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Polycystic ovarian syndrome (PCOS), the leading cause of female
infertility, is associated with an increase in luteinizing hormone
(LH) pulse frequency, implicating abnormal steroid hormone feed-
back to gonadotropin-releasing hormone (GnRH) neurons. This
study investigated whether modifications in the synaptically con-
nected neuronal network of GnRH neurons could account for this
pathology. The PCOS phenotype was induced in mice following
prenatal androgen (PNA) exposure. Serial blood sampling con-
firmed that PNA elicits increased LH pulse frequency and impaired
progesterone negative feedback in adult females, mimicking the
neuroendocrine abnormalities of the clinical syndrome. Imaging
of GnRH neurons revealed greater dendritic spine density that
correlated with increased putative GABAergic but not glutama-
tergic inputs in PNA mice. Mapping of steroid hormone receptor
expression revealed that PNA mice had 59% fewer progesterone
receptor-expressing cells in the arcuate nucleus of the hypothala-
mus (ARN). To address whether increased GABA innervation to
GnRH neurons originates in the ARN, a viral-mediated Cre-lox
approach was taken to trace the projections of ARN GABA neurons
in vivo. Remarkably, projections from ARN GABAergic neurons
heavily contacted and even bundled with GnRH neuron dendrites,
and the density of fibers apposing GnRH neurons was even
greater in PNA mice (56%). Additionally, this ARN GABA popula-
tion showed significantly less colocalization with progesterone
receptor in PNA animals compared with controls. Together, these
data describe a robust GABAergic circuit originating in the ARN
that is enhanced in a model of PCOS and may underpin the
neuroendocrine pathophysiology of the syndrome.

GnRH | PCOS | GABA | progesterone receptor | luteinizing hormone

Gonadotropin-releasing hormone (GnRH) neurons, located
in the hypothalamus, control fertility by driving the secre-

tion of the gonadotrophins, luteinizing hormone (LH), and fol-
licle-stimulating hormone (FSH) from the pituitary gland. The
pulse amplitude and frequency of LH and FSH shape the se-
quence of events that occur at the ovary, including follicular de-
velopment, gonadal steroid synthesis, and ovulation. Hormones
secreted from the ovary, in turn, provide critical feedback signals
to GnRH neurons through a network of hormone-sensitive neu-
rons. Gonadal hormone feedback directs both the firing of GnRH
neurons and pulsatile release of the GnRH peptide (1).
Polycystic ovarian syndrome (PCOS), the most common form

of anovulatory infertility (2), is estimated to affect more than
100 million women worldwide (3). Most women diagnosed with
PCOS exhibit increased LH pulse frequency and decreased FSH
release, suggestive of rapid GnRH pulse frequency (4). High LH, in
turn, contributes to increased androgen production from ovarian
theca cells, whereas decreased FSH disrupts follicle maturation and
ovulation. Elevated GnRH/LH secretion in women with PCOS is
less responsive to exogenous estrogen and progesterone (P4) ad-
ministration (5, 6), suggesting that steroid hormone negative feed-
back to GnRH neurons is impaired. In animal models, elevated
androgens are associated with blunted P4 negative feedback in
particular (7, 8).

Although the origin of GnRH/LH hypersecretion in PCOS
is unknown, impaired steroid hormone negative feedback may
lie within the hormone-sensitive afferent neuronal network to
GnRH neurons. Identifying the specific neuronal elements
affected is challenging in women; however, discoveries can be
made in animal models (9, 10). PCOS is most commonly mod-
eled through exposure to androgens during critical periods of
development (11). Women exposed to elevated prenatal andro-
gens (PNAs) develop the cardinal reproductive and endocrine
features of PCOS in adulthood (12, 13), and PNA treatment
produces a PCOS-like phenotype in all mammalian species
studied to date (11). In the mouse, PNA elicits many of the key
neuroendocrine features of the syndrome, suggestive of impaired
steroid hormone feedback to the GnRH pulse generator (14,
15), however, it remains to be determined directly whether P4
negative feedback and LH pulse frequency are modified.
P4 modulation of GnRH neurons via classical progesterone

receptors (PRs) is most likely transsynaptic, as GnRH neurons
do not express PRs. Many P4-sensitive populations have been
identified throughout the hypothalamus, including neurons
expressing gamma-aminobutyric acid (GABA) (16), glutamate
(17), and various neuropeptides (18, 19). Both endogenous GnRH
neuron firing activity and GABAergic postsynaptic currents are
increased in PNA mice (15, 20). However, the specific P4-sensitive
neuronal phenotype that relays feedback signals to GnRH neu-
rons is so far unknown. The aim of the present study was to
characterize whether LH pulse frequency and P4 negative feed-
back are impaired in a mouse model of PCOS and to investigate
what modifications exist in the GnRH neuronal network that
may impair negative feedback.

Significance

Polycystic ovarian syndrome (PCOS) is the leading cause of
anovulatory infertility. Although the etiology of PCOS is un-
clear, disrupted central mechanisms mediating steroid hor-
mone feedback to gonadotropin-releasing hormone (GnRH)
neurons have been suggested. We describe here, in a mouse
model reflecting the clinical neuroendocrine phenotype of PCOS,
evidence for disordered progesterone (P4)-sensitive GABAergic
input to GnRH neurons, originating specifically within the arcu-
ate nucleus. These discoveries define a previously unidentified
neuronal pathway, potentially critical for the steroid hormone
feedback control of fertility. Of clinical relevance, our findings
help explain the impact of GABA agonist drugs on menstrual
cycle irregularity and interference with oral contraceptives and
could be the basis for understanding clinical therapies of PCOS.
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Results
PNA Mice Exhibit the Cardinal Neuroendocrine Features of PCOS. LH
pulses, identified by peak values greater than 3 SDs above
baseline and shape, were measured in serial blood samples from
gonadally intact mice. Compared with diestrus controls, PNA
mice had significantly increased LH pulse frequency (Fig. 1, P <
0.05), with a significantly reduced pulse interval (62 ± 5.8 vs. 41 ±
4.9 min, P < 0.05). Mean LH pulse amplitude was significantly
decreased in PNA mice (Fig. S1A, P < 0.05), and the mean LH
baseline and area under the curve were not different between
groups (Fig. S1 B and C). PNA mice had significantly elevated
plasma testosterone levels compared with controls (P < 0.05);
however, serum estradiol and plasma P4 levels were not signifi-
cantly different between groups (Fig. S2). P4 negative feedback
was assessed in control and PNA mice by measuring the post-
castration rise in plasma LH levels and the response to P4
feedback by exogenous administration of a P4 pellet (Fig. 1D).
The basal concentration of LH measured before ovariectomy
(OVX) at a single time point was not different between groups.
Three days following OVX, LH was significantly elevated in both
control (P < 0.001) and PNA (P < 0.01) mice. P4 replacement
for 48 h significantly decreased LH levels in control mice (P <
0.05) but had no effect on LH levels in PNA mice. Faster LH
pulsatility and the absence of a negative feedback response to P4
indicate that the PNA mouse model mimics the neuroendocrine
features of PCOS.

PR Expression in Specific Hypothalamic Nuclei Is Reduced in PNA Mice.
Steroid hormone receptors for estrogen, P4, and androgen were
mapped throughout the hypothalamus and quantified in specific
hypothalamic areas previously identified to contain afferents to
GnRH neurons (21). PNA treatment significantly decreased the
number of PR-positive cells within the anteroventral periven-
tricular nucleus (AVPV; P < 0.05, Fig. 2A), periventricular nu-
cleus (PeN; P < 0.05, Fig. 2B), and the rostral (P < 0.05), middle
(P < 0.05), and caudal (P < 0.001) regions of the arcuate nucleus
(ARN) (Fig. 2C), representing a 44.0%, 49.5%, and 58.3% de-
crease in PR-expressing cells within these areas, respectively
(Fig. 2D). The number of ERα-positive cells was unchanged by
PNA treatment in the AVPV and ARN; however, ERα expression
was significantly increased (45.7%) in the PeN of PNA mice
compared with controls (P < 0.01, Fig. S3 A and B). The number
of AR-positive cells was higher in the AVPV of PNA mice
compared with controls (P < 0.05, 31.1%) but unchanged in the
PeN and ARN (Fig. S3 C and D). These data illustrate that the

expression of all three steroid receptors are abnormal in PCOS
mice, with PR being the most widely affected.

GnRH Neurons in PNA Mice Have Increased Spine Density Correlating
with Greater GABAergic, but Not Glutamatergic, Synaptic Contact.
Although P4 modulation of GnRH activity can occur through
diverse mechanisms (22), classical PR-mediated regulation of
negative feedback to GnRH neurons is most likely via an affer-
ent neuronal network (23). In PNA and control GnRH-GFP mice,
afferent synaptic inputs to GnRH neurons were investigated by
quantifying GnRH neuron spine density and close apposition with
vesicular glutamate transporter 2 (vGluT2)-immunoreactive (ir)
puncta (Fig. S4) and vesicular GABA transporter (vGaT)-ir puncta
(associated with synaptic terminals) (Fig. 3). GnRH neuron spine
density was significantly greater at both the soma (P < 0.05) and
proximal dendrite (P < 0.001) in PNA mice compared with controls
(Fig. 3 C, i). Spine number was significantly increased in PNA mice
out to 60 μm along the extent of the primary dendrite (Fig. S5A).
The density (Fig. 3 C, ii) and number (Fig. S5B) of closely apposed
vGluT2-ir puncta (Fig. 3 C, ii) with GnRH neurons at the soma and
dendrite were not different between control and PNA mice despite
the observed increase in spine density. No significant differences
in the percentage of spines apposed by one or more vGluT2-ir
puncta (Fig. S6 A and C) were observed. However, the density of
closely apposed vGaT-ir puncta with GnRH neurons was sig-
nificantly higher at the soma (P < 0.05) and dendrite (P < 0.01)
in PNA mice (Fig. 3 C, iii), evident within the first 60 μm of the
dendrite (Fig. S5C). In addition to an increased absolute number
of GABAergic contacts, the percentage of somatic (P < 0.05)
and dendritic (P < 0.01) spines apposed by one or more vGaT
contacts was significantly increased in PNA mice (Fig. S6 B
and D). Together, these data identify anatomical evidence for
modified afferent synaptic input to GnRH neurons in PNA
mice, including increased GnRH neuron spine density that
correlates not with glutamate input but with increased puta-
tive GABAergic innervation.

Fig. 1. LH concentrations from representative control (A, n = 14) and PNA
(B, n = 19) mice. Stars indicate LH pulses. (C) PNA treatment significantly
increases LH pulse frequency. (D) LH concentrations from control (n = 6) and
PNA (n = 8) mice sampled at three time points: intact, 3 d after OVX, and
48 h postprogesterone pellet implantation.

Fig. 2. PR immunoreactivity in representative unilateral sections containing
the AVPV (outlined, A), PeN (outlined, B), and ARN (outlined, C) in control
(n = 7) and PNA (n = 7) mice. (Scale bar, 250 μm.) (D) The number of PR-
labeled cells is significantly decreased in PNA mice compared with controls.
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GnRH Neurons Are Robustly Contacted by GABA Neurons Originating
in the ARN. The ARN is known to be important for negative
feedback (24) and contain GABAergic neurons (25). The marked
reduction in PR expression in the ARN found here led us to hy-
pothesize the ARN as a potential origin of increased GABAergic
innervation to GnRH neurons. ARN GABA neuron projections
were targeted by injecting an adenoviral vector expressing farne-
sylated enhanced green fluorescent protein (Ad-iZ/EGFPf) into
the ARN of vGaT-Cre mice (Fig. 4A and Fig. S7A), where the
farnesyl sequence targets the EGFP to the membrane of the cell
(Fig. S7B). The average number of EGFPf-positive GABAergic
neurons in the rostral, middle, and caudal regions of the ARN was
not significantly different between control and PNA mice (Fig.
S7C). In control mice (Fig. 4B), ARN GABAergic projections
densely contacted the majority of GnRH neurons within the
medial septum (MS; 55.0 ± 8.1%), rostral preoptic area (rPOA;
66.5 ± 8.4%), and anterior hypothalamic area (70 ± 10.5%).
Similarly, in PNA mice (Fig. 4C), ARN GABAergic fibers closely
apposed 46.7 ± 15.7% of MS GnRH neurons, 65 ± 10.5% of
rPOA GnRH neurons, and 66.7 ± 12.2% of anterior hypotha-
lamic area GnRH neurons. ARN GABAergic fibers contacted
GnRH neurons at single points, formed multiple contacts along
the soma and dendrites, or even bundled with GnRH neuron
dendrites (Fig. 5A).

ARN GABAergic Innervation of GnRH Neurons Is Even More Pronounced
in PNA Mice. The density of ARN GABA fibers contacting the
soma of GnRH neurons was not different between control
(0.05 ± 0.01 fibers per μm) and PNA (0.05 ± 0.01 fibers per μm)
mice. However, PNA mice exhibited a significantly higher den-
sity of ARN GABA fibers contacting the dendrite (0.08 ± 0.01
fibers per μm) compared with controls (0.04 ± 0.01 fibers per
μm; P < 0.05, Fig. 5B). Although the number of GnRH neurons
contacted by ARN GABA fibers was not different between
groups, the number of fibers contacting the dendrites of GnRH
neurons was increased in PNA mice compared with controls (P <

0.05, Fig. 5C) and was greatest within the first 30 μm of the
proximal dendrite (Fig. 5D). Of the GnRH neurons contacted by
ARN GABAergic fibers, the percentage contacted at a single
point was significantly higher in control mice compared with
PNA mice (Fig. 5E). GABA neurons in the dorsomedial nucleus
of the hypothalamus (DMH) were also filled and traced (Fig.
S8A, n = 4). Although ∼65% of the GnRH neuron population
was contacted by GABA neurons originating in the ARN, only
10 ± 0.7% of GnRH neurons received any GABAergic fiber
contact from DMH neurons. The density of DMH GABAergic
fibers contacting the GnRH neuron soma and dendrite was
markedly lower, at 0.017 ± 0.009 apposing fibers per μm and
0.022 ± 0.006 apposing fibers per μm, respectively (Fig. S8B).

ARN GABA Neurons Express PR and Show a Significant Decrease in PR
Expression in PNA Mice. To evaluate whether the decreased PR
expression identified in the ARN of PNA mice was specific
to GABA neurons, PR coexpression with EGFPf-filled GABA
neurons was quantified. Coexpression of PR in GABA neurons
was present in the rostral (47.0 ± 2.6%), middle (47.9 ± 5.8%),
and caudal (40.3 ± 6.1%) regions of the ARN in control mice (Fig.
6A). In contrast, although GABA neuron number was not dif-
ferent between groups, the percentage of GABA neurons coex-
pressing PR was significantly reduced in the rostral (30.3 ± 4.1%,
P < 0.05), middle (25.5 ± 5.3%, P < 0.05), and caudal (15.7 ±
4.6%, P < 0.05) regions of the ARN in PNAmice (Fig. 6 B and C).

Discussion
These findings reveal a brain pathway within the GnRH neuro-
nal network potentially underpinning the neuroendocrine ab-
normalities of PCOS. Using a mouse model of PCOS, shown
here to exhibit the cardinal neuroendocrine features of the syn-
drome, we find that GnRH neurons possess elevated spine density
and an increased density of putative GABAergic inputs. GABA
neurons originating in the ARN were discovered to strongly
project to GnRH neurons in controls and provide even more
robust contact to GnRH neurons in PCOS-like mice. ARN GABA
neurons with identified projections to GnRH neurons were addi-
tionally found to express PRs in fertile controls and exhibit a
marked reduction in this coexpression in the P4-insensitive PCOS-
like mice. These observations suggest that ARN GABA neurons
are a functionally relevant component of the GnRH neuronal
network and that altered ARN GABA neuron inputs to GnRH
neurons contribute to the neuroendocrine dysfunction of PCOS.
To make meaningful progress in dissecting out altered neu-

ronal function in PCOS, an appropriate model of the syndrome

Fig. 3. Projected confocal images (8-μm optical thickness) of GnRH neurons
(green) closely apposed by vGaT-ir puncta (red) from control (A, n = 5) and
PNA (B, n = 5) mice. (i and ii) Projected confocal images (1.35-μm optical
thickness) of the GnRH neuron dendrite from corresponding white boxes.
Arrowheads indicate points where vGaT-ir puncta are considered to contact
the GnRH neuron. (Scale bar, 5 μm.) (C) The density of GnRH neuron spines
(i), vGluT2-ir puncta closely apposed to GnRH neurons (ii), and vGaT-ir
puncta closely apposed to GnRH neurons (iii) from control and PNA mice.

Fig. 4. (A) A single injection of Ad-iZ/EGFPf induces EGFPf expression in
GABAergic neurons of the rostral (i), middle (ii), and caudal (iii) regions of
the ARN. (Scale bar, 0.5 mm.) GnRH neurons (red) from control (B, n = 6) and
PNA (C, n = 6) mice closely apposed by ARN GABAergic fibers (green). (Scale
bar, 5 μm.) 3V, third ventricle.
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is essential. The PNA mouse model elicits a phenotype that
possesses the majority of the reproductive deficits seen in the
clinic, including hyperandrogenism, disrupted estrous cyclicity,
and modified ovarian morphology (14, 15, 26), but reflects only
minor metabolic disturbances (27), suggesting that this model is
most representative of the “lean PCOS phenotype” (28). Women
with PCOS present with a reduced ability for estrogen and P4 to
slow the GnRH/LH pulse generator (6). The PNA mouse model
possesses a small elevation in basal plasma LH levels (15), im-
paired estrogen negative feedback (14), and increased GnRH
neuron firing activity (20) in support of similar impairments in
negative feedback. However, until now, it has been challenging
to examine LH pulsatility, a proxy for GnRH pulsatiliy and the
only meaningful way to examine the speed of the GnRH/LH
pulse generator. Using a sensitive ELISA to measure LH in very
small volumes of whole blood (29), we show that LH pulse fre-
quency is significantly increased in the PNA mouse. This may be
due in part to impaired estrogen negative feedback (14), but we
also show here that P4 is unable to blunt a post-OVX rise in LH
in PNA mice, suggesting that P4 negative feedback is equally
impaired. As commonly seen in animal models in which the
circuitry regulating steroid hormone feedback is affected (24,
30), the post-OVX rise was attenuated in PNA mice compared
with controls. This suggests that other changes in the regulation
of the basal activation of GnRH neurons may be altered, due to
either the initial programming effects of PNA exposure or the
subsequent loss of steroid hormone sensitivity.
Although rodent species lack a true luteal phase, PRs are

required for normal cycling and fertility in mice, and evidence
suggests that progesterone may contribute to negative feedback
suppression of LH (31). Mapping of the steroid hormone recep-
tors ERα, PR, and AR revealed a dramatic decrease in the
number of cells expressing PR in the ARN and RP3V of PNA
mice. Reduced P4 sensitivity was most dramatic within the ARN,
with a nearly 60% decrease in PR-positive cells. This finding is in
line with previous work showing decreased PR mRNA within the
hypothalamus of PNA rats (32) and the ARN of PNA ewes (33).
Although the mechanism of reduced PR expression remains to
be determined, we can rule out reduced estrogen or P4 levels, as
these remain unchanged in PNA mice.

In addition to identifying regions where hormone insensitivity
may originate, we also investigated whether abnormalities in direct
inputs to GnRH neurons could be identified. Using GnRH-GFP
mice (34), we identified increased spine density in PNA mice.
Spines in other neuronal phenotypes are a correlative measure of
excitatory, predominantly glutamatergic, input (35). However,
the density of vGluT2 appositions to GnRH neuron somata and
dendrites directly onto spines was unchanged, suggesting that
GnRH neuron spine changes are not necessarily related to changes
in glutamatergic input. Interestingly, the increase in spine density
did correlate with increased GABAergic appositions with GnRH
neurons, including an increase in the percentage of GnRH neuron
spines contacted by vGaT-ir puncta. These data are compatible
with previous findings showing increased GABAergic post-
synaptic currents in PNA mice (15). Although principally rec-
ognized as an inhibitory neurotransmitter in the adult brain,
there is now a consensus that GABA acts through GABAA
receptors to activate adult GnRH neurons (36). Therefore, the
current data suggest a mechanism by which elevated GABAergic
innervation of GnRH neurons increases GnRH/LH pulse fre-
quency in a PCOS-like state.
Both animal and human studies support GABAergic network

involvement in interfering with P4 negative feedback to GnRH
neurons (7, 37, 38). Drugs that enhance GABA activity, such as
those used to treat epilepsy, can interfere with the activity of
progestogen containing oral contraceptives (38) and even elicit
the onset of PCOS (39). We have now identified a P4-sensitive
GABAergic network residing specifically within the ARN po-
tentially mediating these disruptions. In rodent species, the ARN
has been demonstrated to be essential for pulsatile LH release
(40), estrous cyclicity (24), and estradiol negative feedback reg-
ulation of GnRH neurons (41). Likewise, in the ewe, the ARN
plays a major role in mediating P4 negative feedback to GnRH
neurons (42), predominantly through dynorphin and kappa opioid
receptor actions (43). Interestingly, the number of dynorphin,
neurokinin B, and PR-positive cells are significantly reduced in
the ARN of PNA ewes (33).
Using viral-mediated in vivo “filling,” we have revealed a ro-

bust projection to GnRH neurons from ARN GABA neurons.
As we have only filled a subset of ARN GABA neurons and
visualized only the proximal portion of the GnRH neuron, we

Fig. 5. (A) Reconstructions using AMIRA software illustrating the robust degree of contact between ARN GABAergic fibers (green) and the lengthy dendrites
of GnRH neurons (red). The density (B) and total number (C) of closely apposed fibers from ARN GABAergic neurons to GnRH neurons is significantly increased
at the dendrite of PNA (n = 6) mice compared with controls (n = 6). (D) The number of ARN GABAergic fibers closely apposed to GnRH neurons is significantly
increased along the first 30 μm of the GnRH neuron dendrite. (E) The percentage of GnRH neurons that are contacted by ARN GABAergic fibers at a single
point is significantly decreased in PNA mice compared with controls.
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are likely underestimating the prevalence of this innervation. ARN
GABAergic contacts were observed to terminate on the GnRH
neuron somata, along the entire visible extent of the GnRH neuron
dendrite, and even bundle with a subpopulation of GnRH neurons
in a vertical-type orientation. GnRH neuron dendrites have been
previously shown to bundle and receive shared synaptic contacts of
an unknown phenotype (44). The close association between ARN
GABAergic fibers and GnRH neuron dendrites found here raises
the question of whether these shared inputs may be GABAergic
terminals from neurons originating in the ARN. The peptidergic
phenotype of the ARN GABA neurons that project to GnRH
neurons remains to be determined in future studies.
Arcuate GABA input to GnRH neurons was even greater in

PNA mice, and ARN GABA neurons exhibited significantly
reduced PRs. These data suggest that at least some of the in-
creased GABA contact to GnRH neurons is originating from the
ARN and might mediate impaired P4 sensitivity in the hypo-
thalamus of PNA mice. Impaired P4 feedback in the ARN could
lead to enhanced GABA signaling at the GnRH neuron that is
predominantly responsible for the increase in LH pulse fre-
quency that subsequently drives hyperandrogenism and dis-
rupted estrous cyclicity in this mouse model of PCOS. These
observations highlight ARN GABA neurons as a functionally
relevant component of the GnRH neuronal network that contrib-
utes to the neuroendocrine dysfunction of PCOS and highlight a
potential mechanism mediating the effects of GABA-modulating
drugs on female reproductive health.

Materials and Methods
Animals. Adult female C57BL/6J (B6) wild-type, GnRH-GFP (45), and vGaT-Cre
(25) mice, 60–80 d of age, were housed with ad libitum access to food and

water. All protocols were approved by the University of Otago Animal Ethics
Committee (Dunedin, New Zealand). PNA treatment as described previously
(14) was used to model PCOS.

Pulsatile LH Measurements. Control (n = 14) and PNA (n = 19) mice were
habituated with daily handling for 4 wk. As previously reported (29), 4 μL
blood samples were taken from the tail in 6- or 10-min intervals for 2 h
(between 12:00 and 15:00), diluted in PBS-Tween, and immediately frozen.
LH levels were determined by sandwich ELISA (29). The intraassay coefficient
of variation was 3.66%, and the interassay coefficient of variation was
11.7%. Pulses were confirmed using DynPeak (46).

Progesterone Negative Feedback Trial. Control (n = 8) and PNA (n = 7) mice
were anesthetized with a Ketamine (75 mg/kg) and Domitor (1 mg/kg)
mixture (s.c.) before tail blood sampling and bilateral OVX. Anesthesia was
lifted by Antisedan (1 mg/kg, s.c.). Three days later, anesthesia and tail-tip
bleeding were performed to determine post-OVX LH concentrations. Before
anesthesia was reversed, all mice were implanted with a time-release P4
pellet (0.12 mg of P4 per day) to mimic mouse estrous levels of P4 (In-
novative Research of America) (37). Forty-eight hours later, mice received an
i.p. injection of pentobarbital (3 mg/100 μL), and blood was drawn from the
inferior vena cava. LH concentration was determined by sandwich ELISA. The
intraassay coefficient of variation was 3%.

ELISA. LH levels were determined by a sandwich ELISA as described previously
(29) using the mouse LH–RP reference provided by A. F. Parlow (National
Hormone and Pituitary Program, Torrance, CA). Commercially available
ELISA kits were used to measure levels of plasma testosterone (Demeditec
Diagnostics, GmnH), serum estradiol (Calbiotech), and plasma P4 (Cayman
Chemical Co.) according to the manufacturers’ instructions. The intraassay
coefficient of variation for testosterone, estradiol, and P4 was 9.01%,
12.04%, and 9.3%, respectively.

Intracerebral Injections. Control (n = 6) and PNA (n = 6) mice were anes-
thetized with isoflurane and placed in a stereotaxic frame (Stoelting). A
small hole was drilled in the skull 1 mm posterior to Bregma and 0.3 mm
lateral to midline, and a cannula containing 250 nL of Ad-iZ/EGFPf from a
5.1 × 1011 pfu/mL stock (virus gifted by M. G. Myers Jr., University of Michigan,
Ann Arbor, MI) was lowered 6.1 mm ventral to dura. After 3 min, Ad-iZ/
EGFPf was injected into the ARN at a rate of 20 nL/min. After an additional
5 min, the syringe was removed and the skin closed with sutures. The
injected brains were collected from diestrus mice 7–12 d following injection.

Immunohistochemistry. All mice underwent transcardial perfusion with
paraformaldehyde (4%) during diestrous. Perfusion fixed brains were re-
moved, postfixed for 1 h at room temperature, saturated in 30% sucrose
made up in Tris buffer saline solution overnight, and cut into 30-μm-thick
coronal sections using a freezing microtome. Free-floating immunohisto-
chemistry was performed as previously reported, with primary antibody
omission serving as a negative control (14, 34). The following primary anti-
bodies were used: polyclonal rabbit anti-GFP (1:5,000, Invitrogen), polyclonal
chicken anti-GFP (1:5,000, Aves Labs Inc.), polyclonal rabbit anti-vGluT2 and
polyclonal rabbit anti-vGaT (1:750, Synaptic Systems), polyclonal rabbit anti-
PR (Chromagen label, 1:2,000; immunofluorescent label, 1:250; DAKO Corp.),
rabbit anti-estrogen receptor alpha (ERα, 1:10,000, Millipore), polyclonal rabbit
anti-androgen receptor (AR, PG-21, 1:500, Millipore), and guinea pig anti-GnRH
(1:5,000, gift from Greg Anderson, University of Otago, Dunedin, New Zealand).
The following secondary antibodies were used: biotinylated goat anti-rabbit
and biotinylated goat anti-guinea pig (1:200, Vector Laboratories Inc.) and
goat anti-rabbit AlexaFluor568, goat anti-guinea pig AlexaFluor568, goat
anti-rabbit AlexaFluor488, goat anti-chicken AlexaFluor488, and streptavidin
568 (1:200, Molecular Probes, Invitrogen).

Image Analysis. Light microscopy image acquisition was performed using an
Olympus Bx-51 (Olympus Optical) or a Zeiss LSM710 confocal microscope
with an argon laser exciting at 488 nm and a helium laser exciting at 543 nm.

Quantification of steroid hormone receptor-positive nuclei in control and
PNA mice was performed in two representative sections from each nucleus
analyzed. Chromagen labeling for steroid hormone receptors was imaged
with light microscopy using a 10× objective, and ImageJ software was used
to quantify the number of PR, ERα, or AR-positive nuclei within defined
regions. Immunofluorescent labeling of steroid hormone receptors was im-
aged using confocal microscopy with a Plan Neofluar 20× objective.

Fig. 6. Projected confocal images of EGFPf-positive GABA neurons and PR-
positive nuclei in the ARN of control (A, n = 4) and PNA (B, n = 5) mice. High-
magnification images of EGFPf-positive GABAergic neurons (i), PR-positive nu-
clei (ii), and merged images (iii ) from corresponding white boxes. Arrows
indicate ARN GABAergic cells that are colocalized with nuclear PRs. (Scale bars,
50 μm.) (C) The percentage of GABAergic cells colocalized with PRs is signifi-
cantly decreased in the rostral, middle, and caudal ARN of PNAmice compared
with controls. 3V, third ventricle.
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In GnRH-GFP control and PNA mice, 10 GnRH neurons were selected at
random from the rPOA. GnRH neurons were imaged using confocal mi-
croscopy with a Plan Neofluar 40× objective with 3× zoom function. The
density of spines and closely apposed vGluT2- or vGaT-ir puncta was calcu-
lated at the GnRH neuron soma and within 15-μm segments of the dendrite
for 75 μm (14). Close vGluT2- or vGaT-ir puncta were considered to contact
GnRH neurons when no black pixels were seen between the green and red
signal. In sections collected from vGaT-cre mice injected with Ad-iZ/EGFPf,
the number of EGFPf-positive fibers contacting the GnRH neuron soma and
within 15-μm segments of the dendrite for 75 μm was counted. The density
of closely apposing EGFPf-positive fibers contacting the GnRH neuron was
expressed as the number of fibers per μm of somal circumference and the
number of fibers per μm of the dendrite. Lastly, the degree that ARN
GABAergic fibers contacted GnRH neurons was calculated by defining the
percentage of GnRH neurons contacted by ARN GABAergic fibers at a single
point, multiple points, or in a bundling configuration.

Statistical Analysis. Statistical analysis was performed using PRISM soft-
ware (GraphPad). Control and PNA groups were compared using a two-
tailed t test. LH samples from the P4 negative feedback trial were
compared using repeated measures two-way ANOVA with Tukey multi-
ple comparisons posttests. The percentage of GnRH neurons contacted
at single points, multiple points, or bundled with ARN GABA neurons in
control and PNA mice was compared using a two-way ANOVA with
Tukey posttest. All data are represented as a mean ± SEM. A P value of
<0.05 was accepted as statistically significant. *P < 0.05, **P < 0.01,
***P < 0.001.
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