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SUMMARY

The mechanism by which arcuate nucleus kisspeptin (ARNKX'SS) neurons co-expressing glutamate, neurokinin

B, and dynorphin intermittently synchronize their activity to generate pulsatile hormone secretion remains
unknown. An acute brain slice preparation maintaining synchronized ARNX'SS neuron burst firing was used
alongside in vivo GCaMP GRIN lens microendoscope and fiber photometry imaging coupled with intra-
ARN microinfusion. Studies in intact and gonadectomized male mice revealed that ARN¥'SS neuron synchro-
nizations result from near-random emergent network activity within the population and that this was critically
dependent on local glutamate-AMPA signaling. Whereas neurokinin B operated to potentiate glutamate-
generated synchronizations, dynorphin-kappa opioid tone within the network served as a gate for synchro-
nization initiation. These observations force a departure from the existing “KNDy hypothesis” for ARNX!SS
neuron synchronization. A “glutamate two-transition” mechanism is proposed to underlie synchronizations

in this key hypothalamic central pattern generator driving mammalian fertility.

INTRODUCTION

Understanding the mechanisms through which neural networks
generate synchronized patterns of activity remains a key issue in
neurobiology.’ While oscillatory behavior is common, it is exem-
plified by brainstem central pattern generators controlling funda-
mental processes such as breathing and locomotion. Despite
the well-established presence of pacemaker neurons and recur-
rent inhibition within such networks, the precise operation of
central pattern generators is only beginning to be deciphered.”

Fertility in mammals is critically dependent upon a hypothalam-
ic central pattern generator that drives the episodic release of
gonadotropin-releasing hormone (GnRH) responsible for pulsatile
reproductive hormone secretion.>* Recent studies in mice have
identified that a small population of ~2,000 kisspeptin neurons
located in the arcuate nucleus (ARN) is the central pattern gener-
ator driving this ultradian rhythm. The selective optogenetic
activation of ARN kisspeptin (ARNK'SS) neurons generates incre-
ments in luteinizing hormone (LH) almost indistinguishable from
endogenous LH pulses,® while optogenetic inhibition of these
cells suppresses, and then re-sets, pulsatile LH secretion.’
Furthermore, GCaMP photometry recordings in freely behaving
male and female mice demonstrate an abrupt and robustincrease
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in ARNX'SS heuron population activity immediately prior to each
LH pulse.>® These synchronization events are reminiscent of
multi-unit activity recordings made from cells in the ARN of the
monkey® and goat'® and suggest that the ARN'*® neurons repre-
sent a highly conserved mammalian GnRH pulse generator.*'"

The key unresolved question in GnRH pulse generation is how
the ARNX'SS neurons synchronize their activity to generate repet-
itive bursts of activity that drive pulsatile hormone release. At
present, the Kisspeptin-Neurokinin B-Dynorphin (KNDy) hypoth-
esis prevails. This arose from the observation that ARNX'SS neu-
rons co-express neurokinin B (NKB) and dynorphin in almost all
mammals’'?'® and experiments in mice showing that essentially
all ARNX'®S neurons synthesize tachykinin and kappa opioid re-
ceptors that activate and suppress their firing, respectively.'*'®
Thus, the “KNDy hypothesis” posits that reciprocal interconnec-
tions between ARNX'SS neurons using tachykinin and dynorphin
signaling operate sequentially to activate and then terminate
synchronized network activity.'®'® While an attractive hypothe-
sis, technical limitations have precluded direct confirmation of
the KNDy hypothesis being responsible for spontaneous pulse
generation in vitro or in vivo.

We have used here GCaMP miniscopes to determine the
detailed activity patterns of individual ARN<'SS neurons across
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synchronization episodes in freely behaving mice. This revealed
a remarkable degree of functional homogeneity within the
ARNKSS neuron population despite synchronizations involving
the non-linear recruitment of individual cells. To explore this
further, we developed a novel in vitro brain slice preparation
that maintained spontaneous synchronized activity among
the ARNK'SS neurons. These synchronizations exhibited semi-
random emergent network behavior dependent upon glutamate
signaling through AMPA receptors. Returning to freely behaving
mice, microinfusions of antagonists into the ARN while simulta-
neously recording ARNX'S neuron activity with GCaMP photom-
etry demonstrated the critical role of glutamate in synchroniza-
tion initiation in vivo with tachykinins only modulating the
amplitude of these events. Kappa opioids were not found to con-
trol the termination of ARNX'SS neuron synchronizations but,
rather, operated as a state-dependent gate for their initiation.
These observations demonstrate that contrary to the KNDy hy-
pothesis, the ARNX'SS neuron synchronization events underpin-
ning mammalian fertility arise from emergent glutamate-based
network activity that is facilitated or gated by neuropeptide
transmission.

RESULTS

Heterogeneous recruitment of ARNX'SS neurons for
synchronization events in vivo

Gradient-index (GRIN) lens recordings (UCLA Miniscope) were
made from AAV9-FLEX-GCaMP6s-injected Kiss7-Cre male
mice. Prior studies have demonstrated that ~60% of ARNK'SS
neurons express GCaMP6 and that ~90% of GCaMP-express-
ing cells are immunoreactive for kisspeptin in this model.® Ani-
mals were gonadectomized (GDX) so as to generate a state in
which ARNX'SS neuron synchronizations driving pulsatile LH
secretion occur approximately every 10 min.® Fluorescent
signals were obtained from 13 to 50 neurons in individual mice
(n = 5). Abrupt, synchronized increases in GCaMP fluorescence
were recorded from almost all ARNX'S neurons, although each
cell did not always participate in every synchronization (114 cells,
23 synchronizations) (Figures 1A and 1B) (Video S1). On average,
81% of ARNK'SS neurons contributed to each synchronization
event (SE) but did so in an unpredictable manner with on-going
SEs (Figure 1A). The inter-SE interval was 9.2 + 3.3 min, which
is identical to the interval observed between population SEs
measured using GCaMP fiber photometry under the same con-
ditions (8.9 + 0.5 min).® The duration of each individual activation
ranged from 30 to 130 s with the mean half maximum of the rising
and falling phase being 9 + 3 s and 15 + 5 s, respectively
(Figure 1C).

Detailed assessments of shifts in GCaMP fluorescence using
Fast Fourier Transformation demonstrated that 33% + 18% of
neurons exhibited a gradual rise in baseline activity up to 3 min
prior to the abrupt increase in signal associated with the popula-
tion SE (Figure S1A). Whereas most neurons have a steady base-
line rate of activity (Figure S1A), others exhibit a gradual rise in
activity (Figure S1B) or oscillatory activity (Figure S1C) in the
3-min period before SE onset. Cells exhibiting these “ramping”
patterns of activity did not necessarily show the same pattern
of activity for each SE they were involved in.
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The time of the peak fluorescence signal was found to vary by
up to 20 s among neurons contributing to an SE (Figure 1D).
Although the order of neurons contributing to repeated SEs
was not predictable, a moderate correlation (Spearman coeffi-
cient 0.52 + 0.06) existed for those neurons activated first during
one SE to be among those cells that were activated first in a sub-
sequent SE (Figures 1E and 1F). For example, a cell activated
first during one SE could sometimes be among the first three
cells activated on a subsequent SE (Figures 1E and 1F). Equally,
however, a cell activated first during one SE could be among the
last cells activated in subsequent SEs (Figures 1E and 1F). Cells
activated first during an SE did not necessarily exhibit ramping
behavior. Spatial mapping of the order of activated neurons
did not reveal any consistent associations or directional waves
of activity in the transverse plane of view available (Figures 1E
and 1F).

These observations suggest a high level of functional homoge-
neity among the ARNK'SS neuron population with, remarkably,
almost all recorded cells contributing to SEs. However, this is
achieved through heterogeneous patterns of individual neuron
activation involving intermittent contributions to on-going SEs,
variable ramping behavior, and flexible orders of activation.

Development of an acute brain slice preparation
exhibiting spontaneous ARNX'SS neuron
synchronizations

Acute brain slice studies were undertaken in a new mouse line in
which Kiss1-Cre mice were crossed onto a Cre-dependent, Tet-
amplified GCaMP6s mouse line (Ai162D). Histological assess-
ment in coronal brain slices revealed the typical kisspeptin
neuron pattern of cell body distribution for GCaMP in the ARN
and rostral periventricular nuclei. Dual labeling with well-charac-
terized kisspeptin antisera demonstrated that 98.6% + 0.9% of
kisspeptin neurons expressed GCaMP6, while 79.7% + 3.3%
of GCaMP-positive cells were immunoreactive for kisspeptin
(n = 5) (Figure S2).

Taking insight from brain slice studies examining another cen-
tral pattern generator,'® we found that modifications to the brain
slice thickness (320 pm), extracellular potassium ion (3.5 mM)
and glucose (30 mM) concentrations alongside the use of
Kiss1-Cre,Ai126D mice enabled spontaneous synchronized
ARNKISS neuron GCaMP activity to be visualized in vitro
(Figure 2A). Coronal brain slices targeted at the middle and
caudal aspects of the ARN were examined with up to 25 kisspep-
tin neurons clearly visualized in a plane of focus for simultaneous
imaging. Abrupt increases in GCaMP signal were detected in an
on-going manner in all active cells (Figure 2A). Episodes of activ-
ity were defined as events greater than two standard deviations
of trace mean and events in two or more cells with peak ampli-
tudes occurring within 10 s of each other were considered to
represent periods of synchronization (Figure 2A). To differentiate
these synchronizations from the population SEs recorded with
photometry in vivo, these are termed “miniature” SEs (mSEs).

Dual GCaMP imaging whole-cell current-clamp recording of
ARNK'SS neurons (n = 4 slices) revealed that calcium episodes
were always associated with a short burst of firing (~8 s duration)
during which frequencies approached 20 Hz at their peak (Fig-
ure 2B). Overall, whole-cell recordings from ARNK'SS neurons
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Figure 1. Synchronicity of individual ARNX'SS neurons in vivo

(A) Representative GCaMP6 traces from 27 individual ARN¥'SS neurons recorded with a GRIN lens miniscope from a freely behaving GDX male mouse. Four
synchronization events (colored) are observed with variable participation of individual neurons.

(B) Higher power images of GCaMP#6 fluorescence levels from 12 selected AR

NKISS

neurons over a single synchronization event.

(C) Average profile of GCaMP fluorescence in ARNK'SS neurons during a synchronization event.
(D) Representative example showing the differences in the timing of event peaks for the first, middle, and last ARNK'SS neurons in a synchronization event.

(E and F) Two representative examples showing the temporal relationships between individual AR

NXISS neurons (14 and 21 cells) across 3-4 synchronization

events (SEs). The heatmap codes for order with early neurons in dark blue and late neurons in light blue. Empty squares indicate that the cell did not participate in

the SE. A correlation scatterplot of the same information is provided below. Alongside is given the spatial location of individual AR

imaging plane showing their sequence of activity for the first SE.

in this preparation had a mean capacitance of 21.4 + 1.25 pF,
input resistance of 597 + 21.1 MQ, and resting membrane poten-
tial of —61.4 mV (n = 14 slices). Inclusion of tetrodotoxin (1 uM) in
the aCSF completely abolished all calcium events and mSEs
(n = 4 slices) (Figure 2C). This indicates that short bursts of syn-
chronized firing among ARNX'SS neurons are responsible for
mSEs in this brain slice preparation.

Characterization of spontaneous events and mSEs in
brain slices

In calculating the rates of both calcium events in individual cells
and mSEs, we controlled for the variation in the number of neu-
rons recorded in each experiment by dividing by the number of

NK'SS heurons in the transverse

cells recorded. This provides the mean rate at which each re-
corded neuron either exhibits a calcium event or takes part in
an mSE.

In slices prepared from 36 intact males, calcium events
occurred at a rate of 11.3 + 1.0 events/cell/h and mSEs at
6.5 £ 0.9 mSEs/cell/h. The mean half-width of calcium events
was 14.5 + 1.2 s with a rise time of 4.3 + 0.4 s and decay
of 6.5 + 0.2 s. Slices prepared from 25 GDX males exhibited
slower rates of activity with 7.0 + 0.7 events/cell/h (p = 0.0035;
Mann-Whitney) and 3.5 + 0.5 mSEs/cell/h (p = 0.035; Mann-
Whitney). Compared with intact mice, the profile of individual
events was not different in GDX mice with a mean half-width of
17.2 £ 1.7 s, raise time of 5.0 + 0.7 s, and decay of 6.5 + 0.5 s.

Cell Reports 42, 111914, January 31, 2023 3
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Figure 2. Spontaneous synchronous burst firing and GCaMP fluorescence in ARNX'S® neurons in vitro

(A) Traces showing GCaMP8 fluorescence levels recorded from 11 ARNKISS
nization events (mSEs) are highlighted by blue shading.

(B) Dual GCaMP6-current-clamp whole-cell electrical recording from an ARNKISS

0.5 s bins.
(C) Long recording showing GCaMP fluorescence from seven ARNK'SS

neurons in the acute brain slice. Periods of synchrony termed miniature synchro-

neuron over the time of an event. The histogram below shows firing rate (Hz) in

neurons in which TTX was added to the aCSF as indicated.

(D and E) Two representative examples showing the temporal relationships between individual ARN¥'SS neurons (13 and 12 cells) across eight and seven
miniature synchronization events (mSEs). The heatmap codes for order with early neurons in dark blue and late neurons in light blue. Empty squares indicate that
the cell did not participate in the SE. A correlation scatterplot of the same information is provided below. Alongside is given the spatial location of individual
ARNK'SS neyrons in the coronal imaging plane showing their sequence of activity for the first SE.

All visible ARNK'SS neurons exhibited episodes of activity that
were synchronized with at least one other ARNX'SS neuron.

The spatiotemporal participation of individual ARN¥'SS neu-
rons in synchronizations was analyzed from mSEs involving
>5 cells (n = 7 slices with 3-9 mSEs). Although every neuron
was involved in at least one mSE, their participation in on-going
mSEs was inconsistent. No neurons were involved in every mSE
while some cells were only active during a single mSE and, on
average, a single neuron participated in 48.1% + 2.2% of
mSEs. Nevertheless, a moderate degree of consistency in the or-
der of firing was apparent with the cells first activated during one
mSE being more likely to be among the first cells activated on a
subsequent mSE (Figures 2D and 2E). For example, Cell 1 in
heatmap D was the first cell to fire in three of the four mSEs it
participated in (out of a total of eight mSEs). In contrast, Cell 2
in heatmap E was activated first, second, fourth, and fifth in
the five mSEs it participated in (out of seven mSEs) (Figures 2D

4 Cell Reports 42, 111914, January 31, 2023

and 2E). The mean Spearman correlation coefficient was 0.64
(range 0.46-0.91), with p values below the Bonferroni-corrected
significance threshold (0.007) in every case, ranging from 0.002
to0 0.0000001 (Figures 2D and 2E). The spatial order of activation
was assessed in the same slices with no apparent anatomic or
temporal relationship detected between cells in the experimental
field of view (Figures 2D and 2E). These results show that while all
ARNK'SS neurons can exhibit synchronous firing with one or more
neurons, this occurs in a mostly unpredictable manner.

ARNX'SS neurons are only weakly coupled

The ability to identify individual ARNXSS neurons involved in syn-
chronous activity provided the opportunity to examine the
strength of coupling between individual cells. Kisspeptin neu-
rons exhibiting synchronous activity were identified and one
cell in the group was selected for whole-cell patch clamp. The
patched neuron was driven to fire at approximately 20 Hz
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stimulation for 10-15 s by gradual 20-30 pA current injection and
the effects on GCaMP fluorescence observed in all other
ARNK'SS neurons in the slice. Patched cells exhibited sponta-
neous episodes of burst firing that were synchronized in a sto-
chastic manner with increases in GCaMP signal in other neurons
(Figures S3A and S3B). However, the activation of a patched
neuron had no consistent effects on GCaMP fluorescence in
other cells and, on average, only evoked a response in at least
one other neuron in 31% of 89 trials (15 brain slices)
(Figures S3A and S3B). Even when other cells were activated
by the stimulated neuron, this was seldom repeatable (Fig-
ure S2B). As the activation of a single ARNX'S neuron is usually
insufficient, or at least unreliable, in initiating mSEs, it appears
that individual ARNK'SS neurons are weakly coupled.
Critical role of AMPA-mediated transmission in ARNK'SS
neuron synchronization in vitro

To explore the role of glutamate, NKB, and dynorphin in medi-
ating mSEs, brain slices were prepared from intact and GDX
male mice and appropriate receptor antagonists included into
the aCSF for 20 min. Controls switching to aCSF alone resulted
in no significant effects on the frequency of events (9.02 + 1.72
events/cell/h pre-vehicle, 10.5 + 1.76 events/cell/h during
vehicle; n = 10 slices) or mSEs (Figure 3B).

Inclusion of a cocktail of the ionotropic glutamate receptor an-
tagonists CNQX (20 uM) and D-AP5 (20 uM) resulted in an abrupt
reduction in both calcium events and mSEs (Figure 3A). The
event rate was reduced by 71% (13.7 + 2.2 events/cell/h pre-
drug and 3.9 + 0.7 in CNQX + DAP5; p = 0.0078; Wilcoxon; n =
8) and mSE by 82% (8.7 + 2.5 mSE/cell/h pre-drug, and 1.6 +
0.4 in CNQX + DAPS5; p = 0.0078; Wilcoxon) (Figure 3C). A very
similar effect was observed in brain slices prepared from GDX
mice with the event rate reduced by 58% (9.7 + 1.0 events/
cell/h pre-drug to 4.1 + 1.0 drug-applied; p = 0.0078; Wilcoxon;
n = 8) and mSEs by 78% (5.48 + 0.5 mSEs/cell/h pre-drug to
1.2 + 0.5 drug-applied; p = 0.023; Wilcoxon) (Figure 3E). To
assess the contribution of AMPA receptors, slices from intact
male mice were exposed to CNQX alone with an identical result
observed (Figure 3D). Events per cell were reduced by 76%
(17.8 + 2.8 events/cell/h pre-drug to 6.1 = 1.2 in CNQX; p =
0.031; Wilcoxon; N = 6) and mSEs by 75% (11.5 + 1.6 pre-
drug to 2.9 £ 0.7 in CNQX; p = 0.031; Wilcoxon) (Figure 3D).
These observations demonstrate that glutamate signaling
through the AMPA receptor is critical for ARNX'SS neuron syn-
chronization in the brain slice.

No role for NKB or dynorphin transmission in ARNK'S®
neuron synchronization in vitro

To explore the role of NKB in ARNK'SS neuron synchronization,
the tachykinin receptor antagonists SDZ-NKT 343 (1 uM),
GR94800 (1 uM), and SB 222200 (3 uM) targeting NK1R,
NK2R, and NK3R, respectively, were bath applied as a cocktail.
This combination has been shown previously to completely
antagonize NKB signaling at ARN"'SS neurons.'* Although vari-
able, no consistent effect of the cocktail was found on events
or mSEs in slices prepared from either intact or GDX males
(Figures S4A-S4C). In intact males (n = 8), the event rate was
11.2 £ 2.2 events/cell/h pre-drug and 6.5 + 0.8 during drug appli-
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cation (p = 0.15, Wilcoxon), while the mSE rate was 6.5 + 1.8 pre-
drug and 3.2 + 0.7 in the presence of the cocktail (p = 0.25, Wil-
coxon) (Figure S4B). In GDX males (N = 8), events occurred at
5.8 + 1.2 events/cell/h pre-drug and 6.5 + 1.9 drug-applied
(p > 0.99, Wilcoxon) while mSEs occurred at 2.4 + 0.9 mSEs/
cell/h pre-drug and 4.3 + 2.0 during cocktail application (p =
0.38, Wilcoxon) (Figure S4C). The effect of inhibiting tachykinin
signaling on the profile of calcium increments was also investi-
gated. No significant effects were identified on event half-width,
rise time, or decay time in either intact or GDX males (Table S1).

The kappa opioid receptor antagonist norBNI (10 uM) was
applied to inhibit dynorphin neurotransmission at ARNX'SS neu-
rons.'* In both intact males (n = 10) and GDX males (n = 9), appli-
cation norBNI had variable effects but did not cause any signifi-
cant change in the rates of events or mSEs (Figures S4D and
S4E). The event rate was 11.8 + 2.1 events/cell/h pre-drug and
7.5 = 0.9 during norBNI (p = 0.084, Wilcoxon), while mSE rate
was 7.2 + 1.8 mSEs/cell/h pre-drug, and 3.9 + 0.7 during norBNI
(p = 0.28, Wilcoxon). In GDX males, events occurred at 5.7 £ 1.2
events/cell/h pre-drug, and 8.2 + 1.8 during norBNI (p = 0.42,
Wilcoxon), while mSEs occurred at 2.8 + 0.8 mSEs/cell/h pre-
drug and 5.0 + 1.9 during norBNI (p = 0.82, Wilcoxon) (Fig-
ure S4F). No significant changes in half-width, rise time, or decay
time were found in either intact or GDX males following treatment
with norBNI (Table S1).

Miniature SEs are likely to occur in vivo

Short episodes of synchronized burst firing among kisspeptin
neurons generate mSEs in vitro and emergent activity within
this network is proposed to underlie the full SEs observed in vivo.
To explore whether mSEs may be recordable in vivo, GCaMP fi-
ber photometry recordings were undertaken from intact male
mice for 5 h during which, on average, only a small number of
SEs occur. In recordings with high amplitude SEs, presumably
resulting from the optic fiber being very close to the kisspeptin
population, numerous on-going low-amplitude events were
observed amidst full SEs (Figure S5A). Defined by an amplitude
that raises beyond one standard deviation of the mean and a
duration >45 s, these low-amplitude events were found to
have the same profile and dynamics of full SEs when normalized
for amplitude (Figure S5B). Using these criteria, low-amplitude
SEs occur at a rate of once every 19.5 + 3.5 min in intact male
mice (n = 5). It is likely that these low-amplitude events are the
in vivo equivalents of mSEs recorded in vitro.

Roles of glutamate and neuropeptide transmission in
ARNX'S neuron synchronizations in vivo

The observations above indicate that glutamate transmission is
essential for ARNX'SS neuron mSEs with little or no role for tonic
tachykinin or dynorphin signaling in the acute brain slice. To
assess the roles of these transmitters in vivo, the GCaMP fiber
photometry was combined with a microinfusion approach to
allow glutamate and neuropeptide transmission to be modified
within the ARN while simultaneously recording SEs in freely
behaving GDX male mice. Preliminary studies identified that
the infusion of 1 pL of fluid over 10 min was compatible with
reasonably stable photometry recordings. As such, an experi-
mental strategy was adopted of infusing vehicle or receptor
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Figure 3. Glutamatergic signaling is essential for ARNX'SS neuron synchronization in vitro
(A) Example brain slice showing the effect of 15-min exposure to CNQX (20 pM) and D-AP5 (20 pM) on GCaMP fluorescence recorded from 18 neurons. mSEs are

indicated by blue shading.

(B-E) Histograms showing the individual data points and mean (+SEM) mSE rate for the pre-drug, drug-applied and wash periods in response to vehicle, CNQX +
AP5, CNQX alone in slices from intact male mice and the effect of CNQX and AP5 in GDX mice (“p < 0.05, **p < 0.01, Wilcoxon).

antagonists for 10 min after 50 min of a 120-min photometry
recording session. The probability of an SE occurring and its
amplitude during the infusion period was determined alongside
the mean fluorescence level before, during, and after the infusion
period. To test the efficacy of this approach, infusions of TTX
(5 uM) were made and resulted in all SEs being abolished during
the 10-min infusion period in four out of four trials with only a
gradual recovery observed (n = 4) (Figure 4A).
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Infusion of vehicle (n = 8) had no effect on the occurrence or
amplitude of SEs. At least one SE was observed during the
10-min infusion period in seven of eight trials (87.5%) with no sig-
nificant difference in GCaMP fluorescence before, during, or af-
ter infusion. No difference in SE amplitude was detected (1.1
normalized F). In contrast, after infusion of CNQX/AP5, both
the probability of an SE occurring (33%; p = 0.03, chi-squared
test) and mean fluorescence level (p = 0.03, one-way RM
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neuron synchronization in GDX and intact mice in vivo

(A-E) Left, representative GCaMP photometry traces showing the effects of 10-min intra-ARN infusions on SEs in GDX male mice. Middle, pie chart showing the

chance of observing an SE during the 10-min infusion period.

(F and G) GCaMP photometry traces from two intact male mice given a 10-min intra-ARN infusion of vehicle or norBNI with at least a 1-week interval between

infusions.

ANOVA followed by Dunnett’s Multiple Comparison test) were
significantly reduced (n = 9) (Figure 4C).

Neither the tachykinin receptor antagonist cocktail (GR94800,
10 uM; SDZ-NKT 343, 10 uM; SB222200, 30 uM) (n = 8) nor the
norBNI (5 uM) (n = 5) infusion altered the probability of an SE
occurring (87.5% and 83.3%, respectively) (Figures 4D and 4E)
or mean GCaMP fluorescence level. However, the tachykinin re-
ceptor antagonist cocktail reduced the amplitude of individual
SEs by 21% (p = 0.02, one-sample t test), while norBNI signifi-
cantly reduced amplitude by 51% (p = 0.01, one-sample t test)
(Figures 4D and 4E). To address whether norBNI impacts SE
termination, the amplitude of SEs was normalized, and their

half-width duration and decay time were compared before and
during/after the infusion period. No parameters were signifi-
cantly changed (half-width duration, 33.8 + 9.0 versus 37.2 +
9.7 s; decay time, 28.0 + 2.9 versus 29.0 + 2.3 s).

NKB modulates glutamate-evoked ARNX'S neuron
synchronizations

The in vitro and in vivo data demonstrate a critical role for gluta-
mate transmission in enabling kisspeptin neurons to synchro-
nize. Surprisingly, given the documented excitatory effects of
NKB on ARNKSS neurons, #5820 the inhibition of tachykinin
signaling had no effect on the initiation of SEs in vitro or in vivo,
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Figure 5. NKB modulates glutamate-driven ARNX'SS neuron synchronizations in vitro

(A) GCaMP traces from intact male mice with four neurons showing the acute stimulatory effect of NKB (NKB1; 50 nM) and generation of on-going mSEs in the
“Post-NKB-1" period. This is followed by the addition of the tachykinin receptor (NK1-3R) antagonist cocktail and a second exposure to NKB (NKB2) with a
second “Post-NKB-2” period. Each analysis period is shaded.

(B) GCaMP traces from 10 neurons receiving the same treatment as in (A), except for the addition of CNQX and AP5 with the tachykinin receptor antagonist
cocktail.

(legend continued on next page)
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but did result in a 20% reduction in SE amplitude in vivo. This
suggested that NKB may act to facilitate synchronizations
evoked by glutamate.

Using the brain slice preparation, we found that a short
90-s exposure to NKB resulted in an immediate increase in
GCaMP signal followed by a prolonged period (post-NKB) of
increased mSE frequency (7.12 + 1.27 mSEs/cell/h pre-drug
and 13.8 + 2.13 during the post-NKB, Figures 5A and 5D)
(n = 23 slices; p = 0.00049, Wilcoxon). The number of individual
ARNK'SS neurons contributing to each mSE was significantly
increased by NKB during this wash period (Figure 5C) from
21.5% 10 26.0% (n = 20 slices; p = 0.013, Wilcoxon) (Figure 5C).
To test the importance of glutamate and tachykinin signaling to
these prolonged effects of NKB, a second NKB test (NKB2) and
wash period (post-NKB2) was examined in the presence of the
tachykinin 1-3 receptor antagonist cocktail (n = 6) or CNQX/
APV (n = 6) alone, or both (n = 6). The NKB2 had no direct effect
in the presence of the tachykinin receptor antagonist cocktail:
even so, mSEs continued to be observed during the period
following (Figures 5A and 5D). However, in contrast, there
was an immediate suppression of mSEs in the presence of
CNQX/APV alone (p = 0.029; Kruskal-Wallis) or the combined
tachykinin cocktail and CNQX/AP5 (p = 0.0001; Kruskal-
Wallis) (Figures 5B and 5D). Together, these results indicate
that glutamatergic signaling is critical for NKB to potentiate
synchronizations among ARNK'SS neurons.

Dynorphin controls the onset of SEs in a state-
dependent manner in vivo
Given prior evidence for a potent suppressive effect of dynorphin
on ARNK'SS neuron excitability, '*'>'® it was curious to find no
evidence for kappa opioid signaling in the duration or termination
of an SE either in vitro or in vivo. This may have resulted from the
brain slice having little on-going dynorphin release and the ex-
amination of GDX males in vivo where the pulse generator is un-
inhibited and considered “free-running” at its maximal state.
To test the state dependence of kappa opioid signaling in vivo,
a further series of 10-min microinfusion-GCaMP photometry
studies were undertaken but in intact male mice where SEs
occur on average every 3 h.® As expected, synchronizations
rarely occurred during the vehicle infusion period (Figures 4F
and 4G) with only one of seven mice showing an SE during this
10-min interval. In contrast, a single SE occurred within
5-7 min of beginning the norBNI infusion in six of seven mice
(Figures 4F and 4G). The norBNI-evoked SEs were similar in pro-
file to those occurring spontaneously in each mouse, although
the mean amplitude was smaller by 39% (two-way ANOVA fol-
lowed by Sidak’s multiple comparison test). Alongside data
from GDX mice (Figure 4E), these observations demonstrate a
marked state dependence in the role of dynorphin signaling to
suppress the initiation of SEs in vivo.
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Intrinsic mechanisms contributing to SE termination

The differing profiles of SE termination observed for individual
neurons in the GRIN lens recordings (Figure 1D) suggested
that intrinsic mechanisms may be of particular importance in
SE termination. One possibility, given the well-characterized
rapid desensitization of the AMPA receptor,”’ may be that
the excitatory glutamate stimulus itself is short-lived and
determines the duration of synchronization. To test this, we re-
turned to the in vitro brain slice preparation and examined
the effects of suppressing AMPA receptor desensitization
with cyclothiazide®® on mSEs. We found that application of
100 uM cyclothiazide dramatically increased mSE frequency
(5.66 + 1.29 mSEs/cell/h pre-drug and 17.1 + 1.86 during drug
application; n = 8 slices; p = 0.0078, Wilcoxon; Figures 6A and
6B), as well as event frequency (8.69 + 1.33 events/cell/h pre-
drug and 19.9 + 1.89 during drug application; p = 0.0078, Wil-
coxon). However, no significant changes were observed in the
average mSE duration (Table S1) and cell-attached recordings
of action currents (Figure 6A) revealed that burst firing remained
during the inhibition of AMPA receptor desensitization. While
confirming the key role of AMPA receptor signaling in ARNK'SS
neuron synchronization, the data do not support a role for
AMPA receptor desensitization in SE termination.

Another mechanism for SE termination could involve intrinsic
activity-dependent inhibition through the big and small current
calcium-activated potassium channels (BK and SK). These
channels, activated by intracellular calcium entry, underlie spike
frequency adaptation (SFA) that serves to slow firing after
intense activation.”® As the spontaneous burst firing exhibited
by kisspeptin neurons displays SFA (Figure 2B), whole-cell cur-
rent-clamp recordings were made from individual kisspeptin
neurons in brain slices prepared from intact male mice to
examine the combined effect of the highly selective antagonists
for SK (apamin) and BK (iberiotoxin; IbTX) channels. Current in-
jection (20 pA) generated clear SFA and this was significantly
reduced by the apamin/IbTX cocktail (Figures 6C-6E) with the
pre-drug SFA index being 0.47 + 0.07 compared with 0.62 +
0.047 in the presence of the antagonists (Figure 6E; n =5; p =
0.021, paired t test). We also noted that the highly variable inter-
spike interval (ISI) displayed by ARNX'SS neurons during activa-
tion (Figure 6F), attributed to A-type currents via Kv4.2 chan-
nels,”" was almost completely inhibited by blockade of SK and
BK channels (Figure 6G). These observations demonstrate that
ARNK'SS neurons use intrinsic calcium-activated potassium
channels to limit their excitability during periods of high firing.

DISCUSSION
Multiple different mechanisms ranging from the existence of

distinct pacemaker cells through to emergent network activity
have been implicated in the genesis of episodic activity in central

(C) Individual data points (n = 20 slices) and mean (+SEM) histograms showing the percentage of ARNK'SS neurons participating in mSEs during the pre-drug

period and after the first NKB exposure (post-NKB-1). **p < 0.01, Wilcoxon test.

(D) Individual data points (n = 23 slices) and mean (+SEM) color-coded histograms showing the rate of mSEs in the pre-drug period and post-NKB-1 (NKB-1)
periods (**p < 0.01, Wilcoxon test) and the rates of mSEs in the second post-NKB period (NKB-2) for slices treated with the tachykinin receptor antagonist cocktail
alone (n = 6; not significant), CNQX/APV (n = 6; *p < 0.05, Kruskal-Wallis), or a combination of tachykinin and ionotropic glutamate receptor antagonists (n = 6;

***p < 0.001, Kruskal-Wallis).
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(A) Representative brain slice recording showing the effect of 15-min exposure to cyclothiazide (100 uM) on both action potential firing in one neuron (neuron 1),
and GCaMP fluorescence recorded from a further 18 neurons (neurons 2-19). mSEs are indicated by blue shading. A 60-s period of membrane current trace (red
box) is expanded below, illustrating the maintenance of discreet periods of burst firing.
(B) Histogram showing the individual data points and mean (+SEM) mSE rate for the pre-drug, cyclothiazide-applied and wash periods in intact male mice (n = 8;

p < 0.01, Wilcoxon test).
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pattern generators.'®?>?® We show here that, despite the kiss-
peptin pulse generator ultimately displaying a remarkable level
of functional homogeneity, this is likely based upon dynamic
cell assemblies in which individual SEs are seeded by near-
random emergent activity within sub-populations of the network.
We propose a “Glutamate two-transition” model for ARNKISS
neuron synchronization in which a baseline of near-stochastic,
weakly coupled glutamatergic signaling between neurons
moves through two transition states to achieve the network
eruption required for pulse generation (Figure 7). The first transi-
tion involves the exponential recruitment of neurons based on
mutual glutamatergic excitation to a threshold state where
many neurons are synchronously activated. The ease with which
the network can achieve this state is partly dependent upon
intrinsic dynorphin tone within the circuit. The second transition
involves the NKB potentiation of the glutamate-driven synchroni-
zation to reach its full explosive state (Figure 7).

We demonstrate a brain slice preparation in which essentially
all ARNK'SS neurons exhibit spontaneous intermittent burst firing
that variably merges to form episodes of synchronized activity.
The individual ARNK'SS neurons contributing to each mSE are
unpredictable and the reliability of experimentally activating
one kisspeptin from another within a synchronous cluster is
poor. Nevertheless, there is a modest correlation among the or-
der of ARNX'SS neuron activity within mSEs indicating that some
cells may, on average, be more tightly coupled than others.
Together, this suggests that the network synchronizes through
the formation of dynamic cell assemblies in which a stochastic
element dictates the cells that initiate the synchronization.
Modeling approaches show that weakly coupled networks of
this type are well suited to facilitating emergent network activity
and can generate robust synchronized outputs with variable or
even stochastic timing.?”*® This may explain the relatively un-
predictable activation onsets of pulse generator activity in vivo.®
It is interesting to note that the behavior of neonatal ARNX'SS neu-
rons in primary culture is markedly different with extremely reg-
ular and frequent oscillations in which every kisspeptin neuron
contributes to every synchronization.?® Although synaptic
coupling will be different in cell cultures, this raises the possibility
that ARNK'SS neuron connectivity may alter during development.

The mSEs observed in brain slices are proposed to represent a
basal level of intermittent synchronous behavior between
ARNK'SS neurons that is only occasionally transitioned to a full
SE. This is most pronounced in intact mice where, on average,
mSEs occur every 6 min in the brain slice compared with an SE
every 180 min in vivo. While this may, in part, reflect that the slice
only ever contains a subpopulation of partially deafferented of
ARNK'SS neurons, it nevertheless demonstrates that a relatively
fast rhythm of spontaneous synchronizations exists within the

¢ CellP’ress

network. Importantly, this behavior is also observed in vivo where
low-amplitude mSE events with the same dynamic as full SEs
occur with an interval of ~20 min and appear to be the counter-
parts of the in vitro mSEs. These mSEs do not trigger pulses of
LH.® Precisely how the ARNX'SS neurons transition from mSEs
to the full SEs observed in vivo is unknown. One possibility is
that weak coupling within the network gradually builds through
emergent self-excitation to reach a circuit consensus for an SE.

Interpretations regarding the order of activation of individual
ARNK'SS neurons in vivo or in vitro must be tempered by the
fact that we have recorded at random from a very small subpop-
ulation of neurons in one plane of focus. Nevertheless, it is
notable that a weak correlation for the order of activity existed
among recorded neurons suggesting that there may be variable
strengths of coupling among microcircuits of kisspeptin neu-
rons. A recent study has reported a much stronger order corre-
lation between ARNK'SS neurons during SEs in ovariectomized
(OVX) mice.* This may be due to the interesting phenomenon
of “pacing” whereby external stimuli related to the 5-min tail-tip
bleeding drives the pulse generator to operate at an abnormally
fast 5-min interval in OVX mice. While these GCaMP microendo-
scope data have value, it remains that the definition of the pre-
cise patterning of ARNK'SS neuron firing leading up to and during
an SE will require the implementation of neuron-specific electri-
cal recordings in vivo.

Glutamate is the key neurotransmitter enabling AR eu-
rons to synchronize. lonotropic glutamate receptor signaling
was required for neurons to exhibit burst firing and synchro-
nous activity in the brain slice while, in vivo, direct infusion of
glutamate antagonists into the ARN suppressed SE initiation.
As CNQX replicated the effects of CNQX and AP5 combined
and the inhibition of AMPA receptor desensitization greatly
facilitated mSE rate, the AMPA receptor is very likely to be
the primary mediator of glutamate transmission in the network.
The ARNX'SS neurons express abundant AMPA receptors,®’
exhibit recurrent collateral innervation,'®** and have been
shown to release glutamate on ARNX'SS and other neurons in
the ARN."®%% As noted above, we propose that mutual gluta-
matergic excitation among dynamic assemblies of ARNX'SS
neuron results in the exponential recruitment of neurons to
achieve the SE. Heightened glutamate transmission within the
circuit may explain why constant low-frequency optogenetic
stimulation of ARNK'S® neurons can enhance LH pulse fre-
quency.®* Although there has long been interest in the role of
glutamate in the mechanism of pulsatie hormone secre-
tion,**" methodological issues including the intraventricular
administration of compounds have precluded any detailed
interrogation. For example, administering CNQX and AP5 into
the ventricular system suppresses pulsatile LH secretion but

NK|SS n

(C) Example voltage trace in whole-cell configuration showing the response of an ARNK'SS neuron to 20-pA square wave current injection both pre-drug and

during the application of apamin (150 nM) and iberiotoxin (IbTX; 100 nM).

(D) Change in mean (+ SEM) interspike intervals (ISI) from the 1st to 30th spike recorded from a representative AR

pre-drug and in apamin + IbTX.

NX'SS neuron over three 20-pA stimulations, both

(E) An index of spike frequency adaptation (SFA) was generated by dividing the first ISI by the 10th ISI before and during exposure to apamin + IbTX (n = 5;

p < 0.05, paired t test).

(F) Representative data showing the marked variability in ISI that occurs with progressive firing during the 20-pA stimulation of an ARN¥'SS neuron and (G) the

effects of treatment with apamin and IbTX.
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Figure 7. “Glutamate two-transition” model for ARNX'SS

neuron synchronization

Stochastic, glutamate-dependent coupling between overlapping small groups of ARNX'SS neurons (different colors) generates on-going miniature synchroni-
zation episodes (MSEs). The first transition involves the emergence of a widespread population synchronization event (SE, pink) through exponential glutamate-
driven self-excitation. This efficiency of this transition is modulated by dynorphin-kappa opioid tone within the network and also afferent inputs to the pulse
generator that regulate its frequency of activity. The second transition involves the potentiation of already established synchronous activity by NKB increasing
both the number of ARN¥'SS neurons involved in an SE and their individual levels of excitation. Intrinsic mechanisms are then likely involved in synchronization

termination.

the location of the neurons mediating those effects is un-
known.***® The observation here that infusion of CNQX/AP5
directly into the ARN suppresses SEs indicates that critical glu-
tamatergic signaling is within the ARN. Whether this glutamate
originates from ARNX'SS neurons themselves or a tonic extrinsic
drive is unknown at present. However, the demonstration of
glutamate-dependent synchronizations in the deafferented
brain slice implies that the glutamate is of local origin within
the ARN.

12 Cell Reports 42, 111914, January 31, 2023

The transition of ARN'SS neurons from mSEs to SEs is pro-
posed to be a gated process that controls the frequency of the
pulse generator (Figure 7). Given the wide number of afferent in-
puts proposed to control pulse generator frequency,**? it is likely
that several transmitters modulate the efficiency of this gate. We
provide evidence here that dynorphin tone within the kisspeptin
network is a key factor underlying the state dependence of gate
operation. The local administration of norBNI into the ARN had
no effect on SE interval in GDX mice but reliably initiated SEs
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in intact mice. This demonstrates that dynorphin-kappa opioid
transmission is suppressing the generation of SEs in intact
mice, that exhibit slow pulse generator activity, but has no role
in the free-running frequent SEs observed in GDX mice. The
same situation may exist in rats where direct infusion of norBNI
into the ARN of OVX animals has no effect on pulsatile LH secre-
tion.”? Interestingly, OVX ewes that nevertheless exhibit low-fre-
quency LH pulses appear to maintain some dynorphin tone as
intra-ARN norBNI enhances LH pulse frequency.*' There is sub-
stantial experimental data demonstrating that dynorphin/opioid
tone within the brain helps restrain LH pulse frequency under
conditions of slow pulsatility but has no, or only a limited, role
when the pulse generator is free-running.'®*>™*° Indeed, the
administration of the opioid antagonist naloxone is a very robust
strategy for increasing LH pulse frequency in the clinic.®~*®

Precisely how dynorphin modulates ARNK'SS neurons remains
unclear. Both pre- and post-synaptic mechanisms of dynorphin
action have been reported for ARNK'SS neurons'# %1837 with the
presynaptic inhibition of AMPA transmission'®>' being compat-
ible with the proposed gating of SE initiation by dynorphin. How-
ever, it appears that dynorphin signaling plays multiple roles in
this network. One counterintuitive observation made here is
that the amplitude of SEs in GDX mice is suppressed by local
infusion of norBNI into the ARN. The reason for this effect is un-
known, but may result from high-frequency-evoked dynorphin
release acting to limit the degree of ARNK'SS neuron activation
during the SE."® If so, acutely removing this aspect of dynorphin
signaling could result in hyperexcitable depolarization block at
the peak of ARNK'SS neuron firing that would reduce intracellular
calcium concentrations and, consequently, peak GCaMP
signal.*®°° The mechanisms and roles of pre- and post-synaptic
regulation of ARNXSS neuron excitability by dynorphin require
further assessment.

The primary role of NKB is found to be that of potentiating syn-
chronizations generated by glutamate transmission (Figure 7).
Importantly, in vivo, tachykinin signaling was found to have no
role in SE initiation but potentiated SE amplitude by approxi-
mately 20%. The intra-ARN infusion of a TAC3R antagonist simi-
larly has no effect on LH pulse frequency in the OVX rat,*°
although the same approach in the OVX ewe slows LH pulse fre-
quency.”’ Whereas glutamate will be released from ARNK'SS
neurons terminals at very low firing frequencies, NKB transmis-
sion only occurs when the neuron reaches 10-20 Hz activation. '
Thus, NKB appears to be acting as a classical frequency-depen-
dent neuropeptide co-transmitter in potentiating the effects of
amino acid transmission.”" This is entirely compatible with brain
slice studies showing that under conditions of high-frequency
optogenetic activation, endogenous NKB can provide a slow de-
polarizing stimulus to ARN¥'SS neurons.® This is also found to be
partly dependent upon glutamate transmission in estrogen-
treated OVX mice.*® The release of NKB after the SE has
commenced is likely to facilitate both the effectiveness and clus-
tering of glutamate-driven synchronicity among the network (Fig-
ure 7). It is important to note that massive over-stimulation of the
ARNK'SS neyrons by exogenous NKB or Senktide results in the
collapse of pulsatility in GDX animals.'®“° likely due to depolar-
ization block of the kisspeptin neuron or state-dependent desen-
sitization of signaling within the GnRH-gonadotroph axis.*”
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A key prediction of a facilitatory role for NKB is that it would not
be essential for pulse generation. Indeed, this may explain much
of the observed experimental and clinical variability in relation to
tachykinin signaling and the pulse generator.*®°%>* Notably, the
reversal of hypogonadotropic hypogonadism in individuals with
tachykinin signaling mutations®® suggests that NKB potentiation
of the synchronization may be particularly important for the initi-
ation of pulses at puberty but not thereafter.®* We note that the
proposed model is compatible with the presence of LH pulses
in individuals with loss-of-function mutations in NKB that have,
in addition, been treated with naloxone.*®

No evidence was found for dynorphin playing a role in the
termination of ARNX'SS neuron synchronizations in vitro or in vivo.
We do, however, find that calcium-activated potassium chan-
nels operate within ARNX'SS neurons to limit their firing frequency
at times of sustained activation. This suppression of intense
ARNXSS neuron firing would, in addition, be accompanied by
reduced glutamate and NKB release. As such, these “intrinsic”
mechanisms could contribute to SE termination (Figure 7),
although it remains that other mechanisms may exist, and further
investigation is warranted.

Limitations of the study

A key limitation of the current study and proposed “glutamate
two-transition” model is that the work has been undertaken in
male mice. Although it is thought that pulse generator operation
is fundamentally the same in males and females,* it remains that
future studies will need to ensure that the same mechanism op-
erates in females. Equally, it will be important to evaluate
whether the mechanism delineated here for mice is applicable
to other species. Although there are rather few studies using
the intra-ARN administration of receptor antagonists in relation
to the pulse generator, results from the rat* are very similar to
those reported here for the mouse, while data from sheep®" differ
in some respects.

In summary, we demonstrate here key features of the synchro-
nization mechanism used by the central pattern generator con-
trolling GnRH secretion in male mice. We propose a substantial
departure from the existing “KNDy hypothesis” with glutamate
as the primary transmitter generating synchronization within
the network and neuropeptides as neuromodulators; dynorphin
in state-dependent synchronization initiation and NKB operating
to potentiate the magnitude of synchronizations (Figure 7). Kiss-
peptin itself does not contribute to the synchronization mecha-
nism but is used as the exclusive output signal to the GnRH
neuron.”® It is expected that an accurate definition of GnRH
pulse generator operation will be beneficial to the treatment of
infertility in the clinic.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Chicken anti-green fluorescent Aves Labs RRID: AB_2307313

protein, GFP-1010
Sheep anti-Kisspeptin 52, AC053

Goat anti-chicken IgY (H + L) Alexa
488-conjugate, A-11039

Donkey anti-sheep F(ab’), fragment
1gG (H + L) biotin-conjugate, 713-066-147

Streptavidin Alexa 568-conjugate, S11226

Goat anti-chicken IgY (H + L) Alexa
488-conjugate, A-11039

Donkey anti-sheep F(ab’), fragment
1gG (H + L) biotin-conjugate, 713-066-147
Streptavidin Alexa 568-conjugate, S11226

(Franceschini et al.)°’

Thermo Fisher Scientific
Jackson Immunoresearch

Thermo Fisher Scientific
Thermo Fisher Scientific

Jackson Immunoresearch

Thermo Fisher Scientific

N/A
RRID: AB_2534096

RRID: AB_2340717

RRID: AB_2336132
RRID: AB_2534096

RRID: AB_2340717

RRID: AB_2336132

Bacterial and virus strains

AAV9-CAG-FLEX-GCaMP6s-WPRE-SV40

Addgene

#100842-AAV9
RRID:Addgene_100842

Chemicals, peptides, and recombinant proteins

norBNI Sigma-Aldrich UK Cat#N1771
CNQX Sigma-Aldrich UK Cat#C127
D-AP5 Sigma-Aldrich UK Cat#A8054
NKB Sigma-Aldrich UK Cat#N4143
SDZ-NKT 343 Tocris (Bio-Techne) UK Cat#2394
GR 94800 Tocris (Bio-Techne) UK Cat#1667
SB 222200 Tocris (Bio-Techne) UK Cat#1393
Apamin Tocris (Bio-Techne) UK Cat#1652
Iberiotoxin Tocris (Bio-Techne) UK Cat#1086
Cyclothiazide Tocris (Bio-Techne) UK Cat#0713
TTX Tocris (Bio-Techne) UK Cat#1078
Experimental models: Organisms/strains

Mouse:129-Kiss1im2(cre/GrPiColl/Ly (Yeo et al.)*® N/A

Mouse: B6 Cg_lgs7tm162.1(tetO-GCaMPSs,CAG—tTAZ)Hze/J

The Jackson Laboratory

RRID:IMSR_JAX:031562

Software and algorithms

ImageJ

Open-source Neuromouse fiber
photometry data acquisition system

MiniscopeAnalysis algorithms

MATLAB (R2019a)

Open-source Miniscope Data
Acquisition Software

LAS X (Leica Applications Suite)
confocal microscopy software

(Schneider et al.)>®

Tussock Innovation and
Argotech, New Zealand

Sylvain Williams Lab,
McGill University
MathWorks

(Cai et al.)®®

Leica Microsystems

https://imagej.nih.gov/ij/

RRID: SCR_003070
https://www.otago.ac.nz/
neuroendocrinology/resources/
argotech.html
https://github.com/etterguillaume/
MiniscopeAnalysis
http://www.mathworks.com/
products/matlab/
RRID:SCR_001622
https://github.com/daharoni/
Miniscope_DAQ_Software

https://www.leica-microsystems.com/
RRID: SCR_013673

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

UCLA Open-source Miniscope (Cai et al.)®” https://github.com/Aharoni-Lab/Miniscope-v4)
Multiple Fluid Injections Doric Lenses, QC, Canada https://neuro.doriclenses.com/

Fiberoptic Cannulas
In vitro mSE analysis code Zenodo repository https://doi.org/10.5281/zenodo.7334481

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Allan Her-
bison (aeh36@cam.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Data reported in this paper will be shared by the lead contact upon request.

All original code has been deposited at Zenodo and is available as of the date of publication. DOls are listed in the key resources
table.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Male 129S6Sv/Ev C57BL/6 Kiss1°"®*mice®® alone or crossed on to the Ai162 (TIT2L-GCBs-ICL-tTA2)-D Cre-dependent GCaMP6s
line (JAX stock #031562)°" were group-housed in individually-ventilated cages with environmental enrichment under conditions of
controlled temperature (22 + 2°C) and lighting (12-h light/12-h dark cycle; lights on at 6:00h and off at 18:00h) with ad libitum access
to food (RM1-P, SDS, UK) and water. All animal experimental protocols were approved by the University of Otago, New Zealand (96/
2017) and the University of Cambridge, UK (P174441DE). Where required, mice were bilaterally gonadectomized under Isoflurane
anesthesia at least 3 weeks prior to experimentation. Mice were 8-26 weeks old at the time of experimentation.

METHOD DETAILS

Brain slice preparation

Kiss1-Cre,Ai126D mice were anesthetized using isoflurane, decapitated and the brain removed into oxygenated, ice-cold slicing so-
lution composed of (mM): NaCl 52.5; sucrose 100; glucose 25; NaHCO3; 25; KCI 2.5; CaCl, 1; MgCl, 5; NaH,PO,4 1.25; kynurenic acid
0.1 (95% 0,/5% CO,). Coronal slices containing the ARN were prepared at 320 um thickness using a Leica VT1200S tissue slicer
(Leica Biosystems UK) before being transferred to a submersion chamber containing an oxygenated (95% 0./5% CO,) aCSF
recording solution composed of (mM): NaCl 124; glucose 30; NaHCO; 25; KCI 3.5; CaCl, 1.5; MgCl, 1; NaH,PO, 0.5 and incubated
at 30°C for 1-5 h prior to use.

Brain slice calcium imaging and analysis

Brain slices containing the ARN were transferred to the stage of an Olympus BX51WI upright microscope with differential inter-
ference contrast optics, and constantly perfused with oxygenated aCSF at 30 + 1°C. The variation in intracellular calcium concen-
tration ([Ca®*]) of ARNN'SS neurons was estimated by recording their GCAMPS6s fluorescence using a Prime BSI Express
sCMOS camera (Teledyne Photometrics UK) and CoolLED pE-300 ultra light source via an Olympus 40x immersion objective
and GFP filter cube (Chroma). The excitation waveband was 470-490 nm, applied at 2 Hz for 100 ms, and emission collected
at 500-520 nm with a 495 nm long-pass filter. For analysis, Imaged (v1.53c) was used to obtain mean fluorescence intensities
over the image time series: active cell soma were selected manually as regions of interest (ROls), and for each, the mean
fluorescence values of a nearby background ROl was subtracted. Fluorescence intensity data and all metrics described below
were analyzed using custom Python scripts. For each neuronal fluorescence trace, the following equation was used to generate
AF/F:

AF Fi — Fig
F~ R
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Where F; is the mean somatic fluorescence measured at any time point, Fr4 is the mean background fluorescence measured at the
same time point, and Fg is mean of the lower 8% of the AF fluorescence over the 26 s previous to that time point. 26 s was chosen as
the GCAMPS6s decay time constant 7 (0.65 s) * 40.

Within a neuronal trace, an ‘event’ was registered where the AF/F trace exceeded 2 SD above the trace mean. An mSE was defined
as comprising events from at least two cells with peak amplitudes occurring within 10 s of each other. Events occurring in other neu-
rons were included in the mSE if they also peaked within 10 s of the previous event peak in the mSE. Event and mSE rates are pre-
sented as ‘per cell, per hour’, thereby controlling for the variation in the number of neurons being recorded in each brain slice. Above
threshold activity in the same neuron was excluded if it reoccurred within 10 s of the previous event, as after reviewing typical in vitro
activity, this was likely to represent above-threshold ‘flicker’, rather than a distinct calcium event of the type typically observed in
these cells.

Within each experiment, a pre-drug baseline was obtained, followed a drug application period, and a wash period. All of these mea-
surement periods, from which activity/synchronization rates were calculated, were 12 min each and followed/preceded by a 2-min
gap to allow wash-in/out of compounds.

When determining shape properties of calcium events, the trace baseline value was calculated by taking the median value of all
data points below a threshold of 0.5 SD above the trace mean. Qualitatively this method provided an excellent match with the actual
baseline. Only neurons active in both the pre-drug and drug-applied measurement periods were included when evaluating drug-
induced effects on shape, in order to avoid skewing the data in the event that different neurons begin or cease their activity in those
periods. The mean of each of the shape properties was generated for each of these neurons, and each datapoint shown is a mean of
means, representing one slice/experiment. A minimum of three neurons meeting these criteria was required to form a datapoint for
that experiment. Half-width is defined as the width of the calcium event at 50% amplitude, from the calculated baseline to the peak.
Rise time is the length of time taken to rise from 20% to 80% of maximum event amplitude, and decay time the reverse.

For the temporal correlation between neurons, experiments were performed over 40 min: mSEs involving <5 cells were excluded,
and a minimum of three of these larger mSEs was required in order to calculate the correlation coefficient. Order within mSEs were
calculated using the event peak time of each cell. In generating heatmaps and scatterplots, neurons were sorted in order of the mean
event order over all mMSEs occurring, making it possible to look for consistency in that order. Spearman correlation coefficients were
calculated for scatterplots, representing the consistency in which ARNK'SS neurons reach peak amplitude in a similar position. High
correlation coefficients indicate a consistent temporal order of firing whilst low correlation implies stochastic firing.

Brain slice electrophysiology and calcium imaging experiments

For current clamp experiments, patch pipettes were pulled from standard borosilicate glass (GC150F, Warner Instruments) to a resis-
tance of 2.5-4 MQ and filled with an intracellular solution composed of (mM): potassium gluconate 130; sodium gluconate 5, HEPES
10; CaCl, 1.5; sodium phosphocreatine 4; Mg-ATP 4; Na-GTP 0.3; pH 7.3; filtered at 0.2 um. Experiments were performed as for
normal calcium imaging but a single GCAMP-expressing kisspeptin neurons was patched and stimulated with ~20-30 pA for
10-15 s in order to achieve the peak firing frequency of approximately 20 Hz. Co-incident activation of the patched neuron and other
cells in the slice were evaluated as described in the results. For SFA experiments, three 10 s square wave 20 pA currents were applied
before and during exposure to apamin and IbTX. To quantify the degree of SFA, we divided the inter-spike interval (ISI) following spike
1 by the ISI following spike 10, with a value of 1 representing no SFA and a value of 0.5 representing a 50% reduction.

Stereotaxic surgery and injections

Adult mice (8-14 weeks old) were anesthetized with 2% Isoflurane, given meloxicam (5 mg/kg, s.c.), buprenorphine (0.05 mg/kg, s.c.)
and dexamethasone (10 mg/kg, s.c.) and placed on a stereotaxic apparatus. A Hamilton syringe with a 25-gauge needle was used to
perform unilateral injections into the ARN. The needle was lowered into place over 3 min and left in situ for 3 min before the injection
was made. One microliter of AAV9-CAG-FLEX-GCaMP6s-WPRE-SV40 (1.3 x 10'® GC/mL, University of Pennsylvania Vector Core)
was injected into the ARN (2.0 mm posterior to bregma, 0.3mm lateral to midline, 5.9 mm deep from brain surface) at a rate of 100 nL/
min with the needles left in situ for 10 min before being withdrawn. Meloxicam (5 mg/kg) was administered orally for post-operative
pain relief. For fiber photometry experiments, mice received a unilateral injection of AAV-GCaMP&6 into the ARN followed by implan-
tation of an indwelling “fluidic” optical fiber (400 um diameter, 0.48 NA; 485 um OD for guiding tube, Doric Lenses, QC, Canada),
positioned directly above the mid-caudal ARN using the same coordinates for the AAV injections. For GRIN lens miniscope exper-
iments, AAV-GCaMP&6 injection was followed by implantation of a GRIN lens (500 um in diameter, 8.4mm in length, Grintech, Ger-
many), into the ARN using the same coordinates except for the DV coordinates being 200 um above the injected site. After 5 weeks,
a baseplate was put in place above the GRIN lens for attachment of miniature microscope (UCLA open-source Miniscope, V2) under
isoflurane anesthesia. Following one week of surgery, all animals were handled daily and habituated to recording setup for at least
three weeks.

GCaMP6 GRIN lens miniscope imaging in vivo

A single-photon epifluorescence microscope (UCLA open source, https://github.com/Aharoni-Lab/Miniscope-v4) was used as
described previously.®® Images were acquired at 30 frames per second and recorded as uncompressed.avi files. For analysis,
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MiniscopeAnalysis package (Sylvain Williams Lab, McGill University) written in MATLAB was used to process raw videos and extract
relevant data. NormCorre and CNMFE were used for motion correction and signal extraction.

Extracted data were down sampled to 10 fps and spatial footprints of cells manually inspected with footprints >25px considered to
represent signals from cell bodies. All raw traces were normalized to z-scores for quantitative analyses. An SE was identified as an
increase in the fluorescence above 1 SD in more than 5 cells. The peak of an SE was identified with MinPeak algorithm and all signals
from cells contributing to an SE were averaged to determine the mean duration, time taken to rise and recover to the half-width full
maximum and the interpeak intervals. The peak times of individual cells were measured to determine whether neurons peak in a pre-
dictable order in an on-going series of SEs. The mean order of cells according to their peak times in all of the SEs within a recording
was used to rank the cell ID and the order of peak was plotted against the ranked cell ID. The Spearman correlation coefficient was
calculated from scatterplots to determine the likelihood of cells firing in an order. To assess any emergent activity in neurons prior to
the SE, the linear slope of two blocks of 3-min baseline activity (1.5-4.5min and 4.5 to 7.5min prior to the peak) were determined in
each cell. A change in slope >5% was considered to exhibit “baseline ramping”. A Fast Fourier Transform algorithm was applied to
each block to qualitatively examine if changes in frequency domain occur during these periods.

GCaMPé6 fiber photometry
Fiber photometry was performed using a custom-built fiber photometry system using Doric components (Doric Lenses, QC, Canada)
and National Instrument data acquisition board (National Instruments, TX, USA) based on a previous design.®°* Blue (465-490 nm)
and violet (405 nm) LED lights, sinusoidally modulated at 531 and 211 Hz respectively, were focused onto a single 400 um-diameter
fiber optic linked to the mouse. The light intensity at the tip of the fiber was set between 30 and 80 pW. Fluorescence emitted from the
brain was collected by the same fiber, passed through a 500-550 nm emission filter, and focused onto a Doric fluorescence detector.
The emissions were collected at 10Hz in a scheduled 5s on/10s off mode and two GCaMP6 emissions were recovered by demod-
ulating the 465 nm signals and 405 nm signals. Intra-ARN microinfusions were coupled with GCaMP fiber photometry by using
custom-designed optic fibers incorporating an infusion cannula and port in the head mount (Doric Lens, QC, Canada). After recording
GCaMP activity for 60 min, 1uL of either TTX (5 uM), CNQX (100 uM) +AP5 (500 uM), the tachykinin receptor antagonist cocktail
(GR94800 (10 uM), SDZ NKT 343 (10 uM), SB222200 (30 M), norBNI (100 pM) or vehicle were infused at a rate of 100 nL/min through
the injection cannula connected to a Nanofil microinjection pump via 25-gauge polyethylene tubing. Antagonists were used at 5-10-
fold higher than the effective dose in brain slice studies. Photometry recordings continued throughout the infusion period for a total
duration of 120 min. Each animal received three different compounds or vehicle in random order with a 10-day interval between each.
Analysis was performed in MATLAB with the msbackadj algorithm used to correct for baseline shift, with the time window of 900s. The
signals (465-405) were then normalized to z-scores for quantitative analyses. The Findpeaks algorithm was used to detect SEs, and the
duration and the time of SE to the half-width full maximum was determined. To examine the effect of pharmacological agents on SE
occurrence, the mean Z score of the fluorescent signal 40 min before, 10 min during, and 40 min post drug infusion period was averaged.

Immunohistochemistry

Adult Kiss1-Cre,Ai126D mice were given a lethal overdose of pentobarbital (3mg/100uL, i.p.) and perfused transcardially with 4%
paraformaldehyde. Brains were processed for dual GFP and kisspeptinimmunofluorescence as reported previously.® Primary antisera
were chicken anti-GFP (1:5,000, Aves Labs) and sheep anti-kisspeptin-52 (1:1,000, AC053; gift from Alain Caraty) and followed by bio-
tinylated donkey anti-sheep immunoglobulin (1:1,000, Jackson Immunoresearch) and AlexaFluor 488-conjugated goat anti-chicken
(1:1,000) and AlexaFluor 568-conjugated Streptavidin (1:400, Molecular Probes). Imaging was undertaken using a Leica SP8 Laser
Scanning Confocal Microscope (Leica Microsystems) at the Cambridge Advanced Imaging Center and analyzed using Imaged.

Receptor and channel antagonists

NorBNI, CNQX, D-AP5, and NKB were obtained from Sigma-Aldrich UK, and SDZ-NKT 343, GR 94800, and SB 222200, apamin,
iberiotoxin, cyclothiazide and TTX obtained from Tocris (Bio-Techne) UK. Standard laboratory salts were purchased from Fisher Sci-
entific UK.

QUANTIFICATION AND STATISTICAL ANALYSES

Statistical analyses were performed in Prism 9 (GraphPad software Inc.). All values given in the text and within figures are
mean + SEM, and significance is defined as p < 0.05%, p < 0.01**, or p < 0.001***. For in vitro studies, the Shapiro-Wilk normality
test was used to assess the distribution of unpaired datasets, and residuals for paired datasets: nonparametric tests were applied
where data did not pass the normality test. All analyses were two-tailed, and all experiments were replicated in a minimum of five
animals per group, with n representing the number of brain slices. Outliers were detected using Grubbs’ test and, across all datasets,
only one outlier was removed (Shape metric data using TKR antagonists in gonadectomised males). For in vivo experiments, two-way
mixed ANOVA was used to compare the endogenous and norBNI-evoked SE, followed by Sidak’s post-hoc test. Chi-squared test
was used to compare the probability of SE occurrence during drug infusions. One-way RM ANOVA was applied to compare the mean
fluorescence signal before, during and after the drug infusion, followed by Dunnett’s post-hoc test. N represents the number of
animals.
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