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Kisspeptin (Kiss1) neurons are essential for reproduction, but their role in the control of energy
balance and other homeostatic functions remains unclear. Proopiomelanocortin (POMC) and
agouti-related peptide (AgRP) neurons, located in the arcuate nucleus (ARC) of the hypothalamus,
integrate numerous excitatory and inhibitory inputs to ultimately regulate energy homeostasis.
Given that POMC and AgRP neurons are contacted by Kiss1 neurons in the ARC (Kiss1ARC) and they
express androgen receptors, Kiss1ARC neurons may mediate the orexigenic action of testosterone
via POMC and/or AgRP neurons. Quantitative PCR analysis of pooled Kiss1ARC neurons revealed
that mRNA levels for Kiss1 and vesicular glutamate transporter 2 were higher in castrated male
mice compared with gonad-intact males. Single-cell RT-PCR analysis of yellow fluorescent protein
(YFP) ARC neurons harvested from males injected with AAV1-EF1�-DIO-ChR2:YFP revealed that
100% and 88% expressed mRNAs for Kiss1 and vesicular glutamate transporter 2, respectively.
Whole-cell, voltage-clamp recordings from nonfluorescent postsynaptic ARC neurons showed
that low frequency photo-stimulation (0.5 Hz) of Kiss1-ChR2:YFP neurons elicited a fast glutama-
tergic inward current in POMC and AgRP neurons. Paired-pulse, photo-stimulation revealed
paired-pulse depression, which is indicative of greater glutamate release, in the castrated male
mice compared with gonad-intact male mice. Group I and group II metabotropic glutamate
receptor agonists depolarized and hyperpolarized POMC and AgRP neurons, respectively, which
was mimicked by high frequency photo-stimulation (20 Hz) of Kiss1ARC neurons. Therefore, POMC
and AgRP neurons receive direct steroid- and frequency-dependent glutamatergic synaptic input
from Kiss1ARC neurons in male mice, which may be a critical pathway for Kiss1 neurons to help
coordinate energy homeostasis and reproduction. (Molecular Endocrinology 30: 630–644, 2016)

ISSN Print 0888-8809 ISSN Online 1944-9917
Printed in USA
Copyright © 2016 by the Endocrine Society
Received February 17, 2016. Accepted April 15, 2016.
First Published Online April 19, 2016
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Kisspeptin (Kiss1) neurons play a dominant role in re-
production (1–3), but the degree to which they partici-

pate in the control of energy balance and other homeostatic
functions remains unclear (4, 5). Kiss1 neurons in both
males and females are highly regulated by sex steroids, with
the rostral anteroventral periventricular/periventricular pre-
optic nucleus (AVPV/PeN) being excited, whereas the arcu-
ate nucleus (ARC) Kiss1 (Kiss1ARC) neurons are inhibited by
both estrogen and testosterone (6–9). In males, it has been
well documented that Kiss1ARC neurons express both estro-
gen receptor-� and the androgen receptor, and testosterone
inhibits the expression of the neuropeptides Kiss1, neuro-
kinin B, and dynorphin via actions on estrogen receptor-�
and the androgen receptor (6, 8). Therefore, Kiss1ARC neu-
rons are proposed to be involved primarily in negative feed-
back regulation of GnRH and LH (8). However, Kiss1ARC

neurons in females have been implicated in body weight and
temperature regulation. Specifically, ablation of Kiss1ARC

neurons prevented 17�-estradiol regulation of body weight
and caused cutaneous vasodilation in females (10, 11). In
males, food intake and body weight are reduced in gonad-
ectomized as compared with intact or testosterone-replaced
male rodents (12, 13), an indication that testosterone-
responsive neurons in the hypothalamus such as the Kiss1
neurons may communicate the steroid signal to anorexi-
genic proopiomelanocortin (POMC) neurons and orexi-
genic agouti-related peptide (AgRP) neurons, which also
coexpress neuropeptide (NPY). It is well known that POMC
neurons and AgRP neurons, located within the ARC, are
important for metabolic control within the central nervous
system (CNS) (14, 15).

In addition to being directly regulated by sex steroids,
Kiss1ARC neurons are also direct targets of peripheral met-
abolic hormones including leptin and insulin. Kiss1ARC neu-
rons express receptors for leptin and insulin (16–19) and are
directly depolarized by these hormones, which also links
Kiss1 neurons to energy homeostasis (18, 20, 21).

Although Kiss1 neurons are predominantly located in
two areas of the ventral forebrain (22), evidence supports
the idea that Kiss1ARC neurons directly communicate
with neighboring POMC and AgRP neurons (23, 24).
Because Kiss1ARC neurons express mRNAs that encode
for vesicular glutamate transporter 2 (vGluT2) and glu-
tamic acid decarboxylase 67 (17), they may be able to
directly excite or inhibit POMC and AgRP neurons
through glutamatergic and/or GABAergic input, respec-
tively. Therefore, we used a combination of optogenetics,
molecular biology, and electrophysiology to examine glu-
tamatergic and GABAergic input from Kiss1ARC neurons
to POMC and AgRP neurons, as well as the effects of
castration on glutamatergic signaling.

Materials and Methods

Mice
Kiss1Cre:GFP (25), Kiss1Cre:GFP::Ai32 (26), PomcEGFP (27),

NpyGFP (28), Kiss1Cre:GFP::PomcEGFP, and Kiss1Cre:GFP::
NpyGFP male mice were housed under constant temperature
(21°C–23°C) and 12-hour light, 12-hour dark cycle schedule
(lights on at 6 AM and lights off at 6 PM), with free access to food
(Lab Diets 5L0D) and water. The Kiss1Cre:GFP strain of mice
have a fusion cassette of green fluorescent protein (GFP)
and Cre-recombinase driven by the Kiss1 promoter, which
allows for specific expression of CreGFP in Kiss1 neurons
(25). Kiss1Cre:GFP::Ai32 mice were produced by crossing
Kiss1Cre:GFP mice with heterozygous Ai32 mice (C57BL/6 back-
ground; The Jackson Laboratory), which carry the ChR2
(H134R)–EYFP gene in their Gt(ROSA)26Sor locus (26). Only
Kiss1Cre:GFP::Ai32 male mice that exhibited EYFP distribution
similar to that previously described for Kiss1Cre:GFP mice (25)
were used in these studies. The PomcEGFP strain of mice express
enhanced GFP under the transcriptional control of the
Pomc gene (27) and the NpyGFP strain of mice use the Npy
promoter to drive the expression of Renilla GFP (28).
Kiss1Cre:GFP::PomcEGFP and Kiss1Cre:GFP::NpyGFP mice were
produced by crossing Kiss1Cre:GFP mice with PomcEGFP and
NpyGFP mice, respectively. Where specified, Kiss1Cre:GFP,
Kiss1Cre:GFP::PomcEGFP, and Kiss1Cre:GFP::NpyGFP mice re-
ceived viral injections to express channelrhodopsin 2 (ChR2) in
Kiss1ARC neurons that was driven by the elongation factor 1
(EF1)� promoter. Surgeries were conducted at Oregon Health
& Science University according to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals with
approval for all of the animal use procedures from the Oregon
Health & Science University Institutional Animal Care and Use
Committee.

Adeno-associated viral (AAV) delivery
Fourteen to 21 days before each experiment, Kiss1Cre:GFP,

Kiss1Cre:GFP::PomcEGFP or Kiss1Cre:GFP::NpyGFP male mice
(�60 d old) received bilateral ARC injections of a Cre-depen-
dent AAV (serotype 1) vector encoding ChR2 fused to yellow
fluorescent protein (YFP) (ChR2:YFP) or mCherry (ChR2:
mCh) (viral vectors produced by Dr Padilla, University of Wash-
ington, Seattle, WA). Using aseptic techniques, anesthetized
mice (1.5% isoflurane/O2) were placed in a Kopf stereotaxic
apparatus and received a medial skin incision to expose the
surface of the skull. Two holes were drilled into the skull at
designated coordinates from bregma (x, � 0.30 mm; y, �1.20
mm) (29). For the first injection, a glass pipette (Drummond
Scientific 3-000-203-G/X) with a beveled tip (diameter, 45 �m)
was filled with mineral oil, loaded with an aliquot of AAV using
a Nanoject II (Drummond Scientific), positioned at �0.30 mm;
y, �1.20 mm and lowered to z, �5.80 mm (surface of brain z,
0.0 mm). The AAV (2.0 � 1012 particles/mL) (30) was injected
at a rate of 100 nL/min (500 nL total) (31), left in place for 10
minutes after injection, then the pipette was slowly removed
from the brain. We found that this injection rate caused mini-
mum damage to ARC neurons as evaluated using electrophysi-
ology. The second injection repeated the first with x � �0.30
mm. The skin incision was closed using skin adhesive, and each
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mouse received analgesia (Rimadyl; 4 mg/kg, sc) for 2 days after
operation.

Gonadectomy
When necessary, 7 days before each experiment, gonadecto-

mies were performed on male mice through bilateral incisions in
the scrotum while under isoflurane inhalation anesthesia (Pira-
mal Enterprises Ltd). The vasculature to each testicle was
clamped with a small hemostat and sutured using nonabsorb-
able SOFSILK (MedRep Express). After the removal of each
gonad, the skin incision was closed using NYLON nonabsorb-
able suture (MedRep Express). Each mouse received analgesia
(Rimadyl; 4 mg/kg, sc) on the day of operation.

Quantitative Polymerase Chain Reaction (qPCR)
and Single Cell Reverse Transcription PCR
(scRT-PCR)

qPCR and scRT-PCR were conducted as previously de-
scribed and validated (32). Briefly, the ARC was microdissected
from 240-�m basal hypothalamic coronal slices (3–4 slices per
mouse) from gonad-intact and castrated male Kiss1Cre:GFP mice
(n � 10 animals/group; qPCR) and AAV1-EF1�-DIO-ChR2:
YFP injected, castrated male Kiss1Cre:GFP mice (n � 6 animals,
scRT-PCR). Protease treatment and gentle trituration was used
to disassociate the ARC neurons as described in details previ-
ously (32). The disassociated neurons were dispersed onto a
glass bottomed dish and visualized using a Leitz inverted fluo-
rescent microscope. Individual neurons with at least 1 process
extending from 1 axis of the cell and having attached to the glass
bottom dish were patched, and then harvested with gentle suc-
tion to the pipette using a Xenoworks manipulator system (Sut-
ter Instrument) and expelled into a siliconized 0.6-ml microcen-
trifuge tube containing a solution of 1� Invitrogen Superscript
III buffer, 15 U of RNasin (Promega), 10mM dithiothreitol, and
diethylpyrocarbonate-treated water in a total of 5 �L for a sin-

gle cell (1 cell/tube for scRT-PCR) or 8 �L for pooled cells (5
cells/tube for qPCR). cDNA synthesis was performed on single
cells and pools of 5 cells as previously described (32) and stored
at �20°C. Controls included nonfluorescent cells, artificial ce-
rebrospinal fluid, water blank, single cells without reverse tran-
scriptase, and tissue controls with and without reverse tran-
scriptase. Primers for the genes that encode for Kiss1 (Kiss1),
POMC (Pomc), NPY (Npy), AgRP (Agrp), vGluT2 (Slc17a6),
vesicular GABA transporter (vGAT, Slc32a1), �-actin (Actb),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
Gapdh) were designed using Clone Manager software (Sci Ed
Software) to cross at least 1 intron-exon boundary and opti-
mized as previously described (32). See Table 1 for primer se-
quences and the optimal annealing temperature for each gene.
Note that for qPCR, the annealing temperature for all genes was
set at 60°C. Primers for qPCR were further tested for efficiency
(E � 10(�1/m) � 1; Livak and Schmittgen [33] and Pfaffl [34]),
and the results are as follows: Slc17a6, m � �3.29, r2 � 0.92,
efficiency � 100%; Slc32a1, m � �3.29, r2 � 0.91, efficiency �
100%; Gapdh, m � �3.35, r2 � 0.99, efficiency � 98.7%.
qPCR was performed on a Quantstudio 7 Flex Real-Time PCR
System (Life Technologies) using the Power Sybrgreen (Life
Technologies) mastermix method according to established pro-
tocols (32). The comparative 		CT method (33, 34) was used to
determine values from duplicate samples of 4 �L for the target
genes Slc17a6 (vGluT2), Slc32a1 (vGAT), and Kiss1 and 2 �l
for the reference gene Gapdh (32). The relative linear quantity
was determined using the 2�		CT equation (32). In order to
determine the relative expression levels of target genes in
Kiss1ARC neurons obtained from intact and castrated animals,
the mean 	CT for the target genes from the castrated male
samples were used as the calibrator, and the data are expressed
as n-fold change in gene expression normalized to the reference
gene Gapdh and relative to the calibrator. scRT-PCR was per-
formed on 3 �l of cDNA in a 30-�l reaction volume and ampli-

Table 1. Primer Sequences and Annealing Temperatures Used for scRT-PCR and qPCR

Gene Name
(Encodes for)

Accession
Number

Forward Primer (5�-3�)
Reverse Primer (5�-3�)

Product
Size (bp)

Annealing Temperature
(°C)

Kiss1 (Kiss1)a NM_178260 TGCTGCTTCTCCTCTGT 120 57
ACCGCGATTCCTTTTCC

Pomc (POMC)a NM_008895 GGAAGATGCCGAGATTCTGC 200 60.5
TCCGTTGCCAGGAAACAC

Npy (NPY)a NM_023456 ACTGACCCTCGCTCTATCTC 182 60
TCTCAGGGCTGGATCTCTTG

Agrp (AgRP)a NM_001271806 CTCCACTGAAGGGCATCAGAAG 146 59
ACTCAGCACCTCCGCCAAAG

Slc17a6 (vGluT2)a NM_080853 ATCTGCTAGGTGCAATGG 136 57
TAAGCTGGCTGACTGATG

Slc17a6 (vGluT2)b NM_080853 TCCCTCGGACAGATCTAC 113 60
CATAGCGGAGCCTTCTTC

Slc32a1 (vGAT)ab NM_009508 GTCACGACAAACCCAAGATCAC 137 59a, 60b

GGCGAAGATGATGAGGAACAAC
Actb (�-actin)a NM_007393 AAGGCCAACCGTGAAAAGAT 110 60

GTGGTACGACCAGAGGCATAC
Gapdh (GAPDH)b NM_008084 GCACCACCAACTGCTTAG 93 60

CAGTGATGGCATGGACTG
a Primers used for scRT-PCR.
b Primers used for qPCR.
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fied 40–50 cycles using a C1000 Thermal Cycler (Bio-Rad). The
PCR product was visualized with ethidium bromide on a 2%
agarose gel.

Electron microscopy (EM)
Two Kiss1Cre:GFP castrated male mice (14 d after bilateral

ARC injection of AAV1-EF1�-DIO-ChR2:YFP) were over-
dosed with sodium pentobarbital (150 mg/kg) and perfused
through the ascending aorta with the following sequence of
solutions: 1) 10 ml of heparinized saline (1000 U/ml); 2) 50 ml
of 3.8% acrolein in 2% paraformaldehyde; and 3) 200 ml of 2%
paraformaldehyde in 0.1M phosphate buffer (PB) (pH 7.4).
Brains were then removed and submersed in 2% paraformalde-
hyde for 30 minutes, then placed into 0.1M PB. Blocks of tissue
were sectioned (40 �m) on a vibrating microtome (Leica) and
collected into 0.1M PB. Before immunocytochemical process-
ing, sections were incubated in 1% sodium borohydride solu-
tion for 30 minutes and then in 0.5% BSA for 30 minutes in
order to increase antigenicity of tissue and to reduce nonspecific
binding, respectively. As previously described (35), tissue sec-
tions were then processed for dual-labeling immunocytochem-
istry; immunoperoxidase for vGluT2 and immunogold for YFP.
Sections were immersed in cryoprotectant solution (25% su-
crose and 3% glycerol in 0.05M PB) then permeabilized by
immersion in Freon followed by liquid nitrogen. Tissue sections
were rinsed in buffers and then incubated in a cocktail contain-
ing both primary antibodies in 0.1% BSA in 0.1M Tris-saline
for 40 hours at 4°C. The primary antibodies were a polyclonal
rabbit anti-vGluT2 (Synaptic Systems; 1:1000) (36) and a poly-
clonal chicken anti-GFP (Aves GFP-1020; 1:500, used for YFP
detection in mice) (37) The vGluT2 antibody was detected using
a biotinylated goat antirabbit IgG (1:400; Vector Laboratories)
and visualized using the avidin-biotin detection method (35),
whereas the YFP was visualized using a goat antichicken IgG
conjugated to colloidal gold (1nm, 1:50; Electron Microscopy
Sciences). Sections were then fixed, rinsed in citrate buffer and
gold particles were enhanced using a silver enhancement kit
(Abcam). All incubations, unless otherwise specified, were car-
ried out at room temperature with continuous agitation and
sections were rinsed between incubations with 0.1M Tris-saline
(3 � 5 min). After dual-labeling immunocytochemistry, tissue
sections were placed in 1.0% osmium tetroxide in 0.1M PB for
15 minutes, washed for 10 minutes in 0.1M PB, dehydrated
through a graded series of ethanols, then propylene oxide, and
then propylene oxide:EMBed (Electron Microscopy Sciences)
(1:1) solution overnight. Tissue sections were then placed in
EMBed for 2 hours, embedded between 2 sheets of Aclar plastic,
and placed in a 60°C oven for 24–48 hours. Regions of the ARC
that contained both labels were glued to plastic blocks formed in
Beem capsules, sectioned ultrathin (75 nm), collected onto cop-
per grid, and counterstained with uranyl acetate and Reynolds
lead citrate before EM analysis. Images were captured on a
Tecnai 12 EM (FEI) interfaced to a CCD camera (XR16; Ad-
vanced Microscopy Techniques).

Electrophysiology
Coronal brain slices containing the ARC from AAV1-EF1�-

DIO-ChR2:YFP injected Kiss1Cre:GFP male mice (castrated, n �
15; gonad intact, n � 8), Kiss1Cre:GFP::Ai32 male mice (cas-
trated, n � 3; gonad intact, n � 3), PomcEGFP male mice (gonad

intact; n � 6), NpyGFP male mice (gonad intact; n � 6), AAV1-
EF1�-DIO-ChR2:mCh injected Kiss1Cre:GFP::PomcEGFP male
mice (castrated; n � 5), and AAV1-EF1�-DIO-ChR2:mCh in-
jected Kiss1Cre:GFP::NpyGFP male mice (castrated; n � 3) were
prepared as previously described (38). Cells were visualized us-
ing an Olympus BX51W1 upright microscope equipped with
video-enhanced, infrared-differential interference contrast and
an Exfo X-Cite 120 Series fluorescence light source. Electrodes
were fabricated from borosilicate glass (1.5-mm outer diameter;
World Precision Instruments) and filled with a normal internal
solution: 128mM potassium gluconate, 10mM NaCl, 1mM
MgCl2, 11mM EGTA, 10mM HEPES, 2mM ATP, and 0.25mM
GTP (pH was adjusted to 7.3–7.4 with 1N KOH, 290–300
mOsm) or for measurement of GABA postsynaptic currents
(PSCs), patch pipettes were filled with a high chloride solution:
140mM KCl, 10mM HEPES, 0.1mM EGTA, 5mM MgCl2,
0.3mM Na-GTP, and 5mM K2-ATP (pH was adjusted to 7.3–
7.4 with 1N KOH, 290–300 mOsm). Pipette resistances ranged
from 3–5 M
. In whole-cell configuration, access resistance
was less than 20 M
; access resistance was 80% compensated.
For optogenetic stimulation, a light-induced response was
evoked using a light-emitting diode (LED) 470 blue light source
controlled by a variable 2A driver (ThorLabs) at 0.5–20 Hz with
the light path directly delivered through an Olympus 40� wa-
ter-immersion lens. For high-frequency (20 Hz) stimulation the
length of stimulation was 10–20 seconds (39). Electrophysio-
logical signals were amplified with an Axopatch 200A amplifier
and digitized with Digidata 1322A (Molecular Devices), and the
data were analyzed using p-Clamp software (version 9.2; Mo-
lecular Devices). The liquid junction potential was corrected for
all data analyses. After recording, the cytosol of nonfluorescent
recorded cells was harvested and used for post hoc identification
by scRT-PCR using the same protocol as for the dispersed single
cells (see above). If no product was detected, cDNA was then
analyzed for Actb mRNA to assess efficient cytoplasm collec-
tion. The lack of Actb expression revealed that the cell cDNA
content was insufficient for scRT-PCR identification of the cell.

Drugs
Stocks of the following drugs at the concentrations indicated

were prepared. DL-amino-5-phosphonovaleric acid (AP5)
(50mM), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
(10mM), 4-aminopyridine (4-AP) (100mM), 3,5-dihydroxyphe-
nylglycine (DHPG) (50mM), and (2S,2�R,3�R)-2-(2�,3�-
dicarboxycyclopropyl)glycine (DCG-IV) (10mM) were purchased
from Tocris Bioscience and were dissolved in H2O. Tetrodotoxin
(TTX) was purchased from Alomone Labs (1mM) and was dis-
solved in H2O. Bicuculline methiodide (bicuculline; 20mM) and
glutamate (100mM) were purchased from Sigma-Aldrich and were
dissolved in dimethyl sulfoxide and H2O, respectively. Picrotoxin
(100mM) was purchased from Tocris Bioscience and dissolved in
dimethylsulfoxide. Aliquots of the stock solutions were stored at
�20°C until needed.

Imaging
Photomicrographs of ARC YFP expression were acquired

using and Olympus BX51W1 upright microscope equipped
with a Rolera XR Fast 1394 camera. Confocal photomicro-
graphs were acquired using a Zeiss LSM 510 and a Zeiss LSM
780 confocal microscopes, each equipped with a �20 (numeri-
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cal aperture 0.8) apochromatic objective with Zen software.
EM image was acquired using an FEI Tecnai 12 EM and AMT
camera.

Data analysis
For qPCR, 3–9 Kiss1 neuronal pools (5 cells/pool) from each

animal were run in duplicate for mRNAs that encode for Kiss1,
vGluT2, vGAT, and GAPDH, and the mean value of each gene
from each animal was used for statistical analysis. Data are
expressed as mean � SEM and were analyzed using a one-way
ANOVA and Newman-Keuls multiple comparison post hoc
test. Because mRNA for vGAT was below the level of detect-
ability (CT 36) in ARC Kiss1 pools, we report it as not detect-
able. For scRT-PCR the number of ARC YFP neurons express-
ing each transcript was counted for each animal, and the mean
number of neurons/animal was determined and used for further
analysis of mean, SEM, and percentage expression. Electrophys-
iology data were expressed as mean � SEM and were analyzed
using either an unpaired Student’s t test (paired-pulse experi-
ment) or a one-way ANOVA and Newman-Keuls multiple com-
parison post hoc test (POMC and AgRP pharmacology
experiments).

Results

The mRNA for vGluT2 is up-regulated by
castration in Kiss1ARC neurons

Because Kiss1ARC mRNA levels inversely correlate
with circulating concentrations of androgens (6), we per-
formed quantitative analysis of mRNAs that encode for
Kiss1, vGluT2 (Slc17a6), and vGAT (Slc32a1) using
qPCR on pools of Kiss1Cre:GFP neurons (5 cells/pool; 3–9
pools/animal) from gonad-intact male mice and castrated
male mice (Figure 1A). This analysis revealed that Kiss1
mRNA is higher in castrated male mice compared with

gonad-intact males (Figure 1B). Furthermore, castrated
male Kiss1ARC neurons expressed higher levels of Slc17a6
(vGluT2) mRNA than gonad-intact male mice, whereas
levels of Slc32a1 (vGAT) mRNA was essentially unde-
tectable in both groups of male mice (Figure 1B).

Select vector expression in Kiss1ARC neurons
Before assessing functional release of glutamate or

GABA from Kiss1ARC neurons, we first characterized se-
lect expression of our viral vector. After bilateral injec-
tion of AAV1-EF1�-DIO-ChR2:YFP into the ARC of
Kiss1Cre:GFP male mice (n � 6), we observed a robust
fluorescent signal of neuronal cell bodies and fibers in the
ARC (Figure 2A), with only fluorescent fibers in the
AVPV/PeN (Figure 2B). To verify that fluorescent cells
were Kiss1 neurons, we harvested individual YFP-ex-
pressing cells and performed scRT-PCR for Kiss1 mRNA.
Indeed, 100% of YFP harvested neurons (30–35 cells/
animal) (Figure 2, C and D) expressed Kiss1 mRNA,
whereas nonfluorescent harvested cells (n � 8), although
Actb positive, did not express Kiss1 mRNA. To exclude
the possibility that these Kiss1-YFP expressing cells were
POMC or AgRP neurons, we examined Pomc and Agrp
mRNA expression in a subset of YFP harvested cells (n �

5 cells/animal) and found that neither transcript was ex-
pressed (Figure 2D). We also examined the percentage of
Kiss1-YFP cells (17 cells/animal) that expressed mRNA
that encodes for vGluT2 and found that 88 � 6% of
Kiss1-YFP neurons contained Slc17a6 mRNA (Figure 2,
C and D). However, only 1 out of 30 Kiss1-YFP neurons
expressed mRNA that encodes for vGAT. To verify that
Kiss1-YFP neurons form glutamatergic synapses, we con-

Figure 1. Kiss1, vGluT2, and vGAT expression in Kiss1ARC neurons. A, qPCR assay with amplification curves for Kiss1, vGluT2, and vGAT (all
analyzed in 5-cell pools). Cycle number of castrated males was plotted against the normalized fluorescence intensity (	Rn) to visualize the PCR
amplification. The cycle threshold (dashed line) is the point in the amplification at which sample values were calculated. Melting curves depict
single-product melting at 82.8°C and 83.7°C for vGluT2 and vGAT, respectively, illustrating that only 1 product was formed from each transcript
in the Kiss1ARC neuronal pools. B, Bar graph summarizing mRNA expression of Kiss1, Slc17a6 (vGluT2), and Slc32a1 (vGAT) from pooled
Kiss1Cre:GFP neurons relative to the calibrator (see Materials and Methods) of gonad-intact (INT) and castrated (CX) male mice. Animal numbers are
indicated. Using Newman-Keuls multiple comparison test; **, P � .01; ***, P � .001. Slc32a1 mRNA in pooled Kiss1ARC neurons was not
detectable (ND).
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ducted dual-labeling immunoelectron microscopy stud-
ies. The EM analysis revealed that Kiss1ARC-labeled axon
terminals contain immunoreactivity for vGluT2 and also
form asymmetric synapses with dendrites of other ARC
neurons (Figure 3).

ARC Kiss1ChR2:YFP neurons follow photo-
stimulation with high fidelity

We did whole-cell recordings (n � 18 cells) in hypo-
thalamic slices using an LED blue light (470 nm) stimulus
to excite ARC YFP-positive neurons from AAV1-EF1�-
DIO-ChR2:YFP injected male Kiss1Cre:GFP mice (Figure
4A). In whole-cell, voltage clamp (Vh � �60 mV), we
measured light-induced graded inward currents (Figure
4B) with increasing intensities from 33 to 330 �W. The
mean induced peak current was 478 � 83 pA with a mean
steady-state current of 308 � 54 pA. Using whole-cell,
current-clamp recordings (current clamped at �70 mV),
1-Hz photo-stimulation (intensity, 660 �W) resulted in
the generation of action potentials in Kiss1-ChR2:YFP
cells (Figure 4C). Post hoc analysis of a subset of recorded

YFP-positive neurons (n � 5) verified that 100% ex-
pressed Kiss1 mRNA (Figure 4D).

Glutamate, not GABA, is released locally from
Kiss1ARC neurons

Using whole-cell, voltage-clamp recording (Vh � �60
mV), we examined PSCs in nonfluorescent ARC neurons
adjacent to Kiss1-ChR2:YFP neurons/fibers (Figure 5, A
and C) in gonad-intact and castrated male mice. At the
light-microscopic level, we could not predetermine
whether the cells selected for recording had synaptic con-
tact with KissARC neurons. However, after light stimula-
tion, 51% (total n � 53) of the targeted neurons exhibited
an inward current (Figure 5D) with a mean amplitude of
37.4 � 7.5 pA (gonad intact, 31.1 � 12.9 pA; castrated,
40.5 � 10 pA), a mean delay to peak of 4.04 � 0.3
milliseconds (gonad intact, 5.14 � 1.0 ms; castrated,
3.59 � 0.3 ms), and an average decay time constant of
6.4 � 1.4 milliseconds (gonad intact, 8.08 � 3.5 ms;
castrated, 5.61 � 1.5 ms). The light-induced inward cur-
rent was abrogated with the application of AMPA and

NMDA glutamate receptor antago-
nists (49.6 � 29.4 pA control, 2.0 �
0.3 pA CNQX plus AP5; n � 5) (Fig-
ure 5E). We did not detect an out-
ward GABA-mediated current in
any neurons after light stimulation.

In an attempt to augment any po-
tential GABA-mediated release from
Kiss1ARC neurons, 10 additional
neurons were recorded using a high
chloride internal solution (Figure 6).
Both glutamate and GABA sponta-
neous PSCs were evident in AgRP
and POMC neurons (post hoc iden-
tified) (Figure 6, A and B), and

Figure 3. EM revealed vGluT2-immunoreactivity in Kiss1ARC axon terminals. A, A dual-labeled
ARC Kiss1-ChR2:YFP axon terminal (t) containing both vGluT2 (immunoperoxidase) and YFP
(immunogold particles) and forms an asymmetrical synapse with a postsynaptic density (curved
arrow) onto an unlabeled ARC dendrite (d). Scale bar, 500 nm. B, Schematic representation of A
with a Kiss1ARC terminal (containing vGluT2 and YFP) forming an asymmetrical (glutamatergic)
synapse with an unlabeled ARC dendrite.

Figure 2. ARC YFP cells contain mRNA for Kiss1 and vGluT2. A, Photomicrograph of the ARC 14 days after bilateral ARC injection of
AAV1-EF1�-DIO-ChR2:YFP in a Kiss1Cre:GFP castrated male mouse at a low-power magnification (scale bar, 200 �m). 3V, third ventricle; ME,
median eminence. B, Photomicrograph of the periventricular nucleus illustrating YFP fibers (scale bar, 20 �m). 3V, third ventricle. C, Representative
gels illustrating mRNA expression of Kiss1 and Slc17a6 (vGluT2) in single YFP cells. The expected base pair (bp) sizes for Kiss1 and Slc17a6 are 120
and 136 bp, respectively. Exclusion of reverse transcriptase (�RT) in a reacted cell was used as a negative control. RNA extracted from the medial
basal hypothalamic tissue was also included as positive (�, with RT) and negative (�, without RT) tissue controls. MM, molecular marker. D, Bar
graph summarizing the percentage (mean � SEM) of YFP cells that expressed mRNAs that encode for Kiss1, POMC, AgRP, vGluT2, and vGAT.
Note: only 1 out of 30 cells expressed mRNA for vGAT.
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GABA PSCs (mean decay time constant of 13.1 � 1.8 ms)
could be blocked with the addition of bicuculline (20�M;
data not shown). Seven of 10 cells showed an inward
current after photo-stimulation with a mean amplitude of
45.3 � 12.2 pA, a mean delay to peak of 2.9 � 0.3
milliseconds, and an average decay time constant of 7.9 �
5.0 milliseconds, whereas the other 3 cells did not re-

spond. This light-induced response was blocked with
CNQX and AP5 in 2 cells (83.1 � 17.8 pA control, 0.5 �
0.7 pA CNQX plus AP5) (Figure 6, C and D). After wash-
out of CNQX and AP5 (Figure 6E), the light-induced
inward current partially recovered. Moreover, although
TTX blocked the photo-stimulated postsynaptic inward
current (Figure 6F), we could rescue the light-induced

response with the addition of 4-AP
(40, 41), which is electrophysiologi-
cal evidence for direct synaptic con-
tact between Kiss1ARC neurons and
the postsynaptic responsive neuron.
We could segregate the recordings
between the higher input resistance
(�1.5 G
), lower capacitance (�12
pF) AgRP neurons (42) vs the rela-
tively lower input resistance (�1
G
), higher capacitance (�20 pF)
POMC neurons (43). Moreover, af-
ter recording (average recording
time, �20 min), the cytoplasm of the
responsive cells was (routinely) col-
lected and analyzed for mRNA tran-
scripts (Pomc, Npy, Agrp, Kiss1,
and Actb) using scRT-PCR to con-
firm our segregation, and 34% of
the neurons (total n � 29) expressed
only Pomc mRNA, 28% of the neu-
rons expressed only Npy and Agrp
mRNA, and none of the cells ex-
pressed Kiss1 mRNA. In 34% of
neurons that did not express Pomc
or Agrp mRNA, we also did not de-
tect Actb mRNA, an indication that
there was insufficient cDNA content

Figure 5. Photo-stimulation of ARC Kiss1-ChR2:YFP neurons evoked excitatory glutamatergic
PSCs. A, Low-power magnification photomicrograph of Kiss1-ChR2:YFP neurons in the ARC.
Outlined area in A (scale bar, 20 �m) enlarged to show Kiss-ChR2:YFP projections (B) (YFP; scale
bar, 20 �m) near a nonfluorescent postsynaptic cell (C) (YFP � DIC; scale bar, 20 �m). White
lines outline recording pipette (B and C). D, Overlay of individual (gray) whole-cell recordings
where photo-stimulation (intensity, 660 �W; duration, 10 ms) of ARC Kiss1-ChR2:YFP neurons
induced PSCs in a nonfluorescent, ARC neuron. The averaged responses before (red trace) and
after (black trace) the application of CNQX (10�M) and AP5 (50�M). Solid blue line above
recordings indicates light stimulus. E, Line graph illustrates light-induced inward currents before
(control) and after the application of CNQX and AP5 in 5 nonfluorescent ARC cells.

Figure 4. Direct ChR2 activation of Kiss1ARC neurons. A, Photomicrograph showing a recording pipette (outlined by white lines) patched onto an
ARC Kiss1-ChR2:YFP cell. Scale bar, 20 �m. B, Whole-cell voltage clamp recording (Vh � �60 mV) of light-evoked inward currents with LED
intensities increasing from 33 to 330 �W. C, Whole-cell current clamp recording of depolarizations/action potentials induced by 1-Hz photo-
stimulation (intensity, 660 �W). Blue bar above recording indicates LED stimulus. D, Representative gel illustrating Kiss1 mRNA expression in ChR2:
YFP recorded cells (Rec Cells). RNA extracted from the medial basal hypothalamic tissue was included as positive (�, with RT) and negative
(�, without RT) controls. MM, molecular marker.
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to identify these neurons. There was no difference in the
amplitude of the photo-stimulated fast PSCs between
POMC and AgRP neurons (post hoc identified) using nor-
mal internal solution (27.4 � 5.5 pA in POMC neurons vs

37.7 � 10.7 pA in AgRP neurons).
Therefore, it appears that Kiss1ARC

neurons in the male firing at low fre-
quencies provide equivalent fast
(ionotropic) glutamatergic input to
both POMC and AgRP neurons in
the male. Whether this is from the
same Kiss1ARC or from 2 different
Kiss1ARC populations is unknown at
the present time.

Steroid-dependent glutamate
release from Kiss1ARC neurons

Because castration dramatically
increased the expression of vGluT2
in Kiss1ARC neurons and we know
that synaptic glutamate release is
tightly coupled to vGluT2 expres-
sion (44), we explored the differ-
ences in evoked glutamate release
from Kiss1ARC neurons using
paired-pulse ratio (PPR) (ratio of the
amplitude of the second pulse over
the amplitude of the first pulse) (45)
in gonad-intact and castrated
Kiss1Cre:GFP::Ai32 and AAV ARC
injected Kiss1Cre:GFP male mice. Us-
ing a photo-stimulation PPR proto-
col of 2 5-ms LED stimulations sep-
arated by 50 milliseconds, we found
that AgRP neurons (post hoc identi-
fied) in castrated male mice had a
2-fold lower PPR compared with go-
nad-intact males (Figure 7), which
indicates that there was a greater
glutamate release with the first stim-
ulus (ie, a higher probability of glu-
tamate release) in castrated males
and is congruent with higher mRNA
expression of vGluT2 in Kiss1ARC

neurons after castration.

Group I metabotropic glutamate
receptor (mGluR) agonist
excites POMC neurons and
group II mGluR agonist inhibits
AgRP neurons

Given that both POMC and
AgRP neurons receive glutamatergic input from Kiss1ARC

neurons, we were left with the question of how Kiss1
neurons could use glutamate to differentially regulate
POMC and AgRP neurons. Because glutamate signaling

Figure 6. Photo-stimulation of glutamate, not GABA, release from Kiss1ARC neurons onto AgRP
and POMC neurons. Whole-cell, voltage-clamp recording (Vh � �60 mV) using high chloride
internal solution from an AgRP neuron (A) and a POMC neuron (B) near Kiss-ChR2:YFP fibers.
Based on the decay time constant (13.1 � 1.8 ms), GABA PSCs are noted with an asterisk.
Averaged traces for photo-stimulation (intensity, 660 �W; duration, 10 ms) of ARC Kiss1-ChR2:
YFP neurons while recording (high chloride internal solution) from an AgRP neuron (C) and a
POMC neuron (D) before (red trace) and after (black trace) CNQX (10�M) and AP5 (50�M)
application. E, Photo-stimulation after the washout (green trace) of CNQX and AP5 from (D). F,
Photo-stimulation in the presence of TTX (black trace; 1�M) followed by photo-stimulation with
addition of 4-AP (purple trace; 100�M). The average of recordings for each experiment is displayed as
a trace line with color (red, black, green, or purple). Cells were identified post hoc using scRT-PCR.
RC, recorded cell. Gray bar above recordings in A and B correspond to recordings in C and D. Blue
bar above recordings indicate LED stimulus (C–F). Scale in E also applies to C–F.
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via group I (Gq/G11 coupled) and group II (Gi/Go coupled)
mGluRs results in cellular activation and inhibition, re-
spectively (46), we decided to address our question phar-
macologically. Using whole-cell, current-clamp record-
ings of PomcEGFP neurons, we fast applied glutamate
(100�M) in the presence of CNQX and AP5, and gluta-
mate initiated a slow depolarization and stimulated ac-
tion potential firing in PomcEGFP neurons (Figure 8A).
Next, we again targeted PomcEGFP neurons and applied
DHPG, a group I mGluR agonist. In all PomcEGFP neu-
rons (n � 4), addition of DHPG (50�M) depolarized and
stimulated action potential firing (Figure 8B). Further-
more, DHPG depolarized PomcEGFP neurons (n � 6) in
the presence of CNQX, AP5, and TTX (Figure 8C). How-
ever, PomcEGFP neurons (n � 5) perfused with DCG-IV,
a group II mGluR agonist, showed little to no response
(Figure 8D). Then using whole-cell, current-clamp re-
cordings of ARC NpyGFP neurons, which are AgRP neu-
rons (28), we fast applied glutamate (100�M) in the pres-
ence of CNQX and AP5. In contrast to PomcEGFP

neurons, glutamate in the presence of CNQX and AP5
hyperpolarized ARC NpyGFP neurons (Figure 8E). Next,
we again targeted ARC NpyGFP neurons and applied
DCG-IV. In all ARC NpyGFP neurons (n � 12), addition
of DCG-IV (10�M) hyperpolarized and reduced action
potential firing (Figure 8F). Furthermore, DCG-IV hyper-
polarized ARC NpyGFP neurons (n � 6) in the presence of
CNQX, AP5, TTX, and picrotoxin (Figure 8G). How-
ever, ARC NpyGFP neurons (n � 7), showed little to no
response to DHPG (Figure 8H).

High frequency photo-stimulation of Kiss1ARC

neurons evokes a slow depolarization in POMC
but a slow hyperpolarization in AgRP neurons

Because glutamate signaling via group I mGluR ago-
nists depolarizes POMC neurons and via group II
mGluR agonists hyperpolarizes AgRP neurons, we sought

to mimic these responses using a physiological stimulus, ie,
photo-stimulation of Kiss1ARC neurons. Therefore, we used
high frequency stimulation (20 Hz) in AAV-EF1�-DIO-
ChR2:mCh injected Kiss1Cre:GFP::PomcEGFP castrated male
mice (n � 5) and Kiss1Cre:GFP::NpyGFP castrated male mice
(n � 3) to generate maximal glutamate release (45). Indeed,
high frequency photo-stimulation (20 Hz) (39) evoked a
slow depolarization (excitatory post-synaptic potential,
EPSP) (8.3 � 1.3 mV, n � 7) in POMC neurons but a slow
hyperpolarization (inhibitory post-synaptic potential, IPSP)
(�11.2 � 4.0 mV, n � 4) in AgRP neurons (Figure 9). The
EPSP response was slower developing in the POMC neurons
indicative of a G�q-coupled signaling pathway vs the faster
membrane delimited G�i.o-coupled IPSP response in AgRP
neurons.

Discussion

In the present study, we have used a combination of mo-
lecular biology, optogenetics, and electrophysiology to
study the neurophysiological connection between
Kiss1ARC neurons and POMC and AgRP neurons. Using
qPCR of pooled ARC Kiss1Cre:GFP neurons, we found
that mRNA expression for vGluT2 was higher in cas-
trated males compared with gonad-intact male mice.
Through the use of a Cre-dependent viral vector (AAV1-
EF1�-DIO-ChR2:YFP) in Kiss1Cre:GFP male mice, we
found that all individual harvested fluorescent cells are
Kiss1 neurons and that the vast majority express mRNA
that encodes for vGluT2. Using whole-cell recordings we
found that low frequency photo-stimulation of ARC
Kiss1-ChR2:YFP neurons generated fast glutamatergic
EPSCs in POMC and AgRP neurons and as predicted
from the changes in vGluT2 mRNA expression after
castration, there was enhanced glutamate release from

Figure 7. Steroid-dependent change in glutamate release from Kiss1ARC neurons. Whole-cell, voltage-clamp recording (Vh � �60 mV) of
nonfluorescent AgRP neurons (post hoc identified) using a photo-stimulation paired-pulse paradigm (pulse duration, 5 ms; interpulse interval, 50
ms) in male Kiss1Cre:GFP::Ai32 mice and AAV-EF1�-DIO-ChR2:YFP injected Kiss1Cre:GFP mice. A representative trace that averages 10 sequential
paired-pulse recordings is shown for a gonad-intact (A) and castrated (B) male Kiss1Cre:GFP::Ai32 mouse. C, Bar graph summarizes the averaged
(�SEM) PPR (pulse 2 amplitude to pulse 1 amplitude) of the induced EPSC from gonad-intact and castrated male Kiss1Cre:GFP::Ai32 and AAV
injected Kiss1Cre:GFP mice. Cell numbers are indicated. Using an unpaired Student’s t test; **, P � .01.
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Kiss1ARC neurons with paired-pulse photo-stimulation. Fi-
nally, we show that group I and group II mGluR agonists
depolarize and hyperpolarize POMC and AgRP neurons,

respectively, and that high-frequency
photo-stimulation (20 Hz) mimicked
these effects.

Kiss1ARC neuron specific
expression of ChR2:YFP

Kiss1 perikarya reside in two main
regions of the ventral forebrain,
AVPV/PeN (rodents)/medial preoptic
region (nonrodents) and the ARC,
and send projections to various areas
of the CNS (22). Anatomical identifi-
cation of Kiss1ARC neuronal origin
has been accomplished using Kiss1
coimmunoreactivtiy with neurokinin
B and/or dynorphin (47–49). How-
ever, reports looking at Kiss1 innerva-
tion of downstream neurons typically
use confocal images of Kiss1 immuno-
positive contacts (23, 24, 50) and
leave open the possibility that neural
input could be from either Kiss1 neu-
ronal population. We achieved ARC
Kiss1-ChR2:YFP expression by using
local delivery of a Cre-dependent viral
vector, which resulted in region-
specific fluorescence in ARC neurons
and enabled us to characterize
Kiss1ARC selective expression. Fur-
thermore, it allowed for the visualiza-
tion of ChR2:YFP fibers that origi-
nate from Kiss1ARC neurons (not
from the AVPV/PeN population) in
order to selectively activate only these
cells and target potential downstream
neurons. In addition, we observed, as
others have (51, 52), that Kiss1ARC

neurons project rostrally into the
AVPV/PeN and although the func-
tional role of this projection in males
is unknown, it lends support to the
idea that Kiss1ARC neurons have
physiological actions outside of the
ARC.

Steroid-sensitive glutamate
release from Kiss1ARC neurons

Glutamate and GABA are consid-
ered to be the major excitatory and inhibitory neurotrans-
mitters in the CNS, respectively, and have direct actions
on ARC neurons (53–56). Evidence exists that the release

Figure 8. Glutamate differentially regulates POMC and AgRP neurons via mGluR signaling. A,
Whole-cell current clamp recording of a PomcEGFP neuron in the presence of CNQX (10�M) and
AP5 (50�M) with the fast perfusion of glutamate (100�M). Whole-cell current clamp recording
of a PomcEGFP neuron with (B) DHPG (50�M) alone or (C) DHPG in the presence of CNQX
(10�M), AP5 (50�M), and TTX (1�M). D, Bar graph summarizing the effect of DHPG alone,
DHPG with blockers (CNQX, AP5, and TTX), and DCG-IV alone on POMC neurons. Cell numbers
are indicated. E, Whole-cell current clamp recording of an ARC NpyGFP neuron in the presence of
CNQX (10�M) and AP5 (50�M) with the fast perfusion of glutamate (100�M). Whole-cell
current clamp recording of an ARC NpyGFP neuron with (F) DCG-IV (10�M) alone or (G) DCG-IV
(10�M) in the presence of CNQX (10�M), AP5 (50�M), TTX (1�M), and picrotoxin (100�M). H,
Bar graph summarizing the effect of DCG-IV alone, DCG-IV with blockers (CNQX, AP5, and TTX),
and DHPG alone on AgRP neurons. Cell numbers are indicated. Using Newman-Keuls multiple
comparison test; *, P � .05; **, P � .01.
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of these amino acid transmitters from ARC neurons elicits
local fast postsynaptic potentials in hypothalamic slice
preparations (53, 57). Although it has been shown using
EM that POMC and AgRP neurons are contacted by glu-
tamatergic and GABAergic nerve terminals (54), thus far
any efforts to identify the local origin of these inputs have
largely focused on reciprocal connections between
POMC and AgRP neurons. AgRP neurons form GABA
ergic synaptic contacts on POMC neurons (27) and func-
tional release of GABA has been confirmed using optoge-
netics (29). Although POMC neurons have been shown to
reciprocally innervate and self-regulate via glutamate and
GABA release in hypothalamic cultures (58, 59), POMC
to POMC neuronal communication has not been seen
using optogenetic stimulation in hypothalamic slice prep-
arations (29, 60). Optogenetic stimulation of POMC neu-
rons does release both glutamate and GABA (60), which
indicates that POMC neurons regulate other (non-

POMC) ARC neurons. Here, we show that Kiss1ARC fir-
ing at low frequencies provide excitatory glutamatergic
input to both POMC and AgRP neurons and through the
use of 4-AP, which blocks K� channels responsible for
repolarization of the nerve terminals (41, 61, 62), we were
able to rescue the TTX blockade of photo-stimulated PSC
and confirm direct synaptic input. Krashes et al reported
labeling of afferents from ARC neurons to AgRP neurons
after rabies viral injections (retrograde tracer), but were
unable to detect ARC-derived glutamatergic input to
AgRP neurons (63) most likely due to limited ARC ChR2
expression. Indeed, our results clearly indicate monosyn-
aptic inputs from Kiss1ARC neurons to POMC and AgRP
neurons.

Although our photo-stimulated glutamate release re-
flects the high degree of mRNA that encodes for vGluT2
expression in Kiss1ARC neurons, others have reported
that 50% of Kiss1ARC neurons also express mRNA that

Figure 9. High frequency photo-stimulation of ChR2 Kiss1ARC neurons stimulates POMC neurons and inhibits AgRP neurons. A,
Representative confocal image of the ARC from a Kiss1Cre:GFP::PomcEGFP male mouse injected with AAV1-EF1�-DIO-ChR2:mCherry. Scale
bar, 50 �m. 3V, third ventricle. B, High frequency photo-stimulation of ChR2 (20 Hz, solid blue bar) evoked a slow depolarization (EPSP) in a
PomcEGFP neuron. C, Bar graph summarizing the effect of 20-Hz photo-stimulation in POMC neurons (n � 7). D, Representative confocal
image of the ARC from a Kiss1Cre:GFP::NpyGFP male mouse injected with AAV1-EF1�-DIO-ChR2:mCherry. Scale bar, 50 �m. 3V, third
ventricle. E, High frequency photo-stimulation of ChR2 (20 Hz, solid blue bar) evoked a slow hyperpolarization (IPSP) in an ARC NpyGFP

neuron. F, Bar graph summarizing the effect of 20 Hz LED stimulation in AgRP neurons (n � 5). Note the hyperpolarization typical for
activation of G�i.o-coupled receptors.
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encodes for glutamic acid decarboxylase 67 (17). How-
ever, Slc32a1 (vGAT) mRNA expression in Kiss1ARC

neurons was essentially undetectable by two different
methods, and we did not observe light-induced GABA
ergic PSCs from Kiss1-ChR2:YFP cells. Because postsyn-
aptic recordings were conducted in ARC neurons that
received PSCs with a decay time constant indicative of
GABAergic input (64) and could be blocked with the
GABAA receptor antagonist bicuculline, we are confident
that these cells do receive GABAergic input, but this input
is not from Kiss1ARC neurons. Moreover, given that the
photo-stimulation protocol used here results in light-
induced GABAergic PSCs from AgRP neurons (29, 65),
we believe the absence of photo-stimulated GABA release
from Kiss1ARC neurons is due to their inability to package
GABA into secretory vesicles (66).

Castration dramatically increased the expression of
vGluT2 in Kiss1ARC neurons. Furthermore, using a PPR
paradigm, which has been extensively employed to mea-
sure release probability at central synapses in many brain
structures (45), we found there was more glutamate re-
leased from Kiss1ARC neurons from castrated males.

Kiss1ARC neurons excite POMC neurons but inhibit
AgRP neurons through mGluRs

With glutamatergic input to both POMC and AgRP
neurons originating from Kiss1ARC neurons and the prob-
ability of release increased with castration, we were left
with the question of how glutamate could differentially
regulate these opposing neurons. One possibility was
through activation of distinct mGluRs. Group I mGluRs
are Gq/G11 coupled and activate phospholipase C,
whereas group II mGluRs are Gi/Go coupled and inhibit
adenylyl cyclase (46). Because group I and group II
mGluRs are found in the ARC of female mice (67), we
examined the effect of select activation of these receptors
in POMC and AgRP neurons. Indeed a group I mGluR
agonist (DHPG) depolarized POMC neurons, whereas a
group II mGluR agonist (DCG-IV) hyperpolarized AgRP
neurons. More importantly from a physiological perspec-
tive, we were able to generate with high-frequency opto-
genetic stimulation of Kiss1ARC neurons a slow EPSP in
POMC but a slow IPSP in AgRP neurons. Therefore,
Kiss1ARC neurons firing at high frequency can differen-
tially excite POMC neurons and inhibit AgRP neurons via
mGluRs. In addition, Kiss1 itself may augment the effects
of the metabotropic glutamate response given that it de-
polarizes POMC neurons via its own Gq-coupled recep-
tor (G protein-coupled receptor 54) (24).

Kiss1 neurons, energy balance, and other
homeostatic functions

Androgens act to stimulate food intake in several spe-
cies (68–73), but the central mechanisms underlying this
effect remain largely unknown. Here, we have discovered
a testosterone-regulated glutamatergic input from
Kiss1ARC neurons to AgRP and POMC neurons within
the ARC that can differentially regulate the activity of
these two neuronal groups depending on the Kiss1 neu-
ronal firing frequency. Although, AgRP and POMC neu-
rons are primarily known for their role in stimulating or
inhibiting feeding, respectively, energy homeostasis is a
delicate balance between the consumption of food and the
expenditure of energy. The ARC is an important area for
metabolic control within the CNS given that two oppos-
ing neuronal populations, POMC neurons and AgRP
neurons, reside there, which together integrate multiple
physiological cues to ultimately regulate energy balance
(21, 27, 74–77). In addition, these two neuronal groups
have been implicated in the control of other homeostatic
functions such as hormone secretion, sex behavior and
temperature regulation (42, 78–82).

In summary, these data provide compelling evidence
for glutamatergic synaptic input to POMC and AgRP
neurons that originates from Kiss1ARC neurons. As such,
they provide a neurophysiological framework whereby
Kiss1 neurons could integrate changes in reproductive
status with changes in energy status and/or other homeo-
static functions. Further work is needed to define the im-
portance of Kiss1 neurons in the control of global
homeostasis.
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