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Background: Enhanced GABA activity in the brain and a hyperactive hypothalamic-pituitary-gonadal axis are as-
sociated with polycystic ovary syndrome (PCOS), the most common form of anovulatory infertility. Women with
PCOS exhibit elevated cerebrospinal fluid GABA levels and preclinical models of PCOS exhibit increased
GABAergic input to GnRH neurons, the central regulators of reproduction. The arcuate nucleus (ARN) is postu-
lated as the anatomical origin of elevated GABAergic innervation; however, the functional role of this circuit is
undefined.
Methods: We employed a combination of targeted optogenetic and chemogenetic approaches to assess the im-
pact of acute and chronic ARN GABA neuron activation. Selective acute activation of ARN GABA neurons and
their fiber projections was coupled with serial blood sampling for luteinizing hormone secretion in anesthetized
Optogenetics male, female and prenatally androgenised (PNA) mice modelling PCOS. In addition, GnRH neuron responses to
Chemogenetics ARN GABA fiber stimulation were recorded in ex vivo brain slices. Chronic activation of ARN GABA neurons in
PCOS healthy female mice was coupled with reproductive phenotyping for PCOS-like features.
Findings: Acute stimulation of ARN GABA fibers adjacent to GnRH neurons resulted in a significant and long-
lasting increase in LH secretion in male and female mice. The amplitude of this response was blunted in PNA
mice, which also exhibited a blunted LH response to GnRH administration. Infrequent and variable GABAx-
dependent changes in GnRH neuron firing were observed in brain slices. Chronic activation of ARN GABA neurons
in healthy females impaired estrous cyclicity, decreased corpora lutea number and increased circulating testos-
terone levels.
Interpretation: ARN GABA neurons can stimulate the hypothalamic-pituitary axis and chronic activation of ARN
GABA neurons can mimic the reproductive deficits of PCOS in healthy females. Unexpectedly blunted HPG axis
responses in PNA mice may reflect a history of high frequency GnRH/LH secretion and reduced LH stores, but
also raise questions about impaired function within the ARN GABA population and the involvement of other
circuits.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction pulsatile release of the gonadotropin hormones luteinizing hormone

(LH) and follicle-stimulating hormone from the pituitary gland [1,2].

Mammalian fertility is dependent upon the appropriate function of
the gonadotropin-releasing hormone (GnRH) neuronal network in the
brain. GnRH neurons, the final output neuron of this network, secrete
pulses of GnRH peptide into the pituitary portal system to drive the
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Circulating gonadal steroid hormone levels and a variety of other cues
about the internal and external environment must be appropriately
conveyed to GnRH neurons for proper reproductive function. This oc-
curs largely through an upstream afferent, steroid hormone-sensitive
neuronal network [3,4]. However, our understanding of the identity,
relative contribution and significance of individual neuronal compo-
nents in this connectome remains incomplete.

Dysfunction within the GnRH neuronal network is known to result
in infertility. Polycystic ovary syndrome (PCOS), the most prevalent en-
docrine disorder leading to female infertility worldwide [5,6], is
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Research in context
Evidence before this study

Evidence to date suggests that enhanced GABA levels,
GABAergic drive and GABAergic innervation to GnRH neurons
are associated with the neuroendocrine and reproductive impair-
ments of PCOS. Anatomical evidence in a pre-clinical model of
PCOS highlighted GABA neurons originating specifically in the
ARN as potential mediators of reproductive axis hyperactivity as-
sociated with PCOS features.

Added value of this study

To our knowledge, this is the first study to investigate the func-
tional role of ARN GABA neurons on the reproductive axis. Our
findings demonstrate that acute stimulation of ARN GABA neu-
rons can drive increased LH secretion and that chronic ARN
GABA activation can recapitulate some of the cardinal features
of PCOS. These data support a neuronal mechanism by which
the reproductive and neuroendocrine pathology of PCOS could de-
velop. However, variable responses in GnRH neurons and a
blunted LH response in mice modelling PCOS, suggest that in-
creased ARN GABA innervation to GnRH neurons may not be the
only specific mechanism explaining HPG axis hyperactivity of
PCOS.

Implications of all the available evidence

Increased ARN GABA activity is sufficient to stimulate the repro-
ductive axis and drive PCOS-like reproductive dysfunction.

associated with impaired steroid hormone negative feedback [7-9] and
a hyperactive GnRH/LH system [6,10,11]. This hyperactive system
drives excess androgen production in ovarian theca cells [12,13] and
the hyperandrogenism that is a hallmark of PCOS. While oral contracep-
tive administration can reduce hyperandrogenism, it is not as effective
at suppressing LH secretion, suggesting an intrinsic inability or resis-
tance of GnRH neurons to respond to ovarian steroid hormone negative
feedback [7-9]. Work by our group and others are highlighting impaired
central mechanisms in the neuronal network that regulates GnRH neu-
ron activity that may underpin the neuroendocrine pathophysiology of
PCOS [7,14-17].

Clinical and pre-clinical evidence suggest that enhanced GABA levels
[18], GABAergic drive [19,20] and innervation [15,21] are associated
with the neuroendocrine and reproductive impairments in PCOS. Al-
though GABA is considered the primary inhibitory neurotransmitter of
the adult brain, GnRH neurons can respond with excitation to GABA ac-
tions via the GABA, receptor (GABAAR), likely due to a higher intracel-
lular chloride concentration [22,23]. Excitatory GABA actions on GnRH
neurons, coupled with elevated central GABA levels in PCOS women
[18], strongly suggests that increased GABA signalling is driving a hy-
peractive GnRH/LH system and could be responsible for the associated
downstream consequences of PCOS. Previous work, employing
viral-mediated tract-tracing from specific GABA populations [24]
in a well-characterised prenatally androgenised model of PCOS
[16,20,25,26], discovered a previously unidentified, and extremely ro-
bust anatomical circuit between GABA neurons in the arcuate nucleus
(ARN) of the hypothalamus and GnRH neurons in the rostral forebrain.
ARN GABA neuron projections to GnRH neurons are nearly doubled in
PCOS-like mice and exhibit significantly reduced progesterone receptor
expression [26], highlighting an anatomical framework for impaired
steroid hormone feedback [27] and excess excitatory input.

We therefore aimed to investigate the hypothesis that ARN GABA
neurons are a functional component of the GnRH neuronal network in
both males and females and that altered ARN GABA neuron inputs to
GnRH neurons contribute to the neuroendocrine dysfunction of PCOS.
To dissect the functional role of ARN GABA neurons modulating LH se-
cretion in vivo, we used viral-based Cre-inducible expression of a blue
light-sensitive channelrhodopsin-2 accelerated (ChETA) variant [28]
in both fertile males and females and in prenatally androgenised
(PNA) PCOS-like vesicular GABA transporter (VGAT)-Cre mice. We
also applied an ex vivo electrophysiological approach to assess the
downstream responses in GnRH neurons following the optogenetic ac-
tivation of ARN GABA neuron projections and the GABAsR-dependency
of these responses. Cre-mediated expression of designer receptors ex-
clusively activated by designer drugs (DREADDs) was also employed
to assess the impact of both acute and chronic chemogenetic activation
of ARN GABA neurons on LH secretion and reproductive function in
healthy females.

2. Materials and methods
2.1. Animals

Adult male, female and PNA mice were used for all experiments.
Transgenic and wild-type C57BL/6 mice (8-12 weeks) were housed at
the Hercus Resource Unit (University of Otago, Dunedin) under
12 h:12 h light-dark cycles (lights on at 0700 h) with ad libitum access
to water and food. Estrous cyclicity was assessed by daily examination
of vaginal cytology in all female mice in order to conduct experiments
and collect tissue in the diestrous stage of the cycle. All protocols were
approved by the University of Otago Animal Ethics committee (Dune-
din, New Zealand).

Homozygous VGAT-Cre (VGAT-Cre*/*) mice [24] were crossed
with either B6.Cg-Gt(ROSA)26Sormo(CAC-tdTomato)ize 1 tqTomato
floxed-stop reporter mice [29], or ROSA26-CAGS-TGFP floxed-stop re-
porter mice [30] to generate VGAT-Cre™ ~;tdTomato and VGAT-
Cre™~;7GFP male and female mice respectively to evaluate the efficacy
of viral transfection. VGAT-Cre*/~;tdTomato mice were crossed with
GnRH-GFP mice [31] for in vitro studies.

PCOS-like PNA mice were generated as previously described [25].
Briefly, time-mated pregnant dams were injected with 100 pL of dihy-
drotestosterone (250 pg) in oil, or oil alone to serve as a control, on ges-
tational days 16, 17 and 18. Control vehicle mice (N = 3) were grouped
with non-treated female mice (N = 7) to compose the VGAT-Cre™~ di-
estrus female group (N = 10) as LH release following optogenetic acti-
vation was similar among these animals. Female offspring were studied
in adulthood.

2.2. Stereotaxic surgery for AAV injections

Adult mice were anesthetized with 2% isoflurane and placed in a ste-
reotaxic apparatus (Stoeling®, Digital Lab Standard) with head and
nose fixed. All experiments were performed with sterile instruments
and aseptic conditions. Mice were given s.c. injection of carprofen
(5 mg/kg) after anesthesia was confirmed. Coordinates according to
the mouse brain atlas [32] were —0.9 mm anterior-posterior, +
0.3 mm medial-lateral and —6.0 mm dorsal-ventral from the dura
mater layer and targeting the middle of the rostral-caudal extension of
the ARN. Syringes were left in situ for 5 min prior to and 10 min follow-
ing injection. For optogenetic studies, mice received simultaneous bilat-
eral 200 nL injection of either AAV2/9-EF1a-DIO-ChETA-eYFP (3.15
x 10'3 GC/mL; PennVector Core) or control virus AAV2/9-EF1o-DIO-
eYFP.WPRE.hGH (6.69 x 10'® GC/mL; Penn Vector Core) into the ARN
at a rate of 50 nL/min. For chemogenetic activation studies, mice re-
ceived simultaneous bilateral 100-nL injections of either AAV2/5-
hSyn-DiO-hM3D(Gq)-mCherry (5.4 x 10'2 GC/mL; UNC Vector Core)
or the control virus AAV2/5-hSyn-DiO-mCherry (5.4 x 10'? GC/mL;
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UNC Vector Core). Bilateral injections were performed using a custom-
made bilateral device bearing two 1 pL Hamilton syringes (#7000)
with needles 0.5 mm apart.

2.3. In vitro optogenetic and chemogenetic stimulation and cell-attached
recording

Following cervical dislocation and decapitation, 250 pm-thick coro-
nal brain slices containing the rostral preoptic area (rPOA) or ARN
were cut with a vibratome (VT1000S; Leica) in an ice-cold solution con-
taining (in mM): NaCl 87, KCl 2.5, NaHCO; 25, NaH,P04 1.25, CaCl, 0.5,
MgCl, 6, glucose 25 and sucrose 75. Slices were then incubated at 30 °C
for at least one hour in artificial cerebrospinal fluid (aCSF; in mM): NaCl
120, KCI 3, NaHCOs 26, NaH,PO4 1, CaCl, 2.5, MgCl, 1.2 and glucose 10.
All solutions were equilibrated with 95%0,/5%CO,. Loose-seal cell-
attached recordings (10-30 MQ) were made from either ChETA-
expressing ARN GABA neurons, hMD3q-expressing ARN GABA neurons,
or from GFP-expressing GnRH neurons visualized through an upright
microscope fitted for epifluorescence (Olympus, Tokyo, Japan) and con-
stantly perfused with 32 °C warm aCSF. All neurons were first visualized
by brief fluorescence illumination (excitation 460-480 nM for GFP and
eYFP; excitation 530-560 nM for mCherry) and approached using infra-
red differential interference contrast optics. Because the ChETA excita-
tion spectrum is similar to that of GFP, recordings did not commence
until 10-15 min following fluorescent identification of a GFP-
expressing neuron.

Recording electrodes (3.5-5.2 MQ) were pulled from borosilicate
capillaries (Warner Instruments, Hamden, CT) with a horizontal puller
(Sutter Instruments, Navato, CA) and filled with aCSF. By applying a
slight suction onto the cell membrane of either ChETA-expressing ARN
GABA neurons or GFP-positive GnRH neurons, a loose seal was formed
and recordings of action current signals were undertaken in the voltage
clamp mode with a 0 mV voltage command. Recordings were made
from cells held for at least 10-15 min using a Multiclamp 700B amplifier
(Molecular Devices, Sunnyvale, CA) connected to a Digidata 1440A dig-
itizer (Molecular Devices). Signals were low-pass filtered at 3 kHz be-
fore being digitized at a rate of 10 kHz. Signal acquisition and analysis
was carried out with pClamp 10.7 (Molecular Devices). Spikes were de-
tected using the threshold crossing method.

For ChETA activation, blue light was delivered to the slice through a
40x immersion objective (0.8 NA, Olympus) via a 470 nm light emitting
diode (LED, CoolLED) connected to the vertical illumination port of the
microscope. To determine spike fidelity, ARN GABA neurons (express-
ing mCherry) were patched and blue light (5 ms duration; <1 mW) de-
livered at 2 or 100 Hz for 5-300 s. Signals were repeated 5-10 times and
the average trace was analysed. Spike fidelity was calculated by dividing
the number of light-evoked spikes by the number of blue light stimuli
and expressed as a percentage with statistical analysis undertaken
using Newman-Keuls multiple comparison tests. To assess effects of
optogenetic activation on GnRH neurons, cells were recorded for at
least 5 min and then 2, 10 and/or 20 Hz blue light given for 5 min.
Each cell typically received two different frequency stimulations in
random order with only one cell being recorded in each brain slice.
The optogenetic activation of transfected ARN GABA fibers was
found to generate multiple different effects on rPOA GnRH neurons;
these consisted of an immediate but transient excitation (occurring
with 1 min of blue light illumination), a delayed excitation (occur-
ring 4.96 £ 0.51 min following blue light) and inhibitory responses.
Differences in the percentage of responses displayed by GnRH neu-
rons between the experimental groups were analysed by Chi-square
tests.

To assess the effects of CNO on hM3Dq-expressing ARN GABA neu-
rons, cells were recorded for at least 5 min before a 1 M CNO solution
was added to the bath for 2 min. Frequency before and 3-5 min after
CNO application was compared and analysed using paired t-tests.

2.4. In vivo optogenetic stimulation protocol

Three weeks post-AAV injection, mice were anesthetized with 2%
isoflurane and the head and nose were placed and fixed in a stereotaxic
apparatus (Stoeling®, Digital Lab Standard). Animals were positioned
on a heat-pad and internal body temperature was kept at 35 °C during
the whole procedure. A cannula with a 100 pm diameter optical fiber
(Thorlabs, Inc.) was implanted into the rPOA using the following
mouse brain coordinates: +0.9 to +1.0 mm anterior-posterior,
0.0 mm medial-lateral and —4.2 mm dorsal-ventral [32]. The optical
fiber was left in situ for at least 30 min before commencing serial
blood collection as described below. Serial blood samples (3 pL each)
were firstly collected at baseline, —13, —7 and —1 min, considering
time O as the start of optical stimulation. Blood sample collection was
performed every 3 min (at 2, 5, 8, 11, 14 and 17 min from time
0) followed by collection every 6 min until the end of the protocol.
The light stimulation consisted of 5 ms blue light (473 nm) pulses
using a diode-pumped solid-state (DPSS) laser (IkeCool©) controlled
by Grass S88X stimulator. The power light at the tip of the optical
fiber was set at 5 mW. Each mouse received photostimulation at 2-Hz
and 20-Hz over 10 min, in a random order. Following the light activation
protocol, pituitary responsiveness to GnRH was tested by administering
GnRH (s.c. 250 pg/kg in 100 nL saline 0.9% solution) and collecting addi-
tional blood samples at —5, 0, 5, 10 and 15 min. At the end of the proto-
col, all mice underwent transcardial perfusion with paraformaldehyde
(PFA) 4% and brain tissue was collected for post-mortem examination
of transfection and optical probe placement.

3. In vivo chemogenetic activation protocols
3.1. Local chemogenetic activation of ARN GABA neurons fibers in the rPOA

As described above for in vivo optogenetic stimulation, three weeks
post-AAV injection, mice were anesthetized with 2% isoflurane and
the head and nose were placed and fixed in a stereotaxic apparatus
(Stoeling®, Digital Lab Standard). A Hamilton syringe (1 pL, #7000)
containing 400 nL of CNO (30 uM) was implanted into the rPOA using
the following mouse brain coordinates: +1.0 mm anterior-posterior,
0.0 mm medial-lateral and —4.2 mm dorsal-ventral [32]. The Hamilton
syringe was left in situ for at least 20 min before commencing serial
blood collection as described below. Serial blood samples (4 pL each)
were firstly collected at the baseline: —18, —12, —6 and —3 min con-
sidering time O as the start of CNO injection at a rate of 50 nL/min.
Blood sample collection was performed every 3 min (at 0, 6,9 and 12
from time 0) followed by collection every 6 min until the end of the pro-
tocol. Following the CNO activation protocol, pituitary responsiveness to
GnRH was tested by administering GnRH (s.c. 250 pg/kg in 100 pL saline
0.9% solution) and collecting additional blood samples at 78, 84, 90 and
96 min. At the end of the protocol, all mice underwent transcardial per-
fusion with 4% PFA and brain tissue was collected for post-mortem ex-
amination of transfection and optical probe placement.

Chronic chemogenetic activation of ARN GABA neurons: Two weeks
post-AAV injection, mice were handled every day to habituate them
for serial tail-tip blood sampling for LH secretion and to assess estrous
cyclicity. One week after commencing handling, mice were adminis-
tered drinking bottles with water that was replaced every two days
for 2 to 3 weeks. After 2 weeks, mice underwent serial tail-tip blood
sampling when in the diestrous stage of the cycle. Briefly, 4 uL blood
samples were collected in PBS-Tween from the tail tip every 3-6 min
during 2 h between 10:00 h and 14:00 h as previously reported [33].
Blood samples were immediately frozen and keep stored at —20 °C
until being processed for the LH by ELISA (described below). CNO was
then added to the drinking water (5 mg/kg/mouse/day) and again bot-
tles were replaced every two days for 2 to 3 weeks as described else-
where [34]. Mice again underwent serial tail-tip blood sampling at the
end of the CNO exposure period. Animals were then euthanized by
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transcardial perfusion with 4% PFA and brain tissue was collected for
post-mortem examination of transfection.

3.2. ELISA for LH and Testosterone levels

A well-established ultrasensitive ELISA was used to measure circu-
lating LH levels [33,35]. Briefly, 96-well high affinity binding plates
(Corning®) were coated with a bovine LHB3518B7 monoclonal antibody
(1:1000 in PBS; 50 pL per well). Circulating hormone levels were deter-
mined using a mouse LH-RP reference provided by Albert F. Parlow (Na-
tional Hormone & Pituitary Program, Torrance, CA, USA). A rabbit
polyclonal primary antibody for LH (1:10,000; rabbit antiserum
AFP240580Rb; National Hormone and Peptide Program, USA) and a
polyclonal goat anti-rabbit IgG secondary antibody (1:1000; DAKO)
were also used for this assay. The sensitivity of this routine LH ELISA
assay was 0.002 ng/mL. For optogenetic studies, the average intra-
assay coefficient of variation was 3.1% and the inter-assay coefficient
of variation was 10.7%. For chemogenetic studies, the average intra-
assay coefficient of variation was 2.65% and the inter-assay coefficient
of variation was 8.17%.

A commercially available mouse testosterone ELISA kit was used to
measure plasma testosterone levels (DEV9911; Demeditec Diagnostics,
GmnH) in accordance with manufacturer's instructions. The ELISA sen-
sitivity was 0.066 ng/mL and the intra-assay coefficient of variation for
testosterone was 6.97%.

3.3. Ovarian histology and analysis

As previously described [21,25], ovaries were dissected from 4% PFA
perfused animals, post fixed overnight at 4 °C, and then stored in 70%
ethanol until paraffin embedding. Ovarian sections of 5 um thickness
were collected at 50 um intervals and stained with hematoxylin and
eosin. Sections were visualized with a light microscope (Olympus
BX51) and pre-ovulatory follicles and corpora lutea were counted in
every section collected throughout each ovary using 10x objective to
give overall counts per ovary. Follicle wall composition was determined
using the largest preovulatory follicle in each ovary analysed. Images
were captured using x20 objectives on an Olympus BX51 light micro-
scope and analysed using Image] software (NIH). Total follicle area
was measured using the theca-interstitial tissue boundary as the out-
side extent of the follicle. The area of the follicle was taken at the
theca cell-granulosa cell boundary, and finally the area of the antrum
was measured, then percentages of the theca cell and granulosa cell
compartments of the total follicle area were calculated.

3.4. Free-floating immunohistochemistry

Perfusion fixed brains were saturated in 30% sucrose-Tris buffer sa-
line (TBS) and cut into three or four series of 30-um thick coronal sec-
tions using a freezing stage microtome (Leica®, Wetzlar, Germany).
The brain tissue of every experimental animal was subjected to stan-
dard single or double immunofluorescent labelling as detailed previ-
ously [36] to assess transfection levels and probe or cannula placement.

To determine the proportion of ARN GABA neurons transfected with
AAV9-ChETA-eYFP, every third section was labelled with a polyclonal
chicken anti-GFP primary antibody (1:2500, Aves Labs Inc.) and an
AlexaFluor488 goat anti-chicken secondary antibody (1:200) to detect
eYFP transfection. VGAT reporter expression of tdTomato was visualized
by its endogenous fluorescent signal. To qualitatively evaluate AAV9-
ChETA-eYFP-expressing ARN GABA neuron fibers adjacent to GnRH
neurons in the rPOA and assess optical fiber placement, every third sec-
tion was incubated with polyclonal chicken anti-GFP (1:2500, Aves Labs
Inc.) and polyclonal rabbit anti-GnRH (1:5000, gift from Alain Caraty)
primary antibodies and subsequently with AlexaFluor488 goat anti-
chicken (1:200) and AlexaFluor647 Cy5 donkey (1:500, Abcam®) sec-
ondary antibodies.

To quantify the number of AAV5-hM3Dq-mCherry positive cells in
the ARN nucleus of VGAT-Cre*’~;TGFP mice and determine the speci-
ficity of transfection, every fourth section was incubated with polyclonal
chicken anti-GFP (1:10,000, Aves Labs Inc.) and polyclonal rabbit anti-
mCherry (1:10,000, Abcam) primary antibodies and subsequently
with donkey anti-chicken A488 (1:1000, Jackson Immunoresearch Lab-
oratory) and donkey anti-rabbit rhodamine (1:1000, Jackson
Immunoresearch Laboratory) secondary antibodies. To qualitatively
evaluate AAV5-hM3Dq-mCherry-positive ARN GABA neuron fibers ad-
jacent to GnRH neurons in the rPOA and assess cannula placement,
every fourth section was incubated with polyclonal rabbit anti-GnRH
(1:5000, gift from Dr. Greg Anderson, University of Otago) and poly-
clonal rabbit anti-mCherry (1:10,000, Abcam) primary antibodies and
subsequently with donkey anti-rabbit rhodamine (1:1000, Jackson
Immunoresearch Laboratory) and donkey anti-guinea pig A647
(1:1000, Jackson Immunoresearch Laboratory) secondary antibodies.

All labelled sections were mounted onto glass slides, coverslipped
with Fluromount G medium (Sigma-Aldrich, St Louis, MO, USA) and
stored at 4 °C until analysis. Primary antibody omission served as a neg-
ative control in all procedures.

3.5. Image acquisition and analysis

All brain sections were imaged under an epifluorescence Olympus
BX-20 microscope for qualitative assessments and a Nikon A1R Multi-
photon confocal microscope with 488, 543 and 647 nm diode lasers
for quantitative assessment. To assess ChETA transfection, two repre-
sentative coronal sections from both the tARN and cARN were selected
to image with a Plan NeoFluor 20x objective at 1-um steps and count
single and double labelled tdTomato and eYFP labelled cells in male
(N = 4) and female (N = 5) VGAT-Cre;tdTomato. High magnification
and 3D reconstruction images were acquired using a 3x or 5.2x zoom
function when suitable and taking Z-stacks of 0.5 um steps using a
Plan NeoFluor 40x oil objective (1.30 NA). Confocal images were
analysed with NIS-Elements AR 4.00.00 software (Nikon® Instruments
Inc.). Animals with off-target injections or optical fiber placement out-
side the rPOA were excluded from data analysis.

To assess hM3Dq transfection, two representative coronal sections
from the rostral, middle and caudal aspects of the ARN were selected
to determine the number of mCherry-positive cells in male and female
VGAT-Cre;TGFP mice. High magnification images of mCherry-positive
fibers adjacent to GnRH neurons were obtained using a Plan NeoFluor
40x oil objective (1.30 NA), 4x zoom function and taking Z-stacks of
0.5 pm steps. Confocal images were analysed with NIS-Elements AR
4.00.00 (Nikon® Instruments Inc.) as above.

3.6. Data and statistical analysis

Statistical analysis was performed with PRISM software 7.0
(GraphPad Software, San Diego, CA, USA) and IBM SPSS 24.0 Statistics
software (IBM Corp., Armonk, NY, USA). Normal distribution was deter-
mined with D'Agostino-Pearson's or Shapiro-Wilk normality test. Statis-
tical analysis of LH values was performed using one-way repeated
measures ANOVA with Dunnet's post hoc test to compare each point
of blood sample collection to the baseline (average of —7- and
—1 min). Fold-increase in LH levels was calculated by subtracting the
average baseline from the average of the three highest amplitude values
of the LH release curve (14, 17 and 23 min) following optogenetic acti-
vation as previously reported. Two-way ANOVA with Dunnett's post hoc
test was applied to confirm that optogenetic-evoked LH secretion was
not detected in control groups. To calculate GnRH-evoked LH secretion
(pituitary responsiveness test) average baseline values were subtracted
from LH peak release at 15 min after s.c. injection of GnRH. Statistical
analysis of change in LH and GnRH-evoked LH release used a one-way
ANOVA with Tukey's post hoc test. Analysis of optogenetic-evoked
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spike fidelity in ARN GABA neurons used Kruskal-Wallis H test with
Dunn's post hoc test.

In chemogenetic studies, the frequency of action potential firing
before and after CNO was analysed with a Wilcoxon matched pairs
signed rank test. Estrous cycle day frequencies were tested with a
multiple Student's t-tests and cycle length was compared a Mann-
Whitney test. Circulating testosterone levels were analysed by calcu-
lating the percentage of change considering water treatment as base-
line values and CNO treatment as outcome values, and groups were
compared using non-parametric Mann-Whitney U test. LH release
was analysed with a one-way repeated measures ANOVA and
Dunnet's post hoc test to compare each point of blood sample collec-
tion to the baseline (average of —18, —12, —6 and —3 min). Pre-
ovulatory follicle and corpora lutea counts from CNO treated animals
were analysed using Students t-tests.

In all comparisons, statistical significance was accepted when p <.05.
Graphical representation to display significant different are shown in
figures as * p <.05, ** p <.01, ** p <.001 and **** p <.0001.

4. Results
4.1. Selective targeting and activation of ARN GABA neurons with ChETA

VGAT-ires-cre mice (VGAT-Cre) [24] were used to conditionally ex-
press ChETA, the E123T accelerated variant of channelrhodopsin-2, in
ARN GABA neurons. Viral transduction was achieved using a Cre-
recombinase-dependent adeno-associated virus serotype 9 (AAV9) vec-
tor where ChETA is fused with an enhanced yellow fluorescent protein
(eYFP) cassette under the control of an elongation factor 1o (EF1at) pro-
moter (AAV2/9-EF1oi-DIO-ChETA-eYFP) [28,37]. To determine the se-
lective targeting and expression of ChETA in ARN GABA neurons,
AAV9-ChETA-eYFP was bilaterally injected into the ARN of diestrous fe-
male (N = 5) and male (N = 4) VGAT-Cre.tdTomato reporter mice
(Fig. 1A and B). The expression of AAV9-ChETA-eYFP was largely re-
stricted to the borders of the ARN (Fig. 1 C-E) and extensively spread
throughout the rostral to caudal extent of the nucleus (Fig. 1F-H). The
expression of ChETA-eYFP was mainly observed in the cytoplasm and
fiber projections of ARN GABA neurons, whereas tdTomato reporter ex-
pression was typically found in and around the nucleus of VGAT neu-
rons (Supplementary Fig. 1). Immunohistochemical and confocal
analysis revealed that AAV9-ChETA-eYFP was expressed in the vast ma-
jority of ARN GABA neurons within the rostral aspect of the ARN of both
diestrous female (93.3 + 1.6%) and male (94.4 + 1.5%) mice (Supple-
mentary Table 1). Over 80% of GABA neurons in the caudal aspect of
the ARN demonstrated ChETA-eYFP expression in both sexes. A very
small number of neurons displayed eYFP signal without tdTomato
co-expression (~1%) in both sexes, confirming the specificity and Cre-
dependence of AAV9-ChETA-eYFP in ARN GABA neurons (Supplemen-
tary Table 1).

ChETA-mediated optogenetic activation in neurons enables
high spike fidelity, decreased spurious depolarization and faster
recovery from post-stimulus inactivation compared to earlier
channelrhodopsin variants [28]. To validate the ability of ChETA to
elicit faithful light-evoked depolarization of ARN GABA neurons,
acute coronal brain slices (250 pum thick) encompassing the ARN
were prepared for cell-attached recordings from VGAT-Cre male
mice (N = 6) that had received bilateral stereotaxic injections of
AAV9-ChETA-eYFP into the ARN. All transduced ARN GABA neurons
(n = 19 cells across six animals) responded to 5 ms blue laser pulses
with perfect spike fidelity at 2, 5, 10, 20 and 50 Hz. Spike fidelity was
only compromised at 100 Hz when compared to lower frequencies
(100 Hz: 72.5 4 10.0% response rate vs. 2-50 Hz: 100.0 4 0.0%;
p < .001; Fig. 1I and J). Frequencies between 2 and 20 Hz were sub-
sequently used to interrogate the role of ARN GABA neurons within
the GnRH neuronal network.

4.2. Optogenetic activation of ARN GABA neurons in vivo elicits LH secretion

ARN GABA neurons comprise a heterogeneous population [38] and
project to many different areas in the brain including the rostral
preoptic area (rPOA) [26], where the majority of GnRH neurons are lo-
cated in the mouse. ChETA-assisted circuit mapping was employed to
probe the biological relevance of ARN GABA neuron projections modu-
lating GnRH/LH release by selectively activating ARN GABA neuronal fi-
bers in the rPOA (Fig. 2A and B). We hypothesized that optogenetic
stimulation of ARN GABA terminals surrounding GnRH neurons would
promote GnRH/LH release. To do this, an optical fiber was positioned
in the rPOA of VGAT-Cre mice bilaterally transfected with AAV9-
ChETA in the ARN. Confocal imaging revealed that GnRH neurons in
the rPOA were densely innervated by ChETA-expressing fibers origi-
nated from the ARN (Fig. 2B-G). In vivo optogenetic stimulation of
ARN GABA neuronal fibers in the rPOA consisted of 10-min continuous
photostimulation (473 nm; 5-ms pulses) delivered at 2 or 20 Hz, in ran-
dom order for each mouse. As a proxy of GnRH release, circulating LH
levels were measured from serial tail-tip blood samples during the
optogenetic activation protocol in isoflurane-anesthetized mice, as de-
scribed previously [39,40]. As mice under isoflurane anesthesia exhibit
low circulating LH levels [39,40], observed changes in LH during
photostimulation of ChETA-expressing ARN GABA terminals can be at-
tributed to downstream GnRH neuron activation. The evoked LH re-
sponses to optogenetic stimulation of ARN kisspeptin neurons, which
are known potent regulators of GnRH neurons, is not different between
anesthetized and conscious mice [41].

In Cre™~ control diestrous female (N = 4) and male (N = 5) mice
injected with AAV9-ChETA-eYFP, no changes in LH secretion were de-
tected with either 2 or 20 Hz photostimulation (Fig. 2; Supplementary
Fig. 2A,B). Likewise, photostimulation had no effect on circulating LH
levels in control VGAT-Cre diestrous female mice injected with an
eYFP control virus (AAV2/9-EF1a-DIO-eYFP, N = 3), or in off-target
AAV9-ChETA-eYFP transfections of VGAT-Cre*/~ male (N = 5) and fe-
male (N = 4) mice at any frequency (Supplementary Fig. 2C,D).

In VGAT-Cre mice with AAV9-ChETA-eYFP accurately targeted to the
ARN, optogenetic activation of ARN GABA terminals at 2 Hz for 10 min
did not alter LH levels in males, diestrous females or PNA females. In
contrast, 20 Hz photostimulation over 10 min elicited a significant ele-
vation in LH secretion in male, female, and PNA female mice (p <.05;
Fig. 2H-M). The 20 Hz photostimulation of ARN GABA neurons gener-
ated a robust increase in LH release in male (p <.0001; Fy3, 117 =
8.64) and diestrous female (p <.0001; Fy3, 156 = 4.17) groups at approx-
imately 8 min following the initiation of photostimulation, and LH levels
remained significantly higher than baseline values (p <.05) for over
50 min (Fig. 2N and O0). This response was found to be due to
photostimulation frequency as opposed to the number of delivered
light pulses. Three different photoactivation paradigms were tested in
VGAT-Cre diestrous female mice (N = 3) injected with AAV9-ChETA-
eYFP, including 20 Hz for 10 min, 10 Hz for 10 min, or 10 Hz for
20 min (i.e. delivering the same number of light pulses as 20 Hz for
10 min) (Supplementary Fig. 3). As previously observed, 20 Hz activa-
tion of ARN GABA neurons promoted robust LH secretion, whereas
10 Hz photoactivation delivered over 10 min or 20 min had no impact
on LH levels in vivo (Supplementary Fig. 3).

PNA mice also exhibited a significant increase in LH following 20 Hz,
but not 2 Hz, photostimulation of ARN GABA fibers in the rPOA (p <.05;
Fi3,91 = 6.10, Fig. 2], M and P). However, in contrast to males and dies-
trous females, PNA females exhibited a delayed rise in LH release, occur-
ring ~11 min following optogenetic activation, that remained elevated
for ~18 min and returned to baseline shortly after reaching peak values
(Fig. 2P). To compare changes in evoked LH, the magnitude of hormone
secretion was calculated by averaging LH levels during the 20 Hz
optogenetic stimulation at the time points at which peak values were
observed, including 17, 23, and 29 min following stimulus initiation.
On average PNA mice displayed lower peak LH values than male and
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Fig. 1. Selective targeting and activation of ARN GABA neurons with ChETA. (A,B) Schematic shows a sagittal and coronal view of the mouse brain, and the ARN location of the bilateral
AAV9-ChETA-eYFP injection. (C-E) Representative confocal photomicrographs of VGAT-Cre;tdTomato cells in the ARN (magenta) transfected with AAV9-ChETA-eYFP (green) and their
co-localization (white). (F—H) Representative images of viral transfection from the rostral to caudal extension of the ARN (rARN«<cARN). Dashed white lines delineate the lateral
borders of the ARN (3 V = third ventricle; scale bar = 100 pm). (i) Schematic of cell-attached voltage-clamp recordings from ChETA-eYFP-transfected ARN neurons in ex vivo brain
slices. Representative traces of the 20 Hz optogenetic activation protocol run 5-10 times per cell (black traces) and the averaged trace (red traces) and spontaneous ARN GABA activity.
(J) Mean 4 SEM evoked spike fidelity at various optogenetic activation frequencies in ARN ChETA-expressing neurons from VGAT-Cre male mice (N = 6). ***p <.001; Kruskal-Wallis

H test with Dunn's post hoc test.

female mice (mean peak LH levels: males = 4.94 4 1.32 ng/mL; dies-
trous females = 5.18 + 1.02 ng/mL; diestrous PNA = 2.36 +
0.50 ng/mL), however, a statistical difference was not found between
groups (p = .21) when compared using one-way ANOVA with Tukey's
post hoc test. This was likely influenced by variable baseline LH values
between animals and within groups. Therefore, the change in LH release
in response to optogenetic activation of ARN GABA neurons (decrement
between peak values and average baseline) was also determined
(Fig. 3A). Absolute change in LH release was significantly lower in PNA
mice compared with males and females following 20 Hz optogenetic

activation ARN GABA neurons (p < .05), whereas no differences be-
tween groups were detected when blue light was delivered at 2 Hz
(Fig. 3A).

Differences in the magnitude of LH responses may arise from differ-
ences in the gonadotrope response to GnRH pulses, which display an in-
verse correlation to the frequency of endogenous GnRH/LH secretion
[42]. We hypothesized that long-term elevation of GnRH/LH pulse fre-
quency in PCOS-like PNA mice results in a decreased releasable pool of
LH in the pituitary. To test this hypothesis, Cre ™~ male, diestrous fe-
male and PNA female mice received a single s.c. injection of exogenous
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Fig. 2. High frequency optogenetic activation of ARN GABA neuron fibers in the rPOA elicits LH secretion in vivo. (A) ChETA-assisted circuit mapping is achieved by injecting AAV9-ChETA-
eYFP into the ARN of VGAT-Cre mice and subsequently activating ARN GABA neuron fibers projecting into the rPOA, where many GnRH neurons are located. Serial tail-tip blood sampling
for LH serves as a proxy for in vivo GnRH neuron stimulation. (B) Representative confocal images demonstrating optical fiber placement (white dashed lines) adjacent to GnRH neurons
(blue) and AAV9-ChETA-eYFP transfected GABA fibers projecting from the ARN (green, scale bar = 100 um). (C-G) Projected confocal image and rotated 3D reconstruction of rPOA
GnRH neuron (blue) contacted by ChETA-expressing fibers (magenta arrowheads, scale bar = 10 um in C and D, scale bar = 1.5 um in E-G.). (H-J) Representative examples of evoked
LH secretion following 10 min of 2- and 20-Hz photo-stimulation (blue bars) in the rPOA of VGAT-Cre ™/~ male (blue symbols), diestrous female (red symbols) and in PNA female mice
(black symbols) and VGAT-Cre ™/~ controls (grey symbols). (K—P) Mean + SEM LH secretion in VGAT-Cre™'~ male (N = 6), diestrous female (N = 10), PNA female (N = 5) and
VGAT-Cre ™/~ controls (Cre ™/~ male, N = 5; diestrous female, N = 10; and diestrous PNA, N = 5 mice). Magenta triangles indicate LH levels significantly higher than baseline levels.
Two-way ANOVA with Dunnett's post hoc test.
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Fig. 3. Optogenetic activation of ARN GABA neuron fibers elicits distinct LH release in
normal and PCOS-like mice. (A) Histograms show optogenetic-evoked changes in LH
levels following 2 Hz and 20 Hz photostimulation of ARN GABA neurons in VGAT-Cre
male (N = 6), diestrous female (N = 10) and diestrous PNA (N = 5) mice. *p <.05;
one-way ANOVA with Tukey's post hoc test was applied for each frequency. (B)
Dynamics of increased LH release following the injection of s.c. GnRH (200 ng/kg) in
Cre™/~ mice. (C) GnRH-evoked changes in LH release in Cre ™/~ male (M) (N = 5),
diestrous female (F) (N = 10), and diestrous PNA (N = 5) mice. **p <.01; ***p <.001;
**%p < .0001; one-way ANOVA with Tukey's post hoc test.

GnRH (200 ng/kg) under isoflurane anesthesia and serial tail tip blood
samples were collected to measure LH. Male mice (N = 5) showed
greater LH release at 10 min (3.5 4+ 0.9 ng/mL increase; p <.0001) and
at 15 min (6.3 + 0.8 ng/mL increase; p <.05) post -GnRH injection com-
pared with diestrous and PNA female mice (Fig. 3B). Diestrous female
mice (N = 10) showed an increase in LH at 15 min, which was signifi-
cantly greater than PNA female mice (N = 5) (3.9 + 0.4 vs.1.5 +
0.2 ng/mL increase; p <.0001) (Fig. 3B). As predicted, analysis of the
GnRH-evoked change in LH secretion indicated that PNA female mice
exhibit a significantly lower responsiveness of the pituitary gland to ex-
ogenous GnRH than male and diestrous female mice (p <.0001; F;, 17 =
30.14; one-way ANOVA with Tukey's post hoc test) (Fig. 3C).

Together, our data support a novel biological role of ARN GABA neu-
rons modulating GnRH/LH secretion in vivo in both sexes and in a model
of female infertility. These findings indicate that high-frequency
photoactivation (20 Hz) of ARN GABA neuron fibers adjacent to GnRH
neurons is sufficient to trigger LH release, and that the neuronal firing
frequency might be critical to evoke sufficient changes in GnRH neuron
activity to promote hormone secretion. Unexpectedly, the activation of
ARN GABA neurons promoted a lower magnitude of LH release in PNA
female mice that are known to possess increased ARN GABA innervation
to the GnRH neurons [26]. However, as PNA animals also exhibited de-
creased LH secretion in response to exogenous GnRH administration,
one explanation of a significantly lower LH response to ARN GABA acti-
vation in PNA mice is a smaller LH releasable pool of LH reflecting a his-
tory of long-term elevation of LH pulse frequency in the PCOS-like
condition [42].

4.3. Optogenetic activation of ARN GABA neuron projections in the rPOA re-
sults in variable GABA4-dependent changes in GnRH neuron firing

To directly assess whether ARN GABA projections to the rPOA mod-
ulate GnRH neuron firing, acute coronal brain slices were prepared from

male, diestrous female, and PNA female VGAT-Cre;GnRH-GFP mice that
had received bilateral ARN AAV9-ChETA-eYFP injections. The basal fir-
ing rates of rPOA GnRH neurons were not different between male and
diestrous female groups (0.137 4+ 0.038 Hz in males; 0.135 +
0.033 Hz in females), but were significantly reduced in PNA mice
(0.031 £ 0.017 Hz; p < .05 Kruskal Wallis test). The effects on GnRH
neuron firing of 2, 10 and 20 Hz blue light activation for 5 min was ex-
amined in male and female mice (9-15 cells at each frequency, N =
7-8). In all cases, GnRH neurons exhibited four different types of re-
sponses; including no response, immediate and transient activation, de-
layed activation, and immediate inhibition (Table 1, Supplementary
Fig. 4). The majority of GnRH neurons exhibited no response (56-70%;
Table 1) with an approximately equal distribution of other responses
(5-22%) at each frequency in males and females. No significant differ-
ences were detected in the response frequency at 2, 10 and 20 Hz or be-
tween males and females (p > .05; Chi-square test; Table 1). No
significant differences were detected in the response frequency at 2,
10 and 20 Hz or between males and females (p > .05 Chi-square test;
Table 1).

To test the degree to which these responses were dependent upon
GABAAR signalling, an experiment was undertaken in diestrous female
mice in which 2, 10 and 20 Hz blue light activation was performed
with 5 uM Gabazine, a GABA4R antagonist, in the aCSF (20 cells from 6
mice). In the presence of GABAzine, no cells exhibited any responses
to optogenetic stimulation (Supplementary Fig. 5A) indicating that
GABA, receptors are necessary for the variety of responses recorded.

To examine whether changes exist in the impact of ARN GABAergic
neurons on rPOA GnRH neurons, a set of optogenetic experiments
were undertaken on acute brain slices prepared from PNA female
mice. Acute brain slices from normal diestrous female were also exam-
ined during the same period. As there was no frequency dependence for
GnRH neuron responses to blue light in the ex vivo preparation
(Table 1), 20 Hz stimulation alone was used for PNA mice. In total,
only 2 of 27 GnRH neurons (N = 9 PNA mice) responded to blue light
and both did so with an immediate activation (Supplementary Fig. 5B)
The overall percentage of GnRH neurons responding to optogenetic ac-
tivation of ARN GABAergic fibers in PNA mice (7%) was significantly
smaller compared to diestrous female mice (p <.001 Chi-squares; 3;
Table 1). The GnRH neurons in PNA mice were found to be able to re-
spond normally to bath applied muscimol, a GABAR agonist (n = 12
cells), or kisspeptin, a potent stimulator of GnRH neurons (n = 3
cells) (Supplementary Fig. 5B). These data indicate a GABAAR-
dependence for GnRH activity changes in response to activation of
ARN GABA fibers in the rPOA and a different responsiveness in PNA
animals.

Table 1

Summary of GnRH neuron responses to optogenetic activation. Animal number (N) is
given in headings. Numbers of cells responding are given in the table. * p <.001 Chi-
squares, 3 test comparing the proportion of cells showing immediate activation in dies-
trous females and PNA females.

2 Hz 10 Hz 20 Hz
(N=7-8) (N=7-8) (N = 9-12)
Male No response 6/9 (67%) 5/9 (56%) 14/21 (67%)
Delayed activation 1/9 (11%) 1/9 (11%) 1/21 (5%)
Immediate activation ~ 1/9 (11%) 2/9 (22%) 4/21 (19%)
Immediate inhibition ~ 1/9 (11%) 1/9 (11%) 2/21 (10%)
Female No response: 7/10 (70%)  9/15(61%)  18/29 (62%)
Delayed activation: 1/10 (10%)  2/15(13%) 5/29 (17%)
Immediate activation:  1/10 (10%)  2/15 (13%)  4/29 (13%)
Immediate inhibition:  1/10 (10%)  2/15 (13%)  2/29 (7%)
PNA female No response: 25/27 (93%)
Delayed activation: 0/27 (0%)
Immediate activation: 2/27 (7%)*
Immediate inhibition: 0/27 (0%)
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4.4, Selective targeting and activation of ARN GABA neurons with DREADDs

To assess the impact of chronically elevated ARN GABA neuron activ-
ity, VGAT-Cre mice were used to specifically express the DREADDs acti-
vator hM3Dq [43] in ARN GABA neurons. AAV5-hM3D(Gq)-mCherry or
the control virus AAV5-mCherry were injected bilaterally into the ARN
of male and female VGAT-Cre;TGFP reporter mice (Fig. 4A and B).
AAV5-hM3Dg-mCherry transfection was entirely restricted to TGFP-
positive cells (Fig. 4B-G). Despite very limited injection volumes (100
nL/side), AAV5-hM3Dg-mCherry transfection was frequently not en-
tirely confined to the ARN, with evident expression in various
mediobasal hypothalamic nuclei, including the dorsomedial nucleus of
the hypothalamus (DMH) and the tuberal nucleus (Supplementary
Fig. 6). To overcome this technical challenge and attribute outcomes
with the activation of ARN-specific GABA neurons, animals with off tar-
get transfection were included as controls. Mice with largely ARN con-
fined transfection and >10 transfected cells/section in the ARN were
considered as targeted transfections, referred to as ARN GABAM™3Pa+
(Fig. 4, Supplementary Table 2). Mice with fewer than 10 transfected
cells throughout the ARN and transfection in areas outside of the ARN
were considered off target controls, referred to as ARN GABACFT Target,
The average number of hM3Dg-mCherry immunoreactive cells per sec-
tion throughout the rostral to caudal extent of the ARN was 39.62 + 6.6
in ARN GABA"™P9* mice and 3.01 + 1.4 in ARN GABA®'F T8¢t mjce
(Supplementary Table 2).

To validate the efficacy of the DREADDs activator hM3Dq to activate
ARN GABA neurons with designer drug, clozapine N-oxide (CNO), ad-
ministration, acute coronal brain slices (250-pum thick) encompassing
the ARN were prepared for cell-attached recordings from VGAT-
Cre;TGFP neurons in male mice (N = 3) that had been previously bilat-
erally transfected with AAV5-hM3Dg-mCherry in the ARN. Delivery of 1
UM CNO into the bath elicited a significant increase in firing rate in all
ARN GABA neurons expressing hM3Dg-mCherry (n = 6 cells, p = .03,
Fig. 4H and I).

| 50 pA

2 min

4.5. Local chemogenetic activation of ARN GABA neurons in vivo stimulates
LH secretion

We first examined whether the effect of acute, local hM3Dq-
mediated activation of ARN GABA terminals in the rPOA was similar
to that observed with optogenetic stimulation. Male and female
VGAT-Cre;TGFP mice with bilateral transfection of AAV5-hM3Dq-
mCherry in the ARN were anesthetized and a cannula was targeted
to the rPOA to deliver CNO or aCSF (Fig. 5A). As with ChETA transfec-
tion, hM3Dq transfected ARN GABA fibers were found throughout
the rPOA and in close apposition with GnRH neuron cell bodies
and dendrites (Fig. 5B and C). CNO (30 puM) or aCSF was delivered
into the rPOA of anesthetized male and female mice and serial tail-
tip blood samples were collected to measure LH release, as a proxy
of GnRH release (Fig. 5D). Post-mortem immunohistochemical analy-
sis classified experimental groups as those with clear ARN-located
transfection and an rPOA located needle track (ARN GABA™3Pa+/
rPOA®N) and controls as those with off target transfection (ARN
GABAPCFF TargetrpoAONY o1 off target rPOA needle placement (ARN
GABAPM3DA+ /-pQAOFF).

Delivery of CNO had little impact on LH secretion in controls,
which included ARN GABA®F TareetrpOACN (N = 4 males and N =
12 females, Supplementary Fig. 7A and B), or mice transfected with
control virus (ARN GABAMYV-MChery N — 4 males and N = 3 females,
Supplementary Fig. 7 A and B). Delivery of aCSF to ARN GABA"™3Pa+/
rPOA®N mice (N = 4 males and N = 2 females, Supplementary Fig. 7
A and B) also did not change LH secretion. In contrast, CNO delivery to
the rPOA in ARN GABA™3Pa+/rPOACN mice elicited a significant in-
crease in LH secretion in both males (N = 6, Fig. 5G and I) and dies-
trus females (N = 5, Fig. 5H and J) compared with controls (Fig. 5E
and F). Statistical analysis of the mean circulating LH level compared
to the baseline before CNO injection showed that circulating LH levels
were significantly increased in males (p < .0001, Fys, 240 = 3.376) and
diestrous females (p <.0001, Fys, 300 = 8.697) (Fig. 5] and J). Multiple
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Fig. 4. Selective targeting and activation of ARN GABA neurons with the chemogenetic activator hM3Dq. (A,B) Schematic of the coronal mouse brain depicting the ARN location of bilateral
AAV5-hM3Dg-mCherry injection. (C-G) Representative confocal images showing TGFP reporter expression of VGAT cells (green), AAV5-hM3Dq-mCherry transfected cells (magenta) and
co-localization (white) in the ARN at low and high magnification (scale bar in B-D = 100 pm, in E-G = 25 um). (H) Cell-attached recordings from hM3Dg-mCherry-expressing neurons in
the ARN. Yellow bar indicates the time of 1 pM CNO administration to the bath. (I) Mean 4 SEM firing frequencies before and after CNO administration to hM3Dg-mCherry-expressing
neurons in brain slices from VGAT-Cre;TGFP male mice (n = 6 cells from 3 animals). *p <.05; Wilcoxon matched pairs signed rank test.
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Fig. 5. CNO administration to hM3Dg-expressing ARN GABA neuron fibers in the rPOA elicits LH secretion in male and female mice. (A) Schematic of the regions targeted in a sagittal mouse
brain map for transfection and CNO delivery. (B,C) Representative confocal images showing ARN GABA projecting fibers transfected with AAV5-hM3Dq-mCherry (red) nearby GnRH
neurons (blue) in the rPOA at low and high magnification. Scale bar in B = 100 pm and in C = 5 um. (D) Protocol timeline. (EF) Representative LH secretion pattern from ARN
GABACTF Target male and female controls in response to CNO delivery and peripheral GnRH administration. (G,H) Representative examples of circulating LH secretion patterns in
response to CNO delivery into the rPOA of correctly targeted ARN GABA"™3Pa+/rPOACN male (blue traces) and female (red traces) mice. (I-/) Mean = SEM LH responses in ARN
GABA™3Da+ /rpOACN males (blue) and females (red) and in corresponding control animals (grey). Purple triangles indicate LH levels significantly higher (p <.05) than baseline levels.
Two-way ANOVA with Dunnett's post hoc test.

comparisons post-hoc test showed that mean LH levels are signifi- p = .04) and from 6 to 72 min after CNO injection in ARN GABA-
cantly increased from baseline at 12 and 18 min after CNO injection =~ "™3Pd+/rPOA®N females (Fig. 5/; at 6 min, p = .005; at 12-60 min,
in ARN GABA™3Pa+/rPOACN males (Fig. 51, respectively p = .04 and  p = .0001; at 6-72 min, p = .002).
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4.6. Chronic activation of ARN GABA neurons partially recapitulates a
PCOS-like condition

Given the in vitro and in vivo data indicating that chemogenetic tools
were capable of activating ARN GABA neurons, we then tested the im-
pact of chronic ARN GABA neuron activation on downstream reproduc-
tive function. We hypothesized that chronic activation of ARN GABA
neurons in healthy female mice would disrupt fertility and increase LH
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and testosterone secretion similar to the PCOS-like condition. Three
weeks after VGAT-Cre;TGFP female mice were bilaterally transfected
with AAV-hM3Dqg-mCherry or the control vector AAV-mCherry, they
were placed in cages where they received ad libitum drinking water
only for 2-3 weeks followed by drinking water with CNO (5 mg/kg/day)
for 2-3 weeks (Fig. 6A). Variation in treatment time was due to variation
in estrous cycle stage timing for LH pulse frequency data collection. As
before, controls consisted of VGAT-Cre;TGFP ARN GABACFF Tarset (N =
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Fig. 6. Chronic exposure to CNO activation of ARN GABA neurons disrupts estrus cyclicity in female mice. (A) Schematic of the protocol to chronically activate hM3Dq-expressing ARN
GABA neurons with CNO administration through the drinking water. (B,C) Representative examples of estrous cyclicity before and during CNO (yellow box) exposure in an ARN
GABA™3DPa+ female and in a ARN GABA®™ Tar2et control animal. (D,E) Mean + SEM frequency of each estrous cycle phase before (water; grey bars) and during CNO exposure (CNO;
yellow bars) in ARN GABA™3P4+ females (N = 13) and in control animals (N = 13, consisting of ARN GABA®'F T8¢t and ARN GABA™ "™ female mice). (F,G) Mean = SEM cycle
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K) from control (ARN GABA™"™ and ARN GABA®FTarget: N = 13) and ARN GABA"™3Pa+

(N = 9) mice following CNO administration. * p <.05; ***p <.001; (D,E) Multiple Student's t-tests; (F,G) Mann-Whitney U test; (J,K) Student's t-tests.
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5 females) and ARN GABAMV-mchernty (N — 8 females). Vaginal cytology
was collected daily to assess estrous cycle stage. A typical 4-5-day cycle
was observed in all animals with drinking water only. The addition of
CNO in the drinking water resulted in significantly disrupted cycles in
ARN GABAM™3Pa+ mice (Fig. 6B) compared with control animals that
continued to cycle normally (Fig. 6C). Specifically, the frequency of the
proestrous stage of the cycle, as indicative of ovulation, was significantly
decreased in ARN GABAM™3P4+ mice under CNO treatment compared to
water only (Fig. 6D; N = 13, p <.001, df = 25). Specifically, ARN GABA-
hM3Da+ mice exhibited extended periods of diestrous or estrous smears,
similar to what has been reported previously for PNA mice [20,21,25].
CNO had no effect on cycle stage frequency in control animals (N =
13; Fig. 6E and Supplementary Fig. 8; p = .97, df = 24). Similarly, the
overall estrous cycle length was increased by CNO compared to water
only in ARN GABAM™3Pa+ mijce (Fig. 6F; N = 13; p <.001, U = 5),
while CNO had no effect on cycle length in control animals (Fig. 6G
and Supplementary Fig. 8). Post-mortem assessment of ovarian histol-
ogy demonstrated that chronic activation of ARN GABA neurons re-
sulted in a significantly decreased number of corpora lutea (Fig. 6H-]).
The number of preovulatory follicles was not different (Fig. 6H,LK),
and follicle wall cell layer thickness was not statistically significantly dif-
ferent (Supplementary Fig. 9, for granulosa cell layer thickness p = .059,
95% confidence interval —9.3 to 0.2).

Serial tail tip blood sampling was performed at the end of the water
and CNO treatment periods to assess circulating testosterone and pulsa-
tile LH secretion. In control and ARN GABAM™3P9+ mice, CNO adminis-
tration had no significant impact on mean circulating testosterone
levels (Fig. 7A and B). However, the percentage change in testosterone

in response to CNO was significantly greater in ARN GABAM™3Pd+ mijce
than in controls (Fig. 7C; p <.001), linking long-term ARN GABA activa-
tion with an increase in testosterone production. In addition, we inves-
tigated whether chronic activation of ARN GABA neurons were able
increase LH secretion. Cumulative LH secretion (area under the curve)
from serial blood samples (every 6 min over 2 h) was not different be-
tween groups, and chronic activation of transfected ARN GABA neurons
with CNO resulted in a non-significant increase in mean LH pulse fre-
quency (p = .051, 95% confidence interval —0.0056 to 1.096, Fig. 71
and J). On balance, these findings support the hypothesis that increased
activity in ARN GABA neurons can impair reproductive function in a
manner resembling a PCOS-like state.

5. Discussion

Our results demonstrate that selective stimulation of ARN GABA
neurons can activate the hypothalamic-pituitary axis. We provide evi-
dence, using both optogenetic and chemogenetic tools, that selective ac-
tivation of ARN GABA fibers surrounding GnRH neurons elicits robust
LH secretion in both males and females. A similar stimulation of LH se-
cretion was observed in prenatally androgenised PCOS-like mice, previ-
ously shown to exhibit elevated input from ARN GABA neurons
[19-21,26], although the magnitude of release was surprisingly lower
than that of healthy males and females. At a cellular level, GnRH neuron
responses to ARN GABA fiber activation were infrequent and variable,
but all responses were GABA, dependent. At the systems level, long-
term activation of the ARN GABA circuit was found to disrupt reproduc-
tive cycles, reduce the number of corpora lutea and stimulate increased
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testosterone production otherwise healthy females. These findings sup-
port the hypothesis that ARN GABA neurons are a functional component
of the GnRH neuronal network in both males and females and suggest
that elevated activity in this circuit can drive dysfunction in the central
regulation of fertility. However, the smaller magnitude GnRH/LH
response in PNA mice mimicking PCOS suggests that the ARN GABA-
to-GnRH circuit behaves differently in the PCOS-like state and that the
neuroendocrine dysfunction of PCOS likely involves additional circuit
abnormalities. These preclinical data are relevant to the human condi-
tion as they aid in discerning the underappreciated and critical function
of the brain in the pathogenesis of PCOS.

We confirmed that the ChETA channelrhodopsin variant, used previ-
ously to activate fast spiking GABA neurons [44,45], also exhibits high
spike fidelity in ARN GABA neurons. The AAV9 vector enabled restricted,
robust and specific expression of ChETA within VGAT-positive neurons
of the ARN and their projections. Stimulation of LH secretion in vivo oc-
curred only in response to high frequency light stimulation (20 Hz),
which evoked a slow-onset, high magnitude, long lasting elevation in
LH secretion in vivo that was not different between males and females.
In vitro, approximately 30% of GnRH neurons responded to ARN GABA
fiber photostimulation, and responses were observed at all frequencies
tested (2, 10 and 20 Hz). Previously, optogenetic activation of pre-optic
GABA neurons has been shown to stimulate both delayed and immedi-
ate responses in approximately 50% of GnRH neurons at 2 and 10 Hz
[46]. The low response rate of GnRH neurons here to ARN GABA fiber
stimulation may reflect technical limitations, including the inability to
determine whether patched cells are indeed postsynaptic to ChETA-
expressing ARN GABA fibers. However, the lack of frequency depen-
dence to ARN GABA fiber stimulation for a variety of response types sug-
gests that the downstream responses to ARN GABA stimulation are also
complex. ARN GABA neurons are heterogeneous and synthesize a vast
array of neurotransmitters [38,47,48], making it difficult to predict the
specific neurotransmitters that are secreted following high frequency
optogenetic stimulation. Optogenetic activation of rPOA-located GABA
neurons evokes an immediate GnRH neuron excitation at low frequen-
cies, attributed to GABA, and a delayed, long-lasting activation at higher
frequency stimulation, attributed to kisspeptin release [46]. While high
frequency optogenetic stimulation is associated with neuropeptide se-
cretion and low frequency activation results in classic small molecule
neurotransmission [46,49], high frequency stimulation is also associ-
ated with postsynaptic responses that are dependent upon GABAR sig-
nalling [50]. While it will be important, as tools develop, to assess the
full repertoire of neurotransmitter secretion responsible for the GnRH
and LH responses observed here, the complete lack of GnRH responses
in the presence of the GABA4R blocker GABAzine in ex vivo preparations
suggest that GABA is likely a critical component in the functional ARN
GABA to GnRH neuron circuit.

The smaller magnitude and duration of LH secretion in PCOS-like
mice following activation of ARN GABA terminals was unexpected, par-
ticularly given the increased GABA activity and GABA innervation spe-
cifically from the ARN to GnRH neurons evident in this model [26].
However, LH release in response to exogenous GnRH administration
was also significantly diminished in these mice. GnRH stimulated signif-
icantly different levels of LH release in male, female and PNA mice that is
inversely associated with their typical LH pulse frequency [33,35]. In
other species, diminished LH synthesis and secretion is associated
with periods of high frequency GnRH stimulation, including in the
non-human primate [51] and the ewe [42]. The prenatally androgenised
mouse model of PCOS is reported to exhibit both increased LH pulse fre-
quency [26] and increased GnRH neuron firing frequency [19,52].
Therefore, the reduced LH response to both ARN GABA stimulation
and GnRH in PNA mice may reflect a history of hyperactive GnRH neu-
ron activity and secretion. It is also important to note that optogenetic
activation of ARN GABA neurons promoted robust LH release, reaching
levels greater than plasma LH levels typically found in PNA mice [26].
Therefore, this artificially-induced LH release may lead to a rapid

discharge of readily available LH vesicles in the pituitary gland, which
are already diminished in the PCOS-like condition of historically high
GnRH stimulus. The reduced basal firing rate and response to GABAergic
optogenetic activation of GnRH neurons in PNA mice found here was
surprising given indications for increased GnRH neuron firing shown
previously in the same model [19,52]. An alternative hypothesis to ex-
plain reduced GnRH and LH responses to ARN GABA fiber stimulation
in PNA animals may be the indirect involvement of as yet undefined
local circuits that are also wired differently in the PNA animal.

Increased LH secretion was also evident following local
chemogenetic activation of ARN GABA fibers in the rPOA of male and fe-
male mice. The response in males was more variable than in females,
with females exhibiting consistently elevated LH release for over an
hour. No sex differences were observed following optogenetic stimula-
tion and there is no evidence for sex differences in GABAergic input to
GnRH neurons [36]. Despite using the same Cre driver line, the spread
and density of transfection with the AAV5-hSyn-DiO-hM3D(Gq)-
mCherry vector was very different to the transfection observed with
the ChETA vector. Despite very small volumes injected, the spread of
hM3Dq transfection was difficult to entirely restrict to the ARN, which
may be due to differences in tissue-specific tropism between AAV5
and AAV9 [53]. Also, while ChETA transfection was robust, targeting in
excess of 200 VGAT-positive neurons per slice throughout out the
ARN, hM3Dq transfection only targeted roughly 40 cells per section.
However, even this limited number of transfected cells resulted in
a network of hM3Dg-expressing projections to GnRH neurons in
the rPOA. Lack of an LH response to CNO in animals with hM3Dg-
expressing GABA neurons outside of the ARN suggests that stimula-
tion of the GnRH/LH axis is specific to GABAergic neurons located
in the ARN.

Although selective activation of the ARN to rPOA GABA circuit re-
sulted in blunted GnRH and LH responses, we subsequently found that
chronic elevation in ARN GABA neuron activity resulted in reproductive
dysfunction similar to a PCOS-like state [20,21,25]. Two weeks of
chronic activation, induced via CNO intake in the water, led to impaired
estrous cycles, evident in decreased or absent proestrous days and a sig-
nificant reduction in corpora lutea structures in the ovary. Importantly,
disrupted estrous cyclicity was not due to inhibition of the HPG axis as
animals continued to exhibit LH pulses after 2 weeks of chronic ARN
GABA activation. In fact, a non-significant increase in mean LH pulse fre-
quency (p =.051) was observed, suggestive of elevations in LH similar
to those identified in women with PCOS [6,10] and in the PNA PCOS-like
model [26]. This was accompanied by a proportional increase in testos-
terone levels that was significantly greater to that seen in controls. A sig-
nificant decrease in corpora lutea number is suggestive of impairments
in ovulation. These data support the link between elevated activity in
the ARN GABA circuit and the development of PCOS-like impairments
in the neuroendocrine regulation of fertility. These findings provide a
potential mechanism explaining the development of PCOS features in
women following treatment with GABA-acting anti-epileptic drugs
[54].

Several questions remain to be determined, including how activa-
tion of ARN GABA neurons impacts FSH levels. Increased GnRH pulse
frequency favours pituitary synthesis of LH over FSH, and an increased
LH to FSH ratio is commonly seen in women with PCOS [5]. Anovulation
in women with PCOS results from insufficient levels of FSH to support
folliculogenesis, and exogenous treatments that increase FSH for the ap-
propriate duration can restore folliculogenesis and ovulation in women
with PCOS [55-57]. It will be important in future studies to identify the
impact of prenatal androgen excess and associated alterations in the
GnRH neuronal network on FSH secretion. In addition, given the grow-
ing evidence demonstrating clinical implications for sons of PCOS
mothers [58], it will be important to understand how prenatal androgen
excess impacts the GnRH neuronal network and HPG axis function of
male offspring. Prenatally androgenized male mice exhibit increased
spontaneous GABAergic neurotransmission to GnRH neurons at four



M.S.B. Silva et al. / EBioMedicine 44 (2019) 582-596 595

weeks of age [19]. It will be of interest to determine whether this is as-
sociated with GABAergic wiring changes as in females [26] and whether
chronic elevations in ARN GABA activity impact reproductive function.
Finally, as clinical PCOS is frequently associated with both
hyperandrogenism and hyperinsulinemia, it will be important to deter-
mine the individual and combined impact of these features on
GABAergic function.

In summary, we provide here a collective body of cellular and sys-
tems evidence supporting the functional importance of ARN GABA
neurons in reproductive health and dysfunction. The stimulatory effect
of ARN GABA activation on the HPG axis and the reproductive impair-
ments that arise following a chronic increase in ARN GABA tone sup-
port the hypothesis that GABA innervation to GnRH neurons
originating from the ARN could underpin the hyperactive GnRH/LH
axis in the PCOS-like condition. These data hint at brain mechanisms
that could become future therapeutic targets for the diagnosis and/
or treatment of PCOS. The unexpectedly blunted HPG axis responses
in PCOS-like mice with reported enhancement of GABA innervation
to GnRH neurons raises questions about impaired function within
the ARN GABA population, as well as questions about the involvement
of other circuits. Additionally, the temporal requirements for the de-
velopment of the PCOS phenotype following enhanced ARN GABA sig-
nalling will be important to address in the future. As the critical
components of the GnRH neuronal network that are altered in PCOS
are mechanistically defined, opportunities will arise to better under-
stand the etiology of PCOS and how to best treat this common female
disorder going forward.
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