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Abstract
Introduction: Synchronous and pulsatile neural activation of 
kisspeptin neurons in the arcuate nucleus (ARN) are impor-
tant components of the gonadotropin-releasing hormone 
pulse generator, the final common pathway for central regu-
lation of mammalian reproduction. However, whether ARN 
kisspeptin neurons can intrinsically generate self-sustained 
synchronous oscillations from the early neonatal period and 
how they are regulated remain unclear. Objective: This 
study aimed to examine the endogenous rhythmicity of ARN 
kisspeptin neurons and its neural regulation using a neona-
tal organotypic slice culture model. Methods: We monitored 
calcium (Ca2+) dynamics in real-time from individual ARN kis-
speptin neurons in neonatal organotypic explant cultures of 
Kiss1-IRES-Cre mice transduced with genetically encoded 
Ca2+ indicators. Pharmacological approaches were em-

ployed to determine the regulations of kisspeptin neuron-
specific Ca2+ oscillations. A chemogenetic approach was uti-
lized to assess the contribution of ARN kisspeptin neurons to 
the population dynamics. Results: ARN kisspeptin neurons 
in neonatal organotypic cultures exhibited a robust synchro-
nized Ca2+ oscillation with a period of approximately 3 min. 
Kisspeptin neuron-specific Ca2+ oscillations were dependent 
on voltage-gated sodium channels and regulated by endo-
plasmic reticulum-dependent Ca2+ homeostasis. Chemoge-
netic inhibition of kisspeptin neurons abolished synchro-
nous Ca2+ oscillations, but the autocrine actions of the neu-
ropeptides were marginally effective. Finally, neonatal ARN 
kisspeptin neurons were regulated by N-methyl-D-aspartate 
and gamma-aminobutyric acid receptor-mediated neuro-
transmission. Conclusion: These data demonstrate that ARN 
kisspeptin neurons in organotypic cultures can generate 
synchronized and self-sustained Ca2+ oscillations. These os-
cillations controlled by multiple regulators within the ARN 
are a novel ultradian rhythm generator that is active during 
the early neonatal period. © 2020 The Author(s)
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Introduction

Kisspeptin, encoded by the Kiss1 gene, is a neuropep-
tide that plays a crucial role in development and regula-
tion of reproduction. By binding to its receptor, Kiss1R 
(or GPR54), kisspeptin can stimulate gonadotropin-re-
leasing hormone (GnRH) neurons that regulate secretion 
of gonadotropins from the anterior pituitary [1]. The hy-
pothalamic GnRH content increases from the neonatal 
period [2, 3]. Kisspeptin release observed in the adult pe-
riod is pulsatile, with 75% of kisspeptin pulses correlating 
with GnRH pulses [4]. However, whether kisspeptin neu-
rons are active from the early stage of development, and 
whether neonatal arcuate nucleus (ARN) kisspeptin neu-
rons can generate pulsatility on their own, is yet to be de-
termined.

Kisspeptin neurons in the ARN, located on both sides 
of the third ventricle, develop at embryonic day 16.5 and 
become synaptically connected to GnRH neurons [5], 
unlike another kisspeptin population in the anteroventral 
periventricular nucleus (AVPV) detected at later devel-
opmental stages [6]. Kisspeptin neurons are thought to 
“time” reproduction by coordinating inputs for matura-
tion and regulation of the GnRH pulse generator [7]. 
Loss-of-function mutations in Kiss1R cause the absence 
of sexual maturation [8]. In addition, ARN kisspeptin 
neurons coexpressing neurokinin B (NKB) and dynor-
phin (Dyn), known as KNDy neurons, can auto-regulate 
ARN kisspeptin neurons [9, 10], suggesting that ARN 
 kisspeptin neurons are a potential pulse generator. In-
deed, luteinizing hormone (LH) secretion, a surrogate 
marker of GnRH secretion, was tightly correlated with 
the Ca2+ dynamics of ARN kisspeptin neurons [11]. How-
ever, whether ARN kisspeptin neurons themselves can 
generate the rhythm has yet to be determined. Consider-
ing the finding that ARN kisspeptin neurons have been 
shown to coordinate circadian input from the suprachi-
asmatic nucleus and control feeding, locomotor activity, 
body temperature, and sleep pattern [12], it is essential to 
address whether ARN kisspeptin neurons are able to gen-
erate rhythm on their own and identify the inputs that are 
involved in their regulation.

The hypothalamic GnRH pulse generator that governs 
pituitary secretion of gonadotropins is a well-character-
ized ultradian rhythm important for central regulation of 
mammalian reproduction [13, 14]. The importance of the 
pulse was revealed when intermittent administration of 
GnRH led to pulsatile gonadotropin secretion, while con-
stant infusion had desensitized the pituitary response in 
monkeys [15]. Subsequently, pulsatile GnRH secretion 

was validated in other animals including rodents, sheep, 
and even humans [3]. GnRH neurons exhibit pulsatile 
secretion and synchronized burst activities even in im-
mortalized cells, yet the origin of the pulse generator still 
remains elusive [16].

Our recent study demonstrated that pulsatile kiss-
peptin administration to the preoptic area evokes syn-
chronous GnRH promoter activity, indicating that kiss-
peptin inputs to GnRH neurons are important in GnRH 
pulse generation [17]. Also, a series of elegant studies on 
the driver of pulsatile GnRH activity was performed. For 
instance, optogenetic activation of GnRH neurons [18] or 
the hypothalamic ARN kisspeptin neurons [19] generat-
ed pulsatile LH secretion in both cases. In adult mice, 
ARN kisspeptin neurons exhibited synchronized Ca2+ os-
cillations in vivo that correlated with pulsatile LH secre-
tion [11]. Kisspeptin neurons in the ARN are, thus, con-
sidered an important regulator of the GnRH pulse gen-
erator [13, 14].

Monitoring changes in intracellular Ca2+ concentra-
tion using genetically encoded Ca2+ indicators offers ac-
cess to cell type-specific Ca2+ dynamics to characterize 
neuronal physiology [20]. GnRH neurons in cell culture 
or acute brain slices display spontaneous Ca2+ transients 
that correlate with their burst firing pattern [21, 22]. Al-
though ex vivo incubation procedures may introduce al-
terations in neuronal characteristics, the organotypic 
slice culture model with genetically encoded Ca2+ indica-
tors is a useful model for understanding neural oscillation 
ranging from circadian to ultradian rhythm. Recently, ul-
tradian rhythms of Ca2+ oscillations were observed in hy-
pothalamic slices in the subparaventricular zone and 
paraventricular nucleus that was transmitted to the su-
prachiasmatic nucleus [23]. Organotypic cultures, as 
demonstrated in the study with subparaventricular zone 
and paraventricular nucleus, can preserve functional fea-
tures of the original tissue, allowing for in vitro molecular 
and cellular investigation [24]. In this study, using a single 
cell imaging system, we examined the ultradian Ca2+ os-
cillation in neonatal ARN kisspeptin neurons ex vivo and 
the regulatory components that contribute to the genera-
tion of Ca2+ oscillations.

Materials and Methods

Animals
Kiss1-IRES-Cre knock-in mice were generously provided  

by Dr. Ulrich Boehm (Saarland University, Germany) [25]. 
Gt(ROSA)26Sor<tm14(CAG-tdTomato)Hze>/J (Ai14) mice [26] 
were used to label kisspeptin neurons with Cre-dependent tdTo-
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mato reporter (online suppl. Fig. S1A; for all online suppl. material, 
see www.karger.com/doi/10.1159/000505922). Slc6a3<tm1.1(cre)
Bkmn>/J (dopamine transporter-IRES-Cre, DAT-IRES-Cre) mice 
[27] were used to examine another neural population in the ARN. 
Pups were housed under a 12: 12 h light-dark cycle (lights on at 7: 

00 a.m.) and constant temperature (22–23  ° C) with their mothers 
before being sacrificed. Food and water were provided ad libitum. 
In order to identify kisspeptin neurons, Kiss1-IRES-Cre mice were 
crossed with Ai14 to label kisspeptin neurons with tdTomato [26]. 
Neonatal mice were genotyped by PCR using genomic DNA from 
toe clips prepared using the KAPA mouse genotyping kit (Roche, 
Basel, Switzerland), and heterozygous mice were used. Animal ex-
periments were conducted in compliance with the rules and regula-
tions established by the Institutional Animal Care and Use Com-
mittee of Daegu Gyeongbuk Institute of Science and Technology.

Organotypic Slice Culture
Organotypic slice culture was prepared as described previously 

[17] with some modifications. Briefly, the brains of the neonatal 
mice (postnatal day 6–8) were obtained and rapidly placed in ice-
cold Gey’s balanced salt solution supplemented with 10 mM 
HEPES and 30 mM glucose, bubbled with 5% CO2 and 95% O2. 
Coronal or horizontal slices (400 μm thickness) were prepared us-
ing a vibratome (Leica, Nussloch, Germany). The ARN region lo-
cated at 4.95–5.31 mm [28] was collected and dissected approxi-
mately 1 mm long and 1 mm wide along the third ventricle. Slices 
were explanted onto a culture membrane (Millicell-CM; Merck 
Millipore, Darmstadt, Germany) in culture media (50% minimum 
essential medium, 25% Gey’s balanced salt solution, 25% horse se-
rum, 36 mM glucose, and 100 U/mL antibiotic-antimycotic). The 
medium was replaced every 3 days until experiments.

Adeno-Associated Virus Transduction of ARN Slices
Organotypic slices were stabilized for approximately 10 days 

before transduction with adeno-associated virus (AAV) addition 
[29]. AAV2/1-hSyn-Flex-GCaMP6m (#100838, Addgene, Cam-
bridge, MA, USA) or AAV2/1-hSyn-Flex-jRGECO1a (red-fluo-
rescent genetically encoded Ca2+ indicator for optical imaging, 
Addgene 100853) was dropped directly onto the surface of the 
ARN slice (1 μL per slice). After transduction, the slices were in-
cubated for another 10 days for the virus to express. For pan-neu-
ronal Ca2+ imaging, AAV2/1-hSyn-GCaMP6m (Addgene 100841) 
was used to transduce nonspecific neuronal population of the 
ARN. For chemogenetic studies, AAV encoding either hM4D(Gi)-
mCherry (Addgene 44362) or hM3d(Gq)-mCherry (Addgene 
44361) under the control of human synapsin promoter in a Cre 
DNA recombinase-dependent manner for inhibition or activa-
tion was added after the application with Syn-Flex-GCaMP6m. 
The Designer Receptors Exclusively Activated by Designer Drugs 
(DREADD) systems were activated by clozapine-N-oxide (CNO) 
application [30]. The viral titer was 2.69–3.842 e13 GC/mL and was 
diluted in phosphate-buffered saline (PBS) to 5.38 e12–1.92 e13 
GC/mL before use.

Real-Time Fluorescence and Bioluminescence Imaging
Intracellular Ca2+ levels in ARN slices were monitored using a 

custom device, Circadian 700B (Live Cell Instrument, Seoul, South 
Korea). The imaging system was composed of an electron multi-
plying charge-coupled device (EM-CCD) camera (512 × 512 pix-
els, iXon3; Andor Technology, Belfast, UK), Nikon S Fluor 4× or 

20× objective lenses, and LED-Excitation System (Live Cell Instru-
ment) with 480 and 525 nm light sources used for excitation of 
GCaMP and RGECO, respectively. The slices were maintained in 
an incubating unit with the temperature controller set to 37  ° C and 
gas mixer set to 5% CO2 (Live Cell Instrument). Fluorescence im-
aging was performed with an exposure time between 80 and 200 
ms. Imaging without an interval and 2–3 s intervals provided com-
parable results, so the experiments were performed with 2–3 s in-
tervals using the NIS Software (Nikon, Tokyo, Japan). The fluores-
cence intensity of individual neurons was measured from regions 
of interest established for single neurons with the NIS software. 
Background fluorescence from each image was also measured  
and subtracted. Relative fluorescence changes were calculated as 
ΔF/F = (F – F0)/F0 × 100, where F0 was the baseline fluorescence 
intensity obtained by the mean fluorescence intensity from 30 s 
between the peaks (average of 3 values).

Drug Treatments
Drugs were diluted in the recording media (DMEM: Ham’s F12 

medium supplemented with N2 supplement, 36 mM glucose, and 
100 U/mL antibiotic-antimycotic) to the indicated concentrations 
and perifused at a flow rate of 2.4 mL/h. For luminescence imag-
ing, 1.5 mM luciferin was added to the recording media. After the 
baseline oscillation was obtained, drug-containing media were ap-
plied for 15–30 min and were washed out with recording media for 
the same time period. Tetrodotoxin (TTX, voltage-gated sodium 
channel blocker), 4-aminopyridine (4-AP, voltage-gated potassi-
um channel blocker), mibefradil (T-type Ca2+ channel blocker), 
mefloquine (blocker of gap junctions composed of connexin [Cx] 
36, 50), senktide (Senk, neurokinin 3 receptor [NK3R] agonist), 
SB222200 (NK3R antagonist), nor-binaltorphimine dihydrochlo-
ride (nor-BNI, kappa-opioid receptor [KOR] antagonist), D-(–)-
2-amino-5-phosphonopentanoic acid (D-AP5, N-methyl-D-as-
partate [NMDA] receptor antagonist), and bicuculline (gamma-
aminobutyric acid [GABA] type A receptor antagonist) were 
purchased from Tocris (Bristol, UK). Verapamil (voltage-gated 
Ca2+ channel blocker), tetanus toxin (TeNT, neurotransmitters re-
lease inhibitor), heparin (inositol 1,4,5-triphosphate [IP3] receptor 
blocker), thapsigargin (sarco/endoplasmic reticulum (ER) Ca2+-
ATPase [SERCA] inhibitor), and oleic acid (blocker of gap junc-
tions composed of Cx 43) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). CNO was purchased from Enzo Life Sciences 
(Farmingdale, NY, USA), Dyn was purchased from Phoenix Phar-
maceuticals (Burlingame, CA, USA). Kisspeptin-10 [31] was syn-
thesized from Anygen (Gwangju, Korea).

Immunohistochemistry
Kisspeptin antiserum AC566 was generously provided by Dr. 

M. Beltramo and Dr. A. Caraty (INRA, France) [32]. For immu-
nostaining, mice were perfused with 4% paraformaldehyde 
(PFA) in PBS, and brains were postfixed for 12 h in 4% PFA be-
fore sectioning (40 μm thickness). Brain sections were collected 
in 12 wells, and sections in every 3 wells were used. Brain sections 
containing ARN [28] were blocked with 10% goat serum, 0.3% 
Triton X-100 in PBS, and then kisspeptin antiserum (1: 2,500 in 
blocking solution) was applied overnight at 4   ° C. For organo-
typic slice immunostaining, slices on culture membrane were 
fixed with 4% PFA, blocked with 10% goat serum, 0.5% Triton 
X-100 in PBS, and incubated overnight with kisspeptin antise-
rum at 4  ° C.
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Fluorescent in situ Hybridization
Cultured brain slices were fixed with 4% PFA and sectioned 

into 12 μm slices. The sections were mounted on SuperFrost Plus 
slides (Fisher Scientific 12-550-15), air-dried at –20    °  C, and 
stored at –80  ° C until use. Using RNAscope (Advanced Cell Di-
agnostics [ACD], Hayward, CA, USA) protocol, the sections 
were boiled with Target Retrieval solution for 5 min. Then, the 
sections were dehydrated in ethanol, and incubated with Protease 
for 30 min at 40  ° C using HybEZ oven. After probes were incu-
bated, amplification was performed using the Fluorescent Multi-
plex Assay (ACD, 320850) following the manufacturer’s instruc-
tions and protocols. Probes from ACD were used to detect mRNA 
levels: Mm-Kiss1 (500141), Mm-Kiss1R (408001), Mm-Tac2-C2 
(446391-C2, encoding NKB), Mm-Tacr3-C3 (481671-C3, encod-
ing NK3R), Mm-Pdyn-C3 (318771-C3, encoding Dyn), and 
Mm-Oprk1-C2 (316111-C2, encoding Dyn receptor, KOR). In 
certain occasions, fluorescent in situ hybridization (FISH) was 
followed by immunohistochemistry [33] to amplify GCaMP sig-
nals using α-green fluorescent protein (GFP) antibody (Invitro-
gen A6455). After performing FISH and before 4′,6-diami- 
dine-2′-phenylindole dihydrochloride (DAPI) staining, the sec-
tions were briefly washed with 0.1% TBST. Then the same block-
ing and antibody incubation steps were followed as in Immuno-
histochemistry. The number of Kiss1 particles in the neurons was 
analyzed using ImageJ software (NIH, Bethesda, MD, USA) by 
defining regions of interest selected from GFP or DAPI signals 
(online suppl. Fig. S1C).

Confocal Microscopy
For observing the neuronal cell bodies at different depths with-

in the slice, a confocal laser scanning microscope LSM 700 (Carl 
Zeiss, Oberkochen, Germany) was used. The images were obtained 
using Z-stack imaging, by scanning from the lowest to the highest 
position of the fluorescence signal. For identifying kisspeptin-pos-
itive neurons among tdTomato positive neurons and FISH analy-
sis, LSM 800 (Carl Zeiss) was used. NeuroTrace (Invitrogen), a 
stain for Nissl bodies, or DAPI was used to identify positive signals 
within single neurons and avoid multiple counting. Cells were 
counted from 6 to 9 slices from each mouse.

Statistical Analysis
Peak interval and intensity of Ca2+ oscillations were calcu-

lated using the fast Fourier transform-nonlinear least squares 
function in BioDare (https://biodare2.ed.ac.uk) with adjusted 
time frame, and cells that were out of the linear min-max range 
were excluded. Peaks were identified using Cluster analysis [34]. 
In drug-treated experiments, the mean values of the peak interval 
in the 3 phases (pre-, treat-, and post-) were normalized relative 
to those of the same phases in the vehicle-treated control experi-
ments and presented as “Δ peak interval,” with the pre-phase set 
as 1. Comparison between pre-, treat-, and post-phases was eval-
uated using repeated measures analysis of variance followed by 
post hoc Tukey test. In FISH experiments, comparison of Kiss1 
particles at the beginning and after culture was evaluated using 
unpaired two-tailed Student t test. Statistical analyses were per-
formed using Prism 5 (GraphPad Software, San Diego, CA, 
USA). The number of neurons analyzed for each experiment is 
indicated, and the number of mice includes gender information. 
Data are presented as the mean ± SE. Significance was set at p < 
0.05. 

Results

Kisspeptin Neuron-Specific Synchronized Ca2+ 
Oscillation in Mouse Hypothalamic ARN ex vivo
To observe whether ARN kisspeptin neurons exhibit 

oscillations in the isolated state, we used organotypic 
ARN slice cultures from neonatal Kiss1-IRES-Cre mice. 
After stabilization for approximately 10 days ex vivo, 
 kisspeptin neurons in the ARN were transduced with 
AAV expressing GCaMP6m in a Cre DNA recombinase-
dependent manner (Fig.  1a). In Kiss1-IRES-Cre; Ai14 
mice (online suppl. Fig. S1A), 84.8 ± 1.92% of tdTomato-
expressing neurons were quantified as kisspeptin-posi-
tive, suggesting that Cre-mediated expression of tdToma-
to in ARN of Kiss1-IRES-Cre mice was indeed from kiss-
peptin-expressing neurons. To verify that Cre-expressing 
cells maintain the identity after 20 days of organotypic 
culture, FISH was performed at the beginning (4 days) 
and > 20 days after culture. The number of Kiss1 particles 
per cell after culture slightly decreased, but not signifi-
cantly (16.56 ± 2.147 for 4 days in culture and 13 ± 1.744 
for > 20 days in culture), compared to the beginning of 
culture (online suppl. Fig. S1B). To monitor single-cell 
intracellular Ca2+ dynamics, we acquired fluorescence 
signals with a custom real-time imaging system that in-
fuses culture media and incubates the ex vivo slice 
(Fig. 1b). To confirm that the GCaMP signals come from 
kisspeptin neurons, Kiss1 positive neurons were identi-
fied using FISH followed by immunohistochemistry us-
ing α-GFP to target GCaMP-positive neurons and detect 
both GCaMP immunoreactivity and Kiss1 mRNA in the 
same cell (Fig. 1c). Approximately 80.1% of Kiss1 positive 
neurons expressed GCaMP and 90.8% of GCaMP ex-
pressing neurons were Kiss1 positive (online suppl. Fig. 
S1C). Furthermore, immunostaining for kisspeptin pep-
tide identified the expression of kisspeptin in Cre-depen-
dent tdTomato-expressing neurons and Cre-dependent 
RGECO-expressing neurons (online suppl. Fig. S1A and 
D). To confirm the properties of the neurons after ex vivo 
culture, mRNA expression of Kiss1, Tac2, and Pdyn was 
examined using FISH (Fig.  1d). To a lesser extent, the 
neurons also expressed Kiss1R, Tacr3, and Oprk1 (Fig. 1d).

ARN kisspeptin neurons in the organotypic slice cul-
tures transduced with AAV expressing Cre-dependent 
GCaMP displayed bright fluorescence. Real-time imag-
ing of GCaMP activity revealed a robust fluctuation of the 
cytosolic Ca2+ concentration as shown in the consecutive 
line scan image of the indicated vertical line (Fig. 1e; also 
see online suppl. Fig. S2, and online suppl. movie 1). The 
fluorescence intensity of individual neurons exhibited a 
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robust synchronization throughout the 30-min recording 
(Fig. 1f; also see online suppl. Fig. S3 for individual Ca2+ 
profiles). A closer look at a single synchronized bout (dot-
ted box in Fig. 1f) shows that the shape of GCaMP fluc-
tuation is similar among synchronized ARN kisspeptin 
neurons with fluorescence intensity rising and falling col-
lectively for a period of approximately 3 min with ampli-
tude variations (Fig. 1g). There was no discernible effect 
of genetically encoded Ca2+ indicators in detecting the 
synchronized oscillations as the Ca2+ transients detected 
from 2 different indicators, GCaMP6m and jRGECO1a, 
expressed in the same neuron, exhibited similar oscillat-
ing patterns (online suppl. Fig. S4A). There was an am-
plitude difference between the 2 Ca2+ indicators, but the 
period was not different. Therefore, either GCaMP or 
RGECO was used to monitor Ca2+ oscillations through-
out the experiments. Also, single peaks obtained from dif-
ferent mice were analyzed (online suppl. Fig. S4B). Some 
peaks appeared spiky, while other peaks exhibited smooth 
paths. This variation did not originate from gender or 
 reporter differences. Most of the peaks had a sharp rise 
and two-phase decay. The active and silent phase dura-
tions were, in most cases, 1 min active-2 min silent or 2 
min active-1 min silent. The percentage of cells showing 
intracellular Ca2+ concentration fluctuation from all 
GCaMP6m- or jRGECO1a-expressing cells was 97.06% 
(online suppl. Fig. S4C).

Histological Validation of Synchronized Ca2+ 
Oscillation in ARN Kisspeptin Neurons
Confocal imaging of the ex vivo slices expressing the 

Ca2+ indicator revealed differences in fluorescence inten-

sity according to the depth of imaging positions (online 
suppl. Fig. S4D). The small cassettes reveal that the inten-
sity decreases in cell #1, while it is the opposite in cell #2. 
This pattern is also depicted in the 3-dimensional image 
on the right, indicating that the soma of cell #2 is located 
at the lower end of the slice, compared to cell #1 (online 
suppl. Fig. S4D). The difference in the Z-axis location of 
cell bodies, therefore, could have contributed to the am-
plitude variation of the Ca2+ intensity of kisspeptin neu-
rons, in addition to varying kinetics [35]. Then, we ad-
dressed whether the preparation of ex vivo slice cultures 
may affect spontaneous synchronicity of ARN kisspeptin 
population. Similar to coronal slices (Fig. 1e, f), synchro-
nized Ca2+ oscillation was also detected from horizontal 
slices, though the intensity was less stable over time com-
pared to the coronal sections (online suppl. Fig. S4E), in-
dicating that the oscillation is independent of plane ori-
entation. To observe whether dopaminergic neurons, an-
other ARN population that exhibits synchronized firing, 
could also show Ca2+ oscillation, the ARN of DAT-IRES-
Cre mice were cultured ex vivo and transduced with Ca2+ 
indicator in the same experimental scheme with that of 
Kiss1-IRES-Cre. Unlike kisspeptin neurons, a few num-
ber of cells were observed with weak GCaMP signals (on-
line suppl. Fig. S4F).

Also, pan-neuronal Ca2+ oscillation was observed 
from wild-type organotypic slice cultures transduced 
with AAV expressing GCaMP under the control of the 
hSyn promoter. The pattern of Ca2+ concentration fluc-
tuation in pan-neuronal imaging included both irregu-
lar, occasionally simultaneous peaks and regular, syn-
chronized peaks (online suppl. Fig. S5A). Approximately 
two-thirds of neurons exhibited irregular fluctuation of 
intracellular Ca2+ concentration, and the rest exhibited 
regular and synchronized Ca2+ oscillation (online suppl. 
Fig. S5B). Comparing ARN kisspeptin neuron-specific 
Ca2+ oscillation with pan-neuronal Ca2+ oscillation, in-
dividual neurons had varying amplitudes. The oscilla-
tion period, on the other hand, was highly synchronized 
and coherent in kisspeptin neurons with a period of 3.05 
± 0.04 min, in contrast to heterogeneous periods in the 
pan-neuronal population (41.32 ± 3.86 min). The num-
ber of peaks in the same time period was significantly 
higher in kisspeptin neurons, altogether demonstrating 
that ARN kisspeptin neurons specifically exhibit syn-
chronized ultradian Ca2+ rhythmicity (online suppl. Fig. 
S5C). Taken together, these data demonstrate that ex 
vivo Ca2+ imaging results are a consistent and reliable 
method for analyzing the rhythmicity of kisspeptin neu-
rons in real time.

Fig. 1. Kisspeptin neuron-specific synchronized Ca2+ oscillation in 
mouse hypothalamic ARN ex vivo. a Experimental scheme for 
ARN kisspeptin neuron-specific Ca2+ imaging in organotypic slic-
es. Timeline for ARN slice preparation, stabilization, and AAV 
transduction to kisspeptin neurons. b Real-time biorhythm imag-
ing scheme in a custom imaging system, Circadian 700B. c FISH 
using probe targeting Kiss1 followed by immunohistochemistry 
using α-GFP to target GCaMP positive neurons. Scale bar 20 μm. 
d FISH using probes targeting Kiss1, Tac2, Pdyn and Kiss1R, Tacr3, 
Oprk1. Scale bar 20 μm. e ARN kisspeptin neurons expressing Ca2+ 
indicator GCaMP and the change in fluorescence intensity from 
the time-lapse representation of the indicated vertical line. Scale 
bar 100 μm. f Raster plot and quantified graph of Ca2+ oscillation 
in time-lapse recording for 30 min. The number of analyzed cells 
are indicated on the left. g Single peak magnified from the dotted 
box in (f) for close inspection. AAV, Adeno-associated virus; GFP, 
green fluorescent protein.



Kim/Jang/Kim/Park/Ku/Choi/Lee/Heo/
Son/Choe/Kim

Neuroendocrinology 2020;110:1010–10271016
DOI: 10.1159/000505922

1

36

H

L

H

L

H

L

H

L

600

800

400

200ΔF
/F

, %
Ce

lls

0
30 60 90

–200

1

16

200
150

250

100
50ΔF

/F
, %

Ce
lls

0
–50

1

35

400

300

500

200

100ΔF
/F

, %
Ce

lls

0

–50

1

35

150

200

100

50ΔF
/F

, %
Ce

lls

0

–50

Time, mina

b

c

d

30 60 90

60 90

Time, min

VEH

30 120
Time, min

VEH

30 60 90
Time, min

TTX 0.5 µM

4-AP 0.5 mM

Fig. 2. Voltage-gated ion channels involved 
in synchronized Ca2+ oscillation in ARN 
kisspeptin neurons. a Raster plot and quan-
tified graph of Ca2+ oscillation with vehicle 
(0.02% sodium acetate in recording media) 
administration. Experiments were per-
formed on 184 neurons in 4 mice (1 male 
and 3 females). b Change in fluorescence 
intensity with administration of voltage-
gated sodium channel blocker (TTX, 0.5 
μM). Experiments were performed on 316 
neurons in 8 mice (3 males and 5 females). 
c Raster plot and quantified graph of Ca2+ 
oscillation with vehicle (0.1% distilled wa-
ter in recording media) administration. Ex-
periments were performed on 187 neurons 
in 4 mice (1 male and 3 females). d Change 
in fluorescence intensity with administra-
tion of voltage-gated potassium channel 
blocker (4-AP, 0.5 mM). Experiments were 
performed on 174 neurons in 5 mice (2 
males and 3 females). VEH, vehicle; TTX, 
tetrodotoxin; 4-AP, 4-aminopyridine.
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Voltage-Gated Ion Channels Involved in Synchronized 
Ca2+ Oscillation in ARN Kisspeptin Neurons
To determine whether voltage-gated ion channels are 

involved in operating the synchronized Ca2+ oscillation 
of ARN kisspeptin neurons, voltage-gated ion channel 
blockers were applied to ARN slices ex vivo. TTX is a 
widely used neurotoxin that binds to voltage-gated so-
dium channels and inhibits action potential, thereby 
blocking neuronal transmission without changing the 
resting potential [36]. The bath application of TTX (0.5 
μM) almost completely abolished the Ca2+ oscillations in 
kisspeptin neurons compared to vehicle treatment, in-
dicating that action potential generation and propaga-
tion are involved in the synchronized rhythm genera-
tion (Fig. 2a, b). The Ca2+ oscillation began to diminish 
a couple of peaks following TTX application (Fig. 2b). 
The Ca2+ oscillation started to reappear during washout 
but did not fully recover to the pretreatment level. The 
recovery from TTX required more incubation time than 
the posttreatment phase, and the frequencies of Ca2+ os-
cillation were short with slow increments of amplitude 
(Fig. 2b). We next applied 4-AP, a voltage-gated potas-
sium channel blocker known to affect action potential 
duration [37]. When 4-AP (0.5 mM) was applied to 
ARN, the kisspeptin neuron-specific Ca2+ oscillation 
was sustained at the peak level without oscillation and 
gradually returned to baseline and recovered the spon-
taneous oscillation compared to vehicle (Fig. 2c, d). No-
ticeably, the oscillatory period after 4-AP treatment was 
lengthened (Fig.  2d) compared to vehicle (Fig.  2c). L-
type voltage-gated Ca2+ channels are important in hor-
mone secretion and are involved in GnRH neuron Ca2+ 
transients [38, 39]. However, when L-type voltage-gated 
Ca2+ channels were blocked by verapamil, there was no 
change in synchronized Ca2+ oscillation (online suppl. 
Fig. S6A). Oscillation peak interval did not increase by 
low-voltage-activated or transient (T)-type Ca2+ chan-
nels at 2 doses (online suppl. Fig. S6B). To observe 
whether TeNT administration could alter synchronized 
Ca2+ oscillations, slices were incubated with 0.25 μg of 
TeNT for 30 min or 100 ng/mL for 5 h [40], but did not 
exhibit a significant change (online suppl. Fig. S6C). 
Taken together, these results suggest that action poten-
tials, but not Ca2+ channels or synaptic release mediated 
in the same scheme as TeNT, are critical for synchro-
nized Ca2+ oscillation in ARN kisspeptin neurons. Since 
TeNT may act preferentially at inhibitory synapses [40, 
41], the involvement of glutamatergic transmission can-
not be ruled out.

Regulatory Mechanisms Involved in Synchronized 
Ca2+ Oscillation in ARN Kisspeptin Neurons
Various drugs are dissolved in different vehicles such 

as dimethyl sulfoxide in Figure 3a, sodium acetate, dis-
tilled water, or methanol in other occasions. There are 
slight variations in the peak interval between the pre-, 
treat-, and post-phases even in the vehicle-treated control 
experiments. The mean values are expressed by the box 
and whisker plot in Figure 3a. We utilized Δ peak interval 
as described in the Statistical Analyses section in the Ma-
terials and Methods.

Then, the mechanisms underlying synchronized Ca2+ 
oscillation in ARN kisspeptin neurons were explored. 
Synchronized oscillation can be produced via a pacemak-
er, or arise from collective action among the neurons. In 
particular, intracellular communication in the hypothal-
amus includes electrical coupling by gap junctions that 
mediates intracellular transfer of ions in connected neu-
ronal networks [42]. Thus, the contribution of gap junc-
tional coupling in synchronized Ca2+ oscillations in ARN 
kisspeptin neurons was addressed. Mefloquine blocks 
neuronal gap junction composed of Cx 36 and 50 [43]. 
However, oscillation Δ peak interval did not increase by 
mefloquine administration compared to vehicle (Fig. 3b). 
Another gap junction blocker, oleic acid, that targets 
Cx43 [44] also failed to change Ca2+ oscillation (Fig. 3c). 
These results suggest that gap junctions mediated by 
Cx36, 50, or 43 may not regulate synchronized Ca2+ oscil-
lation at the neonatal stage.

Then, we asked whether internal stores of Ca2+ that 
regulate Ca2+ homeostasis and signaling, can modulate 
synaptic plasticity or postsynaptic responses [45, 46], and 
play a role in Ca2+ oscillation of ARN kisspeptin cultures. 
IP3 receptor is one of major mechanisms by which ER re-
leases Ca2+ [47]. Administration of the ER blocker (hepa-
rin, 50 μg/mL) significantly (p < 0.001) increased Δ peak 
interval (Fig. 3d). SERCA transfers Ca2+ from the cytosol 
to the SR/ER lumen [48]. Administration of the SERCA 
inhibitor (thapsigargin, 4 μM) increased Δ peak interval 
(Fig.  3e). These results suggest that intracellular Ca2+ 
storage from the ER is a potent regulatory mechanism to 
establish Ca2+ oscillation.

Chemogenetic Modulation of ARN Kisspeptin 
Neurons Alters Synchronized Ca2+ Oscillation
To examine whether Ca2+ oscillation in ARN kiss-

peptin neurons is synchronized by action potential prop-
agation between the kisspeptin neuron population, DRE-
ADDs [49, 50] were used for kisspeptin neuron-specific 
manipulation. For kisspeptin neuron inhibition, ARN 
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Fig. 3. Regulatory mechanisms involved in 
synchronized Ca2+ oscillation in ARN kis-
speptin neurons. a Raster plot and quanti-
fied graph of Ca2+ oscillation with VEH 
(0.02% dimethyl sulfoxide in recording 
media) administration. On the right, the 
mean values of the 3 phases (pre-, treat-, 
and post-) in the control experiments  
are expressed in box and whisker plot.  
b Change in fluorescence intensity with ad-
ministration of gap junction blocker me-
floquine (selective for Cxs 36 and 50) at 10 
μM. Δ Peak interval in the pre-, treat-, and 
post-phases are analyzed from 59 neurons 
in 2 female mice for VEH and 234 neurons 
in 6 mice (1 male and 5 females) for meflo-
quine. c Change in fluorescence intensity 
with administration of gap junction block-
er oleic acid (selective for Cxs 32 and 43) at 
100 μM. Δ Peak interval in the pre-, treat-, 
and post-phases are analyzed from 139 
neurons in 3 mice (1 male and 2 females). 
d Change in fluorescence intensity with ad-
ministration of IP3 receptor blocker (hepa-
rin, 50 μg/mL). Δ Peak interval in the pre-, 
treat-, and post-phases are analyzed from 
141 neurons in 4 mice (1 male and 3 fe-
males). e Change in fluorescence intensity 
with administration of SERCA blocker 
(thapsigargin, 4 μM). Δ Peak interval in the 
pre-, treat-, and post-phases are analyzed 
from 328 neurons in 7 mice (3 males and 4 
females). ***  p < 0.001 compared to pre-
phase and ††† p < 0.001 compared to treat-
phase. VEH, vehicle; TG, thapsigargin.
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slice cultures derived from Kiss1-IRES-Cre were sequen-
tially transduced with AAV expressing GCaMP6m and 
hM4Di-mCherry in a kisspeptin neuron-specific man-
ner (online suppl. Fig. S7A). ARN kisspeptin neurons 
showed positive signals for both GCaMP and hM4Di-
mCherry after transduction (Fig.  4a). The percentages  
of GCaMP6m+, mCherry+, and GCaMP6m+/mCherry+ 
double-positive kisspeptin neurons are shown in Figure 
4b, and the proportions of double-positive neurons in the 
GCaMP6m+ or mCherry+ population are also shown in 
Figure 4b. Approximately 24% of GCaMP6m-positive 
kisspeptin neurons were positive for mCherry, while 63% 
of mCherry-positive neurons were positive for GCaMP6m 
(Fig. 4b). When the DREADD ligand CNO (1 μM) was 
applied to ARN kisspeptin neurons, Ca2+ oscillation 
dampened (Fig. 4c) while vehicle treatment produced no 
effect (online suppl. Fig. S7B). Notice that there are dif-
ferent patterns of oscillation from the populations on the 
left and right side of the third ventricle, 3V (Fig. 4c). This 
difference is thought to originate from loss of connection 
with the contralateral side as the neurons were cultured 
ex vivo. The synchronized oscillation is maintained with-
in the ipsilateral region. Approximately one-fourth of 
GCaMP-positive ARN kisspeptin neurons were mCher-
ry-positive, yet the synchronized Ca2+ oscillation in all 
GCaMP-positive kisspeptin neurons was inhibited by 
CNO (Fig.  4c), suggesting that transmission from 
 hM4Di-positive kisspeptin neurons can inhibit the rest of 
the population. Nevertheless, Ca2+ oscillation resumed 
early even before washout (Fig. 4c), indicating that trans-
mission from hM4Di-negative kisspeptin neurons was 
sufficient to restore the synchronized Ca2+ oscillation. 
The peak intensity and interval of oscillation significant-
ly (p < 0.001) reduced and increased, respectively, after 
CNO-induced inhibition (Fig. 4c).

For the activation of kisspeptin neurons, hM3Dq-
mCherry was expressed similarly. When CNO was ap-
plied to ARN slices, the baseline of kisspeptin neu- 
ron-specific Ca2+ oscillation increased compared to pre-
treatment (Fig. 4d). Since kisspeptin neurons have an en-
dogenous rhythm, we think that overactivation caused 
the increased baseline of Ca2+ oscillation. Interestingly, 
the amplitude significantly (p < 0.001) decreased despite 
the increased baseline, while the Δ peak interval did not 
change (Fig.  4d and online suppl. Fig. S7C). The fold 
change of baseline increase after CNO-induced activation 
was evaluated for individual ARN kisspeptin neurons 
(online suppl. Fig. S7D). Among 23 neurons from 1 
mouse, the baseline of 10 neurons increased above av-
erage, whereas that of 13 neurons barely increased (on-

line suppl. Fig. S7D). Interestingly, both mCherry-posi-
tive and -negative neurons responded to CNO in the 
DREADD experiment (online suppl. Fig. S7E). Although 
the absence of mCherry expression does not confirm the 
absence of functional DREADD, all GCaMP-positive 
neurons responded with a similar pattern. These results 
suggest that network activity including ARN kisspeptin 
neurons contributes to generating synchronized Ca2+ 
 oscillation.

Effect of KNDy Components on ARN Kisspeptin 
Neuron-Specific Ca2+ Oscillations
ARN kisspeptin neurons are also known as KNDy 

neurons as they coexpress the neuropeptides kisspeptin, 
NKB, and Dyn, possibly forming an auto-regulatory net-
work [10]. To examine whether these neuropeptides re-
leased from KNDy neurons could mediate the synchro-
nized Ca2+ oscillation, we treated the ARN slices with 
 kisspeptin, NK3R agonist (Senk), and Dyn, as well as  
their antagonists. When ARN slices were administered 
with kisspeptin, Ca2+ oscillation was briefly suppressed 
(Fig. 5a). Although ARN kisspeptin neurons do not ex-
press Kiss1R, other ARN neuronal populations express-
ing Kiss1R, such as proopiomelanocortin (POMC) neu-
rons [51] may mediate the kisspeptin-elicited response. 
We hypothesized that controlling signal transduction via 
NK3R could contribute to generating the Ca2+ oscillation. 
However, administration of NK3R antagonist (SB222200, 
6 μM) did not increase Δ peak interval (Fig. 5b). Further, 
high concentration and short-term administration of 
Senk (200 nM) did not reduce Ca2+ oscillation Δ peak in-
terval in kisspeptin neurons (Fig. 5c), and longer admin-
istration of Senk at lower dose (20 nM) did not reduce Δ 
peak interval (online suppl. Fig. S8A). Dyn administra-
tion did not inhibit Ca2+ oscillation while KOR antagonist 
(nor-BNI, 1 μM) did not reduce Δ peak interval (Fig. 5d, 
e). Similarly, longer administration of Dyn at lower dose 
(100 nM) also did not increase Δ peak interval (online 
suppl. Fig. S8B). These results suggest that neuropeptides 
secreted from ARN kisspeptin neurons have a marginal 
effect on Ca2+ oscillations at the neonatal stage.

Glutamatergic and GABAergic Effects in ARN 
Kisspeptin Neuron-Specific Ca2+ Oscillation
Electrophysiological properties of ARN kisspeptin 

neurons can be modulated by excitatory or inhibitory 
synaptic transmission. For example, ARN kisspeptin 
neurons could generate burst firing in an NMDA recep-
tor-dependent manner [52], whereas GABAA receptor-
mediated inhibitory inputs affected postsynaptic currents 
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[53]. Based on these previous studies, we examined 
whether NMDA receptor- or GABAA receptor-depen-
dent inputs into ARN kisspeptin neurons can affect the 
synchronized Ca2+ oscillation. Administration of NMDA 
receptor antagonist, D-AP5 (50 μM) to ARN organotypic 
slices immediately silenced Ca2+ oscillation in kisspeptin 
neurons (Fig. 6a). After washout, the suppressed Ca2+ os-
cillation was released within a few minutes and the syn-
chronized oscillation was resumed. Notice the different 
patterns of oscillation from the populations on the left 
and right of 3V (Fig. 4a). Compared to the pretreatment 
phase, the peak intensity and the number of peaks were 
significantly (p < 0.001) reduced during the treatment 
phase (Fig.  6a). The peak intensity and the number of 
peaks significantly (p < 0.001) increased compared to the 
treatment phase after washout. By administration of the 
GABAA receptor antagonist bicuculline (10 μM), Δ peak 
interval temporally increased (Fig. 6b). Interestingly, the 
peak intensity decreased, and Δ peak interval significant-
ly (p < 0.001) increased (Fig. 6b). This pattern was similar 
when neurons were treated for 15 or 30 min. These data 
indicate that both NMDA and GABAA receptor-mediat-
ed synaptic transmissions have modulatory actions in 
kisspeptin neuron-specific Ca2+ oscillations.

Discussion

This study demonstrated that ARN kisspeptin neu-
rons in neonatal organotypic brain slice cultures exhibit 
self-sustained, synchronized Ca2+ oscillation. Voltage-
gated sodium and potassium channels contributed to reg-

ulating the synchronized oscillation in ARN kisspeptin 
neurons, indicating that the action potential is involved 
in generating synchronous Ca2+ oscillations. Also, intra-
cellular Ca2+ regulation from the ER appears to be a po-
tent regulatory mechanism to maintain the oscillations. 
Chemogenetic modulation of ARN kisspeptin neurons 
revealed that a network within the ARN kisspeptin neu-
ronal population is involved in mediating the synchro-
nized oscillations, although signaling through NK3R or 
KOR marginally influenced Ca2+ oscillations. We also ob-
served that both NMDA and GABAA receptor-depen-
dent signaling contributed to maintaining the synchro-
nized Ca2+ oscillation in ARN kisspeptin neurons. This 
study demonstrated, for the first time, that synchronized 
Ca2+ oscillation is present in ARN kisspeptin neurons in 
the neonatal stage ex vivo.

Synchronized oscillations can be produced via a pace-
maker or arise from collective action among neurons. In 
the present study, oscillation Δ peak interval of ARN kis-
speptin neurons did not increase by gap junction blockers 
mefloquine and oleic acid. A recent study reported that 
mefloquine inhibited Ca2+ oscillations in Kiss1-GFP cells 
from the embryonic day 17–18 primary culture, but Cx36 
mRNA was not detected in adult Kiss1-GFP transgenic 
mice [54]. Based on our results and the previous studies, 
it is difficult to clarify whether gap junctions mediate the 
synchronized Ca2+ oscillation across all stages of develop-
ment, especially in ARN kisspeptin neurons in explant 
culture derived from neonatal mice. Further, inhibition 
of Ca2+ oscillation by TTX and D-AP5 imply that neural 
transmission, especially signaling through NMDA recep-
tors, is essential to maintain synchronized Ca2+ oscilla-
tion in ARN kisspeptin neurons. Meanwhile, IP3 receptor 
blocker and SERCA inhibitor increased Δ peak intervals, 
suggesting that intracellular Ca2+ regulation from the ER 
is a potent regulatory mechanism to establish Ca2+ oscil-
lation during the neonatal period.

The DREADD system employs G protein-coupled re-
ceptor signaling, while optogenetics opens ion channels 
to control neural activity [55]. Clarkson et al. [11] used 
optogenetic archaerhodopsin-mediated silencing of ARN 
kisspeptin neurons and observed a reduced firing rate in 
ARN kisspeptin neurons and a decrease in LH pulse fre-
quency and amplitude. Their results are in line with the 
present DREADD experiment, but the synthetic ligand 
CNO may exhibit a stronger inhibition when directly ap-
plied to brain slices, compared to optogenetic inhibition. 
Inhibition in vivo requires bilateral targeting that needs 
to be passed on from kisspeptin to GnRH neurons, and 
onto gonadotropes in the anterior pituitary. Therefore, 

Fig. 4. Chemogenetic modulation of ARN kisspeptin neurons al-
ters synchronized Ca2+ oscillation. a Image of kisspeptin neurons 
expressing Flex-GCaMP and hM4Di-mCherry. Scale bar 200 μm. 
b Percentage of kisspeptin neurons expressing GCaMP, mCherry, 
or both. Percentage of double positive neurons in respect of each 
GCaMP and mCherry. c Representative image and change in fluo-
rescence intensity of the indicated horizontal and vertical lines 
with CNO (1 μM) administration to inhibitory DREADD (hM-
4Di). Raster plot and quantified graph of Ca2+ oscillation are also 
shown. Peak intensity and Δ peak interval in the pre-, treat-, and 
post-phases are analyzed from 56 neurons in 2 mice (1 male and 1 
female). d Representative image and change in fluorescence inten-
sity of the indicated horizontal and vertical lines for activation 
(hM3Dq). Raster plot and quantified change in Ca2+ oscillation are 
also shown. Baseline intensity and peak interval in the pre-, treat-, 
and post-phases are analyzed from 62 neurons in 2 females, *** p 
< 0.001 compared to pre-phase and ††† p < 0.001, † p < 0.05 com-
pared to treat-phase. CNO, clozapine-N-oxide.
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Fig. 5. Effect of KNDy components on 
ARN kisspeptin neuron-specific Ca2+ os-
cillations. a Raster plot and quantified 
graph of Ca2+ oscillation with kisspeptin 
(Kp, 20 nM) administration. Δ Peak inter-
val in the pre-, treat-, and post-phases are 
analyzed from 106 neurons in 3 mice (1 
male and 2 females). b Raster plot and 
quantified graph of Ca2+ oscillation with 
NK3R antagonist (SB222200, 6 μM) admin-
istration. Δ Peak interval in the pre-, treat-, 
and post-phases are analyzed from 217 
neurons from 5 mice (2 males and 3 fe-
males). c Raster plot and quantified graph 
of Ca2+ oscillation with NK3R agonist Senk 
(200 nM) administration. Δ Peak interval in 
the pre-, treat-, and post-phases are ana-
lyzed from 239 neurons from 5 mice (3 
males and 2 females). d Raster plot and 
quantified graph of Ca2+ oscillation with 
Dyn (400 nM) administration. Δ Peak in-
terval in the pre-, treat-, and post-phases 
are analyzed from 213 neurons from 4 mice 
(2 males and 2 females). e Raster plot and 
quantified graph of Ca2+ oscillation with 
KOR antagonist (nor-BNI, 1 μM) adminis-
tration. Δ Peak interval in the pre-, treat-, 
and post-phases are analyzed from 179 
neurons from 3 mice (1 male and 2 fe-
males). ***  p < 0.001 compared to pre-
phase. Senk, senktide; Dyn, dynorphin.
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Fig. 6. Glutamatergic and GABAergic effects in ARN kisspeptin 
neuron-specific Ca2+ oscillation. a Representative image and 
change in fluorescence intensity from the time-lapse representa-
tion of the indicated vertical line with NMDA receptor antagonist 
(D-AP5, 50 μM) application. Scale bar 200 μm. Raster plot and 
quantified graph of Ca2+ oscillation are also shown. Peak intensi- 
ty and number of peaks during the pre-, treat-, and post-phases  
are analyzed from 153 neurons in 5 mice (2 males and 3 females). 

b Representative image and change in fluorescence intensity of the 
indicated horizontal and vertical lines with GABAA receptor an-
tagonist (BIC, 10 μM) administration. Scale bar 200 μm. Δ Peak 
intensity and interval of Ca2+ oscillation in pre-, treat-, and post-
phases are analyzed from 299 neurons in 8 mice (4 males and 4 
females, *** p < 0.001 compared to pre-phase and ††† p < 0.001 
compared to treat-phase). BIC, bicuculline.
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real-time Ca2+ readout provides an efficient method to 
observe direct changes after manipulation.

Synchronized Ca2+ oscillation in ARN kisspeptin neu-
rons is essential for the continuous local neuronal trans-
mission, as revealed by the DREADD system. This result 
suggests that the inputs within ARN kisspeptin neurons 
could be involved in generating the synchronized Ca2+ 
oscillation. The observation that kisspeptin administra-
tion inhibited Ca2+ oscillation was interesting, since 
ARN kisspeptin neurons do not express Kiss1R. Hence, 
a non-kisspeptin population expressing Kiss1R in the 
ARN was considered, given that the hypothalamic ARN 
is involved in numerous physiological functions and is 
composed of diverse cell types, as revealed by single-cell 
RNA-seq technology [56]. For instance, kisspeptin can 
excite or inhibit POMC or neuropeptide Y (NPY) neu-
rons, respectively, while NPY, gonadotropin-inhibiting 
hormone, and RFamide-related peptide 3 receptor 
(RFRP-3) can inhibit POMC cells and weaken kisspeptin 
excitation [57]. There are also reports on RFRP-3 expres-
sion in the mouse ARN [58], suggesting the possible 
source of inhibition after kisspeptin treatment. There-
fore, while kisspeptin neurons do not express Kiss1R, it 
is probable that kisspeptin administration acted on other 
populations in the ARN, that is, NPY, gonadotropin- 
inhibiting hormone, or RFRP-3, that can inhibit ARN 
kisspeptin neurons. Previous studies reported that NKB 
stimulated, while Dyn inhibited ARN kisspeptin neuron 
activity [10]. In the present study, manipulating NK3R 
or KOR had marginal effects on the synchronized Ca2+ 
oscillations in neonatal ARN kisspeptin neurons. Indeed, 
from the FISH data, the levels of receptors expressed in 
neonatal slices were low. There are studies reporting ex-
pression of Tac2 and Tacr3 increase with postnatal mat-
uration [59, 60]. Based on the results in the present study 
and the above studies, the KNDy system may not be ful-
ly developed at this point to be completely functional. In 
the meantime, it is interesting that synchronized Ca2+ 
oscillations in ARN kisspeptin neurons were present ear-
ly on from the neonatal stage, without NKB and Dyn 
regulation. Since NKB and Dyn participate in mediating 
oscillations of neural activity [61], the present study sug-
gests that kisspeptin neurons can generate autonomous 
oscillation in the absence of full development. Once the 
activity of NKB and Dyn in ARN kisspeptin neurons 
takes place in the later stages of development, oscillation 
frequency could reshape [62].

Recently, ARN kisspeptin neurons were reported to 
exhibit synchronized Ca2+ oscillations with a period of 
approximately 9 min using fiber photometry in adult 

mice in vivo [11]. In fact, there is plenty of potential that 
the Ca2+ oscillation could reshape during the develop-
mental stages. First, as mentioned above, the auto-regu-
lation of KNDy neurons is acquired at later stages of de-
velopment. Second, when gonadal steroid input was abol-
ished by gonadectomy in male mice, the Ca2+ episode 
became more frequent over time [63]. Therefore, it is 
plausible that the ARN kisspeptin neuronal population 
may become mature alongside the sexual development 
established steroid milieu. Third, kisspeptin neurons in 
the AVPV are first expressed at postnatal day 25 [6], and 
the innervation between AVPV and ARN kisspeptin neu-
rons is observed in 2–4 month male and female mice [64]. 
It is quite probable that maturation and communication 
between the 2 regional populations in adult mice alter the 
regulation of ARN neurons compared to the neonatal 
state. Even in downstream GnRH neurons, Ca2+ oscilla-
tions [65] and the frequency of GnRH secretion [66] 
change over development. Thus, the present study sug-
gests that ARN kisspeptin neurons can organize their ul-
tradian rhythm, which can be tuned with regulatory in-
puts along with the developmental processes.

Although administration of TeNT did not alter the 
synchronized Ca2+ oscillation, inhibition of NMDA re-
ceptor with D-AP5 immediately suppressed the Ca2+ os-
cillation in a transient manner. There are reports that 
TeNT selectively acts on inhibitory synapses [40, 41]. 
Notably, approximately 90% of ARN kisspeptin neurons 
express mRNAs that encodes for vesicular glutamate 
transporter 2, which reflects excitatory neurons that re-
lease glutamate [67]. In a previous study, the injection of 
the NMDA receptor antagonist MK801 injected to ewes 
for 4 hours had no significant effect on the LH pulse pat-
tern [68]. One advantage of imaging intracellular Ca2+ 
variations is that the antagonist can access kisspeptin 
neurons directly through the bath application and cause 
and immediate response, similar to whole-cell record-
ings where NMDA induces burst firing activity [52]. 
Therefore, blocking the NMDA receptor may not be suf-
ficient to completely inhibit the downstream LH pulse in 
vivo. In another study, when ARN kisspeptin neurons 
were stimulated, the glutamatergic fast excitatory post-
synaptic potential was detected in the contralateral side 
[69]. Based on our results and other studies, it may be 
concluded that glutamatergic transmission mediated by 
NMDA receptors in ARN kisspeptin neurons could be 
involved in modulating the synchronized Ca2+ oscilla-
tion. On the contrary, GABA application to adult ARN 
slices silenced the firing of kisspeptin neurons in a previ-
ous study [52]. Yet, in another study, activation of GA-
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BAA receptors depolarized the membrane potential of 
ARN kisspeptin neurons [53]. Also, GABA, though gen-
erally accepted as an inhibitory transmitter, can exert ex-
citatory actions in immature neurons with higher intra-
cellular chloride ion concentrations, then gradually 
switch to inhibitory action in the course of development 
[70]. This GABAergic regulation on the synchronized 
Ca2+ oscillation of ARN kisspeptin neurons has a poten-
tial origin in the ARN region. Most of the agouti-related 
peptide/NPY neurons in the ARN are reported as GA-
BAergic neurons [71]. ARN kisspeptin neurons arise 
from Pomc-expressing progenitors, along with POMC 
and agouti-related peptide/NPY neurons that have an 
antagonistic function in regulating energy homeostasis, 
suggesting a possible link between nutrition-sensing and 
reproductive development [72].

Kisspeptin neurons are known to be important regula-
tors in the GnRH pulse generator. In the previous studies, 
GnRH neurons exhibited approximately 8 s of Ca2+ tran-
sients recorded in acute slices of PeriCam, a transgenic 
mouse line expressing a genetically encodable Ca2+ indi-
cator [39], whereas the GnRH pulsatility in secretion was 
at least 20 min in GT1 cells as well as in the ex vivo me-
dian eminence superfusion [73, 74]. Moreover, for opto-
genetic manipulation of GnRH neurons, 10 Hz stimula-
tion for 2 min was sufficient to generate LH pulses [18]. 
These studies imply that there are differences in the tem-
poral dimensions of the Ca2+ activity exhibited in GnRH 
neurons, the pulsatile secretion of GnRH, and the stimu-
lus required to activate GnRH neurons. It is also challeng-
ing to relate the pulsatile rhythm of GnRH neurons with 
the Ca2+ oscillation with an approximately 3 min period 
observed in neonatal ARN kisspeptin neurons. There-
fore, the relation between the spontaneous Ca2+ oscilla-
tion of the ARN kisspeptin neurons and the pulsatile 
rhythm in GnRH neurons requires further exploration. 
To elucidate the role of the ARN kisspeptin neuronal Ca2+ 
oscillations in the GnRH pulse generator, it will be neces-
sary to investigate the relation of ARN kisspeptin neuron-
specific Ca2+ oscillation with kisspeptin and GnRH secre-
tion.

In summary, our study demonstrated that ARN kiss-
peptin neurons in neonatal organotypic slice culture can 
generate a self-sustained and synchronized ultradian 
rhythm ex vivo. The ARN kisspeptin neuron-specific 
Ca2+ oscillation was regulated by intra-ARN inputs, in-
cluding ARN kisspeptin neurons, suggesting that the 
ARN kisspeptin neurons can maintain synchronous os-
cillation of neural activity in the absence of upstream in-
put from other brain regions during the early neonatal 

period. In the future, it would be important to understand 
whether the self-sustained Ca2+ oscillation observed in 
the neonatal explant culture is relevant to in vivo oscilla-
tion of ARN kisspeptin activity, and thus to the activity of 
the GnRH pulse generator.
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