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amygdala and ventromedial nucleus of the
hypothalamus

Mary K. Holder®*, Maria M. Hadjimarkou ™', Susan L. Zup 2,

Tamara Blutstein 2, Rebecca S. Benham '3, Margaret M. McCarthy ®<,
Jessica A. Mong P

2 Program in Neuroscience, University of Maryland, Baltimore, School of Medicine Baltimore, MD 21201, United States
b Department of Pharmacology and Experimental Therapeutics, University of Maryland, Baltimore,

School of Medicine Baltimore, MD 21201, United States

“Department of Physiology, University of Maryland, Baltimore, School of Medicine Baltimore, MD 21201, United States

Received 12 March 2009; received in revised form 29 May 2009; accepted 8 June 2009

KEYWORDS Summary Methamphetamine (MA) abuse has reached epidemic proportions in the United
Proceptive behavior; States. Users of MA report dramatic increases in sexual drive that have been associated with
Lordosis; increased engagement in risky sexual behavior leading to higher rates of sexually transmitted
Neuronal activation; diseases and unplanned pregnancies. The ability of MA to enhance sexual drive in females is
Tyrosine hydroxylase; enigmatic since related psychostimulants like amphetamine and cocaine appear not to affect
Dopamine sexual drive inwomen, and in rodents models, amphetamine has been reported to be inhibitory to
neurotransmission female sexual behavior. Examination of MA’s effects on female sexual behavior in an animal model

is lacking. Here, using a rodent model, we have demonstrated that MA enhanced female sexual
behavior. MA (5 mg/kg) or saline vehicle was administered once daily for 3 days to adult
ovariectomized rats primed with ovarian steroids. MA treatment significantly increased the
number of proceptive events and the lordosis response compared to hormonally primed, saline
controls. The effect of MA on the neural circuitry underlying the motivation for sexual behavior
was examined using Fos immunoreactivity. In the medial amygdala and the ventromedial nucleus
of the hypothalamus, nuclei implicated in motivated behaviors, ovarian hormones and MA
independently enhance the neuronal activation, but more striking was the significantly greater
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activation induced by their combined administration. Increases in dopamine neurotransmission
may underlie the MA/hormone mediated increase in neuronal activation. In support of this
possibility, ovarian hormones significantly increased tyrosine hyroxylase (the rate limiting enzyme
in dopamine synthesis) immunoreactivity in the medial amygdala. Thus our present data suggest
that the interactions of MA and ovarian hormones leads to changes in the neural substrate of key
nuclei involved in mediating female sexual behaviors, and these changes may underlie MA’s ability

to enhance these behaviors.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Methamphetamine (MA) is a highly addictive psychostimulant
drug of abuse. One of the most striking effects of MA in
anecdotal and clinical self-report studies is an increase in
sexual thoughts, behaviors, and activities, which have the
consequences of increased rates of sexually transmitted
diseases and unplanned pregnancies (Rawson et al., 2002;
Semple et al., 2004a,b; Mansergh et al., 2006). Additionally,
studies of sexual behavior often focus on male users of MA
even though there is no sex difference in the effects of MA
(Rawson et al., 2002; Semple et al., 2004a). The ability of MA
to enhance sexual drive in women is intriguing as two related
psychostimulants, cocaine (Rawson et al., 2002) and amphe-
tamine (Kall and Nilsonne, 1995), have been reported to
increase sexual activities in male, but not female, users.
Moreover, studies examining the effects of cocaine and
amphetamine in rodent models of female sexual behavior
have resulted in ambiguous and contradictory findings. To our
knowledge there have been no animal studies examining the
effects of MA on sexual behavior in the female rat.

In female rodents, sexual behavior is an intrinsic process
modulated by the actions of the ovarian steroid hormones,
estradiol and progesterone (P), and the incentive properties
of the stimulus male (Beach, 1942). Female sexual behavior is
characterized by a motivational and a reflexive component.
Motivation for sexual behavior in the female rat can be
quantified by the occurrence of proceptive behaviors (hop-
ping, darting and ear wiggling), which solicit a male’s atten-
tion (Beach, 1976; Erskine, 1989; Pfaus et al., 2003), and
paced mating behavior, a more naturalistic paradigm in which
the female controls the sexual interactions (Erskine, 1989;
Pfaus et al., 2003). The lordosis response is a reflexive
dorsoflexion of the spine adopted by a sexually receptive
female. It has been suggested that the degree or intensity of
the curvature is proportional to the level of sexual motivation
elicited by the female (Erskine, 1989; Pfaff and Agmo, 2002;
Pfaus et al., 2003).

The neurotransmitter dopamine is an important modula-
tor of many motivated behaviors, including the motivation to
seek out sexual partners (Auger, 2001; Becker et al., 2001).
Recent evidence suggests that the mesolimbic dopamine
system mediates the motivation or the ‘wanting’ of a natural
and/or hedonic stimulus by attributing salience to it, as
opposed to mediating the pleasure or ‘liking’ of a reward
(lkemoto and Panksepp, 1999; Berridge, 2007; Salamone
et al., 2007). Dopamine is released into the striatum and
nucleus accumbens (NAcc; nuclei part of the mesolimbic
pathway) of female rats prior to engaging in sexual behavior
(Mermelstein and Becker, 1995; Pfaus et al., 1995; Becker
et al., 2001; Jenkins and Becker, 2003), making this neuro-

transmitter a good candidate for regulating sexual motiva-
tion. In fact, ovarian hormones have been reported to
increase DA synthesis and evoked release in the striatum
(Becker and Rudrick, 1999). Thus, when one considers that
MA, by reversing monoamine reuptake transporters, results
in the liberation of synaptic terminal dopamine (Fleckenstein
et al., 2000), it is temping to speculate that an interaction
between ovarian hormones and MA may result in enhanced
dopamine signaling in nuclei mediating female sexual moti-
vation and behavior.

We tested whether MA affects sexual behavior in hormon-
ally primed female rats. A typical pattern of psychostimulant
use tends to be multiple doses over a short time period.
Therefore, we administered MA or saline vehicle once a day
for 3 days. At the same time, all animals received ovarian
hormones. Here, we report that MA enhances both the
proceptive and receptive component of female sexual beha-
viors. Additionally, in a sexually naive cohort, we identified
the medial amygdala (MeA) as a potential site of ovarian
hormone and MA interactions, and this interaction may
involve an increase in catecholamine levels.

2. Materials and methods
2.1. Animals

Adult female Sprague—Dawley rats (9—12 wks) were pur-
chased from Charles River Laboratories (Kingston, NY) and
housed in the Laboratory Animal Facility of the Bressler
Research Building at the University of Maryland School of
Medicine under a reversed 12 h:12 h dark: light cycle (lights
off at 1000 h) with food and water available ad libitum.
Animals were bilaterally ovariectomized (OVX) under keta-
mine:acepromazine (80 mg:2.5 mg/kg) anesthesia. Follow-
ing surgery, animals were allowed a 10 day recovery period.
All procedures were approved by the University of Maryland,
Baltimore Institutional Animal Care and Use Committee and
were in accordance with the National Institutes of Health
Guide for Care and Use of Laboratory Animals. All efforts
were made to minimize animal suffering and to reduce the
number of animals used.

2.2. Hormones and methamphetamine
treatment

17-B-Estradiol benzoate (EB) and P were obtained from
Sigma—Aldrich (St. Louis, MO). The EB (10 wg/0.1 ml) and
P (500 wng/0.1 ml) were dissolved in sesame oil for subcuta-
neous (SC) administration. MA (Sigma—Aldrich) was dissolved
in sterile saline vehicle to a concentration of 5 mg/ml for
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Table 1
experimental endpoints.

Experimental treatment groups. Delineation of experimental treatment groups, number of animals used and the

Experiment Hormone administration (0900 h) Drug treatment Endpoint (1300 h)
D10 D11 D12 D10—-D12
Dose response EB (5 pg) EB (10 pg) P (200 p.g) MA (1, 3, or 5 mg/kg; Sexual behavior testing
n=7 each) or
saline (n=7)
Hormone requirement EB (5 ng) EB (10 pg) MA (5 mg/kg; n=5) Sexual behavior testing
or saline (n=7)
EB (5 ng) EB (10 pg) P (200 p.g) MA (5 mg/kg; n=7)
or saline (n=7)
EB (5 pg) EB (10 pg) P (250 ug) MA (5 mg/kg; n = 6)
or saline (n = 6)
EB (5 ng) EB (10 pg) P (500 pg) MA (5 mg/kg; n=10)
or saline (n = 8)
Stereotyped behavior EB (5 ng) EB (10 pg) P (500 p.g) MA (5 mg/kg; n=4) Rate stereotyped
or saline (n =4) behavior (also at 0930
and 1130 h)
oil oil MA (5 mg/kg; n=4)
or saline (n =4)
Hyperactivity EB (5 ug) EB (10 .g) P (500 pg) MA (5 mg/kg; n = 8) Open field testing
or saline (n = 8)
oil oil MA (5 mg/kg; n=7)
or saline (n=7)
Fos EB (5 ug) EB (10 pg) P (500 p.g) MA (5 mg/kg; n = 8) Brain collection
or saline (n =8)
oil oil MA (5 mg/kg; n=7)
or saline (n=7)
Tyrosine hydroxylase EB (5 ng; n=6) EB (10 pg) P (500 pg) Brain collection
Oil (n=6) oil

intraperitoneal (IP) injection. Forty-eight hours before the
start of the experimental procedure (e.g. behavioral testing
or tissue collection), the animals were hormonally primed
with 5 ug EB followed by 10 g EB 24 h later. Four hours prior
to testing, the rats were injected with P (dose specified in
Table 1). During the 3 days of hormonal priming, rats received
a daily injection of MA (5 mg/kg/day) or saline vehicle in a
repeated administration paradigm designed to model fre-
quent drug use within a short time period (Fig. 1). Injections
of the hormones and MA were administered between 0900
and 1000 h.

Injection

Injection Injection

Experimental
Assay
OoVX
| I
| Recovery | | |
D1 D10 D11 D12
Figure 1  General experimental timeline. Rats were ovariec-

tomized (OVX; D1) and allowed to recover. At this time, rats were
randomly assigned to treatment groups. All injections occurred
on D10, D11, and D12 between 0900 h and 1000 h. On the last day
of experimentation (D12), experimental assays (either sexual
behavior, open field behavior, or perfusions for immunocyto-
chemistry) were performed 4 h after injections.

2.3. Sexual behavior

One cohort of animals was used to determine the optimal
dose of MA (see dose response experiment in Table 1). The
doses of MA used yield plasma concentrations within the low
micromolar range, which is within the range of human use
(Melega et al., 2007). Another cohort was used to investigate
the level of sexual receptivity required for MA-facilitated
sexual behavior (see hormone requirement experiment in
Table 1).

Behavioral testing was conducted under dim red light in
the dark phase of the light cycle between 1300 and 1600 h,
approximately 4 h after the last MA administration. Experi-
mental females were placed in a 50 cm x 38 cm x 25 cm
Plexiglas observation chamber with a sexually experienced
male. Each behavioral trial was recorded by a video camera
and was completed when 10 mounts were received or 15 min
had elapsed. The investigator remained at a consistent loca-
tion approximately 0.5 m away from the observation cham-
bers during all trials. An experimenter blind to treatment
groups scored the sexual behaviors. Quantitative and quali-
tative parameters of the stereotypic, reflexive posture of
lordosis were scored. The lordosis quotient (LQ) was defined
as the number of lordoses divided by the number of mounts
multiplied by 100. The lordosis intensity score (LS) assessed
the degree of spine curvature which was measured on a scale
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from 0 to 3 (0 was no response and 3 was a complete
dorsoflexion of the spine (Hardy and Debold, 1971)). The
number of proceptive events occurring in the first 10 min of
testing was quantified. A proceptive event was defined as a
hop, a dart or a series of hopping and darting followed by a
stop.

2.4. Stereotyped behavior and hyperactivity

Moderate to high doses (3—10 mg/kg) of MA induce persis-
tent, repetitive behaviors and purposeless movements
(stereotypy) and hyperactivity (Segal and Kuczenski,
1997). As motor movements are key components in mating
behavior, it was important to test whether MA treatment
resulted in an overall increase in locomotor activity. A con-
trolled time-course of stereotyped behaviors was conducted
in a separate cohort of animals (see stereotyped behavior
experiment in Table 1). Stereotyped behavior was assessed in
the animal’s home cage. It is known that stereotyped beha-
vior is induced by MA (3 mg/kg) shortly after injection and
begins to wane 2 h after injection (Milesi-Halle et al., 2007).
Therefore, we made observations under dim red light
between 0915 and 0930 h, 1130 and 1145 h, and 1300 and
1315 h approximately 15, 150, and 240 min after the admin-
istration of MA. The observation made 240 min after MA
injection represents the time point at which sexual behavior
testing occurred. The investigator remained at a consistent
location approximately 0.5 m away from the outside wall of
the home cages for all observational periods. A video camera
was mounted above the home cages, recording the activity of
the animal for 5 min. The animal was observed for 20 s and
then 10 s were allowed to record the score. This procedure
was continued until the 5 min had elapsed. For each 20s
observational period, the animal was assigned a score using
the rating scale of Ellinwood and Balster (1974). These
ratings were averaged to yield a single value per animal.

To further explore the effects of MA on locomotor activity,
a separate cohort of animals was used for open-field testing
(see hyperactivity experiment in Table 1). Open field-testing
began 4 h after the last administration of MA to assess
locomotor behavior at the same time at which sexual beha-
vior testing occurred. Behavior was assessed in a large Plex-
iglas box (120 cm x 80 cm x 40 cm) with the floor divided
into 30 squares (20 cm long and 16 cm wide). Testing was
conducted under dim red light between 1300 and 1500 h. The
investigator remained at a consistent location approximately
0.5 m away from the outside wall of the open field apparatus
for all trials. A video camera was mounted above the open
field box, recording each trial. Each rat was placed into the
open field arena with its nose facing the wall and allowed to
freely investigate the arena for 5 min. The number of grid
crossings was quantified. Between trials, the open field box
was thoroughly cleaned with 70% ethanol.

2.5. Fos immunoreactivity (Fos-ir) and
quantification

A separate cohort of animals was used for Fos analysis to
determine patterns of neuronal activation by ovarian hor-
mones and MA (see Fos experiment in Table 1). The animals
did not undergo behavioral testing, rather, 4 h after the last

injection, they were transcardially perfused under sodium
pentobarbital anesthesia (65 mg/kg, IP) with phosphate buf-
fered saline (PBS; 0.1 M, pH 7.4), followed by 4% parafor-
maldehyde in PBS. Following perfusion, the brains were
removed, stored overnight in 4% paraformaldehyde in PBS
at 4 °C followed by cryoprotection in 30% sucrose in PBS.
After cryoprotection, the brains were frozen on dry ice and
stored at —80 °C until processed for immunocytochemistry.
Brains were sectioned (30 wm) in the coronal plane in a
cryostat and stored in a cryoprotectant solution (ethylene
glycol/glucose in phosphate buffer) until processed for Fos-ir.
Cohorts containing sections from all treatment groups were
processed for Fos immunocytochemistry using a rabbit poly-
clonal antibody (1:250,000; Oncogene Sciences, MA) follow-
ing standard protocols (Hadjimarkou et al., 2008).

The number of Fos-positive cells was counted with the aid
of the Neurolucida software (MicroBrightField, Colchester,
VT), which allows quantification of cell nhumbers in three-
dimensional space. A standardized contour specific to the
nuclei examined was used to demarcate the counting areas.
Slides were anatomically matched and numerically coded so
that the investigator conducting the analysis was blind to the
experimental group. Sections containing the NAcc (core and
shell), basolateral amygdala (BLA), central amygdala (CeM)
and medial amygdala (MeA), bed nucleus of the stria termi-
nalis (BNST), medial preoptic area (mPOA), and the ventro-
medial nucleus of the hypothalamus (VMN) were analyzed.
Three brain sections (in series) separated by 120 wum were
used. In the event that three sections from the appropriate
brain region could not be obtained, the animal was excluded
from that region’s analysis. The placement and size of the
counting contours were in accordance with previously
defined parameters (Hosokawa and Chiba, 2007). Briefly,
the counting contour area was 0.16 mm? for the NAcc core
and shell, BLA, BNST, and mPOA and 0.09 mm? for the MeA,
VMN, and CeM. Both sides of the bilateral nuclei were
included in the analysis resulting in six counting contours
per region. From these six contours an average Fos-positive
cell number per section for each region was derived.

2.6. Tyrosine hydroxylase immunoreactivity and
quantification

A separate cohort of animals was used for tyrosine hydro-
xylase (TH) immunocytochemistry (see tyrosine hydroxylase
experiment in Table 1). Brains were collected and processed
as described above. Sections from both treatment groups
were processed for immunocytochemistry using a rabbit
polyclonal antibody (1:100,000; Pel-freeze Biologicals;
Rogers, AR) following standard protocols (Hadjimarkou
et al., 2008).

Like the Fos quantification, the standardized contour
specific for the VMN and MeA was used to demarcate the
counting areas in anatomically matched and numerically
coded slides. With the aid of the Neurolucida software,
the length of the TH-positive process within that counting
frame was measured in three sections. The number of these
TH-positive processes per section did not differ among the
treatment groups. The number of varicosities, or swellings of
the process, that may represent release sites along the TH-
positive process was also counted. The length measurements
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and varicosity counts were averaged to yield a single value
per animal.

2.7. Statistical analyses

Results are expressed as means + SEM. The distribution of
data did not deviate significantly from normality except for
the LQ in the dose response experiment. In this case, a
Kruskal—Wallis, nonparametric one-way ANOVA was per-
formed. Student’s t-tests were used for two-group compar-
isons. When appropriate, a one-way ANOVA followed by
Newman—Keuls comparisons or a two-way ANOVA with hor-
mone and drug treatment as independent measures, fol-
lowed by Bonferroni t-test post hoc comparisons was used.
This is indicated where appropriate. All statistical tests were
conducted using the GraphPad Prism program (San Diego, CA)
on a Macintosh Duo-core computer.

3. Results

3.1. The effects of methamphetamine on female
sexual behavior

3.1.1. Dose response of methamphetamine

To determine the optimal dose of MA, rats received daily
injections of one of three doses of MA (1, 3, and 5 mg/kg) or
saline vehicle for 3 days. There was a significant main effect
of MA on the proceptive behavior [F 4 =3.35, p <0.05;
Fig. 2A], the LQ [Kruskal-Wallis statistic.) =9.63,
p <0.05; Fig. 2B], and the LS [F4 =3.402, p <0.05;
Fig. 2C]. Post hoc analyses revealed that females exposed
to 5 mg/kg/day of MA exhibited anincreased LQ (p < 0.05), a
higher LS (p < 0.05) and a greater number of proceptive
behaviors (p < 0.05). Based on these results, all subsequent
experiments were conducted using the 5 mg/kg dose of MA.

3.1.2. Hormone requirements

As expected, there was a significant main effect of the dose
of P on sexual behaviors as measured by proceptive events
[Fz,36=10.72, p<0.005], the LQ [F(2,43=38.12,
p < 0.005], and the LS [F (3,35, = 11.14, p < 0.005]. The lower
doses of P (200 and 250 p.g) did not elicit a high degree of
sexual receptivity as measured by proceptive events
(p < 0.05) and lordosis responses (p < 0.05) in the saline-
treated animals when compared to a dose of P (500 p.g) that is
known to induce behavioral estrus (Fig. 3A). Overall, there
was a significant effect of MA treatment on female sexual
behavior as measured by proceptive events [F 35, = 18.62,
p < 0.0001; Fig. 3A] and the LS [F (4,35 = 13.41, p < 0.001;
Fig. 3C]. Proceptive events were significantly increased fol-
lowing MA treatment in all groups (p < 0.05). Similarly, MA
treatment increased the LS in females receiving P, compared
to their respective saline-treated controls (p < 0.05). How-
ever, there was a significant interaction of the dose of P
administered and MA treatment on the LQ [F 3 43) = 6.242,
p < 0.05; Fig. 3B]. The combination of MA and the lowest
dose of P had a significant effect on the LQ, compared to the
saline-treated controls (p < 0.05). Additionally, there was a
strong trend in the LQ toward a significant increase in the
animals treated with a combination of 250 ug P and MA
(p =0.059). It should be noted that at 250 and 500 pg of
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Figure 2 Effects of different doses of MA on (A) proceptive

behavior and (B and C) the lordosis response. Adult ovariecto-
mized Sprague—Dawley rats were primed with EB 48 h (5 ng) and
24 (10 ng) prior to the day of behavioral testing. Four hours
before the start of behavioral testing, animals received an
injection of 200 pg P. MA (either 1, 3, or 5 mg/kg/day) or saline
vehicle was co-administered on each day of the hormonal prim-
ing. A one-way ANOVA followed by a Newman—Keuls comparison
indicated a significant effect of the dose of MA administered.
Treatment with 5 mg/kg/day of MA increased the number of
proceptive events that occurred within 10 min, the LQ and LS,
compared to the saline-treated controls (*p < 0.05) Data are
represented as means + SEM (n =7 animals in each group).

P, the LQ responses was near or at a maximal response,
respectively, making it numerically impossible to detect a
significant increase. Finally, no quantifiable proceptive beha-
viors were observed in the EB-only (no P) condition. MA
administration to EB-only primed rats yielded mean LQ of
22% (£19.56) compared to the oil-treated controls (4 + 4%).
Of the animals that had a lordosis response, there was no
significant difference in the mean LS between the MA-
treated animals (1.00 + 0.63) and saline-treated controls
(0.88 + 0.44).
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Figure 3  Effects of ovarian hormones and MA on (A) proceptive

behaviors and (B and C) the lordosis response. Adult ovariecto-
mized Sprague—Dawley rats were primed with EB 48 h (5 p.g) and
24 h (10 pg) prior to the day of behavior testing. Four hours
before the start of the behavioral testing animals received an
injection of oil vehicle or either 200, 250 or 500 ug of P. MA
(5 mg/kg) was co-administered on each day of the hormonal
priming. A two-way ANOVA followed by Bonferroni t-tests indi-
cated a significant interaction between the MA and the dose of P
administered. MA treatment increased the number of proceptive
events that occurred within 10 min in animals administered all
doses of P, compared to the respective saline-treated controls
(*p < 0.05, **p < 0.01). MA treatment increased the LQ in ani-
mals administered 200 pg of P (*p < 0.05) but only led to a strong
trend towards an increase in animals administered 250 p.g of P
(*p = 0.06), compared to the respective saline-treated controls.
Finally, rats treated with EB-only were not considered sexually
receptive as they did not display any proceptive behaviors and
the LQ was less than 25% (80% or greater represents a highly
receptive female), suggesting that P administration is necessary
to see MA-induced facilitation of sexual behavior. Data are
represented as means &+ SEM (n = 5—10 animals in each group).

3.2. Stereotyped behavior and hyperactivity

There was a significant interaction of MA treatment and the
time following administration [F 50y =46.61, p < 0.0001;
Fig. 4A]. Post hoc analyses revealed that MA treatment
induced stereotyped behavior at both 15 min (p < 0.001)
and 150 min (p < 0.001) post-MA injection, compared to
saline controls, but by 240 min after injection, no stereo-
typed behavior was observed. Moreover, 240 min post-admin-
istration (the time point at which sexual behavior was
tested), there was no evidence of a generalized increase
in locomotion or hyperactivity due to MA [F 4 26 =0.92,
p = 0.8; Fig. 4B]. Hormonal-priming did not affect the psy-
chomotor stimulant effects of MA on stereotyped behavior or
hyperactivity as measured by the open field. Our current
findings that locomotor activity returned to baseline by 4 h
after MA exposure are supported by earlier studies describing
the motor stimulant effects of MA (Edgar and Seidel, 1997;
Riviere et al., 1999).

3.3. Fos immunoreactivity

There was a significant main effect of MA administration on
the number of neurons expressing Fos in both the core
[F,240=76.49, p<0.0001; Fig. 5A] and shell
[F(1,24)=46.32; p <0.0001; Fig. 5B] of the NAcc, a major
brain region regulating reward, but there was no effect of
hormonal status. In the BLA and CeM, which are implicated in
relaying sensory information to induce motivation (Masco and
Carrer, 1984; Newman, 1999), there was a significant main
effect of MA administration on the number of neurons expres-
sing Fos [F(1,24) =17.76, p < 0.001 ’ F(1’24) = 3483,
p < 0.0001, respectively; Fig. 5C and D], but there was no
effect of hormonal treatment. In the BNST, a region impli-
cated in both reward and motivation for sex (Masco and
Carrer, 1984; Newman, 1999), there was a strong trend for
MA administration to increase the neuronal activation
[F(1,24)=12.09, p=0.069; data not shown], but there was
no effect of hormonal treatment (oil and saline 13.79 + 3.12;
oil and MA 26.52 +5.93; EB +P and saline 20.08 + 2.57;
EB + P and MA 23.71 £+ 5.13).

In contrast, there was an effect of both ovarian hormones
and MA treatment in the MeA, a brain region implicated in
sexual behavior (Erskine, 1989; Polston et al., 2001; Lehmann
and Erskine, 2005). There was a significant main effect of MA
administration [F 4 1) = 15.85, p < 0.01; Fig. 6A and B] and
ovarian hormones [F 4, 1s) = 7.386, p < 0.05; Fig. 6A and B] on
the Fos-immunoreactivity in the MeA. Individually, MA
(p <0.05) and ovarian hormones (p < 0.05) significantly
increased Fos-immunoreactivity, compared to the oil, saline-
treated controls. Animals treated with both ovarian hormones
and MA expressed significantly more Fos-positive cells com-
pared to all treatment groups (p < 0.05; Fig. 6B). The VMN
showed a pattern of activation similar to that of the MeA in
which there was a main effect of MA [F 24)=43.39,
p <0.0001; Fig. 6C and D], and ovarian hormones
[F(1,24)=10.45, p < 0.01; Fig. 6C and D]. Post hoc analyses
revealed that individually MA (p < 0.05) and ovarian hormone
(p < 0.05) treatment significantly increased Fos-immunoreac-
tivity with an even greater increase in the presence of both
ovarian hormones and MA (p < 0.05; Fig. 6D). This pattern of
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Figure 4 Effect of ovarian hormones and MA on locomotor behaviors. (A) Effects of ovarian hormones and MA on stereotyped
behaviors. Adult ovariectomized Sprague—Dawley rats were primed with EB 48 h (5 ng) and 24 h (10 pg) prior to the day of behavior
testing. Four hours before the start of the behavioral testing animals received an injection of oil vehicle or 500 g of P. MA (5 mg/kg)
was co-administered on each day of the hormonal priming. Rats were observed at 15, 150 and 240 min post-MA injection for 5 min each
to assess the level of stereotyped behavior. A two-way ANOVA followed by Bonferroni t-tests indicated a significant interaction between
the MA and the time following administration. MA treatment induced stereotyped behavior at both 15 (***p < 0.001) and 150 min
(***p < 0.001) post-MA injection compare to saline controls, but by 240 min after injection no stereotyped behaviors were observed
(n =4—6 animals in each group). (B) Effects of ovarian hormones and MA on locomotion. Treatment groups were analogous to those
described above. At the start of the test, female rats were placed in open field arenas and allowed to freely move around the arena for
5 min while the number of grid crossings was recorded. A two-way ANOVA indicated no significant effects of MA or EB+P on locomotor
activity in the open field-testing (p = 0.45). Data are represented as means + SEM (n = 7—8 animals in each group).
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Figure 5 Effects of ovarian hormones and MA on Fos-immunoreactivity (ir) in the nucleus accumbens (A) core and (B) shell, the
basolateral (C) and central (D) nuclei of the amgydala. Adult ovariectomized Sprague—Dawley rats were primed with EB 48 h (5 n.g) and
24 h (10 wg) prior to the day of collection. Four hours before the collection animals, animals received an injection of oil vehicle or
500 pg P. MA (5 mg/kg) was co-administered on each day of the hormonal priming. A two-way ANOVA followed by Bonferroni t-tests
indicated a significant effect of MA treatment on Fos-ir compared to saline-controls (*p < 0.05), but not of hormones. Data are
represented as means + SEM (n = 7—8 animals in each group).
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Figure 6 Effect of ovarian hormones and MA on Fos-immunoreactivity (ir) in the (A) the medial amgydala and (B) ventromedial
nucleus of the hypothalamus. Adult ovariectomized Sprague—Dawley rats were primed with EB 48 h (5 ng) and 24 h (10 ug) prior to the
day of collection. Four hours before the collection, animals received an injection of oil vehicle or 500 png P. MA (5 mg/kg) was co-
administered on each day of the hormonal priming. The photomicrographs represent the Fos-ir in the medial amygdala (A) and the
ventromedial nucleus of the hypothalamus (B). The contour represents the counting area used to quantify the number of Fos-positive
cells. OT, optic tract. Scale bar: 200 wm. A two-way ANOVA followed by Bonferroni t-tests indicated the combination of EB + P and MA
significantly increases Fos-ir compared to either oil control and MA treatments or EB + P and saline controls (*p < 0.05) in both brain
regions (n =7-8 animals in each group). (C) Effect of ovarian hormones on Fos-ir in the medial preoptic area. A two-way ANOVA
followed Bonferroni t-tests indicated that EB + P and saline-treatment significantly increased Fos-ir compared to the oil and saline-
control (*p < 0.05). Data are represented as means + SEM (n = 7—8 animals in each group).

activation was specific to the MeA and the VMN. In the mPOA, 3.4. Tyrosine hydroxylase immunoreactivity

which also projects to the VMN and receives innervation from

the MeA, there was only a significant main effect of ovarian Estradiol has been reported to increase the protein expres-
hormones [F 4 24y = 5.169, p < 0.05; Fig. 6E] on the number of sion of TH in the ventral tegmental area (Bao, 2003), which
neurons expressing Fos. projects to the MeA (Gray, 1999; Pitkanen, 2000). To test
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Figure 7 Effects of ovarian hormones on tyrosine hydroxylase (TH) immunoreactivity (ir) in the medial amygdala. Adult ovar-
iectomized Sprague—Dawley rats were primed with EB 48 h (5 ng) and 24 h (10 p.g) prior to the day of collection or given oil vehicle.
Four hours before the collection animals received an injection of oil vehicle or 500 ug of P. (A) The photomicrograph represents TH-
positive axonal process in the medial amygdala (MeA). There are no cell bodies positive for TH in the MeA, so (B) the number of
varicosities, which may represent putative release sites of dopamine, and (C) the length of the axonal processes were quantified. The
arrows indicate varicosities as putative release sites. Approximately 20 processes per section were counted. Data represent bilateral
counts in three sections that were averaged to yield a single value per animal. A t-test indicated that EB + P treatment significantly
increased TH-ir compared to the oil-control (*p < 0.05). Data are represented as means + SEM (n = 6 animals in each group).

whether ovarian hormones increased TH protein levels in the
MeA and VMN, TH-immunoreactivity was quantified. In the
MeA and VMN, no TH cell bodies were present as expected.
Both nuclei contained TH-positive axonal processes (Fig. 7A).
The length and number of visible varicosities, which may
represent putative neurotransmitter release sites, were
quantified as a measure of TH protein expression. Ovarian
hormones increased the number of TH-positive varicosities
[tao) =3.723, p < 0.01; Fig. 7B] and the length of TH-positive
processes [t(10) =4.589, p < 0.01; Fig. 7C], compared to oil
vehicle controls. There was no significant difference in TH-
immunoreactivity in the VMN (data not shown).

4. Discussion

We report here that administration of MA (5 mg/kg/day for 3
days) to hormonally primed female rats enhanced proceptive
behaviors and the lordosis response as quantified by LQ and
LS. MA did not increase stereotypy or locomotor behavior at
the time of sexual behavior testing, suggesting that the
increase in female sexual behavior was not due to a general-
ized effect on locomotor activity caused by the stimulatory
effects of MA. The pattern of neuronal activation indicates
that the VMN and MeA may underlie the enhanced sexual
behavior by MA, and the increase in TH in the MeA suggests
that this region could be a site of convergence for the
hormone and drug actions.

Female receptivity as measured by lordosis is dependent
upon estradiol while P in combination with estradiol will
facilitate the response. In contrast, activation of neural
progesterone receptors is necessary for proceptive behaviors
(Beach, 1942; Whalen, 1974; Blaustein, 2008). Overall, MA
treatment enhanced female sexual behavior in EB-primed

female only when P was present. Specifically, MA increased
the number of proceptive events displayed in females trea-
ted with all doses of P (200, 250 and 500 wg). Remarkably, in
animals primed with the lower doses of P, MA increased the
number of proceptive events to the level of saline-treated
animals primed with 500 pg. Similarly, MA also increased the
LQ in animals treated with a low dose of P to that of a highly
receptive female. These data suggest that the actions of MA
on female sexual behavior may be mediated through a con-
vergence of the dopamine and P signaling pathways.

Dopamine signaling through the D1 subclass of receptors has
been shown to facilitate sexual receptivity (i.e., lordosis
responses) via progesterone receptors (Mani et al., 1994,
1996; Apostolakis et al., 1996; Auger et al., 1997; Meredith
et al., 1998; Mani et al., 2000; Mani, 2001; Auger, 2004). It is
thought that phosphorylation of the progesterone receptor
underlies dopamine’s ability to increase lordosis behavior in
the absence of P (Auger et al., 1997; Mani, 2001). The pro-
gesterone receptor in vitro can be transcriptionally activated
by dopamine, in the absence of its ligand, by phosphorylation
of its different serine sites (Denner et al., 1990; Power et al.,
1991; Bai et al., 1997). Because activation of neural proges-
terone receptors is crucial for the expression of proceptive
behaviors (Beach, 1942; Blaustein, 2008), our data suggest
that the combination of MA and ovarian hormones has an
additive effect on progesterone receptor activation leading
to an enhancement of female sexual behaviors.

It was anticipated that the combination of ovarian hor-
mones and MA would activate key nuclei in motivational and
sexual circuitries that may underlie the increase in sexual
behavior following MA treatment. The pattern of neuronal
activation of the NAcc, BLA, and CeM suggests that while
these areas are involved in MA-induced reward, they are not
necessarily involved in mediating the MA-induced increase in
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sexual behavior. In the MeA and the VMN, there was an
additive effect of both MA and ovarian hormones on neuronal
activation. This pattern of neuronal activation may implicate
the MeA and VMN as brain regions mediating the MA-induced
increase in the sexual behavior. It is known that the VMN is
involved in the expression of female sexual behavior, how-
ever, the role of the MeA is less understood.

The MeA is a steroid concentrating region that receives
dopaminergic transmission from the ventral tegmental area
(Gray, 1999; Pitkanen, 2000) and projects to the VMN (Ers-
kine, 1989; Polston et al., 2001; Lehmann and Erskine, 2005).
The MeA has been implicated in the control of paced mating
behavior (Erskine, 1989, 1993; Polston and Erskine, 1995;
Polston et al., 2001; Lehmann and Erskine, 2005) making this
nucleus a good candidate region for regulating sexual moti-
vation and modulating the output sexual behavior. In support
of a modulatory role, when the projections from the MeA to
the VMN are severed, female rats display significantly fewer
lordosis responses (Masco and Carrer, 1984) and lesions of the
MeA do not disrupt sexual behavior (Guarraci et al., 2004).

The increase in TH-immunoreactivity in the MeA in the
presence of ovarian hormones suggests a potential mechan-
ism by which the combination of ovarian hormones and MA
enhance female sexual behavior. Actions of MA are generally
thought to target the dopamine system. Briefly, MA enters the
synaptic terminals via the dopamine reuptake transporters
where it inhibits packing of dopamine into synaptic vesicles
(Fukui et al., 2003). However, TH, the rate-limiting enzyme
in the production of dopamine, is not affected and continues
to synthesize dopamine, resulting in an increase in unpack-
aged dopamine within the synaptic terminal (Fleckenstein
et al., 2000). As the dopamine reuptake transporters are
concentration dependent, the rising concentration of dopa-
mine within the terminal results in a reversal of the trans-
porters (Fukui et al., 2003), and an increase in extracellular
dopamine. In the presence of MA, a consequence of an
ovarian steroid-mediated increase in TH could be a further
increase in dopamine availability and signaling in the MeA. As
TH protein expression in the VMN does not change, the
projections from the MeA may trans-synaptically excite neu-
rons in the VMN in the presence of MA.

We have found that systemic administration of MA
enhances both receptive and proceptive sexual behaviors
in females and these enhancements are dependent upon P.
Similarly, acute intracerebroventricular administration of
cocaine, which blocks the reuptake of dopamine, also facil-
itates lordosis is a P dependent manner (Apostolakis et al.,
1996) Surprisingly, acute administration of amphetamine,
which acts similarly to MA, reduces both proceptive and
receptive behaviors in a dose- and time-dependent manner
(Michanek and Meyerson, 1977a,b; Michanek, 1979) and
increases both the female’s avoidance of the male and the
number of escapes following a sexual interaction (Guarraci
and Clark, 2003; Ellingsen and Agmo, 2004). These observa-
tions suggest that MA may have a distinct action not shared by
amphetamine on the processes underlying female sexual
behavior. In fact, caffeine (a psychostimulant with a dis-
tinctly different mechanism of action from MA or ampheta-
mine) shortens the return latency in a paced mating
paradigm, which is indicative of enhanced sexual motivation
(Guarraci and Benson, 2005). Taken together, these studies
suggest that different classes of psychostimulants may pre-

ferentially enhance natural reward pathways. At present, the
neural mechanisms by which psychostimulants such as
cocaine, amphetamine and caffeine affect sexual motivation
and behavior are unclear. A comparative examination into
the effects of the stimulants on the MeA and VMN may provide
a better understanding of their differences.

In conclusion, our current data suggest that the combina-
tion of MA and ovarian hormones activate key nuclei involved
in female sexual behavior. This activation may be a unique
action of MA; however, further investigation is needed to
compare sites of actions of different psychomotor stimulant
drugs, or drug/hormone interactions, in order to begin to
elucidate potential pathways and mechanisms involved in
motivated sexual behaviors in the female rat.
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