, i, l) labeled cells in the NAc core (a, b, c) and shell (d, e, f), the BLA
(g, h, i), and ACA (j, k, l). * indicate significant differences from unmated males of the same
Meth injected groups (p < 0.05).
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Figure 6.
Sex-induced Fos and Amph-induced pERK expression in NAc, BLA, and ACA neurons 15
min following administration of 5 mg/kg Amph. Mean numbers ± s.e.m. of Fos (a, d, g, j),
pERK (b, e, h, k), and dual (c, f, i, l) labeled cells in the NAc core (a, b, c) and shell (d, e, f),
the BLA (g, h, i), and ACA (j, k, l). * indicate significant differences from unmated males of
the same saline or Meth injected groups (p < 0.05); # indicates significant differences from
saline injected groups of the same sex or no sex treatment (p < 0.05)
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Table 1

Overview of experimental groups included in experiments 1–4.

Sexual Behavior Treatment Dose Time point Group size

Experiment 1

No Sex Saline 1 mg/kg 10 n=5

Sex Saline 1 mg/kg 10 n=4

No Sex Meth 4 mg/kg 10 n=7

Sex Meth 4 mg/kg 10 n=4

Experiment 2

No Sex Saline 1 mg/kg 15 n=4

Sex Saline 1 mg/kg 15 n=4

No Sex Meth 4 mg/kg 15 n=5

Sex Meth 4 mg/kg 15 n=4

Experiment 3

No Sex Meth 1 mg/kg 15 n=6

Sex Meth 1 mg/kg 15 n=6

Experiment 4

No Sex Saline 1 mg/kg 15 n=5

Sex Saline 1 mg/kg 15 n=5

No Sex Amph 5 mg/kg 15 n=5

Sex Amph 5 mg/kg 15 n=5
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