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Excitatory Effects of the Puberty-Initiating Peptide
Kisspeptin and Group I Metabotropic Glutamate Receptor
Agonists Differentiate Two Distinct Subpopulations of
Gonadotropin-Releasing Hormone Neurons
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Activation of the G-protein-coupled receptor GPR54 by kisspeptins during normal puberty promotes the central release of gonadotropin-
releasing hormone (GnRH) that, in turn, leads to reproductive maturation. In humans and mice, a loss of function mutations of GPR54
prevents the onset of puberty and leads to hypogonadotropic hypogonadism and infertility. Using electrophysiological, morphological,
molecular, and retrograde-labeling techniques in brain slices prepared from vGluT2-GFP and GnRH-GFP mice, we demonstrate the
existence of two physiologically distinct subpopulations of GnRH neurons. The first subpopulation is comprised of septal GnRH neurons
that colocalize vesicular glutamate transporter 2 and green fluorescent protein and is insensitive to metabotropic glutamate receptor
agonists, but is exquisitely sensitive to kisspeptin which closes potassium channels to dramatically initiate a long-lasting activation in
neurons from prepubertal and postpubertal mice of both sexes. A second subpopulation is insensitive to kisspeptin but is uniquely
activated by group I metabotropic glutamate receptor agonists. These two physiologically distinct classes of GnRH cells may subserve
different functions in the central control of reproduction and fertility.
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Introduction
A major revolution in the field of neuroendocrinology has

been the discovery that loss-of-function mutations of the gene
encoding the G-protein-coupled receptor GPR54 are associated
with autosomal recessive idiopathic hypogonadotropic hypogo-
nadism in humans (de Roux et al., 2003; Seminara et al., 2003;
Semple et al., 2005). GPR54 knock-out mice, that have a strik-
ingly similar phenotype as the mutation-harboring human, fail to
make pulsatile luteinizing hormone and follicle stimulating hor-
mone secretions and undergo puberty (Funes et al., 2003; Semi-
nara et al., 2003). Kisspeptins, which include the endogenous
ligand, metastin, are the natural ligands of GPR54 and are en-
coded by the metastasis suppressor gene KiSS-1 (Kotani et al.,
2001; Muir et al., 2001; Ohtaki et al., 2001). They were originally
identified as metastasis suppressor peptides that significantly
suppressed metastasis of human malignant melanoma and breast
carcinoma cells (Lee et al., 1996; Lee and Welch, 1997).

Within the rodent brain, in situ hybridization studies have

demonstrated the existence of KiSS-1 mRNA and peptide in sev-
eral regions of the hypothalamus, with particular concentrations
in the arcuate nucleus and the sexually dimorphic anteroventral
paraventricular nucleus (Gottsch et al., 2004; Brailoiu et al., 2005;
Kinoshita et al., 2005; Smith et al., 2005; Franceschini et al., 2006).
Since the discovery of the role of GPR54 in reproduction,
kisspeptins have been shown to elicit gonadotropin secretion
through stimulation of gonadotropin-releasing hormone
(GnRH) release (Thompson et al., 2004), presumably through
direct activation of preoptic GnRH neurons (Han et al., 2005).
During pubertal development, an enhanced expression of KiSS-1
and GPR54 genes, as well as increased GPR54 signaling, is de-
tected in the hypothalamus. Most significantly, administration of
kisspeptin is sufficient to induce precocious activation of the go-
nadotropic axis in immature rodents and monkeys (Plant et al.,
2006). Thus, the kisspeptins have emerged as major gatekeepers
of the hypothalamic-pituitary-gonadal axis and the kisspeptin/
GPR54 system is considered critical to normal reproductive de-
velopment (Popa et al., 2005). Hypothalamic kisspeptin may also
function as an essential integrator for peripheral inputs, includ-
ing gonadal steroids and nutritional signals, controlling GnRH
and gonadotropin secretion (Tena-Sempere, 2006).

Whereas kisspeptin-containing neurons are found primarily
in the hypothalamic area, kisspeptin-immunoreactive fibers can
be found in various regions of the brain including the medial
septum/diagonal band of Broca (MSDB) (Brailoiu et al., 2005),

Received July 23, 2007; revised July 1, 2008; accepted July 2, 2008.
This work was supported by National Institutes of Health Grants MH61465 (M.A.), NS41454, and NS48476 and

the State of Connecticut Department of Mental Health and Addiction Services. We thank Dr. George Aghajanian for
his help with morphological studies and John Davis for assistance with single-cell RT-PCR studies.

Correspondence should be addressed to Meenakshi Alreja, Department of Psychiatry, CMHC 335A, Yale University
School of Medicine, 34 Park Street, New Haven, CT 06508. E-mail: Meenakshi.Alreja@yale.edu.

DOI:10.1523/JNEUROSCI.1225-08.2008
Copyright © 2008 Society for Neuroscience 0270-6474/08/288003-11$15.00/0

The Journal of Neuroscience, August 6, 2008 • 28(32):8003– 8013 • 8003



and close appositions between kisspeptin fibers and GnRH neu-
rons have been reported (Clarkson and Herbison, 2006). The
MSDB is best known for its role in learning and memory that is
subserved via its cholinergic and GABAergic projections to the
hippocampus; it also contains the recently discovered glutama-
tergic neurons, function(s) of which remain to be elucidated.
Impressed by the rather prominent innervation of this nucleus by
kisspeptin fibers, we sought to determine the electrophysiological
effects of the potent kisspeptin peptide (also known as metastin
or KiSS-1 peptide) on identified MSDB cholinergic, GABAergic,
glutamatergic, and GnRH neurons in brain slices prepared from
rats or from vGluT2-GFP or GnRH-GFP transgenic mice. We
demonstrate that a subset of MSDB glutamatergic neurons that
colocalizes GnRH is exquisitely sensitive to the excitatory effects
of KiSS-1 even before puberty and may play a role in reproduc-
tion. A second subpopulation is insensitive to KiSS-1, but is
strongly activated by group I metabotropic glutamate receptor
(mGluR) agonists.

Materials and Methods
vGluT2-GFP and GnRH-GFP transgenic mice. Vesicular glutamate trans-
porter 2 (vGluT2)-containing neurons were recorded from transgenic
Swiss albino mice in which the vGluT2 promoter 1.8 kb upstream from
the vGluT2 sequence was used to drive green fluorescent protein (GFP)
expression (Huang et al., 2006; Fu and van den Pol, 2008). In a previous
study, 30 of 30 GFP-expressing neurons from the hypothalamic ventro-
medial nucleus also expressed vGluT2 mRNA, and 17 cells showing no
GFP showed no vGluT2 mRNA (Fu and van den Pol, 2008). The Swiss
albino outbred strain was chosen as a background strain because of their
large size; they begin to show signs of puberty at �30 d of age. In the
present study, vGluT2-GFP mice that are 30 d and older were considered
potentially postpubertal as a conservative estimate, so as not to suggest
that older mice are still prepubertal. In these mice, GFP-expressing neu-
rons were found only in selected regions of the brain that have previously
been shown to express vGluT2, including the MSDB (Fremeau et al.,
2001). Further confirmation of the colocalization of GFP in vGluT2 ex-
pressing neurons is described below. GnRH-GFP neurons were recorded
from GnRH-GFP mice that were kindly provided by Dr. Allan E. Herbi-
son (University of Otago, Dunedin, New Zealand); these mice have been
well characterized (Han et al., 2004; Todman et al., 2005; Cottrell et al.,
2006).

Labeling of septohippocampal cholinergic neurons using Cy3–192IgG.
Septohippocampal cholinergic neurons were identified in rat brain slices
in the living state using the fluorescent marker cyanine 3 (Cy3)-192IgG as
described previously (Alreja et al., 2000; Wu et al., 2000). This technique
exploits the fact that septohippocampal cholinergic neurons, but not the
GABAergic neurons of the MSDB, exclusively express the low-affinity
nerve growth factor receptor p75. Thus, Cy3–192IgG, which is a conju-
gate of the fluorochrome Cy3 and an antibody against the p75 receptor
(192IgG), is taken up only by cholinergic terminals and thus selectively
labels only the cholinergic subpopulation. The specificity of this marker
and its inert nature has been thoroughly confirmed by us (Alreja et al.,
2000; Wu et al., 2000, 2003, 2004a,b; Xu et al., 2004) and by others in a
previous study (Härtig et al., 1998).

In anesthetized rats, Cy3–192IgG (3–5 �l; 0.4 mg/ml) was stereotaxi-
cally injected bilaterally into the lateral ventricle of each rat with a Ham-
ilton syringe (22-gauge needle) at a rate of 0.5 �l/min. The coordinates
used were 0.8 mm posterior from bregma, 1.2 mm lateral from midline,
and 3– 4 mm below the dura. Two to five days later, slices were prepared
from Cy3–192IgG-injected rats and used for electrophysiological
recordings.

Slice preparation for electrophysiological recordings. Brain slices con-
taining the MSDB were prepared from male Sprague Dawley albino rats
(13–35 d old), male and female vGluT2-GFP mice (13–54 d old) or from
male and female GnRH-GFP mice (15– 44 d old) (Campbell et al., 2005)
using methods detailed previously (Alreja and Liu, 1996). Briefly, ani-
mals were anesthetized with chloral hydrate (400 mg/kg, i.p.) and killed

by decapitation. The artificial CSF (ACSF), pH 7.35–7.38, equilibrated
with 95%O2-5% CO2, contained (in mM) 126 NaCl, 3 KCl, 1.25
NaH2PO4, 10 D-glucose, 25 NaHCO3, 2 CaCl2, and 2 MgSO4. After de-
capitation, brains were removed and placed in a Petri dish containing
ACSF and trimmed to yield a small block containing the MSDB. Coronal
slices of 300 �m thickness were obtained with a Vibratome 1500 (Vi-
bratome) and transferred to a Plexiglas recording chamber (1.5 ml vol-
ume) on the fixed stage of an Olympus BX50WI scope for visualized
whole-cell recording. The slices were maintained at 33 � 0.5°C. One to
two hours later, the slices were used for recording. The chamber was
continuously perfused with normal ACSF at a rate of 2–3 ml/min and its
temperature maintained at 33 � 0.5°C.

Fluorescence and infrared imaging. Infrared, differential interference
contrast imaging (IR-DIC) in combination with fluorescence imaging,
was performed to identify and visualize neurons for patch-clamp record-
ing with an Olympus Optical BX-50 microscope using methods de-
scribed previously. vGluT2-GFP, GnRH-GFP, and Cy3–192IgG-labeled
neurons were visualized using the appropriate fluorescence filter. A neu-
ron viewed with infrared optics was considered to be the same as that
viewed with fluorescence optics when the infrared image and the fluo-
rescent image of the neuron had the same position and orientation with
the IR-DIC and fluorescence.

Whole-cell recordings from MSDB neurons. The image of the cells in the
slice was displayed on a video monitor, and glass pipettes used for elec-
trophysiological recordings were visually advanced through the slice to
the surface of the cell from which recordings were made. Whole-cell
patch-clamp recordings were performed using previously described
methods (Alreja and Liu, 1996). In brief, low-resistance (2.5–3.5 M�)
patch pipettes were filled with a solution containing (in mM) 125
K-gluconate, 10 HEPES, 5 BAPTA K4, 2.38 CaCl2, 4 Mg-ATP, 10 Na
phosphocreatine, and 0.3 Na2-GTP, pH 7.32–7.35. The concentration of
free Ca 2� in this solution was 97 nM, assuming an absolute affinity con-
stant for BAPTA of 9.35 � 10 6

M
�1 (Tsien, 1980).

Data was acquired using an Axoclamp-2B and pClamp 9 (Molecular
Devices). In current-clamp recordings, the output signal was filtered at
10 kHz and spike data were acquired at a sampling frequency of 20 kHz.
Access resistance was between 6 and 10 M�; no compensation was done.
All recordings were done with respect to an Ag/AgCl electrode located
near the outflow of the chamber. The current and voltage signals were
amplified and displayed on storage oscilloscopes and also continuously
recorded on a chart recorder (DASH-8xe; Astro-Med). Recordings were
made from MSDB vGluT2-GFP neurons, GnRH-GFP neurons, and sep-
tohippocampal cholinergic and GABA-type neurons. As in previous
studies, septohippocampal GABA-type neurons were identified by their
electrophysiological and neuropharmacological profile that included the
presence of depolarizing sag and an excitatory response to muscarine
(Morris et al., 1999; Alreja et al., 2000; Wu et al., 2000, 2002; Xu et al.,
2004).

Intracellular labeling and morphological studies. Neurobiotin (Vector
Laboratories) was added to the patch pipette solution at a concentration
of 0.2%. After completion of the recording session slices were fixed with
a 4% paraformaldehyde and 0.4% glutaraldehyde solution overnight.
After three 15 min rinses with 0.01 M PBS, slices were incubated for 3 h
with a solution containing 1:500 streptavidin conjugated with Alexa 594
(Invitrogen) in 10 ml of 0.01 M PBS, pH 7.4, and 50 �l of 0.5% Triton
X-100 to promote penetration of streptavidin. After three 15 min rinses
with 0.01 M PBS, slices were mounted with Vestashield and observed with
a two-photon microscope.

Retrograde labeling with Evans blue. For systemic retrograde labeling
studies, Evans blue (2% in sterile saline, 75 �l total volume) was injected
intravenously and 3– 4 d later mice were given an overdose of anesthetic
and perfused transcardially with 4% paraformaldehyde. Sections were
cut through the MSDB, and neurons that retrogradely transported the
dye identified.

GnRH immunohistochemistry in vGluT2-GFP neurons. Mice were
deeply anesthetized with ketamine/xylazine and perfused transcardially
with physiological saline followed by 4% paraformaldehyde. Sections
(10 –30 �m thick) were cut on a cryostat. After treating with 1% normal
goat serum in 0.3% Triton X-100, sections were incubated in rabbit
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anti-GnRH antiserum (Millipore) at a dilution of 1:1500 overnight. After
washing, sections were then treated with secondary goat anti-rabbit an-
tiserum conjugated to the red fluorescent dye Alexa 594 (Invitrogen) at a
dilution of 1:300 for 2 h. After subsequent washing, sections were
mounted and studied with a fluorescent microscope. The only cells la-
beled were those consistent with the known localization of GnRH neu-
rons in the mouse brain (Spergel et al., 1999; Suter et al., 2000).

Single-cell RT-PCR. The single-cell reverse-transcription (RT)-PCR
method used is similar to that reported previously (Kang et al., 2004)
with minor modification. Briefly, the cell contents from each neuron
were aspirated into a sterile glass micropipette prefilled with 5– 6 �l of
DEPC-treated water. This solution was then expelled into a PCR micro-
tube where cDNA synthesis was performed using the SuperScript III
Reverse Transcriptase kit (Invitrogen) according to the manufacturer’s
instructions. First, an 8 �l solution containing 1 �l of each gene-specific
oligo (2 �M) and 1 �l of deoxynucleotide triphosphate mix (250 mM) in
DEPC-treated water were added to each microtube and incubated at
65°C for 5 min, then cooled on ice for 1 min. The gene-specific oligos
used were the initial-round reverse primers described in the PCR proce-
dure below. Next, 4 �l of 5� first-strand buffer, 1 �l of 0.1 M DTT
solution, 1 �l of SuperScript III RT (200 U/�l), and 1 �l of RNaseOUT
(40 U/�l) were added to each microtube and incubated at 53°C for 60
min followed by a heat inactivation step at 70°C for 15 min. Finally, 1 �l
of RNase H (2 U/�l) was added to each microtube and incubated at 37°C
for 20 min with the final single-cell cDNA products being stored at
�20°C until use.

All PCRs were performed using an iCycler thermocycler (Biorad) and
the Expand High Fidelity PCR kit (Roche Diagnostics). Each PCR used
only part (5 �l) of the single-cell cDNA product for template and one pair
of gene-specific primers (30 pmol) in a total volume of 50 �l and was
thermocycled 35 times with an extension time of 45 s. Amplified prod-
ucts were run on 1.5% agarose gels and visualized using ethidium bro-

mide. Gene-specific primer pairs were designed
to amplify mouse �-actin, vGluT2, and GnRH
cDNA sequences based on GenBank accession
numbers NM_007393, NM_080853, and
NM_008145 respectively, using Oligo Primer
Analysis Software version 6.89 (Molecular Biol-
ogy Insights). A minimum of 550 bp of intronic
sequence was spanned in the design of each am-
plicon to easily distinguish cDNA amplification
products from any that might arise from the
amplification of genomic DNA. Because ex-
pression was low, detection of vGluT2 required
a second round of PCR (nested); 35 cycles were
used in this second round. A diluted equivalent
of 0.25 �l of initial amplification product was
used as template in the nested reaction. Digital
photographs of the blots were made, and the
contrast and brightness of the entire blot were
corrected as a unit with Adobe Photoshop. The
following list details the target gene, annealing
temperature, amplicon length and primer se-
quences for each PCR: �-actin, 56.7°C, 523 bp,
F 5�-GCCAACCGTGAAAAGATGAC-3�, R 5�-
CAACGTCACACTTCATGATG-3�; vGluT2
(initial), 53.8°C, 388 bp, F 5�-CATTTCAG-
ATGGCGTTGGCAC-3�, R 5�-CTTATAGGT-
GTACGCGTCTTG-3�; vGluT2 (nested),
53.6°C, 279 bp, F 5�-CTATCATTGTTG-
GTGCAATGAC-3�, R 5�-AGCCTCCAT-
TCTCCTGTGAG-3�; GnRH, 58.9°C, 230 bp, F
5�-CGGCATTCTACTGCTGACTGTGTG-3�,
R 5�-GCCTGGCTTCCTCTTCAATCAGAC-3�.

Drugs and drug application. KiSS-1 (metastin
45–54 amide, kisspeptin-10) and BaCl2 were
obtained from Sigma. 3,4-Dihydroxy-
phenylglycol (DHPG) and muscarine were
obtained from Tocris Bioscience. TTX was ob-
tained from Alomone Labs. All drugs were

diluted in ACSF from previously prepared stock solutions that were pre-
pared in water and stored at �20°C. Agonists were applied using a Y-tube
(Wu et al., 2003). Ion channel blockers were bath applied.

Results
KiSS-1 selectively activates a subpopulation of vGluT2-GFP
neurons in the MSDB
During whole-cell current-clamp recordings from a subpopula-
tion of MSDB vGluT2-GFP neurons in mouse brain slices we
observed dramatic excitatory effects after very brief applications
of the KiSS-1 peptide (0.1 nM to 1 �M, 5–15 s). Sixty percent of the
KiSS-1-sensitive vGluT2-GFP neurons fired spontaneously and
the remaining had a mean resting membrane potential (RMP) of
�61.2 � 2.3 mV (n � 187) with a maximum negative value of
�73 mV. These neurons responded to KiSS-1 with a membrane
depolarization and a significant increase in basal firing rates
(control firing rate, 1.3 � 0.2 Hz; KiSS-1, 8.9 � 0.6 Hz; n � 44;
p 	 0.0001, Student’s paired t test) (Fig. 1a,c,d). The KiSS-1-
induced activation of vGluT2-GFP neurons was very prolonged; a
5 s application of 1 �M KiSS-1 yielded responses that lasted an
average of 16 � 1.5 min (range, 3– 60 min; median, 12.5 min; n �
62). Interestingly, in six neurons with a mean RMP of �61.2 �
1.6 mV, a second application of KiSS-1 applied at an interval
ranging from 10 to 48 min yielded little/no second response both
with low and high concentrations of the agonist (first application,
7.2 � 1.6 mV; second application, 0.7 � 0.4 mV; p 	 0.005) (Fig.
1c,d). This apparent desensitization of the KiSS-1 response there-
fore, precluded repeated applications of KiSS-1 to the same
neuron.

Figure 1. KiSS-1 dramatically activates a subpopulation of vGluT2-GFP neurons in the MSDB. a, Whole-cell current-clamp
recording shows the effect of rapid application of KiSS-1 peptide (1 �M, 3 s). Note that in this quiescent neuron, which had a
resting membrane potential of �69 mV, KiSS-1 produced a 14 mV depolarization that led to spike activity and a 58% increase in
apparent input resistance. The response to KiSS-1 was prolonged and only partially reversed at 12 min. b, vGluT2-GFP neurons in
septal slices. c, d, Effect of 30 nM and 1 �M KISS-1 in two neurons. Note that the second application of agonist applied 10 –29 min
later failed to yield a significant response, suggesting desensitization with both the low and high concentrations of agonist. e, Bar
charts demonstrate the concentration dependence of the KiSS-1 response as compiled from responses obtained in different cells.
Note that the low concentration of 1 nM KiSS-1 yielded a 2.3 � 0.3 mV depolarization, whereas a near-maximal response of a
10.5 � 0.7 mV was obtained with 1 �M KiSS-1, and half-maximal excitation was obtained with 10 nM KiSS-1. Error bars indicate
SEM.
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To examine the concentration dependency of the KiSS-1 re-
sponse, we, therefore compared the magnitude of KiSS-1 induced
activation in different vGluT2-GFP neurons using six different
concentrations of agonist ranging from 1 nM to 1 �M. Fifty-seven
percent of these neurons fired spontaneously, the remaining qui-
escent neurons had mean resting membrane potentials of �65 �
0.72 mV. As illustrated in Figure 1e, the lowest concentration of 1
nM KiSS-1 produced a 2.3 � 0.3 mV depolarization, whereas a
near-maximal depolarizing response of 10.5 � 0.72 mV (n � 73)
was obtained with 1 �M KiSS-1; half-maximal responses were
obtained with 10 nM KiSS-1.

As mentioned above, only a subpopulation of MSDB vGluT2-
GFP neurons responded to KiSS-1; this subpopulation was
unique in that it did not respond to the group 1 metabotropic
glutamate receptor agonist DHPG with activation either before
or after KiSS-1 application (Fig. 2a2,e). In contrast, vGluT2-GFP
neurons that exhibited an excitatory response to DHPG did not
respond to even prolonged applications of KiSS-1, regardless of
whether KiSS-1 was administered before or after DHPG (Fig.
2b2,e). Similarly, septohippocampal cholinergic and GABAergic
neurons located within the same nucleus also failed to respond to
KiSS-1 (Fig. 2c1–e); these subpopulations are also strongly acti-
vated by DHPG (Wu et al., 2003, 2004a).

Electrophysiologically, KiSS-1-activated vGluT2-GFP neu-
rons could be differentiated from other MSDB neurons as they
lacked significant classical inward-rectification as well as time-
dependent rectification in response to hyperpolarizing pulses. In
the initial, random sampling, the KiSS-1 sensitive subpopulation
comprised of 25% of the vGluT2-GFP neurons; however, after
identification of unique morphological features of this subpopu-
lation (see below), it became possible to identify these neurons
visually in the slice before recording. Thus, KiSS-1 has a profound
excitatory effect on a unique subpopulation of neurons within
the MSDB that can be readily identified by the lack of an excita-
tory response to the group 1 metabotropic glutamate receptor
agonist, DHPG (Fig. 2e). The remaining data describe the effects
of KiSS-1 in this DHPG-insensitive subpopulation of MSDB
vGluT2-GFP neurons.

The excitatory effects of this puberty-promoting peptide
KiSS-1 was statistically similar in neurons recorded from brain
slices prepared from male (8.79 � 0.5 mV; n � 118) or female
(8.86 � 0.5 mV; n � 72) mice ranging from postnatal day (P11)–
P54. Additionally, there was no significant correlation between
the age of the animals and the amplitude of KiSS-1 response in
either sex (Pearson’s coefficient, �0.22; male, n � 118; Pearson’s
coefficient, �0.06; female, n � 72). The resting membrane po-
tentials for the above cells are as follows: of the 118 cells from
male mice, 58 were quiescent and had a RMP of �62.3 � 0.6 mV
and the remaining 60 cells fired at rest; similarly, 34 of 72 cells
from female mice were quiescent with RMP of �61.8 � 0.8 mV
and the remaining 38 cells fired at rest. The vGluT2-GFP mice
used in the current study become reproductively active at �P30
(see Materials and Methods). The number of neurons that re-
sponded to low nanomolar concentrations of KiSS-1 was similar
in brain slices prepared from 11- to 30-d-old mice or from 31- to
54-d-old mice. Thus, whereas 67% and 63% of neurons re-
sponded to 1 nM KiSS-1 in both the groups, 100% of neurons
responded to 100 nM KiSS-1 in the two groups (Fig. 3b). Simi-
larly, there was no statistically significant difference in the mag-
nitude of excitation in the two groups of mice with either 1 nM

KiSS-1 (P11–P30, 2.3 � 0.3 mV, n � 3; P31–P54, 3.5 � 1.5 mV,
n � 4) or 10 nM KiSS-1 (P11–P30, 5.3 � 1.6 mV, n � 6; P31–P54,
5.0 � 1.1 mV, n � 3) (Fig. 3c).

The KiSS-1-induced depolarization is mediated via a direct
postsynaptic mechanism that involves a closing of Ba 2�-
sensitive K � channels
Because the strongly desensitizing properties of KiSS-1 preclude
repeated applications of agonist to the same slice, we identified
putative KiSS-1-sensitive cells by their lack of response to DHPG.
As mentioned above, 100% of DHPG-insensitive vGluT2-GFP
neurons respond to KiSS-1 with activation under normal resting

Figure 2. KiSS-1 selectively activates a subpopulation of vGluT2-GFP neurons within the
MSDB. a1, a2, Electrophysiological signature of a vGluT2-GFP cell and its excitatory response to
a rapid application of KiSS-1 (15 s, 1 �M). Note that the group I metabotropic glutamate recep-
tor agonist DHPG did not activate the cell. b1, b2, In contrast to a1 and a2, the remaining
vGluT2-GFP neurons responded to DHPG but not to KiSS-1 with an activation. c1– d2, Examples
of septohippocampal cholinergic and GABA-type neurons within the MSDB. Again, note the lack
of response to even prolonged applications of 1 �M KiSS-1 (30 s to 2 min) but a strong excitatory
response to DHPG. e, Bar chart summarizes the data and shows that although all 68 KiSS-1-
excited neurons were insensitive to DHPG, the remaining neurons of the MSDB were sensitive to
DHPG but not to KiSS-1. Thus, a subpopulation of DHPG-insensitive MSDB vGluT2-GFP responds
to KiSS-1 with a dramatic excitation.
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conditions. DHPG-insensitive MSDB vGluT2-GFP neurons were
identified and KiSS-1 was applied in the presence of TTX or
Ba 2�-containing ACSF, or in the presence of “zero” Ca 2�/high
Mg 2� ACSF. As shown in Figure 4, the KiSS-1 response in
DHPG-insensitive MSDB vGluT2-GFP neurons was present both
in zero Ca 2�/high Mg 2� ACSF and in TTX-containing ACSF
(Fig. 4a,b,f), suggesting involvement of a direct postsynaptic
mechanism (control, 10.6 � 0.94 mV, n � 73; TTX; 11.3 � 2.2
mV, n � 6; zero Ca 2�/high Mg 2�, 12.6 � 2.8 mV, n � 8; Stu-
dent’s t test, not significant). The cells in the TTX and zero Ca 2�/
high Mg 2� experimental groups had resting membrane poten-
tials of �65 � 1.4 mV and �62.8 � 1.6 mV respectively, whereas
the 42 quiescent cells in the control group averaged �65 � 0.8
mV; the remaining 31 cells were firing.

In the presence of TTX, The KiSS-1-induced membrane de-
polarization was accompanied by a 36.2 � 8.8% increase in ap-
parent input resistance (n � 5), suggesting a net closing of ion
channels. Next we examined the reversal potential of the KiSS-1
response in 10 cells. In six cells held close to the calculated potas-
sium equilibrium potential (Ek) of �102 mV, KiSS-1 produced a
depolarization of only 1.0 � 0.5 mV (Fig. 4c1). In another four
cells, KiSS-1 response was measured at two potentials, at the RMP
and close to Ek, by giving repetitive hyperpolarizing pulses. Thus,
with one application of KiSS-1, we were able to confirm the pres-
ence of and measure the KiSS-1 response at rest as well as measure
its magnitude at Ek. Three of these four neurons had a RMP of
�69 � 2 mV and the fourth cell fired spontaneously; in these
cells, KiSS-1 produced a 9.3 � 2 mV at rest and no response to
KiSS-1 at Ek (Fig. 4c2).

Additionally, in 10 cells (4 of which fired spontaneously and
the remaining 6 had a mean RMP of �65 � 2.3 mV), similar to

KiSS-1, bath perfusion with BaCl2 by itself
produced a depolarization of 11.9 � 2.0
mV that was accompanied by a 35 � 8.1%
increase in apparent input resistance,
which resulted in cell firing in all 10 cells.
KiSS-1 failed to produce a statistically sig-
nificant depolarization in slices treated
with external BaCl2 (BaCl2, 0 � 0 mV; n �
10) in contrast to the KiSS-1 response in 10
randomly chosen control cells with mean
membrane potentials similar to that be-
fore Ba 2� (10.5 � 2.4 mV; p 	 0001) or 10
firing control cells randomly selected sim-
ilar to the membrane conditions after
treatment with Ba 2� (11 � 2.4 mV; p 	
0001), suggesting involvement of Ba 2�-
sensitive K� channels (Fig. 4d,f). The
KiSS-1 response also persisted in neurons
after buffering of internal Ca 2� after addi-
tion of 10 mM BAPTA to the regular pi-
pette solution (KiSS-1, 14.9 � 2.6 mV; n �
6) (Fig. 4e,f).

KiSS-1-activated MSDB vGluT2-GFP
neurons colocalize GnRH mRNA.
Because functionally KiSS-1 is strongly
implicated in reproductive maturation via
the release of GnRH, we speculated that
KiSS-1-activated vGluT2-GFP neurons
could be related to the GnRH neurons that
also coexist within the MSDB (Merch-
enthaler et al., 1989a,b; Spergel et al., 1999;

Suter et al., 2000). We therefore, asked the question: could
vGluT2 MSDB neurons colocalize GnRH? As such, we performed
immunocytochemical studies to determine whether MSDB
vGluT2-GFP neurons colocalize GnRH (Fig. 5). We counted a
total of 750 green cells within the MSDB of five vGluT2-GFP
mice. In the same area, we found 154 red GnRH-immunoreactive
neurons. This is consistent with the view that the glutamatergic
neurons in the MSDB are heterogeneous and only a subpopula-
tion contains GnRH. Of the 154 GnRH-immunoreactive neu-
rons, 130 expressed GFP. Based on five brains, a mean of 84 �
2.4% (SEM) of the GnRH-immunoreactive neurons also con-
tained GFP, a finding that is fairly consistent with a previous
report that found 99% of GnRH neurons colocalized vGluT2
mRNA (Hrabovszky et al., 2004). The 84% may be an underesti-
mate, because the paraformaldehyde fixative, permeabilizing de-
tergent, and multiple buffer changes associated with immuno-
staining would all reduce the amount of detectable GFP.

To specifically determine whether KiSS-1-activated vGluT2-
GFP neurons colocalize GnRH, we performed single-cell RT-
PCR analysis in KiSS-1-activated vGluT2-GFP neurons. KiSS-1-
activated neurons were identified using cell-attached recordings
(Fig. 6a1,a2) after which the whole-cell mode was established to
harvest the cytoplasm for single-cell RT-PCR (Fig. 6a3). Ten of
12 vGluT2-GFP neurons expressed vGluT2 mRNA. Six of these
neurons were also tested for the presence of GnRH mRNA; all 6
KiSS-1-activated MSDB vGluT2-GFP neurons colocalized GnRH
mRNA. In contrast, control neurons (n � 6) from the neighbor-
ing striatal region were negative for vGluT2 and GnRH messen-
ger mRNA (Fig. 6b). The absence of detectable vGluT2 mRNA in
2 of 12 cells could be caused by lack of vGluT2 in a subpopulation
of green cells, or could be caused by the low level of vGluT2

Figure 3. KiSS-1 activates MSDB vGluT2-GFP neurons in prepubertal and postpubertal male and female mice. a1–a3, Current-
clamp recordings show excitatory effects of 1 nM to 1 �M KiSS-1 in male and female mice of different ages. vGluT2-GFP mice used
in this study become reproductively active at postnatal day 30. Note the bursting activity in a2. KiSS-1-activated vGluT2-GFP
neurons often displayed bursting activity both in the absence and presence of KiSS-1. b, Bar chart shows that the number of cells
that responded to different concentrations of KiSS-1 in prepubertal versus pubertal mice did not vary significantly, albeit in both
groups, �65% of neurons responded to 1 nM KiSS-1 with an excitation, whereas 100% of neurons responded to 100 nM KiSS-1. c,
Depolarization in millivolts in response to 1 and 10 nM KiSS-1 in the prepubertal versus postpubertal mice. Note the insignificant
difference (n.s.). Error bars indicate SEM.
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mRNA in these cells, compounded using only one quarter of a
single cell product for each reaction, which may have not been
sufficient to detect the signal in every cell.

MSDB vGluT2-GFP neurons access the
peripheral vasculature
A unique characteristic of GnRH neurons is that many of their
axons terminate in the median eminence, and therefore have
access to the peripheral vasculature because of the weak blood
brain barrier here. To determine whether MSDB vGluT2-GFP
neurons also have a similar access to the peripheral vasculature,
we looked for retrogradely labeled vGluT2-GFP neurons within
the MSDB after intravenous injection of Evans blue, a tracer that
does not cross the blood– brain-barrier and, hence, is taken up
only by neurons in the CNS whose axons terminate on fenes-
trated capillaries, such as the capillaries of the median eminence.
Retrograde labeling has been used various to label GnRH cells in
the MSDB (Merchenthaler et al., 1989b; Witkin, 1990; Weiss and
Cobbett, 1992; Livne et al., 1993; Parducz et al., 2003). As shown
in Figure 7a, Evans blue-labeled neurons could be readily found
within the MSDB. More significantly, Evans blue colocalized in
somewhat less than a fifth of vGluT2-GFP neurons, suggesting
either that a number of the total population of vGluT2-GFP neu-
rons do not access the peripheral vasculature and/or were not
labeled strongly enough to detect.

KiSS-1-activated MSDB vGluT2-GFP neurons are
morphologically similar to GnRH neurons
GnRH neurons in the brain not only access the peripheral
vasculature but are also endowed with a unique morphology.
To determine whether the KiSS-1-activated neurons of the
MSDB have a morphology similar to that reported for GnRH
neurons, we loaded KiSS-1-activated vGluT2-GFP neurons
with neurobiotin during whole-cell recording (Fig. 7c). Cell
morphologies, reconstructed from images taken every 1 �m
using two-photon microscopy in combination with z-stack
reconstruction, yielded morphological features suggestive of
GnRH neurons. All 48 labeled neurons had a vertical orienta-
tion; 35 of 48 labeled neurons were clearly bipolar with the
processes emanating from the opposite ends of the long axis of
the soma with the proximal process showing significant loop-
ing (Fig. 7d,e). In addition to the above we observed that the
process emanating from the ventral end of the soma extended
long distances aiming for the base of the brain (Fig. 7g). In the
11 neurons that were analyzed in detail, the soma diameter
along the longest axis ranged from 16 to 28 �m with a mean
diameter of 19 � 0.97 �m. The length of the processes, some
of which were clearly cut as they exited the brain slice, ranged

Figure 4. KiSS-1 activates vGluT2-GFP neurons via a direct postsynaptic mechanism that
involves a closing of K � channels. a, Current-clamp recording from a vGluT2-GFP neuron shows
a strong depolarizing response to KiSS-1 (1 �M, 5 s) in the presence of zero Ca 2�/high Mg 2�

ACSF. The hyperpolarizing pulse was turned off in between to prevent distortion of the firing
pattern. b, At a membrane potential of �60 mV, KiSS-1 produced a 14 mV depolarization with

4

a 28% increase in apparent input resistance in the presence of 2 �M TTX. c1, In contrast, when
the cell was held at the calculated Ek of �101 mV, KiSS-1 produced a 1–2 mV depolarization,
suggesting a reversal potential close to Ek. c2, A cell with a RMP of �73 mV that was pulsed
every 5 s to �99 mV. KiSS-1 produced a depolarization at �73 mV but failed to produce a
depolarization at �99 mV, suggesting a reversal potential close to the calculated Ek of �102
mV. d, Bath application of 400 �M BaCl2, a blocker of K � channels, mimicked the effect of
KiSS-1 by depolarizing the cell with an associated increase in apparent input resistance. Addi-
tion of KiSS-1 in the presence of BaCl2 failed to further depolarize the neuron, suggesting
occlusion. e, Chart record shows that KiSS-1 depolarization persisted after buffering of internal
Ca 2� using BAPTA. f, Bar chart summarizes the magnitude of KiSS-1 depolarization in control,
TTX, and zero Ca 2�/high Mg 2� ACSF, and in presence of internal BAPTA and external Ba 2�,
suggesting involvement of a direct postsynaptic mechanism that does not depend on internal
calcium. ***p 	 0.001. Error bars indicate SEM.
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from 257 to 1696 �m with a mean length of 677 � 138.7 �m
and a median length of 482 �m. We found no evidence of dye
coupling either between the KiSS-1-activated neurons or any
other neuronal subtype within the MSDB in young or old
mice.

KiSS-1 activates a subpopulation of
GnRH-GFP neurons that is insensitive
to DHPG
Because the above-mentioned data
strongly suggested that a subpopulation of
MSDB vGluT2-GFP neurons colocalizes
GnRH, we tested the effect of KiSS-1 on
identified MSDB GnRH neurons in brain
slices from a different transgenic mouse
line expressing GFP under control of the
GnRH promoter. A similar response was
obtained in male and female mice and no
age difference was noted in the range
tested (15– 44 d old); as such, all data has
been pooled together. Interestingly, we en-
countered two subtypes of GnRH neurons
based on their sensitivity to the group I
glutamate metabotropic receptor agonist
DHPG and to KiSS-1 using both the
whole-cell mode of patch clamping as well
as the noninvasive cell-attached mode of
recording. Of the total 64 GnRH-GFP neu-
rons tested, 47 neurons were examined us-
ing the whole-cell mode and the remaining
17 were recorded using the cell-attached
mode. In whole-cell recordings, of the 47
neurons recorded, 21 responded to DHPG
but not to KiSS-1 with activation; the re-
maining 26 were activated by KiSS-1 but
not by DHPG (Fig. 8a1,a2). Thus, similar
to vGluT2-GFP mice, during whole-cell
recordings 100% of DHPG-insensitive
neurons responded to KiSS-1 and 100% of
DHPG-sensitive neurons failed to respond
to KiSS-1. Similarly, in the cell-attached
mode, 13 of 17 neurons did not respond to
DHPG but all of these neurons responded
to KiSS-1 with an excitation; all of the re-
maining 4 cells responded to DHPG but
not to KiSS-1 with a strong excitation (Fig.
8b1,b2). Thus, similar to vGluT2-GFP
neurons, 100% of DHPG-insensitive
GnRH-GFP neurons responded to KiSS-1
and vice versa using either the cell-at-
tached mode or whole-cell mode of
recording.

Overall, using the two modes of record-
ing, 61% of GnRH-GFP neurons belonged
to the population that responded to
KiSS-1 but not to DHPG with an excita-
tion, characteristics similar to those of the
KiSS-1-activated MSDB vGluT2-GFP
neurons recorded from in this study (Fig.
2a1,a2). Thus, based on neuropharmaco-
logical properties, we were able to identify
two subsets of MSDB GnRH-GFP neu-
rons. Moreover, the KiSS-1-sensitive sub-
population of GnRH-GFP neurons is re-

markably similar to the KiSS-1 sensitive GnRH-colocalizing
vGluT2-GFP neurons recorded from in this study.

As a next step, we performed single-cell RT-PCR studies in
GnRH-GFP cells to determine whether they colocalized vGluT2
mRNA. Interestingly, 12 of 12 GnRH-GFP neurons were positive

Figure 5. GnRH immunoreactivity colocalizes in vGluT2-GFP neurons. A, GnRH-immunoreactive perikarya and processes in the
MSDB of vGluT2-GFP mice. B, vGluT2-GFP-immunoreactive perikarya and processes. Note the double-labeled structures (open
arrows). Also note the strongly immunoreactive vGluT2-GFP neuron in the bottom of the field (larger arrow) that was not GnRH
positive. Thus, some but not all vGluT2-GFP neurons colocalize GnRH immunoreactivity. Asterisks indicate blood vessels.

Figure 6. GnRH, vGluT2, and GPR54 mRNA colocalize in KiSS-1-activated MSDB vGluT2-GFP neurons. KiSS-1-activated vGluT2-
GFP MSDB neurons were identified using cell-attached recordings, after which the cell cytoplasm was harvested for single-cell
RT-PCR using the whole-cell mode of patch clamping. a1, a2, Cell-attached recordings show two KiSS-1-activated vGluT2-GFP
neurons from which cytoplasm was harvested for mRNA analysis. a3, A different neuron is shown in each of the 11 lanes. Cells in
a1 and a2 are shown in lanes 2 and 5. To demonstrate a successful harvest of a cell, �-actin was used. Note that 9 of 11 vGluT2-GFP
cells shown expressed vGluT2 mRNA. GnRH mRNA expression was observed in 5 of 5 cells shown. One control lane was used with
water (H20) instead of cell contents; as expected, this lane was negative. b, For control purposes, we also harvested neurons from
the neighboring striatum, where no vGluT2 or GnRH is expected. All six cells expressed �-actin, but none of the cells showed GnRH
or vGluT2 expression. MW, Molecular weight.
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for vGluT2 mRNA (Fig. 8c). In contrast, none of the six neigh-
boring striatal neurons from the GnRH-GFP mouse tested posi-
tive for vGluT2 mRNA (Fig. 8d). These results are consistent with
the view that GnRH can colocalize with vesicular glutamate
transporter 2.

Discussion
A major finding of this study is that the puberty-initiating peptide
KiSS-1 produces a remarkably strong and persistent activation of
a unique subpopulation of GFP-glutamatergic cells that colocal-

ize GnRH in the rodent MSDB. This striking activation by KiSS-1
occurs both in prepubertal and pubertal male and female mice. In
contrast, a second, nonoverlapping subpopulation of neurons,
that can be differentiated physiologically on the basis of its re-
sponse to a group I metabotropic glutamate receptor agonist, is
insensitive to KiSS-1. Thus, we have for the first time identified
two dramatically different subpopulations of GnRH neurons in
the brain, one of which is exquisitely sensitive to KiSS-1 across
reproductive development in both sexes. Given the central role of
the KiSS-1-GPR54 system in activating the GnRH-gonadotropin
cascade at the time of puberty and the subsequent maturation of
reproductive organs leading to fertility, the discovery of two
unique sets of GnRH neurons that differ in their sensitivity to
KiSS-1 suggests that functional differences must exist between
these two subpopulations.

Figure 7. MSDB vGluT2-GFP neurons access the peripheral vasculature and have morpho-
logical characteristics similar to those of GnRH neurons a, Three vGluT2-GFP neurons in the
MSDB. b, MSDB neurons that were labeled after an intravenous injection of Evans blue. Note
that one of the three vGluT2-GFP neurons also colocalized Evans blue (solid arrow), suggesting
that some but not all vGluT2-GFP neurons do access the peripheral vasculature. Also note that
not all Evans-blue-labeled neurons colocalized vGluT2-GFP. c, Current-clamp recording shows
KiSS-1 excitation in a vGluT2-GFP neuron that was filled with neurobiotin during whole-cell
recording. d, e, Z-stack reconstruction of two-photon images of two neurobiotin-filled KiSS-1-
activated MSDB vGluT2-GFP neurons. The cell in d had a soma diameter of 28 �m along the long
axis and two cell processes: a looping proximal process and a distal process that measured 1696
�m long. The bipolar cell in e had a soma diameter of 17 �m and a cell process that measured
1196 �m long until it got cut while exiting the slice. Note the bipolar somas; neither cell
exhibited somatic or dendritic spines. f, Coronal section showing the MSDB (shaded region). g,
Location of these two neurons within the MSDB along with the location of nine other similarly
filled cells. Note the elongated bipolar cell bodies and vertical orientation; the long primary
dendrites tended to extend to the base of the brain. Some of the shorter processes belong to
neurons whose processes were cut while exiting the brain. Scale bar: (in b) a, b, 20 �m.

Figure 8. KiSS-1 and DHPG excite different MSDB GnRH-GFP neurons. a1, a2, Whole-cell
patch-clamp recordings show two MSDB GnRH-GFP neurons. The neuron in a1 was strongly
activated by a 15 s application of DHPG (10 �M) but not by KiSS-1 (1 �M); the neuron in a2 was
unaffected by DHPG but was strongly activated by a 3 s application of 1 �M KiSS-1. Note the
associated increase in apparent input resistance that is similar to that seen in KiSS-1-activated
MSDB vGluT2-GFP neurons. b1, b2, Two GnRH-GFP neurons recorded using the cell-attached
mode of patch-clamp recording. The cell in b1 responded to DHPG but not to KiSS-1, whereas
the cell in b2 had the opposite response. Thus, two types of MSDB GnRH-GFP can be differenti-
ated based on their response to DHPG and KiSS-1. c, Single-cell RT-PCR studies in GnRH-GFP
neurons. A different neuron is shown in each of the eight lanes. To demonstrate a successful
harvest of a cell, �-actin was used. Note that 8 of 8 GnRH-GFP cells shown expressed vGluT2
mRNA, and another 4 of 4 were also positive. One control lane was used with water (H20)
instead of cell contents; as expected, this lane was negative. d, For control purposes, we also
harvested neurons from the neighboring striatum, where no vGluT2 is expected. All six cells
expressed �-actin, but none of the cells showed vGluT2 expression.
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Two physiologically distinct subpopulations of
GnRH neurons
In the present study, brief applications of very low nanomolar
concentrations of KiSS-1 (0.1 nM to 1 �M, 3–15 s) produced a
prolonged and profound concentration-dependent activation in
a subpopulation of MSDB glutamatergic vGluT2-GFP neurons
with an EC50 value of excitation of �10 nM, close to that reported
for KiSS-1 binding to the GPR54 receptor (Kotani et al., 2001)
and similar to that observed in recent electrophysiological studies
on GnRH neurons (Liu et al., 2008; Zhang et al., 2008). Most
significantly, these glutamatergic neurons colocalized GnRH, ac-
cessed the peripheral vasculature, and were morphologically sim-
ilar to GnRH-GFP neurons.

Our findings suggest two distinct subpopulations of GnRH
neurons, based on the dramatic response of one subpopulation to
KISS-1, and the complete absence of a KiSS-1 response in the
other subpopulation. Could the lack of response to KISS-1 in
some GnRH cells be an artifact, perhaps caused by washout of
some critical substance during whole-cell recording or by a gen-
eral inability of the cell to respond to excitatory stimuli? This
seems unlikely for several reasons. First, all of the cells that
showed no excitatory response to KISS-1 showed a strong excita-
tory response to DHPG, an agonist of group I metabotropic glu-
tamate receptors. The mGluR receptors, similar to GRP54, are
G-protein coupled, and similar to GPR54, depend on a parallel
mechanisms of intracellular activation (Saugstad et al., 1998; Ko-
tani et al., 2001). Second, cell-attached recordings, which leave
the intracellular milieu unchanged, gave similar results as whole-
cell recordings, with some GnRH cells activated by KISS-1 but
not by DHPG, and others activated by DHPG but not by KISS-1.
No GnRH cells showed a response to both KISS-1 and DHPG.
Third, we found the same two physiologically distinct subpopu-
lations in two unrelated strains of transgenic mice, the vGluT2-
GFP mice and GnRH-GFP mice. Finally, the selective response to
either KISS-1 or DHPG was regardless of the order of application
of the two, suggesting that an initial response to KISS-1 did not
block the subsequent response to metabotropic glutamate recep-
tor agonists.

Other neurons within the MSDB nucleus, such as the DHPG-
activated septohippocampal cholinergic, GABAergic, and gluta-
matergic neurons, also did not respond to KiSS-1. Previously,
KiSS-1 has been suggested to transiently enhance evoked excita-
tory synaptic transmission and miniature synaptic currents in
hippocampal granule cells without noticeable changes in resting
membrane properties (Arai et al., 2005). Thus, between the var-
ious CNS neuronal subtypes tested, the DHPG-insensitive GnRH
and glutamate colocalizing MSDB neurons are uniquely and ex-
quisitely sensitive to the excitatory effects of KiSS-1.

Another defining property of the KiSS-1 response in GnRH-
containing vGluT2-GFP neurons was its persistent nature that
was readily detectable both with cell-attached and whole-cell re-
cordings after even a short 3–5 s application of agonist. The per-
sistent nature of the KiSS-1 response has also been noted in other
studies, albeit after applying the agonist for minutes (Liu et al.,
2008; Pielecka-Fortuna et al., 2008). However, the KiSS-1 re-
sponse we see in these neurons is very different from that re-
ported previously in preoptic GnRH neurons in which relatively
little or no effect could be detected with whole-cell recording, and
an action of KiSS-1 could only be found with perforated patch
recording that preserves the intracellular milieu and retards loss
of diffusible cytoplasmic molecules. Furthermore, in preoptic
GnRH neurons, a longer application (minutes) was needed to

generate an effect (Han et al., 2005) that requires only a few
seconds in the vGluT2-GnRH MSDB cells recorded here.

The KiSS-1 response in GnRH-colocalizing vGluT2-GFP neu-
rons is also remarkable in that it is readily seen in a similar pro-
portion of neurons both in prepubertal and pubertal males and
females. This is in contrast to the preoptic GnRH neurons, where
only 44% of neurons responded to KiSS-1 before puberty; the
percentage of KiSS-1-activated neurons doubled after puberty,
although the magnitude of activation did not change across de-
velopment. Thus, the DHPG-insensitive GnRH-colocalizing
MSDB vGluT2-GFP neurons respond to very brief, low nanomo-
lar applications of KiSS-1 both during prepubertal and pubertal
development using a mechanism that is robust even during
whole-cell recording. The question of homogeneity in GnRH
neurons has been raised previously based on electrophysiological
variability and presence of estrogen receptor transcripts and re-
sponse to estrogen (Sim et al., 2001; Abrahám and Herbison,
2005). Functionally, the vGluT2-colocalizing GnRH neurons
that are responsive to KiSS-1 even during prepuberty may be
relevant to precocious activation of the reproductive axis that is
induced by exogenous kisspeptin in rodents (Navarro et al.,
2004). Juvenile male monkeys also respond to repetitive activa-
tion of GPR54 by exogenous kisspeptin with a robust and sus-
tained train of GnRH discharges and gonadotropin release akin
to that which occurs during transition from a juvenile to pubertal
state (Plant, 2006).

Mechanistically, KiSS-1 excitation of GnRH-containing
MSDB vGluT2-GFP neurons occurs via a direct postsynaptic
mechanism that reverses near Ek and involves a closing of Ba 2�-
sensitive K� channels; a reversal near Ek and involvement of K�

channels has recently been noted for GnRH neurons (Liu et al.,
2008; Pielecka-Fortuna et al., 2008). Whereas the latter study
noted the exclusive involvement of K� channels, Liu et al. (2008)
also observed a second mechanism in preoptic GnRH neurons
that involves an exclusive or an additional opening of cationic
channels. An involvement of canonical transient receptor
potential-like cationic channels was also noted in another study
on preoptic GnRH neurons (Zhang et al., 2008). Our findings are
consistent with previous studies in that they support the closure
of a K� channel in mediating the excitatory effects of KiSS-1.
KiSS-1 excitation in GnRH-colocalizing vGluT2-GFP neurons is
different from hippocampal granule cells in that it is present after
buffering internal calcium (Arai et al., 2005).

Another feature of the KiSS-1 effect in GnRH colocalizing
MSDB vGluT2-GFP neurons is its apparent desensitization even
at low nM concentrations, wherein a second application of KiSS-1
yields little or no response, a similar desensitization has been
noted in previous studies (Liu et al., 2008; Pielecka-Fortuna et al.,
2008).

Glutamate, GnRH, and reproductive development
A key finding of this study is the observation that of all CNS
neurons tested, KiSS-1 by far appeared to have the strongest ef-
fects on a subpopulation of GnRH colocalizing vGluT2 MSDB
neurons. Based on our immunolabeling and single-cell RT-PCR
data, most of the kisspeptin responding neurons we recorded
probably contained both GnRH and vGluT2. Because we did not
demonstrate colocalization of GnRH and vGluT2-GFP in all cells
recorded, there is the possibility that a minority of vGluT2-GFP
KiSS-1-responding cells in the MSDB may not contain GnRH.
Thus, although in the present study GnRH mRNA was found in 6
of 6 KiSS-1-activated vGluT2-GFP neurons, and vGluT2 mRNA
was detectable in 12 of 12 KiSS-1-activated GnRH-GFP neurons,
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it is conceivable that all septal KiSS-1-activated vGluT2-GFP neu-
rons may not colocalize GnRH. Similarly, all septal KiSS-1-
activated GnRH-GFP neurons may also not colocalize vGluT2
mRNA. Nevertheless, our data are consistent with the existence
of at least a subpopulation of vGluT2 and GnRH colocalizing
KiSS-1-sensitive septal neurons.

Functionally, the presence of vGluT2 confers a glutamatergic
phenotype to neurons; thus, KiSS-1 activation could corelease
glutamate and GnRH into the pituitary portal blood system of the
median eminence. In the median eminence, glutamate enhances
GnRH release (Kawakami et al., 1998). Colocalization of vGluT2
in GnRH neurons has been noted previously (Hrabovszky et al.,
2004). The present study is the first to record from GnRH neu-
rons that were also shown to express a glutamate vesicular trans-
porter, suggesting use of glutamate as a fast transmitter and dem-
onstrate the remarkable sensitivity to KiSS-1 that spans across
prepubertal and postpubertal stages of development in both
sexes.

GnRH neurons form a small diffuse population of somewhat
less than a thousand cells in the mouse hypothalamus and basal
forebrain that orchestrate and control reproductive development
and fertility by integrating multiple inputs from thousands of
neurons located in multiple brain areas. In turn, GnRH neurons
transmit signals not only to the median eminence but also to a
large number of neurons in an estimated 34 brain areas associated
with different functions that include odor and pheromone pro-
cessing, sexual behavior, appetite, and defensive behavior (Mer-
chenthaler et al., 1984; Jennes, 1991; Boehm et al., 2005; Yoon et
al., 2005). In this regard, it is tempting to speculate that different
subpopulations of GnRH neurons that we identify may subserve
different functions by virtue of potentially different inputs and
outputs.

In conclusion, in this study we suggest the existence of two
physiologically distinct subpopulations of GnRH neurons that
are distinguishable based on their differential sensitivity to
kisspeptin or to a metabotropic glutamate receptor agonist. The
colocalization of glutamate and GnRH in MSDB neurons sug-
gests that glutamate could potentially act as a fast transmitter at
GnRH central synapses and may enhance release of GnRH from
axons in the median eminence.
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