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Androgen excess is a hallmark of polycystic ovary syndrome (PCOS), a prevalent yet poorly understood endocrine
disorder. Evidence from women and preclinical animal models suggests that elevated perinatal androgens can elicit
PCOS onset in adulthood, implying androgen actions in both PCOS ontogeny and adult pathophysiology. Prenatally
androgenized (PNA) mice exhibit a robust increase of progesterone-sensitive GABAergic inputs to gonadotropin-
releasing hormone (GnRH) neurons implicated in the pathogenesis of PCOS. It is unclear when altered GABAergic wiring
develops in the brain, and whether these central abnormalities are dependent upon adult androgen excess. Using GnRH-
GFP–transgenic mice, we determined that increased GABA input to GnRH neurons occurs prior to androgen excess and
the manifestation of reproductive impairments in PNA mice. These data suggest that brain circuit abnormalities precede
the postpubertal development of PCOS traits. Despite the apparent developmental programming of circuit abnormalities,
long-term blockade of androgen receptor signaling from early adulthood rescued normal GABAergic wiring onto GnRH
neurons, improved ovarian morphology, and restored reproductive cycles in PNA mice. Therefore, androgen excess
maintains changes in female brain wiring linked to PCOS features and the blockade of androgen receptor signaling
reverses both the central and peripheral PNA-induced PCOS phenotype.
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Introduction
Polycystic ovary syndrome (PCOS) is a major endocrine disorder affecting around 1 in 10 women of  repro-
ductive age globally (1, 2). The disease is characterized by clinical and/or biochemical evidence of  andro-
gen excess (hyperandrogenism), menstrual dysfunction (oligo-anovulation), and polycystic ovarian follicle 
morphology (3). Most PCOS patients also have elevated luteinizing hormone (LH) secretion (4), which is 
likely in response to enhanced pulsatile secretion of  gonadotropin-releasing hormone (GnRH) from hypo-
physiotropic GnRH neurons in the rostral forebrain (5, 6). Compared with normal women, PCOS patients 
require higher concentrations of  estradiol and progesterone to suppress pulsatile LH release (5, 7, 8), dem-
onstrating an impairment in the ability of  steroid hormones to restrain the activity of  the GnRH/LH pulse 
generator. Elevated LH release acts downstream to overstimulate the theca cells of  the ovaries and favors 
greater androgen production when compared with normal subjects (9–11).

Evidence suggests that inappropriately high levels of  androgens indirectly establish an impaired nega-
tive feedback in PCOS patients. Acute testosterone administration does not increase pulsatile LH levels in 
healthy women (12). Likewise, acute blockade of  the androgen receptor (AR) with an antagonist does not 
restore normal LH secretion in women with PCOS (13). However, long-term treatment with an AR antago-
nist is able to reestablish the ability of  estradiol and progesterone to suppress LH pulse frequency (13). 
This implies that androgen excess does not directly drive LH hypersecretion, but instead interferes with the 
ability of  estradiol and progesterone to relay negative feedback signals to GnRH neurons and regulate LH 
release. However, little is known about the spatial and temporal mechanisms mediating this vicious cycle of  
androgen excess in the development and pathophysiology of  PCOS.

Although the etiology of  PCOS is undefined and likely to be multivariate (14, 15), exposure to elevated 
androgens in early development is known to trigger reproductive and metabolic traits of  PCOS during 
adult life in both humans (16, 17) and in a variety of  animal models (18–20). Notably, daughters of  PCOS 
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mothers, that have higher circulating androgen levels during pregnancy than non-PCOS women, are at 
higher risk of  developing PCOS features and associated comorbidities, such as diabetes mellitus type 2, 
from early to late puberty (21, 22). Prenatally androgenized (PNA) mouse models can also recapitulate the 
clinical features of  PCOS, including androgen excess, impaired steroid hormone feedback, and hyperac-
tive GnRH/LH activity (23–25). PNA mice enable transgenic tools to be used to investigate the impact of  
androgen excess in the brain. Evidence to date has identified that PCOS traits in PNA mice are coincident 
with modifications in the GnRH neuronal network. GnRH neurons have significantly enhanced GABAer-
gic input (26) and signaling (23) and that likely originates from neurons in the arcuate nucleus (26, 27). In 
support of  these preclinical findings, women with PCOS have elevated cerebrospinal fluid levels of  GABA, 
(28) and GABA agonists used in the treatment of  epilepsy can result in the onset of  PCOS features (29). 
While GABA typically acts as an inhibitory neurotransmitter, GnRH neurons can respond to GABA with 
depolarization due to a higher intracellular chloride concentration (30, 31). These observations suggest that 
increased GABA signaling in PCOS may be responsible for driving the hyperactive GnRH/LH system and 
associated downstream consequences at the ovary.

These findings have led to important questions about the development and maintenance of  identified 
PCOS-associated brain circuit abnormalities. The present study aimed to determine, first, when GnRH 
neuronal network perturbations in PNA mice occur in relation to the development of  androgen excess. 
Secondly, this study investigated the impact of  long-term AR blockade on established GnRH neuronal 
network circuit changes and the associated PCOS phenotype in adulthood.

Results
Androgen excess occurs during early adulthood in PNA mice. To determine the developmental timeline of  andro-
gen excess in the PNA PCOS-like mouse model, circulating levels of  testosterone were measured through-
out peripubertal development and into adulthood, from postnatal day (PND) 30 to PND 60. Testosterone 
levels were similar between groups at PND 30 (PNA: 0.11 ± 0.03 vs. control: 0.10 ± 0.02 ng/ml) and PND 
40 (PNA: 0.14 ± 0.03 vs. control: 0.15 ± 0.03 ng/ml), corresponding to early and mid-pubertal stages 
(Figure 1). In contrast, by early adulthood at PND 50, average circulating testosterone levels of  PNA mice 
were significantly elevated compared with controls (0.24 ± 0.06 vs. 0.06 ± 0.01 ng/ml; P < 0.01). Mean tes-
tosterone levels remained higher in adult PNA mice at PND 60 when compared with control mice (Figure 
1; 0.24 ± 0.06 vs. 0.08 ± 0.01 ng/ml; P < 0.05; F3,51 [interaction] = 6.2; F1,17 [phenotype] = 7.3). Analysis 
of  testosterone fluctuations over the pubertal transition into adulthood in control animals demonstrated 
that peak testosterone levels occur at PND 40, with levels falling significantly into adulthood (PND 50–60) 
(P < 0.05). In contrast, in PNA mice, peak testosterone levels were significantly higher at PND 50 com-
pared with PND 30 (P < 0.05) (Figure 1). While control mice all exhibited relatively low circulating tes-
tosterone in adulthood, testosterone levels in PNA mice were highly variable. Despite variable testosterone 
levels at PND 50 and 60, vaginal cytology confirmed that all adult PNA mice from PND 60–80 exhibited 
marked disruption of  estrous cycles and a complete absence of  proestrous smears, suggesting the absence 
of  ovulation (Supplemental Figure 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.99405DS1). These data demonstrate that a short prenatal androgen exposure in 
female mice induces the development of  high circulating testosterone levels that begin after pubertal onset 
and continue into adulthood, associated with reproductive dysfunction.

Enhanced GABAergic contact to GnRH neurons is evident prior to pubertal onset and androgen excess. To address 
whether GnRH neuronal network changes observed in PCOS-like mice were programmed through early 
androgen exposure or driven by adult androgen excess, the brains of  control and PNA GnRH-GFP mice 
were evaluated at PND 25, prior to pubertal onset. All PNA (N = 13) and control (N = 8) mice exhibited a 
complete absence of  vaginal opening, a marker of  pubertal onset, and LH levels were undetectable (<0.04 
ng/ml), confirming PND 25 as a prepubertal time point in both groups. In this cohort of  mice, circulating 
testosterone levels at PND 25 were not different between PNA and control groups (PNA: 0.20 ± 0.01 vs. 
control: 0.22 ± 0.03 ng/ml; Student’s t test; Supplemental Figure 2).

Close appositions of  vesicular GABA transporter (VGAT) immunoreactive (-ir) puncta to GFP-ir 
GnRH neurons in the rostral preoptic area (rPOA) of  the hypothalamus, indicative of  putative GABA 
synaptic input (32, 33), were quantified with confocal microscopy (Figure 2A). The dendrites of  bipolar 
GnRH neurons were classified as either primary, the thicker dendrite (larger sectional area) at the point of  
origin from the soma, or secondary, the thinner dendrite, according to reported morphological criteria (34) 
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(Figure 2B). The locations of  putative GABA synapses were classified as onto spines, crucial membrane 
structures which harbor excitatory inputs (35, 36), or onto the somatic or dendritic shaft membrane without 
spines, here referenced as non-spiny membrane.

We discovered that at PND 25, the density of  VGAT appositions to GnRH neurons was already sig-
nificantly increased in PNA mice (N = 5; 51 total neurons) when compared with controls (N = 4; 45 total 
neurons) (P < 0.05; Mann-Whitney U test; Figure 2C). In addition, the density of  VGAT appositions to 
GnRH neurons was significantly elevated in all of  the neuronal compartments (Figure 2D). The density 
of  VGAT close appositions to the non-spiny membrane of  the soma and dendrites was also significantly 
higher in prepubertal PNA mice than in controls (P < 0.05; Figure 2E), and specifically at the level of  the 
soma (P < 0.05) and primary dendrite (P < 0.05) (Figure 2F). The total density of  VGAT appositions to 
GnRH neuron spines was not different between groups (P = 0.19; Figure 2G); however, a greater num-
ber of  GABAergic inputs on GnRH neuron somatic spines was detected in prepubertal PNA mice when 
compared with controls (P < 0.05; Figure 2H). GnRH neuron spine density, a general index of  synaptic 
input, was similar between groups at PND 25 (PNA: 0.24 ± 0.01 vs. control: 0.23 ± 0.03 spines/μm). Our 
data reveal that prenatal androgen exposure is sufficient to program circuitry changes in the female GnRH 
neuronal network that occur prior to the postpubertal development of  circulating androgen excess and 
reproductive deficits in PNA mice.

Long-term AR blockade reverses GnRH neuron circuit abnormalities in adult PNA mice. Long-term treatment 
with the AR antagonist flutamide (Flut) restores ovarian steroid-mediated feedback sensitivity in adult 
PCOS patients (13). Likewise, Flut treatment decreases GABA-mediated postsynaptic currents to control 
levels in PNA mice (23). Therefore, despite the indication that GABA-to-GnRH neuron wiring abnormali-
ties are programmed early, suggestive of  developmentally hard-wired circuitry, we tested the hypothesis 
that long-term blockade of  AR signaling from early adulthood could reverse the established increase in 
GABA-to-GnRH neuron inputs in PNA mice. To test this hypothesis, control and PNA mice were treated 
with Flut (25 mg/kg/day) or an oil vehicle from PND 40 to PND 60. This effective dose was established 
in a pilot study in males and females. In males, 25 mg/kg/day of  Flut for 15 days significantly decreased 
seminal vesicle weight (P < 0.05) and adrenal gland weight (P < 0.05) compared with oil-treated controls, 
confirming the antiandrogenic effect of  this dose (Supplemental Figure 3A). In healthy females, the same 
treatment protocol had no effect on ovarian or adrenal gland weight (Supplemental Figure 3B).

Applying the same technical approach used in prepubertal mice, GABA inputs to GnRH neurons were 
assessed in control+oil (N = 6; 61 total neurons), control+Flut (N = 7; 72 total neurons), PNA+oil (N = 5; 53 
total neurons), and PNA+Flut (N = 7; 72 total neurons) groups (Figure 3, A–G). As expected and reported 
previously (26), PNA mice receiving an oil vehicle (PNA+oil) exhibited significantly increased VGAT appo-
sitions to GnRH neurons at the soma (P < 0.0001), primary dendrite (P < 0.0001), and secondary dendrite (P 
< 0.001) compared with control mice (Figure 3H; F1,21 = 33.8). Remarkably, AR blockade decreased the den-
sity of  GABA inputs to GnRH neurons in PNA mice to levels found in control+oil and control+Flut groups 
(Figure 3H; F1,21 [treatment] = 37.8). Similar patterns were found when VGAT contacts were identified onto 
the non-spiny membrane (Figure 3I) or onto spines (Figure 3J), although VGAT apposition density on the 
non-spiny membrane of  secondary dendrites was not different among the groups (F1,21 [treatment] = 0.7).

Spine density was also remodeled by long-term AR blockade in PNA mice. GnRH neuron spine density in 
PNA+Flut was significantly decreased compared with the PNA+oil group (soma, P < 0.05; primary dendrite, 

Figure 1. Androgen excess in PNA mice develops by PND 50. Circulating testosterone 
levels from postnatal day (PND) 30 to PND 60 in control (N = 10) and prenatally androgen-
ized (PNA) (N = 9) mice. Data are shown as dot plots for each time point and bars represent 
mean ± SEM. Dashed blue lines indicate testosterone levels of control mice and red full lines 
indicate PNA mice. Differences between the groups are reported as *P < 0.05; **P < 0.01 
and differences within each groups are reported as #P < 0.05. Data analysis was performed 
with repeated-measures 2-way ANOVA with Sidak’s post hoc test.
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P < 0.01; secondary dendrite, P < 0.01; F1,21 [interaction] = 19.2; F1,21 [treatment] = 23.2) (Figure 3K). In con-
trast to earlier reports (25, 26), spine density was not statistically different between control+oil and PNA+oil 
groups in this cohort, although PNA+oil spine density was significantly higher than control+Flut group at the 
soma (P < 0.05; F1,21 = 9.3) and primary dendrite (P < 0.01; F1,21 = 16.1) (Figure 3K).

Comparisons between prepubertal and adult mice revealed that PNA treatment was the major determinant 
for GABA-to-GnRH neuron circuit abnormalities (phenotype: PNA vs. control; F1,16 = 29.96; P < 0.0001), inde-
pendent of age (age: PNA vs. control; F1,16 = 0.38; P = 0.55) (Supplemental Figure 4). Blocking AR signaling 
reduced the total VGAT apposition density on GnRH neurons by 53%, to a level comparable to controls. These 
data suggest that although enhanced GABAergic innervation to GnRH neurons in PCOS-like mice is pro-
grammed early, the system remains plastic in adults and can be completely reversed by AR signaling blockade.

Long-term AR blockade restores estrous cyclicity in PNA mice. To determine whether the reversal in GAB-
Aergic brain wiring to GnRH neurons was associated with improved reproductive measures in PNA mice, 
estrous cycles were followed over the 20-day treatment period. All PNA+oil mice were acyclic with a 
complete absence of  proestrus stage vaginal smears. In contrast, the PNA+Flut group displayed recurrent 
proestrus stage vaginal cytology (Figure 4A), at a frequency not different from controls (Figure 4B), sug-
gesting at least partial restoration of  ovulation and estrous cyclicity.

Figure 2. Increased GABAergic contact to GnRH neurons is present in prepubertal PNA mice. (A) Confocal images of control (N = 4; 45 neurons total) and 
prenatally androgenized (PNA) (N = 5; 51 neurons total) mice showing GnRH-GFP neurons (green) and vesicular GABA transporter–immunoreactive (VGAT-
ir) puncta (red) in the rostral preoptic area. Scale bars: 10 μm. Inset images depict a selected confocal image stack of 1.15 μm thickness illustrating VGAT 
appositions at the level of GnRH neuron soma and dendrite. Red puncta (VGAT-ir) in close apposition to green GnRH neurons can appear as yellow or with a 
yellow halo as a result of overlap in confocal projections. White arrowheads point to putative GABA inputs onto the non-spiny GnRH neuron membrane and 
blue arrowheads show GABA inputs onto spines. Scale bars: 5 μm. (B) Neuronal compartments of bipolar GnRH neurons. Morphological criteria classified the 
primary dendrite as the thicker dendrite (with largest sectional area leaving the soma) and secondary dendrite as the thinner dendrite. Histograms depict 
total VGAT-ir apposition density on GnRH neurons (C) and per neuronal compartment (D). Total VGAT-ir apposition density onto the non-spiny GnRH neuron 
membrane (E), and per neuronal compartment (F). Total VGAT-ir apposition density onto GnRH neuron spines (G), and per neuronal compartment (H). Histo-
gram values are represented as mean ± SEM with dot plot of individual values. *P < 0.05; Mann-Whitney U test. GnRH, gonadotropin-releasing hormone.
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Long-term AR blockade improves the recruitment of  preovulatory follicles and their morphological features in the 
ovaries of  PNA mice. PNA mice exhibit altered ovarian morphology, including small follicle arrest, decreased 
corpora lutea (CL), and theca cell hyperplasia, similar to PCOS women (25, 37). We investigated whether 
restoration of  normal GnRH neuronal circuitry following AR blockade was associated with an improvement 
of  ovarian morphology (Figure 5A). Investigating the first steps of  folliculogenesis, we discovered that PNA 
mice, irrespective of  Flut treatment, had a greater number of  primordial follicles than controls (Figure 5B) 
(effect of  the phenotype: P < 0.001; F1,21 = 23.84; effect of  treatment: P = 0.89; F1,21 = 0.02). Confirming fol-
licular arrest, PNA groups showed significantly fewer primary follicles when compared with the control+oil 
group (Figure 5B; P < 0.05). Flut treatment in PNA mice increased the number of  primary follicles to levels 
similar to the control+Flut group (control+oil: 39.00 ± 3.56; control+Flut: 35.71 ± 3.30; PNA+oil: 16.60 ± 
0.75; PNA+Flut: 26.17 ± 3.55 primary follicles per ovary), although numbers were not completely restored 
to control levels. The numbers of  secondary and early antral follicles were not different across the 4 groups 

Figure 3. Blockade of androgen receptor (AR) signaling reverses GABA-to-GnRH circuit abnormalities in adult PNA mice. (A) Confocal images of adult 
diestrus control and prenatally androgenized (PNA) mice showing GnRH-GFP neurons (green) and vesicular GABA transporter–immunoreactive (VGAT-ir) 
contacts representing GABA inputs (red puncta) in the rostral preoptic area. Red puncta (VGAT-ir) in close apposition to green GnRH neurons can appear 
as yellow or with a yellow halo as a result of overlap in confocal projections. White arrowheads indicate putative GABAergic inputs to GnRH neurons. 
Scale bars: 10 μm. (B and E) Projected 3D reconstruction of a GnRH-GFP neuron from an adult PNA mouse illustrating VGAT-ir puncta contacts, with 
white arrowheads indicating VGAT contact onto non-spiny GnRH neuron membrane, and blue arrowheads indicating inputs onto somatic and dendritic 
spines. Rotated and zoomed inset images of VGAT contact with a somatic spine (C), front and back views of dendritic spines in the distal dendrite 
covered with GABA inputs (D and F), and VGAT contacts onto the proximal dendrite of a GnRH neuron (G). (H) Total VGAT-ir density on GnRH neurons of 
control+oil (N = 6; 61 neurons), control+Flut (N = 7; 72 neurons), PNA+oil (N = 5; 53 neurons), and PNA+Flut (N = 7; 72 neurons) groups. VGAT appositions 
are shown for each neuronal compartment. (I) Total VGAT apposition density onto non-spiny GnRH neuron membrane. (J) Total VGAT-ir apposition den-
sity onto GnRH neuron spines. (K) Number of GnRH neuron spines. Histogram values are represented by mean ± SEM with dot plots of individual values. 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.01; 2-way ANOVA with Tukey’s post hoc test. Flut, flutamide; GnRH, gonadotropin-releasing hormone.
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(Figure 5B). In addition, the total number of  atretic follicles, regardless the stage of  atresia, was similar among 
the 4 groups (Supplemental Figure 5B). These results reaffirm that PNA mice exhibit altered folliculogenesis 
and suggest that pharmacological blockade of  androgen-mediated actions has minimal impact on the arrest 
of  small follicles.

Competent preovulatory follicles are able to ovulate in response to coordinated gonadotropin actions 
and an LH surge, which occurs on the evening of  the proestrus stage in mice. In PCOS, LH hypersecretion 
and hyperandrogenic ovaries do not favor the appropriate recruitment of  preovulatory follicles, leading to 
infertility (38, 39). As expected, we observed significantly fewer preovulatory follicles in PNA+oil mice 
compared with control+oil mice (PNA+oil: 7.40 ± 2.89 vs. control+oil: 26.86 ± 3.15 follicles per ovary; 
P < 0.001). Flut treatment resulted in divergent effects in PNA and control animals. Flut increased the 
number of  preovulatory follicles in PNA mice (P < 0.01) to levels not different from control+oil animals, 
while the number of  preovulatory follicles was reduced in control+Flut animals compared with controls 
treated with oil (F1,20 = 40.3; P < 0.01) (Figure 5C). Thus, AR signaling blockade can restore the number of  
preovulatory follicles in a hyperandrogenic state; however, direct androgen actions in the ovaries are also 
critical for the normal final steps of  folliculogenesis (28).

In line with an absence of  the proestrous cycle stage detected by vaginal cytology, most PNA mice 
showed dramatically fewer, and typical completely absent, CL compared with control mice (PNA+oil: 
0.60 ± 0.24 vs. control+oil: 9.57 ± 1.09 CL per ovary; P < 0.0001). Although not identified as significantly 
different, PNA+Flut mice displayed an approximately 4-fold increase in the mean number of  CL when 
compared with the PNA+oil group (PNA+oil: 0.6 ± 0.24 vs. PNA+Flut: 3.79 ± 0.8 CL per ovary; Figure 
5C). The proportion of  the ovary composed of  CL was significantly lower in PNA+oil compared with 
control+oil (P < 0.001) and control+Flut groups (P < 0.05) (Supplemental Figure 5A). Flut treatment 
restored mean CL area to levels not different from control groups; however, the distribution of  group data 
suggests that this period of  Flut has fully restored reproductive capacity in some animals, while others 
are not fully restored. Together, these data suggest that long-term AR signaling blockade can increase the 

Figure 4. Blockade of androgen receptor (AR) signaling restores 
reproductive cycles in prenatally androgenized (PNA) mice. 
AR signaling blockade was achieved with the administration of 
flutamide (Flut) s.c. 25 mg/kg/day during 20 days. (A) Represen-
tative estrous cycle plots over 20 days from control+oil (N = 6), 
control+Flut (N = 7), PNA+oil (N = 6), and PNA+Flut (N = 7) groups. 
P, proestrus; D, diestrus; M, metestrus; E, estrus. (B) Histogram 
showing mean ± SEM percentage of days spent in each stage of 
the estrous cycle. ND, not detected.*P < 0.05; F1,23 = 20.5; 2-way 
ANOVA with Tukey’s post hoc test.
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recruitment of  preovulatory follicles, and ultimately support the return of  ovulation, estrous cyclicity, and 
the capacity for fertility.

The composition of  the preovulatory follicle wall thickness is indicative of  gonadotropin-mediated 
actions in the ovaries (9, 25). Hence, the thickness of  the granulosa cell layer (as a mean of  determin-
ing follicle-stimulating hormone actions) and the theca cell layer (as a mean of  determining LH actions) 
was measured. The granulosa cell layer was significantly thinner in PNA+oil mice compared with control 
groups (P < 0.05). Flut treatment restored the granulosa cell layer thickness to levels not different from con-
trols (Figure 5D). The theca cell layer was significantly thicker in PNA+oil mice compared with controls 
(PNA+oil: 18.60% ± 1.51% vs. control+oil: 12.21% ± 0.57% vs. control+Flut: 12.51% ± 0.82% of  the pre-
ovulatory follicle wall area; P < 0.05). This resembles the condition of  ovarian hyperthecosis, a well-known 
feature of  PCOS preovulatory follicles (10, 25, 40). Notably, AR signaling blockade significantly reduced 
the thickness of  the theca cell layer in PNA mice to control levels (11.06% ± 0.97%; Figure 5D), suggesting 
the normalization of  gonadotropin-mediated actions and by long-term AR blockade.

Discussion
Although defined by ovarian dysfunction, there is both long-standing and more recent evidence that the brain 
plays a critical role in the development and pathophysiology of PCOS (7, 8, 27). The present study elucidated 
the developmental timing and adult plasticity of disordered GABAergic innervation to GnRH neurons in a well-
characterized PNA model of PCOS (23, 26, 41). This work demonstrated that enhanced GABAergic wiring 
onto GnRH neurons is established early, prior to the development of postpubertal circulating androgen excess, 
suggesting that early programming defects in the neural regulation of the hypothalamic-pituitary-gonadal axis 

Figure 5. Androgen receptor (AR) blockade improves the recruitment of preovulatory follicles and their features in PNA mice. Ovarian morphology 
of adult control and prenatally androgenized (PNA) mice undergoing s.c. injection with oil-vehicle or flutamide (Flut) 25 mg/kg/day from postnatal day 
(PND) 40 to PND 60. (A) First column: 5-μm-thick ovarian sections from control and PNA mice in diestrus. Corpora lutea are indicated by black asterisks. 
Scale bars: 500 μm. Second column: representative images of a preovulatory follicle wall from each group; yellow dashed lines delineate the theca cell 
layer (TLC) from granulosa cell layer (GCL). Scale bars: 50 μm. (B) Total number of primordial, primary, secondary, and antral follicles. (C) Total number of 
preovulatory follicles and corpora lutea. (D) Percentage of the follicle wall area made up of GCL and TLC from the largest preovulatory follicle. Different 
letters indicate significant statistical differences with P < 0.05; 2-way ANOVA followed by Tukey’s post hoc test. Histograms show mean ± SEM data from 
control+oil (N = 6), control+Flut (N = 7), PNA+oil (N = 5), and PNA+Flut (N = 6) groups.
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precede the manifestation of neuroendocrine dysfunction in PCOS. This work also found that, despite early 
programming, disordered GABA-to-GnRH wiring and can be restored to control levels with long-term AR 
blockade, coincident with the resumption of estrous cyclicity and improved ovarian morphology.

Clinical and preclinical studies support the notion that high in utero androgen levels lead to the installa-
tion of  a biological program in female offspring to develop PCOS (18, 21, 42), supporting the use of  PNA to 
model PCOS here. This is most dramatically evident in women with congenital adrenal hyperplasia (CAH). 
Adrenal hyperplasia in utero leads to abnormally high prenatal androgen exposure and CAH women mani-
fest PCOS symptoms in adulthood, including ovarian dysfunction, hyperandrogenism, and elevated LH lev-
els (16, 17). In addition, exogenous administration of  testosterone or dihydrotestosterone (DHT) to pregnant 
animal models can drive the development of  PCOS-like ovarian and endocrine traits; this is well defined in 
sheep (43), monkeys (44), rats (45, 46), and mice (25, 26). In women, although the route of  fetal exposure 
is not clearly defined, elevated maternal testosterone levels are linked to the development of  PCOS in their 
daughters (21, 47). Serum testosterone levels increase by approximately 70% in pregnancy (48), and mater-
nal testosterone is even greater in women with PCOS (49, 50). It is well known that the architecture of  the 
fetal mammalian brain is exquisitely sensitive to androgen exposure and can program adult physiology (51). 
Low levels of  ARs are expressed in the female hypothalamus during embryonic development (52, 53), and 
prenatal androgen exposure is well known to program life-long changes in synaptic patterning and adult sex 
behavior in rodents (54). Therefore, PNA-induced PCOS ontogeny may very well begin in the brain.

PNA mice model PCOS-like reproductive dysfunction, including disruption of  estrous cycles, sub- 
and infertility, hyperandrogenism, elevated LH pulse frequency, impaired ovarian steroid-mediated nega-
tive feedback, and altered ovarian morphology (23, 25, 26, 41). Transgenic approaches in this model have 
identified greater GABAergic transmission (23) and innervation (26) to GnRH neurons that may underpin 

Figure 6. Summary schematic of the ontogeny and plasticity of GABA-to-GnRH neuron circuit abnormalities in a preclinical model of PCOS. Typi-
cally, female androgen levels are relatively low throughout pubertal development and into adulthood, with the exception of a small peripubertal rise 
(blue line). Elevated perinatal androgens can drive a hyperandrogenic polycystic ovary syndrome (PCOS) condition in adulthood (red line). GABA-to-
GnRH neuron circuit abnormalities are present before the onset of puberty in prenatally androgenized PCOS-like mice, suggesting early programming 
of this aberrant wiring. Adult PCOS-like mice remain with enhanced GABAergic inputs onto GnRH neurons associated with an impairment of steroid 
hormone–mediated negative feedback, disruption of reproductive cycles, and ovarian dysfunction. Remarkably, GABAergic wiring to GnRH neurons 
is still plastic through androgen receptor signaling blockade, which also positively impacts reproductive cycles, and improves the recruitment and 
features of preovulatory follicles. AR, androgen receptor; GnRH, gonadotropin-releasing hormone.
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the desensitization of  the GnRH pulse generator to steroid hormone feedback described in PCOS women 
(39). GnRH neurons do not express the hormone receptors required to respond directly to steroid hormone 
feedback, making them dependent on a steroid hormone–sensitive afferent neuronal network (55). GABA 
neurons in the arcuate nucleus project extensively to GnRH neurons and exhibit, in the PCOS-like condi-
tion, enhanced connections with GnRH neurons (26). Arcuate nucleus GABA neurons also express pro-
gesterone receptors and this expression is dramatically reduced in PNA mice (26). These data suggest that 
steroid hormone desensitization in arcuate nucleus GABA neurons is linked with plastic changes in GnRH 
afferents that may underlie the neuroendocrine impairments in PCOS. As GnRH neurons can respond to 
GABA with excitation (30, 31), increased GABA innervation may play a role in GnRH/LH hyperactivity 
in the PCOS condition. We found here that increased GABAergic contact to GnRH neurons is evident by 
PND 25 in PNA mice, well after prenatal exposure to elevated androgens, but prior to the development 
of  postpubertal androgen excess (Figure 6). Although circulating levels of  testosterone are not different in 
PNA animals at PND 25, it is currently unknown if  local changes in androgen production in the brain over 
this period could contribute to the establishment or maintenance of  these wiring changes.

In PND 25 PNA animals, GABA contact to GnRH neurons was significantly increased to levels similar 
to those identified in adult PNA mice. In contrast to what has been previously reported in PNA adults (25), 
GnRH neuron spine density was not increased by PND 25. In adults, the proportion of  GABAergic inputs 
onto GnRH neuron spines is increased in addition to increased spine density (26). Here, VGAT apposi-
tions to spines in PND 25 animals were elevated only at somatic spines, while the majority of  increased 
presynaptic GABA contact to GnRH neurons was to the non-spiny portion of  the somatic cell membrane 
and dendritic shaft. In most immature neurons, GABA actions via GABAAR are excitatory through a dif-
ferential chloride (Cl–) homeostasis, by which cells maintain higher intracellular Cl– concentration and a 
more depolarizing reversal potential for Cl– than the resting membrane potential (56). Throughout the brain, 
excitatory actions of  GABA during early development are critical to induce de novo synapse formation and 
increase the number of  dendritic spines through the regulation of  intracellular calcium signaling (36, 57). 
The enhanced GABAergic input identified at PND 25 may precede an increase in spine density that devel-
ops as a consequence of  elevated responses to GABAergic signaling that develop later in adulthood. In addi-
tion, while these data show that VGAT contact is elevated at GnRH neurons, it remains to be determined if  
the majority of  this elevated input comes from GABA neurons originating in the arcuate nucleus as shown 
previously in adults (24).

Although LH is low throughout prepubertal life, GnRH neurons are highly active throughout this period 
(58) and undergo dramatic morphological and synaptic plasticity prior to pubertal onset (33). Two very 
recent reports out of  the Moenter laboratory have reported that both GnRH neuron firing activity (58) and 
GABAergic transmission to GnRH neurons (59) are present at 1 week of  age and peak around 3 weeks 
of  age, corresponding closely to the time point investigated here. Berg et al. have shown that GABAergic 
inhibitory post-synaptic currents (IPSCs) in PNA females are higher than controls at 3 weeks of  age, lending 
support to our anatomical findings. However, they also report that GnRH firing frequency and response to 
GABA application was unexpectedly blunted in PNA mice when compared with control females (58, 59). 
It is tempting to speculate that increased GABAergic synaptic contact and synaptic transmission would 
be coincident with increased GnRH neuron activity even in the juvenile period. However, the relationship 
between GnRH neurons and their developing neuronal network might be highly dynamic throughout the 
prepubertal period, and it is unclear whether GnRH neuron activity or afferent GnRH neuronal network 
stability comes first. The lack of  increased GnRH neuron firing activity at 3 weeks of  age despite increased 
synaptic transmission (59) is suggestive of  compensatory postsynaptic mechanisms that remain to be clearly 
determined. These compensatory mechanisms are lost over pubertal development, as responses to GABA 
are not different in adults and postpubertal PNA mice display both increased GABAergic postsynaptic cur-
rents in GnRH neurons and elevated GnRH firing frequency (23). Together, these data suggest that aber-
rant synaptic organization develops early in PNA mice, established by 3 weeks of  age, but remains under 
homeostatic control mechanisms that are ultimately lost over pubertal development. Understanding the 
mechanisms underpinning this loss remain will be important in understanding what ultimately enables a 
hyperactive GnRH/LH system in the PNA PCOS-like condition.

Serial measurements of  blood testosterone levels in PNA mice indicated that circulating androgen 
excess does not develop until PND 50. Although pubertal onset is reported as both precocious and delayed 
in this model, all mice display a first estrous by PND 40 or earlier (25). Androgen excess is therefore likely 
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to be downstream from altered GnRH/LH secretion that drives the establishment of  hyperandrogenic 
ovaries in PCOS (3, 10, 40). In girls, prepubertal adrenarche leading to precocious exposure to increased 
androgen levels correlates with a higher risk of  developing PCOS and hyperandrogenic ovaries (60, 61). 
In rodents, the adrenal glands do not possess the molecular machinery necessary to synthesize androgens 
(62), indicating that PNA-induced androgen excess develops largely from an ovarian source. The brain 
also produces androgens, expressing significant levels of  P450 aromatase to convert local or circulating 
estrogens into testosterone in situ. Fluctuations in brain androgen levels are evident in the perinatal period 
in female rodents, likely impacting synaptogenesis, but then remain relatively low and unchanging in adult-
hood (63). It is currently unknown whether PNA changes the production of  androgens in the brain at any 
stage. Regardless of  the source, precocious exposure to androgens leads to aberrant GnRH neuron wir-
ing that precedes the development of  postpubertal hyperandrogenic ovaries, supporting a developmental 
programming of  disease progression. In support of  a top-down manifestation of  the peripheral disorder, 
large genetic analysis studies have identified polymorphisms in the gonadotropin receptors associated with 
neuroendocrine dysfunction in PCOS (64, 65).

Despite the evidence supporting early organization of  wiring defects, long-term androgen signaling 
blockade from pubertal onset completely reversed the elevated GABA-to-GnRH neuron wiring and dramati-
cally ameliorated PCOS reproductive dysfunction (Figure 6). Previous studies have indicated that AR block-
ade of  androgen signaling can alleviate PCOS-associated dysfunction. One week of  pharmacological AR 
blockade with Flut can prevent the increased GABAergic postsynaptic currents measured in adult GnRH 
neurons from PNA mice (23). Additionally, long-term Flut treatment in women with PCOS can improve 
progesterone sensitivity to restore the ability of  estrogen and progesterone to reduce LH pulse frequency 
(13). Impaired progesterone-mediated negative feedback is evident in PNA mice and progesterone receptor 
expression is reduced in GABA neurons that project to GnRH neurons (26). It is unclear whether AR block-
ade directly improves the progesterone sensitivity of  GABA neurons; however, the present findings suggest 
that remodeling of  GABA inputs to GnRH neurons is associated with a restoration of  gonadal steroid 
hormone negative feedback. In addition, AR blockade was able to restore estrous cyclicity in all PNA mice. 
Although Flut will block androgen actions in multiple tissues, including the ovary, recent evidence shows 
that AR signaling in the brain is required for hyperandrogenism to drive the full presentation of  PCOS-like 
features in a postnatal model of  the disease (66). This suggests that Flut blockade of  AR signaling in the 
brain is essential to the reversal of  the PCOS-like phenotype demonstrated here. It will be important to assess 
in future studies the impact of  androgen excess and AR blockade on a cellular level in the brain.

Prenatal exposure to androgens ultimately leads to ovarian dysfunction; this is evident in women with 
CAH (16) and in different preclinical models of  PCOS (18, 25, 67). While AR blockade did not change the 
follicular arrest of  small follicles (primordial and primary) typical of  PCOS ovaries (37), a marked effect was 
observed in recovering the number of  preovulatory follicles. AR signaling blockade correlated with a recov-
ery of  normal granulosa and theca cell layer thickness. Theca cell hyperplasia is directly related to increased 
theca cell androgen production and is typical of  PCOS ovaries (10, 40). Long-term AR blockade reduced the 
thickness of  the theca cell layer to control levels, probably reflecting a reduced LH pulse frequency drive and 
resulting in decreased androgen production. Granulosa cells are the main target of  androgen actions in pre-
ovulatory follicles (68); however, granulosa cell–specific AR-knockout does not protect mice from developing 
the PCOS phenotype with chronic DHT administration (66). This indicates that the restoration of  normal fol-
licle morphology after AR blockade is more likely to be indirect, through the normalization of  gonadotropin 
action, which may reflect normalized regulation of  GnRH neuron activity by GABAergic neurons.

The link between GABA actions, androgen excess, and ovarian dysfunction are not only evident in 
preclinical models of  PCOS. Women with PCOS have recently been reported to have elevated cerebrospi-
nal fluid levels of  GABA associated with androgen excess (28). There is also evidence that PCOS patients 
have increased levels of  allopregnanolone, a GABAAR positive modulator, and display impaired sensitivity 
to its sedation effects (69). Likewise, epileptic patients undergoing treatment with valproate drugs to boost 
GABAergic tone in the brain for the control of  seizures, usually present PCOS features such as hyperan-
drogenism and menstrual irregularities (29, 70). Therefore, altered GABAergic signaling may be central to 
the development of  PCOS reproductive abnormalities in women. Our findings showed that altered GABA 
wiring to GnRH neurons develops prior to the onset of  PCOS-like reproductive dysfunction and supports 
the idea that these abnormalities may be a primary mediator of  disease development downstream from pre-
natal androgen exposure. The ability of  AR blockade to restore normal GABA-to-GnRH innervation and 

https://doi.org/10.1172/jci.insight.99405


1 1insight.jci.org   https://doi.org/10.1172/jci.insight.99405

R E S E A R C H  A R T I C L E

rescue downstream reproductive function indicate that circuit abnormalities remain plastic in adulthood 
and are dependent on ongoing androgen signaling. Together, our observations suggest that early blockade 
of  androgen signaling in PCOS might be able to restore a normal GnRH neuronal network and highlight 
AR antagonism as a therapeutic target.

Methods
Animals. Female C57BL/6J and GnRH-GFP mice (71) were housed with ad libitum access to water and 
food, and under a 12-hour light/dark cycle. To generate PNA mice, we used established protocols as previ-
ously described (23, 25). Briefly, time-mated pregnant dams were injected with 100 μl of  DHT (250 μg) in 
oil, or oil alone to serve as a control, on gestational days 16, 17, and 18.

Experiment 1: Temporal assessment of  plasma testosterone and estrous cyclicity. Control (N = 10) and PNA 
(N = 9) mice were followed from PND 30 to PND 80. At PND 30, 40, 50, and 60, mice were handled and 
tail-tip blood samples were collected from 9–10 AM. Blood samples were spun at 4 g for 10 minutes at room 
temperature and plasma was collected and kept at –20°C until the day of  hormone measurement. From 
PND 60 to PND 80, estrous cyclicity was followed by daily vaginal smears and examination of  the vaginal 
cytology (72).

Experiment 2: Prepubertal assessment of  GABAergic input to GnRH neurons. On PND 25, control (N = 
4) and PNA (N = 5) GnRH-GFP female offspring were euthanized by an overdose of  sodium pento-
barbital (30 mg/ml). Blood was collected from the vena cava just prior to transcardial perfusion with 
4% buffered paraformaldehyde (0.1 M phosphate buffer-PFA 4%; pH 7.6). Brains were dissected, post-
fixed for 1 hour at room temperature, and saturated in 30% Tris-buffered sucrose at 4°C until processed 
for immunohistochemistry.

Experiment 3: Establishing the antiandrogenic effect of  Flut dose. Male (N = 4) and female (N = 4) C57BL6 
mice were injected daily with 100 μl of  Flut at a dose of  25 mg/kg/day for 15 days. Control vehicle animals 
received 100 μl of  sesame oil during the same period. Male mice were used as biological control to assess 
the effectiveness of  Flut treatment according to previously published studies (73, 74). Seminal vesicles and 
adrenal gland weights were measured from treated intact male mice, and ovaries and adrenal gland weights 
were measured from treated female mice.

Experiment 4: Assessing androgen dependence of  central and peripheral PCOS features. Control and PNA 
GnRH-GFP mice received daily 50 μl injections of  either Flut (Sigma-Aldrich; s.c. 25 mg/kg/day) or a 
vehicle control (sesame oil) for 20–22 days from PND 40. Groups were identified as control+oil (N = 6), 
control+Flut (N = 7), PNA+oil (N = 5), and PNA+Flut (N = 7). All mice were monitored daily for estrous 
cyclicity through vaginal smears. Following at least 20 days of  treatment, animals in diestrus were eutha-
nized and perfused as above. Brains were dissected and treated as above until processing for immunohis-
tochemistry. Ovaries were postfixed for 24 hours and then transferred to 70% ethanol at room temperature 
until paraffin embedding for histology.

Immunohistochemistry. Fixed brain tissue was cut into 3 sets of  30-μm-thick coronal sections using a 
freezing microtome. Coronal brain sections including the rPOA and organum vasculosum of  lamina ter-
minalis (OVLT) of  the hypothalamus were selected according to the mouse brain atlas (75). Free-floating 
immunohistochemistry was performed as previously described (26, 33) on one set of  sections (including 
every third brain section). Primary antibodies were used at the respective concentrations: polyclonal chick-
en anti-GFP (1:2,500; Aves Labs Inc., catalog GFP-1020) and polyclonal rabbit anti-VGAT (1:750, Syn-
aptic Systems, catalog 131003). Brain sections were incubated with a cocktail of  primary antibodies and 
2% normal goat serum for 48 hours at 4°C. Alexa Fluor 488 goat anti-chicken (1:200, catalog A-11039) 
and Streptavidin 568 (1:200,  catalog S11226) (both Molecular Probes, Invitrogen) were used as secondary 
antibodies. Primary antibody omission served as a negative control.

Confocal image analysis. Following double immunofluorescent labeling of  VGAT and GFP, the density of  
VGAT appositions onto GFP-ir GnRH neurons was quantified in 2 representative sections from the rPOA/
OVLT region. Confocal images were collected on a Nikon A1R multi-photon confocal microscope with 488- 
and 543-nm diode lasers. Brain sections were imaged using a Plan NeoFluor ×40 oil objective (1.30 NA), 
taking Z-stacks of  0.5 μm thickness (pinhole at 1 AU) and analyzed with software NIS-Elements AR 4.00.00 
(Nikon Instruments Inc.). Ten to 12 GnRH neurons located in the rPOA from each animal were randomly 
selected and scanned for analysis. VGAT apposition density was recorded for the GnRH neuron soma and 
in 15-μm intervals of  the primary and secondary dendrite out to 75 μm as previously reported (26).
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Ovarian histology analysis. All ovaries were collected from control and PNA mice in diestrus and one 
ovary was randomly chosen for morphological analysis as previously reported (25). Groups were identified 
as control+oil (N = 6), control+Flut (N = 7), PNA+oil (N = 5), and PNA+Flut (N = 6). Briefly, ovarian 
sections of  5-μm thickness were collected in 50-μm intervals and stained with hematoxylin and eosin. 
Sections were visualized with a light microscope (Olympus BX51) and ovarian follicle types and numbers 
were assessed in every collected section from the whole ovary using ×10 and ×20 objectives (76). Follicle 
wall thickness was determined in the largest preovulatory follicle from the ovarian section with the largest 
radius. The total follicle wall area and the area made up of  granulosa or theca cell layers were defined using 
ImageJ software (NIH) and the percentage of  the layer thickness in relation to the total follicle area was 
calculated. Using ImageJ, the percentage area containing CL was calculated from the ovarian section with 
the largest radius.

Hormone measurements. Plasma testosterone levels were determined using a commercially available 
mouse/rat ELISA kit (LDN). The assay sensitivity is 0.066 ng/ml at the 2 standard deviation confidence 
limit. Intra-assay coefficient of  variation for testosterone was 10.3% and inter-assay coefficient of  variation 
was 11.0%. Fifty microliters of  whole blood were collected from the tail via a hematocrit tube to obtain 10 
μl of  plasma for the testosterone assay, run in duplicate samples. LH levels were determined using well-
established ELISA methods (26, 77, 78). A mouse LH-RP reference was provided by Albert F. Parlow 
(National Hormone and Pituitary Program, Torrance, California, USA). The assay sensitivity of  the LH 
ELISA was 0.04 ng/ml and intra-assay coefficient of  variation was 4.3%.

Statistics. Statistical analysis was performed with PRISM software 7.0 (GraphPad Software). Testos-
terone levels throughout pubertal development of  control and PNA mice were compared using repeated-
measures 2-way ANOVA with Sidak’s multiple comparison post hoc test. Evaluation of  prepubertal PND 
25 testosterone levels was performed with a 2-tailed Student’s t test. Analysis of  VGAT appositions onto 
GnRH neurons from prepubertal control and PNA females used the Mann-Whitney U test. Adult control 
and PNA mice were compared using 2-way ANOVA with Tukey’s post hoc test when studying GABA 
inputs on GnRH neurons and ovarian morphology features. A 2-way ANOVA with Bonferroni’s post hoc 
test was used to compare prepubertal and adult groups. All data are represented as mean ± SEM. Statisti-
cal significance was accepted when P < 0.05. Graphical representation to display significant different are 
shown as * P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001.

Study approval. All protocols were approved by the University of  Otago Animal Ethics Committee 
(Dunedin, New Zealand).
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