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Abstract
Drugs of abuse exert their effects by exploiting natural neurobiological reward mechanisms,
especially the mesolimbic dopamine (DA) system. However, the mesolimbic system does not
operate in isolation, and input from other reward-relevant structures may play a role in cocaine’s
rewarding effects. The medial preoptic area (mPOA) of the hypothalamus is involved in the
regulation of two essential and naturally rewarding behaviors, sexual and maternal behaviors. It
also makes strong neuroanatomical connections with areas of the mesolimbic system, particularly
the ventral tegmental area (VTA). As such, the mPOA is a logical candidate for a neuroanatomical
locus modulating activity in the mesolimbic system and emergent behavioral expressions of drug
reward, yet the role of this structure is largely unexplored. Here, using a female rat model, we
show that the mPOA innervates the VTA in a region-specific manner, lesions of the mPOA
augment cocaine-induced Fos expression in the nucleus accumbens and cocaine-induced
conditioned place preference. We also show that approximately 68% of mPOA-VTA efferents
release γ-aminobutyric acid (GABA), over 75% are sensitive to DA as evidenced by co-
localization with DA receptors, and nearly 60% of these contain both DA receptors and GABA,
which suggests a novel key role for the mPOA in the inhibition of the mesolimbic DA circuit.
Combined, these results reveal the mPOA as a critical modulating structure in cocaine-induced
mesolimbic activity and behavioral manifestation of reward, at least in part via GABAergic output
that is sensitive to DA input.
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INTRODUCTION
Appropriate behavioral responses to natural reward are necessary for survival and
reproductive success. To this end, neurobiological reward mechanisms have evolved to
reinforce behaviors such as sexual interactions and parental care. However, drugs of abuse
like cocaine subvert this natural reward/reinforcement system. In particular, the mesolimbic
system is recognized as playing a critical role in reward, and cocaine exerts its
psychostimulant effects by producing activity in this pathway (Kalivas & Duffy, 1990;
Koob, Sanna, & Bloom, 1998; Nestler, 2005; Wise, 2002). However, this system does not
operate in isolation, and input from other reward-relevant structures may play a critical role
in cocaine-induced activity.

An area that is vital for natural reward but has received little attention as a potential
modulator of cocaine-induced activity is the medial preoptic area (mPOA) of the
hypothalamus. The hypothalamus is well-known for its role in motivated behaviors and
reinforcement, and the mPOA in particular is critically involved in the regulation of two
essential and naturally rewarding functions-- sexual (Hull & Dominguez, 2007; Hull,
Dominguez, & Muschamp, 2007) and maternal (J. S. Lonstein, 2002; Numan & Insel, 2003)
behaviors. It also strongly interacts with areas of the mesolimbic system, particularly the
ventral tegmental area (VTA) (Simerly & Swanson, 1988; Zahm et al., 2011). As such, the
mPOA is a logical candidate for a neuroanatomical locus modulating cocaine-induced
activity, yet surprisingly little is known about the role of this structure in the context of drug
abuse. This is a critical gap in knowledge because the mPOA is also a central integrative
region for gonadal hormone stimulation, and as such, studies elucidating on its role in drug
response will shed light on mechanisms through which hormones might impact drug
activity.

The purpose of the present study was to determine if and how the mPOA modulates cocaine-
induced neural and behavioral response. To this end, a series of four experiments
investigated in female rats: (1) the extent and distribution of anatomical interactions between
the mPOA and VTA; (2) whether the mPOA modulates cocaine-induced activity in the
nucleus accumbens (NAc); (3) whether the mPOA modulates behavioral expression of
cocaine reward. Because GABA in the VTA regulates dopaminergic function and a large
number of GABA-containing neurons reside in the mPOA, we also examined (4) whether
cells in the mPOA that project to the VTA contain GABA and/or dopamine (DA) receptors.
Results obtained in these experiments will help resolve whether the mPOA modulates neural
and behavioral responses to cocaine.

MATERIALS AND METHODS
Subjects

Adult female Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) were singly
housed in a climate-controlled room (22° C; 40–50% humidity) on a reverse light-dark cycle
(14:10; lights off at 10 A.M) with food and water freely available. All rats were
ovariectomized and implanted with an intrascapular estrogen silastic capsule (5% 17-β-
estradiol benzoate, 95% cholesterol; 12 mm in length; 1.98 mm I.D.×3.18 mm O.D.; Dow
Corning, Midland, MI). Procedures were in accordance with the National Institutes of
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Health Guidelines for the Use of Animals in Research and were approved by the University
of Texas at Austin Institutional Animal Care and Use Committee.

Lesions of the mPOA
All lesions or sham lesions (n = 93) were performed using a Radionics radio-frequency
lesion generator, with a TCZ thermo-coupled electrode (0.25 mm exposed tip). Surgeries
were performed with the animals situated in a stereotaxic apparatus while still under general
anesthesia directly after the ovariectomy. Bilateral lesions were aimed at the rostro-central
mPOA (AP, −0.25 mm; ML, ±0.6 mm; DV, −8.3 mm; according to coordinates from
Paxinos and Watson (2007)). Once the electrode reached the mPOA, the temperature was
raised to, and maintained at, +80°C (±3°C) for 20 seconds. This procedure was also done in
a bilateral sham-treatment group, without introduction of radio frequencies. Animals were
allowed a three-week recovery before beginning procedures for cocaine-induced conditioned
place preference or cocaine-induced cellular activity.

Ablations produced with radiofrequency-lesion generators are more reproducible in size and
shape than are those produced with electrolytic or chemical techniques. For example,
electrolytic lesions can vary up to a factor of four in terms of size and geometry, after fixed
lesion current and time were applied (Sweet & Mark, 1953). The reason for this variability is
that electrolytic lesions are influenced by electrolysis action, gas formation, anatomy of
tissue planes, and nearby vascular interruption, which can vary between animals. Lesions
produced with radio frequencies do not present these problems, thus the radiofrequency
technique was employed for our experiments.

After all tests were completed, lesion placements were verified histologically. Coronal brain
sections including the mPOA were processed using methyl green, a Nissl stain that allows
visualization of all cell nuclei. Any animal that did not have an mPOA lesion was removed
from further analyses.

Conditioned Place Preference
We utilized a fully biased place-conditioning paradigm using automated two-chambered
CPP apparatuses (San Diego Instruments Place Preference System, San Diego, CA). The
inner dimensions of each conditioning chamber were 35 cm wide×21 cm deep×34.5 cm
high. The left chamber featured a smooth black plastic floor whereas the right chamber
featured a haircell textured black plastic floor. Each individual chamber featured an
overhead array of experimenter-operated switchable and dimmable white and red LED
lights. The red LED light was at maximum intensity on the side with the smooth floor. Each
apparatus contained a 16×4 photobeam array for recording time spent in each chamber (sec),
number of chamber transitions, exploratory approaches to adjacent chambers, gross
locomotor activity (consecutive breaks of adjacent beams), and fine motor activity (repeated
breaks of the same beam).

All animals (n = 44) were allotted 20 minutes free access to the entire apparatus as a
baseline pre-conditioning test (PRE test session). For conditioning, drug-paired chamber
assignments were based on the animals’ initial non-preferred side during the PRE. For the
conditioning cycles, all animals received an intraperitoneal injection of saline (1mL/kg) and
were secluded to their initially preferred chamber for 30 minutes. Directly thereafter, they
received either a 10 mg/kg intraperitoneal (i.p.) injection of cocaine, or equivolume saline
for control animals, followed by confinement to their respective drug-paired chambers for
30 min. We repeated this pattern for two conditioning cycles, and then provided each animal
20 minutes of access to the entire apparatus to assess preferences for the drug-paired
chamber (POST test session). The four groups consisted of those having sham lesions and
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vehicle injection (SV; n = 12), sham lesions and cocaine injection (SC; n = 13), mPOA
lesions and vehicle injection (LV; n = 10), or mPOA lesions and cocaine injection (LC; n =
9).

Retrograde and Anterograde Tract-Tracer Injections
Anatomical connections between the mPOA and the VTA were examined using the
retrograde tract-tracer Fluorogold (Fluorochrome, LLC, Denver, CO) injected into the VTA
(AP, −6.2 mm; ML, +0.7 mm; DV, −8.2 mm; according to Paxinos and Watson (2007)) or
the anterograde tract-tracer biotinylated dextran amine 10000 MW (BDA; Sigma-Aldrich,
St. Louis, MO) injected into the mPOA (AP, −0.25 mm; ML −0.5 mm; DV, −8.5 mm).
Surgeries were performed with assistance of a stereotaxic apparatus while animals were still
under general anesthesia immediately after the ovariectomy. The skull was exposed via a
medial incision and the brain exposed directly above the regions of interest. A glass
electrode (opening, 30 µm diameter) containing the tract tracer was lowered to the
predetermined coordinates. The tract-tracer was iontophoretically introduced (+7 µA; 7
seconds on, 1 second off for 5 minutes) through a silver wire inserted into the electrode with
the tract-tracer solution using an iontophoretic pump (Midgard Precision Current Source,
Stoelting Co., Wood Dale, IL). The electrode was left in place for one minute after the
injection and then slowly removed from the brain.

Tissue Collection
To assess cocaine-induced neural activity in the mesolimbic system, animals were injected
with cocaine (10mg/kg; i.p.) one hour before being euthanized. As for the other experiments,
one to three days after the CPP POST or seven to ten days after the tract-tracer injections,
animals were euthanized with a lethal dose of Euthasol (0.3 mL/animal, Virbac Animal
Health, Inc., Fort Worth, TX). The thoracic and abdominal cavities were exposed and the
descending aorta was clamped. Rats were then perfused with 50 ml of 0.1M PBS followed
by 250 ml of 4% paraformaldehyde in 0.1M PB via transcardial puncture. The brain was
quickly removed, post-fixed for 1 hour in the same fixative. Thereafter, the brains were
transferred to a solution containing 30% sucrose in 0.1M PB. Brains were stored and
maintained at 4 °C for at least 48 hrs until sectioning. Coronal sections, cut at 35 μm, were
stored at −20 °C in cryoprotectant solution containing 30% ethylene glycol, 30% sucrose,
and 0.0002% sodium azide in 0.1 Μ PB.

Immunohistochemistry
Free-floating sections containing the NAc, mPOA, or superior gray of the colliculus (SuG)
were extensively rinsed in 0.1M PB between incubations. All incubations were performed at
room temperature with gentle agitation. Sections were blocked with 1% H2O2 for 10 min
and then soaked for 1-hr in incubation-block solution (0.1% BSA, 0.4% Triton-X, in 0.1M
PB). Sections were then incubated overnight (16-hrs) with a polyclonal antibody
recognizing Fos (rabbit anti-Fos, 1:5000; Santa Cruz Biotechnology, Santa Cruz, CA). After
incubation with primary antibody, sections were exposed to biotin-conjugated goat anti-
rabbit IgG (1:500 in incubation solution) for one hour. Secondary antibody was followed by
incubation in avidin-biotin complex (Vector Laboratories, Burlingame, CA) for one hour;
tissue was then transferred to a solution containing 0.02% 3,3’-diaminobenzidine (DAB),
0.1% H202 in 0.1M PB, and 2% nickel sulfate. Extensive washing terminated this reaction.
Fos-positive cells were counted in the regions of interest using NIH freeware Image J. Four
sections for both the NAc core and shell [two rostral and two caudal; 0.65 mm2 area for core
(NAcc) and 0.50 mm2 area for the shell (NAcs)] were arbitrarily chosen from each animal,
and the immunoreactive cells were counted for each section.
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Immunofluorescence was employed to examine colocalization of FG tract-tracer, GABA,
and dopamine D2 receptor (D2R) in the mPOA, or BDA, the nuclear protein DAPI, and
VGAT in the VTA. Colocalization of all antigens was obtained using a procedure similar to
the one described above, with the exception of DAPI and Fluorogold due to its
autofluorescent properties (a blue 461 nm wavelength as its emission maximum) and BDA.
Visualization of GABA and D2R were visualized after blocking sections for 10 min with 1%
H2O2 and incubating the tissue overnight in blocking solution with a primary antibody
recognizing GABA raised in mouse (1:16,000; Fluorochrome, LLC, Denver, CO). Sections
were then exposed for 60 min to biotin-conjugated goat anti-mouse IgG (1:200 in incubation
solution; Vector Laboratories, INS, Burlingame, CA) and for 60 min to an avidin-biotin
complex (1:1000 in 0.1M PB; ABC-elite; Vector Laboratories, Burlingame, CA). Thereafter
the tissue was incubated in a solution containing biotinylated tyramide (1:1000; in 0.1M PB;
Perkin Elmer, Waltham, MA) for 10 minutes. An Alexa Fluor 488-tagged streptavidin
(1:400 in 0.1M PB; Life Technologies, Grand Island, NY) was then introduced for one hour.
The second fluorescence complex was visualized with the same procedure described above
but without the enhancement steps. An anti-rabbit D2R antibody (1:800; EMD Millipore,
Billerica, MA) was introduced followed by an Alexa Fluor 555-tagged goat anti-rabbit
secondary antibody (1:200; Life Technology Corporation, Carlsbad, CA). The anterograde
tract-tracer BDA was visualized in coronal sections containing the VTA using the same
enhancement steps. The tissue was incubated in Alexa Fluor 488-tagged streptavidin for 30
minutes. Primary antibodies used were rabbit anti-VGAT (1:2400; EMD Millipore,
Billerica, MA) followed by secondary antibodies (Alexa Fluor 555-tagged goat anti-rabbit,
1:100, Life Technology Corporation, Carlsbad, CA). Sections were mounted and
coverslipped. Control sections for all antibodies included omission of the primary antibody,
which resulted in no staining.

Statistical Analyses
All data were analyzed using PASW statistical package (18th Ed). The numbers of immuno-
positive single- and double-labeled cells were analyzed with an ANOVA or Kruskal-Wallis
non-parametric test with Mann-Whitney U used to determine between group differences.
The conditioned place preference post-test was analyzed via ANCOVA with total
ambulations as the covariate. Tukey post-hoc analyses were used to test between group
differences if the interaction between the independent variables were significant. Statistical
significance was set at α = 0.05 for all analyses.

RESULTS
Experiment 1: The mPOA innervates the VTA in a region-specific manner

After injections of the retrograde tract-tracer Fluorogold (FG) into the VTA or the NAc
followed by analysis of FG-positive cells in the mPOA, we found dense projections from the
mPOA to the VTA but very few projections to the NAc, consistent with previous reports
(Simerly & Swanson, 1988). A closer analysis of regions within the mPOA revealed a
significantly greater number of FG-positive cells projecting to the VTA in the rostral
compared to the caudal mPOA (paired-samples t(13)= 3.939, p < 0.001, Figure 1). The
discovery of this anatomical profile is especially interesting because the rostral regions have
been previously linked to the appetitive facets of motivated behavior, particularly mating
behavior, while the more caudal regions are involved in consummatory behaviors
(Balthazart & Ball, 2007). This finding also suggests that modulation of reward by the
mPOA is contingent on activity in its rostral region.
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Experiment 2: Lesions of the mPOA increase cocaine-induced activity in the NAc
To help establish a functional connection between the mPOA and cocaine-induced
mesolimbic activity, we compared Fos-positive immunoreactivity in the NAc of animals
with or without radiofrequency lesions of their mPOA, following intraperitoneal cocaine (10
mg/kg) or vehicle injections. Consistent with previous findings (Graybiel, Moratalla, &
Robertson, 1990; Young, Porrino, & Iadarola, 1991; Zahm et al., 2010), cocaine
administration in intact animals activated the NAc as evidenced by an increased number of
Fos-positive cells versus vehicle controls. However, animals with lesions of their mPOA had
a significantly greater response to cocaine versus animals with sham lesions. Specifically,
removal of the mPOA augmented cocaine-induced activity in the NAc (Figure 2); this effect
was observed in both the NAc core (NAcc; F(1,50)= 8.978, p < 0.01) and shell regions
(NAcs; F(1,50)= 9.105, p < 0.01).

Experiment 3: Lesions of the mPOA increase cocaine-induced conditioned place
preference

To address the issue of whether the increased neural activity described above translates into
behavioral expression of reward, we utilized cocaine-induced conditioned place preference
(CPP). Results showed that lesions of the mPOA indeed increased the effects of cocaine on
reward, as evidenced by a greater cocaine-induced preference in animals with mPOA lesions
versus both their vehicle-treated lesioned counterparts and their cocaine-treated sham-
lesioned controls (F(1.50)= 9.105, p < 0.01; Figure 3). Together these three experiments
reveal a modulatory role for neural mechanisms in the mPOA on cocaine responses
upstream in the mesolimbic system and subsequent behavioral manifestation of reward.

Experiment 4: mPOA-VTA efferents are GABAergic and receptive to DA
While the mPOA appears to play a modulatory role in cocaine response, the phenotypic
characteristics of the mPOA-VTA efferents governing this relationship have not been fully
investigated. Given (1) that a large number of GABA-containing neurons reside in the
mPOA (Gao & Moore, 1996), (2) the importance of VTA GABA on cocaine-induced
dopaminergic function (Jhou, Fields, Baxter, Saper, & Holland, 2009; Kaufling, Veinante,
Pawlowski, Freund-Mercier, & Barrot, 2010; Lecca, Melis, Luchicchi, Muntoni, & Pistis,
2012), and (3) the fact that our lesions increased rather than decreased cocaine reward and
neural activity, suggesting removal of an inhibitory mechanism, our initial efforts focused
on whether mPOA-VTA efferents arise from GABAergic neurons and, furthermore, whether
these neurons are sensitive to DA. This experiment will show whether the mPOA
contributes to GABA activity in the VTA, which is recognized as a tonic modulator of DA
release in the NAc (Jhou et al., 2009; Johnson & North, 1992; Laviolette & van der Kooy,
2001; Nestler, 2005; Shank, Seitz, Bubar, Stutz, & Cunningham, 2007; Stobbs et al., 2004;
van Zessen, Phillips, Budygin, & Stuber, 2012). This experiment would also show whether
DA acting in the mPOA influences this output.

After injecting FG in the VTA (n = 6), we examined FG-positive, GABA-positive, and D2R-
positive cells in the rostral mPOA and discovered that a large percent of mPOA-VTA
efferents contained GABA (67.6 ± 6.5%) and D2R (76.3 ± 6.5%), while 58.3% ± 7.3%
contained both GABA and D2R (Figure 4A). To further validate the apparent GABAergic
profile of mPOA-VTA efferents, we injected the anterograde tract tracer biotinylated
dextran amine 10000 MW (BDA) in the mPOA followed by analysis of BDA and the
vesicular transporter protein for GABA (VGAT) in the VTA. Qualitative analyses revealed
that many of these fibers contained VGAT (Figure 4B), further demonstrating that many
mPOA-VTA efferents are GABAergic. We note that the neurotransmitter content associated
with mPOA-VTA efferents was heretofore unknown, so our initial analysis of exclusively
GABA-containing neurons does not discount possible influences of other neurotransmitters.
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Nonetheless, our results indicate that the rostral mPOA modulates mesolimbic activity via
GABAergic output, which may then regulate DA release in the NAc. Moreover, this mPOA
output itself is receptive to DA activity, as evidenced by DA receptors co-localized with
efferent neurons.

DISCUSSION
The findings presented here reveal for the first time that the mPOA modulates cocaine-
induced neural and behavioral activity. We discovered a dense concentration of efferent
GABAergic neurons residing in the rostral mPOA that project to the VTA and are receptive
to DA. A functional link between the mPOA and mesolimbic system was established with
lesions of the mPOA, which enhanced cocaine-induced neural activity in the NAc and
enhanced behavioral expression of cocaine reward, presumably due to the removal of
inhibitory mPOA efferents to the VTA. Taken together, the present study reveals a robust
modulatory role of the mPOA in cocaine-induced brain activity and behavior.

It is well established that DA in the NAc, which arises from neurons residing in the VTA,
plays a vital role in the regulation of drug and natural reward, including reproductive and
maternal behaviors. Studies demonstrating that mating activates cells in the NAc and
increases DA levels support this conclusion (Hull & Dominguez, 2007; Hull et al., 2007).
For example, NAc DA and Fos activity increase in anticipation of sexual activity and further
increases during mating in males and females (Bradley & Meisel, 2001; Damsma, Pfaus,
Wenkstern, Phillips, & Fibiger, 1992; Jenkins & Becker, 2003; Pfaus & Phillips, 1991). As
with sex, DA is also integral to the expression of maternal behaviors. To this point, consider
studies showing that presenting pups to a lactating dam increases levels of DA (Hansen,
Bergvall, & Nyiredi, 1993) and Fos activity (Fleming, Suh, Korsmit, & Rusak, 1994) in the
NAc, whereas removal of DA fibers or pharmacological blockage of DA receptors in the
NAc impairs maternal behaviors (Hansen, 1994; Keer & Stern, 1999). These and other
studies establish mesolimbic activity as a critical component in the regulation of these two
naturally rewarding behaviors.

By artificially stimulating these same neuronal mechanisms, drugs of abuse like cocaine
subvert the natural reward system. Supporting this conclusion is evidence that rats will self-
administer amphetamine (Hoebel et al., 1983; Phillips, Robbins, & Everitt, 1994), DA
reuptake inhibitors (Carlezon, Devine, & Wise, 1995), and DA receptor agonists directly
into the NAc (Ikemoto, Glazier, Murphy, & McBride, 1997). A similarly rewarding effect is
observed using CPP; when given a choice between an environment previously paired with
microinjections of DA agonists into the NAc or an environment paired with vehicle
injections, animals prefer the drug-paired environment (Carr & White, 1983, 1986; White,
Packard, & Hiroi, 1991). Given that cocaine increases DA in the NAc, and lesions of DA
fibers in the NAc severely inhibit cocaine self-administration and CPP (Lyness, Friedle, &
Moore, 1979; Pettit, Ettenberg, Bloom, & Koob, 1984), it has been concluded that activity in
the mesolimbic system serves as a critical mechanism responsible for the psychostimulant
effects of the drug, much in the same way as it does for natural reward.

Activity of VTA DA neurons is governed by inhibitory input acting on GABAA and
GABAB receptors, excitatory input acting on NMDA and non-NMDA receptors, and
dopaminergic input acting on primarily D2 receptors (Johnson & North, 1992). Of neurons
residing in the VTA, approximately 65% are dopaminergic (Margolis, Lock, Hjelmstad, &
Fields, 2006; Nair-Roberts et al., 2008), which give rise to DA in the NAc (Björklund &
Lindvall, 1984; Fallon & Moore, 1978; Phillipson & Griffiths, 1985; Swanson, 1982).
Consequently, modulation of these cells leads to dynamic changes in DA in the NAc and
ensuing reward responses following a natural or drug stimulus. The prominence of GABA’s

Tobiansky et al. Page 7

Behav Neurosci. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



influence on DA neurons in the VTA for NAc DA and stimulus reinforcement is now well
established (Jhou et al., 2009; Johnson & North, 1992; Laviolette & van der Kooy, 2001;
Shank et al., 2007; Stobbs et al., 2004), as several studies illustrate the importance of these
mechanisms. Studies using intracranial self-administration show that rats will self-
administer a GABAA antagonist (picrotoxin) into the anterior VTA, but not the substantia
nigra or other areas near the VTA (Ikemoto, Murphy, & McBride, 1997). Ikemoto and
colleagues also showed increased DA in the NAc of rats that received picrotoxin into the
anterior VTA (Ikemoto, Kohl, & McBride, 1997). Co-infusion of muscimol, a GABAA
agonist, reduced both the intracranial self-administration of picrotoxin and the increase
release of DA in the NAc (Ikemoto, Kohl, et al., 1997; Ikemoto, Murphy, et al., 1997). A
more recent study performed in mice showed that optogenetic activation of VTA GABA
neurons suppresses DA neurons in the VTA and the release of DA in the NAc, while also
disrupting sucrose consumption (van Zessen et al., 2012). These and other findings establish
that disinhibition of VTA DA neurons increases extracellular DA in the NAc and is
reinforcing.

It is understood that GABA coming into the VTA arises locally in the VTA and in the
rostromedial tegmental nucleus. Here, however, we showed for the first time that at least a
portion of the GABA entering the VTA originates in the mPOA (Experiment 4). This link
may help explain why lesions of the mPOA augmented cocaine-induced activity in the NAc
(Experiment 2) and the ensuing cocaine-reward response as evidenced by CPP (Experiment
3), since the lesions effectively removed a source of GABAergic input into the VTA, which
allowed for the disinhibition of its output into the NAc. These findings point to a modulatory
role for the mPOA in cocaine-induced mesolimbic activity, through GABAergic connections
coming primarily from its rostral region (Experiment 1).

The existence of this connection should not be surprising, given that the mPOA regulates
naturally rewarding sexual and maternal behaviors (Stolzenberg & Numan, 2011). The
mPOA also contains robust connections with the mesolimbic system (Simerly & Swanson,
1988). The importance of the mPOA for mating is evidenced in several studies showing that
lesions significantly impair both male and female sexual behavior, whereas stimulation
facilitates both consummatory and appetitive aspects of behavior (Guarraci & Clark, 2006;
Hull & Dominguez, 2007; Numan & Insel, 2003; Yang & Clements, 2000). Conversely,
neuronal activity in the mPOA increases with mating and in the presence of sexually
relevant stimuli (Hull & Dominguez, 2007; Hull et al., 2007; Pfaus, 1999; Pfaus & Heeb,
1997). It is interesting to note the anatomical specificity of mPOA-VTA efferents, which
were seen primarily in the rostral regions of the mPOA, because studies point to the rostral
mPOA as important for the appetitive aspects of sexual behavior, whereas the caudal region
is involved in primarily consummatory behaviors (Balthazart & Ball, 2007). Moreover, with
regard to the mPOA and maternal behavior, in rat dams, pre- and post-partum lesions of this
area severely disrupt maternal behaviors; by contrast, neuronal activity increases in the
mPOA of dams when exposed to pups and while expressing behaviors (J.S. Lonstein &
Morrell, 2007; Numan & Insel, 2003). Finally, disruption of connections between the mPOA
and VTA attenuate retrieval behavior (Numan & Stolzenberg, 2009) and impede operant
responses to obtain access to pups (Lee, Clancy, & Fleming, 2000). Together these data
have led to the proposal that mPOA efferents activate VTA DA input to the NAc (Numan &
Stolzenberg, 2009). Initially our findings appear to counter this proposed model, as we
found that a large number of cells projecting from the mPOA to the VTA are GABA-
producing neurons. However, a more recent view of the mPOA and its function suggests
varying roles for different subregions within the mPOA in regulating different aspects of
behaviors (Balthazart & Ball, 2007). In fact, large-bilateral lesions of the mPOA are
required to impact behavior, whereas smaller or unilateral lesions have little, if any, impact
(Hull & Dominguez, 2007; Numan & Stolzenberg, 2009). Our experiments focused on the
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rostral mPOA, where we discovered that 68% of mPOA-VTA efferents were GABA-
producing neurons, albeit most, other non-GABAergic cells comprise this efferent tract and
may also impact mesolimbic activity in different ways.

A wealth of pharmacological, neurochemical, and endocrinological evidence demonstrates a
very important role for gonadal hormones in modulating rewarding stimuli, including
cocaine (Carroll, Lynch, Roth, Morgan, & Cosgrove, 2004; Evans, Haney, & Foltin, 2002;
Larson, Anker, Gliddon, Fons, & Carroll, 2007; Lynch, 2006; Lynch, Roth, & Carroll, 2002;
Russo et al., 2003). However, the neuroanatomical locus of gonadal hormone influences on
cocaine effects remains uncertain. Although our experiments did not explicitly examine
hormonal action, it is still possible to speculate on the neuroendocrine implications of our
findings. The highest concentration of estrogen (Shughrue, Lane, & Merchenthaler, 1997;
Simerly, Chang, Muramatsu, & Swanson, 1990), progesterone (Hagihara, Hirata, Osada,
Hirai, & Kato, 1992; Quadros, Pfau, & Wagner, 2007), and androgen receptors (Simerly et
al., 1990) in the CNS are found primarily in the mPOA, which is a known neuroanatomical
locus through which gonadal hormones act to modulate natural reward (Hull et al., 1999;
J.S. Lonstein & Morrell, 2007). Our results now show that the mPOA also modulates
cocaine reward, at least partly via GABA into the VTA. Given its abundant receptivity to
gonadal hormones, ongoing and future experiments will examine whether the mPOA is a
window via which gonadal hormones impact cocaine reward responses, in much the same
way that it influences other naturally rewarding processes.

Finally, we should like to comment on cocaine and gender-sensitive differences. Cocaine
affects females differently than males (e.g. Lynch et al., 2002; Becker et al., 2001). In light
of our results, this is significant because the mPOA contains the first discovered sexually
dimorphic nucleus (SDN); the SDN of the preoptic area (SDN-POA) is structurally five to
eight times larger in male rats than in female rats (Gorski et al., 1978). Sexual dimorphism
persists in the MPOA even to the level of the synapse, as female rats have more synapses on
dendritic spines and fewer on shafts than do males (Raisman and Field, 1971). A
homologous SDN exists in the human hypothalamus (Swaab et al., 2001), which is also
larger in men than in women. This dimorphism is important to note because females have an
increased response to cocaine after estrogen replacement, whereas males do not have this
same response. Here, we showed a modulatory role for the mPOA in cocaine-induced
activity; therefore it is reasonable to expect that in this capacity, the mPOA may also
influence gender-sensitive differences in cocaine activity. Ongoing and future experiments
will examine whether the mPOA modulates these gender differences.

CONCLUSIONS
In conclusion, we discovered a dense concentration of efferent GABAergic neurons residing
in the rostral mPOA of female rats that project to the VTA and are receptive to DA. A
functional link between the mPOA and mesolimbic system was established with lesions of
the mPOA, which enhanced cocaine-induced neural activity in the NAc and enhanced
behavioral expression of cocaine reward, presumably due to the removal of the inhibitory
mPOA efferents to the VTA. Taken together, the present data suggest a modulatory role of
the mPOA in cocaine-induced neural and behavioral activity.
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Figure 1.
Distribution of afferents to the VTA coming from the mPOA. (a) Representative injection
site of Fluorogold in the VTA (bar, 500µm). (b) Graph demonstrating that the number of
mPOA-VTA efferents is higher in the rostral mPOA than in the caudal mPOA. (c)
Photomicrographs of coronal sections profiling the rostro-caudal concentration of efferents
in the mPOA, indicated by arrows. Scale bar, 250µm; values, mean ± SEM; * p < 0.001.
Abbreviations: SN = substantia nigra; IP = interpeduncular nucleus; OX = optic chiasm; 3V
= Third ventricle.
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Figure 2.
Lesions of the mPOA increased cocaine-induced activity in the NAc. (a) Representative
perimeters of smallest (black) and largest (gray lines) lesion for animals with radiofrequency
lesions of their mPOA, drawn from Paxinos and Watson (2007). (b) Representative
photomicrographs of Fos-ir in the NAcs of animals receiving cocaine or vehicle injections
and lesion or sham-lesion of their mPOA. (c) Graph demonstrating the number of Fos-
positive cells in the NAcc and NAcs across treatment conditions. Scale bar, 50 µm; values
are expressed as mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001. Coronal plates were
adapted from The Rat Brain in Stereotaxic Coordinates (6th ed.), Fig 2a from pages 75, 80,
and 84, Fig 2b from page 58, by G. Paxinos & C. Watson, 2007, New York, NY: Academic
Press. Copyright 2007 by Elsevier Academic Press; adapted with permission.
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Figure 3.
Lesions of the mPOA increased cocaine-induced conditioned place preference. (a)
Representative perimeters of smallest (black) and largest (gray lines) lesion for animals with
radiofrequency lesions of their mPOA, drawn from Paxinos and Watson (2007). (b) Graph
demonstrating the shift in chamber preference across treatment conditions, cocaine treated
animals displayed a cocaine-induced shift in time spent in an initially non-preferred
chamber, whereas animals receiving lesions of the mPOA displayed an even greater shift.
Values are expressed as mean ± SEM; * p < 0.05, ** p < 0.01. Coronal plates were adapted
from The Rat Brain in Stereotaxic Coordinates (6th ed.), Fig 3a from pages 75, 80, and 84,
by G. Paxinos & C. Watson, 2007, New York, NY: Academic Press. Copyright 2007 by
Elsevier Academic Press; adapted with permission.
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Figure 4.
mPOA-VTA efferents contain GABA and DA receptors. (a) Confocal photomicrograph
demonstrating co-localization of mPOA-VTA efferents (Fluorogold, blue), GABA (green),
and D2R (red). Analyses of mPOA-VTA efferents revealed that 67.6 ± 6.5% contained
GABA, 76.3 ± 6.5% contained D2R, while 58.3% ± 7.3% contained both GABA and D2R,
indicated by arrows. (b) Following injection of the anterograde tract tracer biotinylated
dextran amine (BDA) into the mPOA, qualitative analyses of BDA (green) and the vesicular
transporter protein for GABA (VGAT, red) in the VTA revealed that most BDA-positive
fibers contained VGAT, further validating the GABAergic profile of this pathway. Also
shown here is DAPI nuclear labeling in blue; scale bars are 10 µm.
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