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Abstract

The neurobiology of female sexual behavior has largely focused on mechanisms of hormone action
on nerve cells and how these effects translate into the display of copulatory motor patterns. Of equal
importance, though less studied, are some of the consequences of engaging in sexual behavior,
including the rewarding properties of sexual interactions and how sexual experience alters copulatory
efficiency. This review summarizes the effects of sexual experience on reward processes and
copulation in female Syrian hamsters. Neural correlates of these sexual interactions include long-
term cellular changes in dopamine transmission and postsynaptic signaling pathways related to
neuronal plasticity (e.g., dendritic spine formation). Taken together, these studies suggest that sexual
experience enhances the reinforcing properties of sexual behavior, which has the coincident outcome
of increasing copulatory efficiency in a way that can increase reproductive success.
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1. Introduction

“Why do animals mate?” is a simple question that lies at the heart of the neurobiology of female
sexual behavior. No behavioral question has a simple answer, as there are both proximate and
distal causes and consequences of behavior that raise their own questions and have their own
neurobiological answers. Perhaps the most common answer to that question is “To produce
offspring”. This may be an answer in the context of a distal consequence of behavior, but even
s0, such an answer is undoubtedly incorrect [2]. Agmo [2] cites data from Swedes indicating
that only about 0.1% of (presumably) heterosexual copulations produce children. Even among
species such as rats, in which a high percentage of matings may result in offspring, such a
correlation does not imply that pregnancy is an expected consequence of copulation.

One answer to the question of why animals mate is a straightforward view of female sexual
behavior as a ‘reflexive’ response to a fluctuating reproductive physiology combined with
stimuli from a reproductively competent male. Such investigations of the neurobiology of
female sexual behavior were based on the observation that a sequence of ovarian hormone
exposure formed a requisite physiological condition for females to respond sexually to a
mounting male [70]. For rodents, several days of estradiol exposure are followed by a more
transient surge of progesterone that coordinates ovulation and sexual responsiveness in
naturally cycling females [22]. The ensuing logic was that identifying brain regions containing
receptors for estradiol and progesterone would provide focal points for detailing neural
pathways regulating female sexual behavior [70]. Further, the actions of these steroid hormones
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on nerve cells would offer insight into the cellular and molecular mechanisms mediating the
expression of female sexual responsiveness [71]. There is no doubt that this programmatic
approach to the study of female sexual behavior has been highly successful, and the details of
this neurobiology in terms of circuitry, neurochemistry and gene expression are well
established [e.g., 6,71].

Still, there is another aspect regulating the neurobiology of sexual behavior that is concerned
with the immediate and long-term consequences of sexual interactions, i.e., the motivational
control of sexual behavior and experiential effects on neural plasticity underlying this system.
This neurobiology has been reviewed for males, primarily male rats [2]. The goal of this
presentation is to examine such plastic changes in females, focusing on our work with female
Syrian hamsters. From this work, it is apparent that while the distal consequences of sexual
behavior may be towards reproduction, the proximal rationale is to activate motivational
systems, which in fact, drive the behavior.

2. Effects of experience on patterns of female sexual behavior

Two species that offer a nice contrast on how social ecology contributes to patterns of sexual
behavior are Norway rats and Syrian hamsters. Both species live in burrow systems. Within
those burrows, rats have complex social structures consisting of multiple generations of males
and females [3], whereas adult hamsters (both male and female) live separately in individual
burrows [26].

The social system of rats lends itself to multiple males and females mating simultaneously
[51]. Despite this apparently chaotic scheme, female rats are able to control the pattern of sexual
interactions with individual males including deciding which male will contribute an ejaculation
during this multiple male mating process [51]. Thus, the female rats are active participants in
mating and provide an effective means of controlling the pattern of sexual interactions,
including mate selection.

The solicitation component of female sexual behavior in rats provides the clearest evidence of
the way in which females can control ongoing sexual interactions with males. When male rats
approach an estrous female, the female will respond with a stiff-legged locomotor pattern in
which she will hop in place (i.e., hopping) or propel herself (i.e., darting) away from the male
[20,49]. These solicitations, combined with running from the male, prevent the male from
mounting the female until she stops and permits a copulatory contact [49]. It is interesting that
females will permit males to mount again sooner following a mount without intromission than
if the female received an intromission [20,50]. This regulation of the male’s copulatory
behavior by female rats is termed ‘pacing’ and has clear implications for progestation and
fertility [20,21]. Paced mating behavior in female rats is hypothesized to be under the control
of nucleus accumbens dopamine [4,28,29,32,33,58,84]. On the surface, the complex pattern
of pacing by female rats suggests a behavior that could be modified by experience. The limited
available data, however, suggest otherwise [19] and the prevailing conclusion [20] is that
“...pacing is a stable and inborn component of sexual responsiveness in the female rat” (p. 482).

Given their solitary existence, female hamsters have a very different mating pattern, the
information for which has been derived from laboratory studies [e.g., 46], rather than from
naturalistic observations. Female (as well as male) hamsters insert occlusions in the main tunnel
leading into the burrow system [26]. A female hamster actively recruits males to the burrow
by opening that occlusion and laying down a vaginal scent trail leading to the burrow entrance
in anticipation of the onset of her behavioral estrus [46]. It is both unknown whether there is
mate selection by female hamsters for males or how such mate selection could be accomplished
in the wild. Once the male is sequestered in the burrow, the male and female reside together
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until the female attains the estrous state and mating is initiated [46]. After mating the male is
evicted from the female’s burrow [46].

The immobility of the female hamster’s sexual posture contrasts with the overtly active
interchange with males during sexual behavior in female rats. Female hamsters quickly assume
arigid stance accompanying lordosis, a posture that can be maintained for upwards of 95% of
a 10 min test [15]. While the female is maintaining this position, the male will mount and/or
mount with intromission apparently at his own pace. The seemingly obvious conclusion drawn
from these observations was that female hamsters, unlike female rats, do not pace the male’s
sexual interactions.

Despite the appearance of immobility, female hamsters are in fact quite active participants in
mating interactions with males [46]. Noble [62] first noted that female hamsters make active
perineal movements in response to perivaginal tactile stimulation from a male hamster, with
the female moving her perineum in the direction of the stimulation. The female moves her
vagina in the direction of the point of contact of the male’s thrusts to facilitate intravaginal
insertion by the male [62]. In fact, application of a topical anesthetic to the female hamster’s
perineum dramatically reduces the male hamster’s ability to achieve penile insertion [63].

Taken together, female rats and hamsters differ in the way in which they look to regulate
copulation. The difference between female rats and hamsters lies in the ability of these animals
to regulate mounting by the male. Female rats can determine whether or not a male will actually
mount. Female hamsters do not control the frequency of mounts by the male, but can influence
whether or not the male will successfully intromit on a particular mounting attempt. As such,
pacing in rats can be readily observed, whereas it is very difficult to quantify perineal
movements in female hamsters during mating. As a solution, we took an indirect approach to
measuring the female hamster’s role in regulating intromission by the male. We reasoned that
if the number of mounts a female hamster receives is determined by the male, but mounts
culminating in intromission are limited by the female’s behavior, then the percentage of mounts
that include intromission (in the literature termed *hit rate”) is actually a measure strongly
dependent on the female’s behavior.

To test this proposition, we examined female hamsters that were sexually naive or females that
had previously received 6 weekly, 10 minute sexual interactions with males [8]. We then let
each female mate with a sexually naive male hamster and recorded the copulatory behavior.
Naive males paired with sexually experienced females had a higher hit rate (greater percentage
of mounts with intromission) than did naive males tested with naive females (Fig. 1). Further,
the same difference in hit rate was observed whether the females were tested 1 or 6 weeks after
their last sexual experience test, suggesting a stable learned response.

An additional experiment implicated dopamine in the effects of the female’s sexual experience
on the male’s copulatory performance [8]. The dopamine neurotoxin, 6-hydroxydopamine,
was injected into the basal forebrain, including the nucleus accumbens, of female hamsters
prior to receipt of sexual experience. Naive males tested with these females did not show the
elevated hit rate characteristic of mating with experienced females (Figure 2). The impact of
the dopamine neurotoxin on sexual interactions was specific to the increment in hit rate
associated with sexual experience, as there was no effect of these lesions on the behavior of
inexperienced male-female pairings.

3. Sexual experience has rewarding consequences in females

Repeated sexual interactions with males also produce long-term behavioral consequences for
the female in the context of reward. Conditioned place preference [14] has been a useful
approach to uncovering reinforcing components of sexual behavior. In this paradigm, repeated
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sexual interactions with a male are associated with one compartment of a multi-compartment
chamber. On matched occasions the female is placed alone in a similar but distinctive
compartment. Prior to and following these conditioning trials, the female is offered the
opportunity to explore the apparatus (in the absence of a male) to determine the relative amount
of time the female spends in the compartment associated with copulation. Copulation with the
male is operationally defined as reinforcing if the female spends significantly more time in the
compartment associated with mating after the sexual behavior trials than before conditioning.

The clear (though perhaps unsurprising) outcome of these studies in female rats [e.g., 65,69]
and hamsters [56] is that sexual interactions are reinforcing. The stimulus requirements for this
conditioning to occur were not as obvious. For neither rats nor hamsters is the simple display
of lordosis during mating tests sufficient to effect conditioned place preference. As noted,
female rats have a preferred rate of sexual contacts with the mounting male that has
neuroendocrine consequences related to progestation and fertility. Permitting female rats to
pace at their preferred interval is necessary for the acquisition of a conditioned place preference,
as sexual interactions in which the female does not pace do not produce conditioning [25,27,
34,67,68]. The temporal pattern here is important, though not necessarily the control of pacing,
as regulating pacing by removing and introducing a male at the female’s preferred interval will
also lead to place preference conditioning [34].

Female hamsters do not have a temporal requirement for mating [42], though they also exhibit
conditioned place preference to mating [56]. One way in which the importance of sexual
contacts by the male for place preference conditioning was tested in female hamsters was to
compare the effectiveness of normal sexual interactions with sexual interactions in which
intravaginal intromission by the male was prevented by occluding the female’s vagina [39].
Here, place preference conditioning was apparent regardless of whether or not the female
received vaginal stimulation during the sexual behavior conditioning trials. This experimental
outcome appears to violate the observation that similar vaginal occlusion prevents the elevation
in accumbens dopamine during sexual interactions with a male [40]. However, the females
were sexually naive in that microdialysis study. It would appear that the multitude of sensory
properties accrued during sexual experience, for example during the conditioning trials of a
place preference paradigm [39], broadens the sensory stimuli contributing to sexual reward
from the restricted role of vaginal stimulation in sexually naive females [40].

There has been little investigation of neurotransmitter systems mediating place preference
conditioning to sexual interactions. In one study, antagonizing opioid neurotransmission by
treating female rats with naloxone prior to sexual interactions eliminated place preference
conditioning [68]. Conversely, several studies using dopamine receptor antagonists have
produced mixed results. Pretreating female hamsters with dopamine D2 receptor antagonists
[57] prevented the acquisition of a conditioned place preference to sexual interactions (Fig. 3).
A similar study in rats produced no effect [30].

4. Neurotransmitter and cellular plasticity following sexual experience in

females

There is a rich tradition of research into mechanisms of dopamine signaling as they relate to
components of motivated behaviors and drug abuse [e.g., 60]. Borrowing from that literature,
we explored the possibility that sexual experience could affect dopamine neurotransmission
in the mesolimbic pathway and that plasticity in that system was the basis for the behavioral
consequences of sexual experience, e.g., changes in copulatory efficiency and reward. Within
the mesolimbic dopamine system there is both evidence for activation during female sexual
interactions, as well as long term effects on structural and neurochemical plasticity. Initial
microdialysis experiments demonstrated that extracellular dopamine levels in the nucleus
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accumbens of females were elevated during mating [55,58]. For female rats, dopamine release
was particularly sensitive to paced mating interactions with males [4,33,58], and for (at least
sexually naive) female hamsters, dopamine elevations depended on vaginal stimulation
received during mating [40]. In a follow-up experiment we took a slightly different approach,
this time measuring extracellular dopamine in the nucleus accumbens during mating in sexually
naive female hamsters or in females that had sexual experience prior to the microdialysis test
[38]. Sexual experience produced an exaggerated increase in extracellular dopamine that
persisted throughout the sexual interaction with a male, compared with the dopamine levels in
sexually naive females (Figure 4). Perhaps the increased dopamine response in sexually
experienced females reflects the enriched array of mating associated stimuli to which female
hamsters become responsive as a result of that experience.

The elevation in dopamine release in experienced female hamsters is reminiscent of the effects
of repeated exposure of animals to drugs of abuse [75]. In this literature, the heightened level
of dopamine in response to a fixed dose of drug is termed “sensitization” [75]. Drug
sensitization is accompanied by a variety of cellular responses thought to enhance synaptic
efficacy and information flow through the mesolimbic pathway [74].

One entry point into the mechanism through which behavioral experience could alter neuronal
plasticity is at the level of synapses. An indirect approach to this question has been taken by
measuring dendritic changes in striatal (including the nucleus accumbens) neurons in response
to drug administration or following behavioral experience. Repeated administration of a variety
of abused substances with different pharmacological profiles will increase dendritic length and/
or spine density in the terminal dendritic branches of medium spiny neurons [13,23,44,45,64,
76,77,78]. Far fewer examples exist for behavioral experience producing comparable effects
on dendrites, though induction of salt appetite [79], male sexual behavior [24] and female
sexual behavior [59] will alter dendritic morphology in medium spiny neurons of the nucleus
accumbens.

Sexual experience in female hamsters had a differential impact on dendritic spine density
[59] depending on the region examined (Fig. 5). In this experiment, female hamsters were
given our basic paradigm of 6 weeks of sexual experience or remained sexually naive [38]. On
the 7t week, all females were given an estradiol and progesterone priming regimen and
sacrificed about 4 hr after progesterone injection. Brains were processed for Golgi staining and
240 um slices analyzed. Spines were counted from terminal dendritic branches of pyramidal
neurons in the medial prefrontal cortex, medium spiny neurons of the nucleus accumbens (shell
and core combined), or medium spiny neurons of the dorsal caudate. Within the medium spiny
neurons of the nucleus accumbens, dendritic spine density (normalized to 10 um of dendritic
length) was higher in sexually experienced, than in sexually naive, females. The converse was
found in the apical dendrites of layer V neurons of the prefrontal cortex. There were no group
differences in spine density in caudate medium spiny neurons. We interpret these differences
in spine density as reflecting plasticity in excitatory neurotransmission on dopaminergic-
responsive neurons [37].

If we take plasticity in dendritic spines as a distal cellular marker of sexual experience, we can
hypothesize a cascade of cellular events that are triggered by repeated sexual interactions. In
other words, the focus should be on two of the classes of responses illustrated by treatment
with drugs of abuse [36], i.e., an exaggerated response to sexual behavior and altered cellular
responses in the absence of sexual behavior. The proposed signaling events are depicted in Fig.
6. This proposal is neither novel nor radical, as dendritic plasticity arising from stimuli as
diverse as steroid hormones [54], drugs of abuse [61], or long term potentiation [1] all involve
the illustrated events. It is because these pathways are so well represented in varied examples
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of neural plasticity that it seems likely that as the gaps are filled in the same will be true of
sexual behavior effects on the nucleus accumbens.

The discovery approach, utilizing gene microarrays [7], along with experimental approaches
have begun to validate altered activity or protein expression at several points in these pathways
resulting from sexual experience. Transcription factors represent one set of molecular events
that can impact dendritic structure leading to long-term plasticity [5,17,52]. Both c-Fos and
FosB staining were examined in response to sexual experience and mating in female Syrian
hamsters. Following sexual interactions with a male, c-Fos staining was elevated in the core
of the nucleus accumbens, a response that was magnified in sexually-experienced females (Fig.
7) [9]. FosB staining was not detectibly affected by a sexual interaction, though the levels of
staining were higher in the core of the nucleus accumbens in sexually-experienced female
hamsters compared with naive females (Fig. 8). Neither c-Fos nor FosB were affected by sexual
behavior or sexual experience in either the shell of the nucleus accumbens or dorsal striatum
in these females. In our experiments, changes in c-Fos and FosB occur in parallel, both
regionally and as a function of experience, though in other studies alterations in these proteins
do not always covary [e.g., 12].

Fos proteins can be activated through several signaling pathways, including MAP kinase
[18]. ERK is a downstream kinase in this pathway and we examined the regulation of ERK
following sexual behavior (Fig. 9). In Western blots, total ERK 2 levels were not affected by
either sexual behavior or sexual experience. In contrast, pPERK 2 was elevated in the nucleus
accumbens following sexual behavior, but only in females with prior sexual experience.

Entry into the MAP kinase pathway can come from several sources, including glutamate
receptor activation [1], G-protein coupled receptors (e.g., dopamine receptors) [83], inositol
triphosphate pathways [66], and through growth factor receptors [16]. Sexual experience
effects on these pathways have been implicated through microarray analyses [7], but have not
really been examined directly. One mechanism that in fact is regulated by sexual experience
is dopamine receptor coupling to adenylate cyclase [10]. Homogenates from the nucleus
accumbens were taken from sexually experienced or inexperienced female hamsters. These
homogenates were stimulated with dopamine and cCAMP accumulation measured (Fig. 10).
Dopamine stimulated cAMP accumulation in all treatment groups, with greater stimulation in
homogenates from the sexually experienced females. These actions of dopamine were
determined to be D1 receptor mediated. Though one component of plasticity following sexual
experience is presynaptic (i.e., increased dopamine efflux during sexual interactions), it is just
as clear that there are postsynaptic modifications that are not simply reflections of increased
synaptic dopamine levels.

5. Summary and conclusion

One hypothesis of mesolimbic dopamine function is that this pathway is sensitive to the
conditioned properties associated with naturally occurring behaviors in a way that optimizes
the functional consequences of those behaviors [80]. From this framework we can conceive of
a pattern of behavior in which vaginal stimulation received by females during copulation
stimulates dopamine neurotransmission. Though initially this response is unconditioned [55],
with experience females learn to produce subtle perineal movements that increase the
likelihood of receiving vaginal stimulation from the mounting male [8]. In turn, there is greater
dopamine activation, which feeds forward to maintain the behavioral responding. Because
receipt of vaginal stimulation through intromissions from the mounting male (preceding
ejaculation by the male) is necessary for induction of the progestational state accompanying
fertilization (and therefore successful pregnancy) [42], this behavioral regulation would have
the indirect effect of increasing copulatory efficiency leading to reproductive success. The
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answer to the question of “Why do females mate?” is to receive stimulation that has rewarding
consequences in the form of forebrain dopamine activity. These ‘pleasurable’ components of
sexual behavior have the unanticipated (from the female’s point of view), though highly
adaptive, consequences of successful pregnancy and the birth of offspring.
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Figure 1.

Female hamsters were tested for sexual behavior with a sexually naive male either 1, 3 or 6
weeks after their last experience test. The hit rate (proportion of mounts culminating in
intromission) of the males was higher when mated with sexually-experienced (Exp Females)
compared to naive females (*p<0.05) and this effect of experience persisted even with a 6 week
hiatus in behavioral testing. Data from [8].
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Figure 2.

Infusions of the dopamine neurotoxin, 6-hydroxydopamine (6-OHDA), into the region of the
nucleus accumbens prior to sexual experience eliminated the effect of the female hamster’s
sexual experience on the copulatory efficiency (hit rate) of naive males (*p<0.05 relative to
lesioned females). Data from [8].
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Figure 3.

Repeated pairings of copulation with the gray compartment in a conditioned place preference
(CPP) apparatus resulted in the female hamsters spending more time in that compartment in
the absence of copulation (*p<0.05). This effect was blocked by systemic administration of
the dopamine (DA) D2 receptor antagonist, raclopride, prior to each sexual behavior test. Data
from [57].
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Figure 4.

Sexually experienced (Exper) or inexperienced female (No Exper) hamsters were implanted
with microdialysis probes in the nucleus accumbens and the females were placed with a male
for 1 hr. Samples were taken every 15 min during the 1 hr sexual behavior test. Dopamine
levels in the microdialysis samples were elevated significantly during the first two sampling
periods in No Exper females. Across all sampling periods, dopamine levels were significantly
higher in Exper females compared with No Exper females. Data from [38].
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Figure 5.

Spine densities (normalized per 10 um) were measured in the terminal dendrites of neurons
(examples of Golgi staining are presented in the right panel) from the prefrontal cortex, nucleus
accumbens or caudate nucleus of sexually experienced (n=7) or naive (n=5) female hamsters.
In the prefrontal cortex there was a significant reduction in spine density with experience (*p
<0.02), with a corresponding significant increase in spine density in the nucleus accumbens
(*p < 0.04).
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Figure 6.

Schematic diagram of some signaling pathways that could mediate long-term changes in
cellular plasticity as a function of sexual experience. Our microarray analyses [7] pointed to
several nodes in these pathways that were altered by prior sexual experience. Neural signals
affecting long-term plasticity could arise from the activation of dopamine D1 receptors,
tyrosine kinase receptors (TrkR) or inositol triphosphate (I1P3). (Potential signaling from
ionotropic glutamate receptors is omitted here.) Activation of these receptors trips a cascade
of signaling mechanisms that converge on gene transcription via CREB or MAP kinase
mediated processes [31]. For example, G-protein coupled receptors, such as dopamine
receptors, can phosphorylate CREB through cAMP formation and PKA activity [47] or
indirectly phosphorylate ERK through activation of the MAP kinase pathway [48]. Stimulation
of Trk receptors, for example by neurotrophin-3 (NT-3) or BDNF (not shown), or IP3 activity
will also stimulate MAP kinase pathways, though through PKC activation [72,82]. What are
illustrated as individual pathways and have been isolated in cell systems, are actually highly
integrated molecular pathways in intact neurons [35]. In turn, nuclear transcription factors are
expressed (e.g., c-Fos and AFosB [43,53,73]) that regulate molecular mediators of dendritic
plasticity (e.g., cyclin-dependent kinase 5; Cdk5, or activity-regulated cytoskeleton-associated
protein; Arc) [5,11,41,81]. This figure was made using Pathway Builder v.2.0 (Protein Lounge,
San Diego).
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Figure 7.

Sexual behavior testing (Test) significantly increases c-Fos staining (3p<0.05 vs. No Test) in
the core of the nucleus accumbens of female hamsters, an effect that is magnified in sexually
experienced (Exp) females (°p<0.05 vs. no Exp/Test). These effects were not observed in the
shell of the nucleus accumbens. Data from [9].
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Figure 8.

Female hamsters received our standard paradigm of 6 weekly, 10 min sexual behavior tests or
were hormone primed, but not tested. On the 7t week, these groups were subdivided, so that
half the animals were given a sex behavior test or remained in their home cages. Animals were
sacrificed 90 min after testing or the equivalent for non-tested females. Frozen 40 um brain
sections were stained using an antibody (Santa Cruz) that recognizes members of the FosB
family. Prior sexual experience, independent of recent testing (dark bars), elevated staining for
FosB in the core of the nucleus accumbens (*p<0.05) vs. No Experience females). No effects
of either sexual experience or sexual behavior testing were seen in the shell of the nucleus
accumbens or in the caudate nucleus.
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Figure 9.

Levels of ERK1/2 were measured by Western blot from punches of the nucleus accumbens
and caudate nucleus of female hamsters. Tissue punches (2 mm diameter) from the nucleus
accumbens (both core and shell) and caudate nucleus were taken from 2 mm slices
encompassing the nucleus accumbens (n = 4/treatment group). The tissue homogenates were
subdivided to blot for total ERK1/2 and for pERK1/2. ERK1 and ERK 2 (both total and
phosphorylated) were analyzed independently from each Western blot. Sexual behavior testing
elevated levels of pERK2 only in the nucleus accumbens of sexually-experienced females
(*p<0.05). No significant differences were found for pERKZ1 or for total ERK1 or ERK2 in
either the nucleus accumbens or in the caudate.
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Fig 10.

Homogenates from the nucleus accumbens of female hamsters receiving either sexual
experience or no experience were measured for cAMP accumulation following dopamine
stimulation (data are % no-dopamine baseline). Dopamine elevated cCAMP production (*
p<0.05 vs. baseline), with a greater effect in membranes from sexually experienced females
(# vs. No Experience females). The increase in dopamine stimulated CAMP accumulation was
eliminated by concurrent treatment with SCH23390 indicating that dopamine was acting via
dopamine D1 receptors. Data from [10].
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