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Kisspeptin Depolarizes Gonadotropin-Releasing Hormone
Neurons through Activation of TRPC-Like Cationic Channels
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Kisspeptin and its cognate receptor, GPR54, are critical for reproductive development and for the regulation of gonadotropin-releasing
hormone (GnRH) secretion. Although kisspeptin has been found to depolarize GnRH neurons, the underlying ionic mechanism has not
been elucidated. Presently, we found that kisspeptin depolarized GnRH neurons in a concentration-dependent manner with a maximum
depolarization of 22.6 � 0.6 mV and EC50 of 2.8 � 0.2 nM. Under voltage-clamp conditions, kisspeptin induced an inward current of
18.2 � 1.6 pA (Vhold � �60 mV) that reversed near �115 mV in GnRH neurons. The more negative reversal potential than EK

� (�90
mV) was caused by the concurrent inhibition of barium-sensitive, inwardly rectifying (Kir) potassium channels and activation of sodium-
dependent, nonselective cationic channels (NSCCs). Indeed, reducing extracellular Na � (to 5 mM) essentially eliminated the kisspeptin-
induced inward current. The current–voltage relationships of the kisspeptin-activated NSCC currents exhibited double rectification with
negative slope conductance below �40 mV in the majority of the cells. Pharmacological examination showed that the kisspeptin-induced
inward currents were blocked by TRPC (canonical transient receptor potential) channel blockers 2-APB (2-aminoethyl diphenylbori-
nate), flufenamic acid, SKF96365 (1-[�-[3-(4-methoxyphenyl)propoxy]-4-methoxyphenethyl]-1H-imidazole hydrochloride), and Cd 2�,
but not by lanthanum (100 �M). Furthermore, single-cell reverse transcription-PCR analysis revealed that TRPC1, TRPC3, TRPC4,
TRPC5, TRPC6, and TRPC7 subunits were expressed in GnRH neurons. Therefore, it appears that kisspeptin depolarizes GnRH neurons
through activating TRPC-like channels and, to a lesser extent, inhibition of Kir channels. These actions of kisspeptin contribute to the
pronounced excitation of GnRH neurons that is critical for mammalian reproduction.
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Introduction
Kisspeptins, encoded by the Kiss-1 gene, are currently recognized
as key factors in the regulation of reproductive development and
functions (Gottsch et al., 2006; Kuohung and Kaiser, 2006; Plant,
2006; Tena-Sempere, 2006). The Kiss-1 gene encodes a 145 aa
protein, which is proteolytically processed to produce a 54 aa
peptide called kisspeptin-54 and several other smaller peptide
fragments (Kotani et al., 2001). Kisspeptin-54 has been identified
as the endogenous ligand of an orphan G-protein-coupled recep-
tor, GPR54 (Kotani et al., 2001; Stafford et al., 2002). In addition
to kisspeptin-54, the smaller peptide fragments derived from the
precursor protein (e.g., kisspeptin 14, 13, and 10) all have biolog-
ical activity at the GPR54 receptor (Kotani et al., 2001; Ohtaki et
al., 2001). GPR54 is expressed both in the pituitary and in
gonadotropin-releasing hormone (GnRH) neurons (Kotani et
al., 2001; Irwig et al., 2004; Han et al., 2005; Messager et al., 2005).

However, evidence suggests that the stimulation of gonadotropin
secretion by kisspeptin is by direct activation of GnRH neurons
and not pituitary gonadotropes (Gottsch et al., 2006; Kauffman et
al., 2007b). Mutations in GPR54 cause autosomal recessive idio-
pathic hypogonadotropic hypogonadism in humans (De Roux et
al., 2003; Seminara et al., 2003), whereas deletion of GPR54 in
mice causes defective sexual development and reproductive fail-
ure (Seminara et al., 2003). In addition, targeted deletion of the
Kiss-1 gene in mice causes the same phenotype as mutation of the
GPR54 gene (d’Anglemont de Tassigny et al., 2007), suggesting,
as reported previously based on binding assays, that kisspeptins
are the endogenous ligands for the GPR54 receptor (Kotani et al.,
2001). Collectively, these findings suggest that kisspeptins and
their GPR54 receptor are essential for normal reproductive
physiology.

Recently, there have been multiple studies on the regulation of
kisspeptin gene expression and the role of kisspeptins in regulat-
ing GnRH and luteinizing hormone secretion (Gottsch et al.,
2004; Irwig et al., 2004; Navarro et al., 2004; Castellano et al.,
2005; Messager et al., 2005; Roa et al., 2006; Smith et al., 2006).
Kisspeptin neurons are located in the arcuate nucleus and the
preoptic area (POA) and are differentially regulated by estrogen
(Smith et al., 2006). Centrally administered kisspeptins stimulate
GnRH and gonadotropin secretion in prepubertal and adult an-
imals presumably by an action in GnRH neurons (Gottsch et al.,
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2004; Irwig et al., 2004; Messager et al., 2005). Kisspeptin, when
applied to GnRH neurons in vitro, potently activates these neu-
rons and causes increased neuronal firing (Han et al., 2005;
Quaynor et al., 2007; Pielecka-Fortuna et al., 2008). In Chinese
hamster ovary K1 cells that express GPR54 receptors, kisspeptins
cause increased phosphatidylinositol 4,5-bisphosphate (PIP2)
hydrolysis, calcium mobilization, and mitogen-activated protein
(MAP) kinase phosphorylation (Kotani et al., 2001). Moreover,
these signaling pathways appear to be necessary for kisspeptin-
10-stimulated GnRH secretion in rat hypothalamic explants
(Castellano et al., 2006). However, the ionic mechanism(s) by
which kisspeptin depolarizes GnRH neurons is (are) essentially
unknown.

Therefore, in this study, we investigated the depolarizing ef-
fects of kisspeptin and the underlying ionic mechanisms in
GnRH neurons. We found that kisspeptin depolarized GnRH
neurons mainly through activation of a canonical transient re-
ceptor potential (TRPC)-like cationic channel. We also found
that most of the TRPC channels are expressed in subpopulations
of GnRH neurons.

Materials and Methods
Animals and treatments. All animal treatments described in this study are
in accordance with institutional guidelines based on National Institutes
of Health standards, and were performed with Institutional Animal Care
and Use Committee approval at the Oregon Health & Science University.
Transgenic female mice expressing enhanced green fluorescent protein
(EGFP) under the control of the GnRH promoter (EGFP-GnRH) were
used in these studies (Suter et al., 2000). Animals were group-housed
until surgery after which time they were housed individually. All animals
were maintained under controlled temperature and photoperiod (lights
on at 6:00 A.M. and off at 6:00 P.M.) and given ad libitum access to food
and water.

Our initial experiments showed that, in the presence of tetrodotoxin
(TTX), the kisspeptin (100 nM)-induced depolarization was not signifi-
cantly different (24.3 � 3.3 vs 21.6 � 3.1 mV; p � 0.05; n � 6) in neurons
from mice with low uterine weight (48 � 8 mg) compared with that from
mice with high uterine weight (135 � 8 mg), respectively, which indicates
that the kisspeptin-induced depolarization may not be modulated by
estrogen. A recent report confirms our findings that estrogen does not
appear to affect the postsynaptic response to kisspeptin (Pielecka-
Fortuna et al., 2008). However, in the remainder of the experiments we
used ovariectomized (ovx), oil-treated adult female GnRH mice to en-
sure that variation in circulating estrogen did not influence our results.

Animals were ovx under ketamine/xylazine (1 and 0.1 mg/10 g, respec-
tively) anesthesia and implanted with an oil capsule for 4 –7 d. On the day
of an experiment, the animals were killed at 10:00 –11:00 A.M., at which
time the uterus was removed and weighed. For these ovx and oil capsule-
implanted female mice, their mean uterine weight was 30.3 � 0.7 mg
(n � 53). The uterine weight was used as an indicator of circulating E2
levels as reported previously (Bronson and Vom, 1979; Gee et al., 1984).
In addition, intact adult female mice were used for the single-cell reverse
transcription-PCR (scRT-PCR) determination. The animals were killed
at 10:00 A.M., and the uterus was removed and weighed.

Preparation of POA-GnRH slices. Mice were killed by decapitation. The
brain was rapidly removed from the skull and a block containing the
diagonal band-POA (DB-POA) was immediately dissected. The DB-
POA block was submerged in cold (4°C) oxygenated (95% O2, 5% CO2)
high-sucrose CSF (in mM: 208 sucrose, 2 KCl, 26 NaHCO3, 10 glucose,
1.25 NaH2PO4, 2 MgSO4, 1 MgCl2, 10 HEPES, pH 7.4). Coronal slices
(200 �m) from the DB-POA were cut on a vibratome during which time
(10 min) the slices were bathed in high-sucrose CSF at 4°C. The slices
were then transferred to an auxiliary chamber in which they were kept at
room temperature (25°C) in artificial CSF (aCSF) consisting of the fol-
lowing (in mM): 124 NaCl, 5 KCl, 2.6 NaH2PO4, 2 MgSO4, 2 CaCl2, 26
NaHCO3, 10 HEPES, 10 glucose, pH 7.4, until recording (recovery for
2 h). A single slice was transferred to the recording chamber at a time, and

was kept viable by continually perfusing with warm (35°C), oxygenated
aCSF at 1.5 ml/min.

Visualized whole-cell patch recording using epifluorescence and infrared-
differential interference contrast videomicroscopy. Whole-cell patch re-
cordings were made under a Carl Zeiss (Jena, Germany) Axioskop FS
outfitted with epifluorescence (FITC filter set) and infrared-differential
interference contrast video microscopy. The EGFP-tagged GnRH neu-
rons in a slice were visualized through a 40� water-immersion objective
(Achroplan; Carl Zeiss). Patch pipettes (A-M Systems, Carlsborg, WA;
1.5 mm outer diameter borosilicate glass) were pulled on a Brown/Flam-
ing puller (Sutter Instruments, Novato, CA; model P-97). Pipette resis-
tances were 4 – 6 M� when filled with pipette solutions. In whole-cell
configuration, access resistance was 10 –20 M�. Current-clamp and
voltage-clamp experiments were performed with an Axopatch 1D ampli-
fier (Molecular Devices, Sunnyvale, CA). Electrophysiological signals
were digitized with Digidata 1322A (Molecular Devices). Kisspeptin-
induced currents were measured at a holding potential of �60 mV.
Steady-state I–V plots were generally constructed with step command
potentials from �50 to �120 mV with steps of 5 mV (holding potential
was �60 mV) and durations of 0.5–1 s. The slope conductance was
calculated by measuring the slope of the I–V relationship curve between
�80 and �50 mV. I–V relationships of kisspeptin-sensitive currents
were generally obtained by subtracting the I–V curve in control condi-
tion from that in the presence of kisspeptin.

To display the reversal potential and rectification characteristics of the
kisspeptin-activated cationic currents, I–V plots were usually con-
structed by ramp voltage commands: the membrane potential was first
stepped from a holding potential of �50 to �60 mV, held for 1 s and then
ramped to �80 mV in 10 s. The access resistance was kept �15 M� and
was 60 – 80% compensated. For experiments in low sodium bath, some
I–V plots were also constructed by ramp voltage commands with the
membrane potential first being stepped from a holding potential of �60
to �20 mV, held for 1 s, and then ramped to �120 mV in 5 s.

Electrophysiological solutions/drugs. Normal aCSF (in mM: 124 NaCl, 5
KCl, 2.6 NaH2PO4, 2 MgCl2, 2 CaCl2, 26 NaHCO3, 10 HEPES, 10 glu-
cose) was used in most cases for electrophysiological recording.
High-K � (15 mM) CSF was prepared by increasing the potassium con-
centration while decreasing the sodium concentration of the normal
aCSF. When cationic blockers such as Ba 2�, Cd 2�, and La 3� were added
to bath, HEPES-buffered CSF (phosphate- and carbonate-free) solution
with following composition was used (in mM): 145 NaCl, 5 KCl, 2 MgCl2,
2 CaCl2, 10 HEPES, 10 glucose. Low Na � extracellular solution was
prepared by replacing NaCl of the HEPES-buffered CSF with equivalent
concentration of N-methyl-D-glucamine (NMDG) and HCl. In a subset
of experiments studying the I–V relationship of the kisspeptin-activated
nonselective cationic channel (NSCC) when potassium channel blockers
[0 –20 mM tetraethylammonium (TEA), 5 mM 4-AP, 1 mM CsCl, 0 – 0.3
mM BaCl2] were included in HEPES-buffered CSF, sodium was partially
replaced to maintain the osmolarity. To eliminate the effect of voltage-
gated calcium current on the I–V relationship and reversal potential of
the nonselective cationic current, extracellular Ca 2� was either replaced
by Mg 2� or calcium channel blockers (10 �M nifedipine and 100 �M

Cd 2�) were added to the bath. HEPES-buffered solutions were oxygen-
ated by medical oxygen.

Normal pipette solution contained the following (in mM): 125 potas-
sium gluconate, 10 NaCl, 1 MgCl2, 11 EGTA, 10 HEPES, 2 MgATP, 2
K2ATP, 0.25 GTP, adjusted to pH 7.3 with KOH, 295 mOsm. High
chloride (38 mM) pipette solution was prepared by replacing 25 mM

potassium gluconate with 25 mM KCl. Cesium-based pipette solution
used for nonselective cationic current recording was prepared by replac-
ing potassium with cesium and adjusting to pH 7.3 with CsOH (295
mOsm). In whole-cell current-clamp and voltage-clamp recordings,
0.5–1 �M TTX was used to eliminate the effect of presynaptic input.

Different drug stocks were 1000 times diluted into CSF to their final
concentrations in 20 ml syringes and were delivered by a Gilson Mini-
Plus Pump with a perfusion rate of 1.5 ml/min. The ion channel blockers/
activators used are as follows [from Sigma-Aldrich (St. Louis, MO) un-
less otherwise noted]: kisspeptin-10 [Mouse KiSS-1(110 –119)-NH2;
Phoenix Pharmaceuticals, Belmont, CA], LaCl3 (100 �M), 2-aminoethyl
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diphenylborinate (2-APB) (100 �M), CdCl2 (250 �M), 1-[�-[3-(4-
methoxyphenyl)propoxy]-4-methoxyphenethyl]-1 H-imidazole hydro-
chloride (SKF96365) (30 �M), flufenamic acid (FFA) (100 �M), and TTX
(0.5–1 �M; Alomone Laboratories, Jerusalem, Israel).

Electrophysiology data analysis. Data were analyzed using p-Clamp
software (version 9.2; Molecular Devices). All reported membrane po-
tentials were corrected by �10 mV (liquid junction potential). Statistical
analysis was performed using GraphPad Prism 4 software (GraphPad
Software, San Diego, CA). Comparisons between different treatments
were performed using a one-way ANOVA analysis with the Bonferroni’s
or Tukey’s post hoc test. Differences were considered statistically signifi-
cant if the probability of error was �5%. All data are presented as
mean � SEM.

Cell harvesting of dispersed GnRH neurons and single-cell RT-PCR. Two
to three 300 �m DB-POA slices were cut on a vibratome and placed in an
auxiliary chamber containing oxygenated aCSF. The slices were allowed
to recover for 1–2 h in the chamber before dispersion. A discrete region of
the diagonal band-rostral POA was microdissected and incubated in
5–10 ml of aCSF (124 mM NaCl, 5 mM KCl, 2.6 mM NaH2PO4, 2 mM

MgSO4, 2 mM CaCl2, 26 mM NaHCO3, 10 mM HEPES, 10 mM D-glucose,
in DEPC-treated water, pH 7.3, 300 mOsm) containing 1 mg/ml protease
for 	17 min at 37°C. The tissue was then washed four times in low
calcium CSF (0.1 mM CaCl2) and two times in aCSF. The cells were
isolated by trituration with flame-polished Pasteur pipettes. The cells
were dispersed onto a 60 mm Petri dish, and were visualized under a
Nikon (Tokyo, Japan) inverted microscope equipped with fluorescence.
Fluorescent cells or adjacent nonfluorescent cells were patched and then
harvested into the patch pipette by applying negative pressure. The con-
tents of the pipette were expelled into a siliconized microcentrifuge tube
containing 1 �l of 5� Colorless GoTaq Flexi buffer (Promega, Madison,
WI), 15 U of Rnasin, 0.5 �l of 100 mM DTT, and DEPC-treated water in
a total volume of 5 �l. Each harvested cell was reverse transcribed as
described previously (Ibrahim et al., 2003; Qiu et al., 2003). Briefly, the
harvested cell solution and 25 ng of hypothalamic total RNA in 5 �l were
denatured for 5 min at 65°C, and then cooled on ice for 5 min. Single-
stranded cDNA was synthesized from cellular RNA by adding 50 U of
murine leukemia virus reverse transcriptase (MuLV-RT) (Applied Bio-
systems, Foster City, CA), 3 �l of 5� Colorless GoTaq Flexi buffer, 5 mM

MgCl2, 0.625 mM dNTPs, 15 U of Rnasin, 10 mM DTT, and 100 ng of
random hexamers in a total of 15 �l of DEPC-treated water for a final
volume of 20 �l. Cells and tissue RNA used as negative controls, were
processed as described above, but without MuLV-RT. The reaction mix-
tures were incubated at 42°C for 60 min, denatured at 95°C for 5 min, and
cooled on ice for 5 min. PCR was performed using 2.75 �l of cDNA
template from each RT reaction in a 30 �l of PCR mix containing the
following: 6 �l of 5� buffer (Promega), 2–3 mM MgCl2, 0.33 mM dNTP,
0.33 �M forward and reverse primers, 2 U of TaqDNA polymerase and
TaqStart antibody (Clontech, Palo Alto, CA). TaqDNA polymerase and
TaqStart antibody were combined and incubated at room temperature
for 5 min and the remainder of the reaction content was added to the

tube. Primers for all TRPC channels were designed and tested using
known mouse sequences. All primers were designed to span introns and
synthesized by Invitrogen (Carlsbad, CA) using Clone Manager 5 soft-
ware (Sci Ed Software, Cary, NC). For a listing of all the primer sets used
for scRT-PCR, see Table 1. PCR products were verified by sequencing.
Each reaction was amplified for 50 cycles using a MJ Research (Water-
town, MA) PTC-100 thermocycler in 0.5 ml of thin-walled PCR tubes
according to protocols optimized for each primer pair. Ten microliters of
PCR product was visualized with ethidium bromide on a 2.5% agarose
gel. TRPC2 subunits were not examined because the expression and
function of this subunit is associated primarily with olfactory neurons in
rodents (Liman et al., 1999; Hofmann et al., 2000).

Results
Kisspeptin depolarizes GnRH neurons in a
concentration-dependent manner
The depolarizing effects of kisspeptin in GnRH neurons have
been reported previously, but the concentration–response rela-
tionship has not been established (Han et al., 2005; Quaynor et
al., 2007; Pielecka-Fortuna et al., 2008). Therefore, in the first
series of experiments, we studied the concentration-dependent
depolarization of GnRH neurons by kisspeptin. Membrane po-
tentials were measured under whole-cell current-clamp condi-
tions and in the presence of TTX (0.5–1.0 �M). The mean resting
membrane potential of GnRH neurons was �63.6 � 0.6 mV. As
shown in Figure 1, A and B, kisspeptin-10 depolarized GnRH
neurons in a concentration-dependent manner and �90% of
cells responded to 100 nM kisspeptin. The EC50 for the kisspeptin-
induced depolarization was 2.8 � 0.2 nM. The maximum depo-
larization evoked by kisspeptin was 22.6 � 0.6 mV. In the pres-
ence of kisspeptin (100 nM), the mean slope conductances
between �50 and �80 mV decreased from 1.0 � 0.1 to 0.3 � 0.1
nS (n � 12). As reported previously (Han et al., 2005), the effect
of kisspeptin in the hypothalamic slice was longlasting, with re-
covery normally taking 	30 min (Fig. 1C). Therefore, only one
cell was recorded from each slice and only one concentration of
kisspeptin was applied to each cell.

Kisspeptin inhibits a Kir channel and activates a nonselective
cationic channel
To characterize the ionic mechanism(s) underlying the
kisspeptin-evoked depolarization, the kisspeptin-induced in-
ward currents were recorded at a holding potential of �60 mV,
which closely approximates the resting membrane potential of
these neurons, followed by an analysis of the reversal potentials of
the kisspeptin-induced currents (Zhang et al., 2007). A saturating

Table 1. Primer sequences used for single-cell RT-PCR

Name Product size (bp) Primer sequence Base pair numbers Accession number

TRPC1 273 CGT TGG AGC TGT GAT TGT TG 2379 –2398 NM_011643
ACC TTG CCT TTC GAG GTA TG 2651–2632

TRPC3 215 CTT GAC GCC TTC AGC CAC TC 577–596 NM_019510
AGG TCC AGC ACA CCC ACT AC 791–772

TRPC4 219 GCG TGC TGC TGA TAA CTT G 2268 –2286 NM_016984
GCG TTG GCT GAC TGT ATT G 2486 –2468

TRPC5 255 AAA TCG TGA GGG CTG AGA CTG 120 –140 NM_009428
TGC GGA TGG CGA AGA GTA ATG 374 –354

TRPC6 189 GTG GCT CAT CCA AAC TGT C 1419 –1437 NM_013838
GAA CGG TCT CGG CAA TAT C 1607–1589

TRPC7 151 CTG GTG CCG AGC CCT AAA TC 2225–2244 NM_012035
CAG CCT GGT AGC GAG TCT TC 2375–2356

GnRH 239 CGG CAT TCT ACT GCT GAC TG 21– 40 NM_008145
GCC TGG CTT CCT CTT CAA TC 259 –240

The forward primer is listed first, and the reverse primer is listed second.
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concentration of kisspeptin (100 nM) was used to ensure a max-
imum response and to avoid any potential fluctuation of the
effective peptide concentration. As shown in Figure 2A, 100 nM

kisspeptin induced an inward current with a peak amplitude of 20
pA. I–V relationships were obtained immediately before kisspep-
tin application and after the kisspeptin-induced inward currents
reached their plateau (Fig. 2B1,C1). To clearly show the reversal
potential, the I–V relationship of the kisspeptin-sensitive current
(I-kiss) was constructed by subtracting the I–V relationship be-
fore kisspeptin application (control) from that in the presence of

kisspeptin (100 nM Kiss) (Fig. 2B,C). As shown in Figure 2, B2
and C2, the kisspeptin-evoked currents reversed at potentials
more negative than EK

� (�90 mV). In 	55% of the cells (12 of
22), the negative reversal potentials were between �90 and �120
mV (�102.9 � 2.4 mV; n � 12) (Fig. 2B). In the other 45% of the
cells, the apparent negative reversal potential was below �120
mV (Fig. 2C). The composite I–V curve for the kisspeptin-
induced currents revealed a reversal potential of �115 mV, which
is 25 mV more negative than the predicted EK

� (Fig. 2D).
To test the dependence of the kisspeptin-induced inward cur-

rent on potassium, the extracellular potassium concentration was
increased from 5 to 15 mM, and the reversal potential of the
kisspeptin-induced inward currents was measured. The pre-
dicted equilibrium potential for potassium (EK

�) should shift
from �90 to �60 mV when the extracellular potassium concen-
tration is increased. The composite I–V curve for the kisspeptin-
induced current in 15 mM K� revealed a reversal potential of
�105 mV (data not shown). The reversal potential shifted by
only 10 mV, which is less than the predicted 30 mV shift of the
equilibrium potential for potassium. The access resistance in cells
exhibiting a reversal (17.7 � 1.1 M�) was identical with cells not
showing a reversal (17.5 � 1.1 M�), indicating that the more
negative reversal compared with EK

� was not caused by clamping
error. A potential explanation for the more negative reversal po-
tential than EK

� is that a potassium channel and a NSCC are both
affected by kisspeptin, and the combined activation of a NSCC
current and inhibition of a potassium current results in an appar-
ent reversal for the composite kisspeptin-sensitive current that is
shifted to more negative potentials.

It is well known that kisspeptins activate a Gq-coupled orphan
receptor GPR54 (Kotani et al., 2001; Muir et al., 2001; Stafford et
al., 2002), and potassium channels, in particular Kir channels, are
regulated by Gq-coupled receptors (Velimirovic et al., 1995; Lei
et al., 2001; Carr and Surmeier, 2007). To test the involvement of
Kir channels, the Kir channel blocker barium was applied to cells
and its effect on the reversal potentials of the kisspeptin-induced
currents was analyzed. Micromolar extracellular barium is a ro-
bust blocker of the inward current of Kir channels; however,
submillimolar barium concentrations are required to block the
outward currents of the Kir channels (Lacey et al., 1988; Owen et
al., 1999; Slugg et al., 1999). To block both the inward and out-
ward currents of the Kir channels, a barium concentration of 0.3
mM was used because this concentration blocks the outward cur-
rent of the Kir channels by at least 80% while having little effect
on other potassium channels (Lacey et al., 1988; Slugg et al., 1999;
Carr and Surmeier, 2007). As illustrated in Figure 3A, the I–V
relationships clearly show that 0.3 mM barium robustly inhibited
the outward as well as the inward component of the Kir currents
in GnRH neurons. After blocking the Kir currents with extracel-
lular barium or internal Cs�, the kisspeptin-induced currents
only reversed near 0 mV (Fig. 3B,C), which indicates that not
only the Kir channels were inhibited by kisspeptin but also a
nonselective cationic channel was activated by kisspeptin.

NSCC current is the dominant inward current that is
activated by kisspeptin
To determine the relative contribution of a nonselective cationic
channel to the kisspeptin-induced inward current around the
resting membrane potential, the effects of potassium channel
blockers on the kisspeptin-induced inward current at �60 mV
were examined. As shown in Figure 3D, the kisspeptin-induced
currents in the presence of extracellular barium (20.6 � 4.5 pA;
n � 9) and internal Cs� (18.0 � 1.4 pA; n � 9) were not signif-

Figure 1. Kisspeptin depolarized GnRH neurons in a concentration-dependent manner. A,
Representative traces showing that kisspeptin (1–100 nM) depolarized GnRH neurons in a
concentration-dependent manner. The initial membrane potential for each trace is indicated.
Only one cell was recorded from one slice. B, Concentration–response curve of the kisspeptin-
induced depolarization. Data are presented as mean � SEM. The EC50 for the kisspeptin-
induced depolarization was 2.8 � 0.2 nM (n � 8 –14) based on a logistic equation fit to the
data points. C, The kisspeptin (10 nM)-induced depolarization was longlasting and typically took
30 min to recover.
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icantly different from that in control CSF (18.2 � 1.6 pA; n � 29).
This indicates that NSCC but not potassium channels are the
predominant component modulated by kisspeptin. As we know
in physiological conditions, the inward current of a NSCC is
mainly mediated by extracellular sodium. Thus, to verify the con-
tribution of sodium-dependent NSCC to the kisspeptin-induced
inward current, extracellular Na� was reduced to 15 or 5 mM

from 145 mM by replacing extracellular Na� with NMDG�, a
large organic cation that does not pass through cationic channels.
Under these conditions, the kisspeptin-induced inward currents
were greatly inhibited (Fig. 4). The inward current at �60 mV
decreased from a mean value of 20.7 � 2.1 pA (n � 9) in the
control CSF bath to 4.4 � 1.7 pA (n � 5; p � 0.001) in 15 mM

Na� and 1.3 � 0.4 pA (n � 9; p � 0.001) in 5 mM Na� bath (Fig.
4E). Therefore, the sodium-dependent NSCC current appears to

be the predominant inward current acti-
vated by kisspeptin. Although the contribu-
tion of potassium channels to the
kisspeptin-induced inward current was
negligible around the resting membrane
potential (�6.3% at �60 mV), they
strongly affected the reversal potential of
the kisspeptin-induced current at hyperpo-
larized potentials.

TRPC-like channels are activated by
kisspeptin in GnRH neurons
The above results clearly indicate that non-
selective cationic channels were the pre-
dominant channels activated by kisspeptin.
Among the NSCC that are activated by Gq-
coupled receptor signaling, TRPC channels
are the most prominent candidates
(Clapham, 2003). To test this idea, two sets
of experiments were conducted. First, we
examined the I–V relationship of the
kisspeptin-activated currents, and then we
examined the sensitivity of the kisspeptin-
activated currents to TRPC channel
blockers.

To examine the I–V relationship of the
kisspeptin-activated NSCC currents over a
more complete range of membrane poten-
tials, these experiments were conducted us-
ing a Cs�-gluconate-based internal solu-
tion to block voltage-gated potassium
channels. Also, 4-AP (5 mM) and cesium (1
mM) were included in a HEPES-buffered
CSF to block the A-type potassium and
hyperpolarization-activated (h) currents,
respectively. Voltage-gated calcium cur-
rents were maximally activated around 0
mV and their rundown will affect the actual
reversal potential of a NSCC activated by
kisspeptin (Fig. 4D). Therefore, to avoid
the effect of voltage-gated calcium currents
on the reversal measurement extracellular
calcium was replaced with magnesium or
calcium channel blockers (100 �M Cd 2�

and 10 �M nifedipine) were added to the
extracellular solution. As shown in Figure
5, A–C, the kisspeptin-activated NSCC cur-
rents reversed near 0 mV (�3.8 � 4.4 mV;

n � 12). Extracellular calcium did not affect the amplitude of the
kisspeptin-activated current. However, extracellular TEA (20
mM) reduced the amplitude of the kisspeptin-activated current
but did not affect the I–V relationship (Fig. 5B), which is consis-
tent with a previous report on the muscarine-activated NSCC
(Haj-Dahmane and Andrade, 1996). In 	75% (9 of 12) of the
cells, the I–V relationship of the kisspeptin-activated currents
showed a negative slope conductance at voltages more negative
than �40 mV (Fig. 5A,C), which resembles TRPC heteromers of
TRPC1 plus TRPC4 and TRPC1 plus TRPC5. In another 25% of
cells, the I–V relationship of the kisspeptin-activated currents
exhibited double rectification and a positive slope conductance
(Fig. 5D), which resembles I–V relationships for TRPC3 or
TRPC7 (Clapham et al., 2001).

To examine whether the kisspeptin-activated currents were

Figure 2. The reversal potential of the kisspeptin-evoked inward current was more negative than the equilibrium potential of
potassium (EK

�). A, A representative trace showing that kisspeptin (100 nM) induced an inward current (20 pA) at the holding
potential of �60 mV. B, In 55% (12 of 22) of the cells, the kisspeptin-induced current reversed between �90 and �110 mV. B1
shows that the typical I–V curves obtained before and after the application of kisspeptin crossed at �102 mV. B2 shows that the
I–V curve of the kisspeptin-sensitive current (I-kiss) from B1, which was obtained by subtracting the control current from the
current in 100 nM kisspeptin, reversed at �102 mV. C, In the other 45% of the cells, the kisspeptin-induced current did not
reverse between �90 and �120 mV. C1 shows that the representative I–V curves obtained before and after the application of
kisspeptin did not cross around EK

�. C2 shows that the kisspeptin-sensitive current obtained from C1 by current subtraction did
not reverse in the examined voltage range. D, Composite I–V curve of the kisspeptin-sensitive currents reversed at �115 mV
(n � 13). Error bars indicate SEM.
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sensitive to TRPC channel blockers, an en-
semble of TRPC channel blockers were ap-
plied to GnRH neurons, and the
kisspeptin-activated inward currents at
�60 mV were measured and analyzed. For
example, 2-APB is a potent blocker of
TRPC3, TRPC4, TRPC5, and TRPC6 (van
Rossum et al., 2000; Xu et al., 2005;
Clapham, 2007). In our experiments, extra-
cellularly applied 2-APB (100 �M) robustly
blocked the kisspeptin-induced currents by
83.5% (3.0 � 1.0 pA, n � 9, vs control,
18.2 � 1.6 pA, n � 29, p � 0.001) regardless
of whether it was applied before or after the
application of kisspeptin (Fig. 6A–D).
2-APB had very little effect on the basal
holding current, indicating that potassium
channels were not blocked by 2-APB (Fig.
6A). As shown in Figure 6B, after blocking
TRPC channels with 2-APB, the kisspeptin-
induced currents were inwardly rectified
and reversed at �90 � 3 mV (n � 4), which
indicates the inhibition of the Kir channels.
However, 2-APB is also a blocker of
inositol-1,4,5-trisphosphate (IP3) recep-
tors (van Rossum et al., 2000). To deter-
mine whether the inhibitory effect of
2-APB is attributable to a direct blockade of
TRPC channels or IP3 receptors, 2-APB
(100 �M) was dialyzed into the cells via the
patch pipette. Intracellular 2-APB did not
significantly affect the amplitude of the
kisspeptin-induced inward current (16.0 �
2.9 pA; n � 4). This indicates that 2-APB
blocked the kisspeptin response by directly acting on TRPC chan-
nels but not via IP3 receptors.

In heterologous expression systems, micromolar concentra-
tions of La 3� potentiate TRPC4 and TRPC5 activity (Schaefer et
al., 2000; Strübing et al., 2001; Jung et al., 2003) but inhibit
TRPC1, TRPC3, TRPC6, and TRPC7 channels (Boulay et al.,
1997; Zhu et al., 1998; Kamouchi et al., 1999; Okada et al., 1999;
Halaszovich et al., 2000; Inoue et al., 2001; Riccio et al., 2002;
Clapham, 2007). We found that 100 �M La 3� did not potentiate
but slightly attenuated the kisspeptin-induced current by 17.4%
(15.0 � 2.0; n � 5; p � 0.05) when applied after the application of
kisspeptin (Fig. 6D). SKF96365 is an inhibitor of receptor-
operated calcium channels and TRPC channels at concentration
of 25–100 �M (Merritt et al., 1990; Zhu et al., 1998). We found
that 30 �M SKF96365 attenuated the kisspeptin-induced inward
current by 50% (9.1 � 1.6 pA; n � 9; p � 0.01). Cadmium is an
antagonist of group I metabotropic glutamate receptor
(mGluR1)-activated NSCC in CA1 pyramidal neurons and also
blocks TRPC6 and TRPC7 (other TRPC channels have not
been tested) in heterologous expression systems (Congar et al.,
1997; Inoue et al., 2001). Indeed, we found that 250 �M Cd 2�

attenuated the kisspeptin-induced current by 68.7% (5.7 �
1.6 pA; n � 4). FFA is potent blocker of TRPC3, TRPC5 and
TRPC7 (Inoue et al., 2001; Lee et al., 2003; Clapham, 2007).
When cells were pretreated with 100 �M FFA for 20 min, the
kisspeptin-induced inward current was blocked by 89.6%
(1.9 � 1.1 pA; n � 8) (Fig. 6 D). Collectively, these data indi-
cate that multiple members of the TRPC channel subfamilies
are activated by kisspeptin.

Finally, the predominant role of the TPRC channels in medi-
ating the effects of kisspeptin is evident from a plot of the additive
I–V relationship (Fig. 7). The sum of the kisspeptin-inhibited Kir
current and the kisspeptin-activated NSCC current yields an ap-
parent reversal significantly more negative than EK

� in the volt-
age range from �50 to �120 mV. Similarly, the sum of the Kir
and NSCC currents would yield a positive reversal near 0 mV
(data not shown). Therefore, this cumulative I–V of the individ-
ual parts resembles the I–V relationship of Figure 2D, which
supports our original hypothesis that these two conductances
(Kir and NSCC) are involved but that NSCC predominates.

TRPC channel transcripts are expressed in GnRH neurons
Based on the pharmacological profile of the kisspeptin-evoked
inward currents, we predicted that multiple subfamilies of the
TRPC channels would be expressed in GnRH neurons. Thus, we
performed scRT-PCR experiments to examine the expression of
TRPC mRNA transcripts in 48 GnRH neurons from four intact
animals. As shown in Figure 8, A and B, the six main TRPC
channel subunits in the brain (TRPC1 and TRPC3–TRPC7) were
expressed in subpopulations of GnRH neurons. Fifty to 55% of
GnRH neurons expressed TRPC7 and TRPC4, respectively,
whereas TRPC1, TRPC3, and TRPC5 were expressed in 	45% of
GnRH neurons (Fig. 8B). TRPC6 was detected in 	28% of the
cells. Adjacent nonfluorescent neurons (n � 9) did not express
GnRH, TRPC1 or TRPC6, but expressed TRPC3, TRPC4,
TRPC5, and TRPC7 (Fig. 8).

Figure 3. Kisspeptin inhibited an inwardly rectifying potassium (Kir) current and activated a nonselective cationic current. A,
The composite I–V relationships indicate that extracellular Ba 2� (0.3 mM) blocked Kir channels in GnRH neurons (n � 6). B, In
the presence of the Kir channel blockade (0.3 mM Ba 2�; n � 8), the kisspeptin-activated current did not reverse around EK

�

(n � 8), which indicates the activation of a nonselective cationic channel. C, When recorded with cesium-based internal solution
that blocked voltage-gated potassium channels, the kisspeptin-activated current reversed close to 0 mV but not at negative
potentials, which clearly indicates the activation of a nonselective cationic channel (n � 5). D, Summary of the effects of
potassium channel blockers (extracellular barium and internal cesium) on the kisspeptin-induced inward currents at �60 mV.
Both the barium group and the internal cesium group are not significantly different from the control group ( p � 0.05). Cell
numbers tested are indicated. Error bars indicate SEM.
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Diacylglycerol signaling is involved in the kisspeptin-induced
inward currents
To verify that the kisspeptin receptor GPR54 couples to Gq and
phospholipase C (PLC) pathway in GnRH neurons, the effect of
the PLC inhibitor 1-(6-[(17�-methoxyestra-1,3,5[10]-trien-17-
yl)amino]hexyl)-1H-pyrrole-2,5-dione (U73122) on the
kisspeptin-induced inward current was examined. When cells
were pretreated with 10 �M U73122 for 10 min, the kisspeptin-
induced inward current was inhibited by 63.7% (6.6 � 2.1 pA;
n � 4). This indicates that GPR54 couples to Gq, and PLC acti-
vation is required to induce the inward currents. PLC hydrolyzes
PIP2 to yield diacylglycerol (DAG) and IP3, which in turn induces
calcium release from the endoplasmic reticulum. Because the IP3

receptor blocker, 2-ABP, did not block the kisspeptin effect when
applied intracellularly, we examined the effects of DAG. It is well
recognized that TRPC3, TRPC6, and TRPC7 when expressed in a
heterologous system can be directly activated by 1-oleoyl,
2-acetyl sn-glycerol (OAG), a permeable analog of DAG (Hof-
mann et al., 1999; Okada et al., 1999). However, if these subunits
are combined with TRPC1 and TRPC4 or TRPC5, they should at

best be weakly activated by OAG (Strübing
et al., 2003). Indeed, we found that the
OAG (100 �M) activated a small inward
current (4.7 � 2.1 pA; n � 7) in GnRH
neurons (Fig. 9), which was 	25.8% of the
kisspeptin-activated currents (18.2 � 1.7
pA; n � 29). This indicates that DAG is not
the final messenger through which kisspep-
tin induces an inward current in GnRH
neurons. It also indicates that heteromers
within TRPC1, TRPC4, and TRPC5 sub-
family or between the TRPC1, TRPC4, and
TRPC5 subfamily and TRPC3, TRPC6, and
TRPC7 subfamily might be formed and ac-
tivated in GnRH neurons, which is consis-
tent with the fact that the kisspeptin-
evoked currents are strongly inhibited by
both 2-APB and FFA, but not potentiated
by La 3� (Tozzi et al., 2003; Trebak et al.,
2003; Zagranichnaya et al., 2005).

Discussion
We have shown for the first time that
kisspeptin-10 potently depolarizes hypo-
thalamic GnRH neurons through a combi-
nation of inhibiting an inwardly rectifying
potassium conductance and activating a
nonselective cationic (TRPC) conductance.
We have deduced this based on several lines
of evidence. First, extracellular barium,
which blocks inwardly rectifying potassium
channels, eliminated the EK

�-dependent
reversal properties of the kisspeptin-
induced current. Second, the current–volt-
age relationship for the kisspeptin-induced
current exhibited negative slope conduc-
tance, outward rectification, and a reversal
around 0 mV analogous to TRPC hetero-
meric channels expressed in HEK cells
(Clapham, 2003). Third, the kisspeptin
current was significantly attenuated by the
TRPC channel blocker 2-APB, FFA, and to
a lesser extent by the imadazole SKF96365
(Clapham et al., 2005). Fourth, the

kisspeptin-induced inward current was essentially abolished in
low extracellular Na�. And last but not least, we found that indi-
vidual GnRH neurons express multiple TRPC channel tran-
scripts. Therefore, the cumulative evidence supports the conclu-
sion that kisspeptin excites GnRH neurons predominantly
through the activation of nonselective cationic (TRPC) channels
but also the inhibition of Kir channels.

Likely candidates for nonselective cationic channels in GnRH
neurons include the TRPC channel family. The mammalian
TRPC channel family consists of seven members, TRPC1–
TRPC7, that appear to function as receptor-operated channels,
analogous to the transient receptor potential (TRP) channels in-
volved in Drosophilia phototransduction (Clapham, 2003). With
the exception of TRPC2, these channels are widely distributed in
the mammalian brain (Venkatachalam and Montell, 2007). The
TRP channels are made of subunits with six membrane-spanning
domains that coassemble as tetrameric complexes similar to what
has been described for K� channels (Clapham et al., 2001, 2005).
However, TRPC channels appear to coassemble as heteromeric

Figure 4. Kisspeptin predominantly activated a sodium-dependent, nonselective cationic channel. A, The kisspeptin-induced
inward current (at �60 mV) was greatly reduced in low Na � bath solution (5 mM Na �/140 mM NMDG �), and switching back
to normal aCSF revealed a kisspeptin-sensitive inward current of 28 pA in this GnRH neuron. B, C, The I–V relationships of the
kisspeptin-evoked current in low Na � bath solution (5 and 15 mM Na �) between�20 and�120 mV showed a greatly reduced
inward current. D, A typical I–V relationship of the kisspeptin-induced inward current in normal aCSF solution showed a larger
inward current (�30 pA at �60 mV). E, Summary of the effect of extracellular sodium concentration on the kisspeptin-induced
inward current at�60 mV. ***p � 0.001, significantly different from the control group. Cell numbers tested are indicated. Error
bars indicate SEM.
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channels consisting of the TRPC1, TRPC4,
and TRPC5 subfamily (Strübing et al.,
2001; Plant and Schaefer, 2003) as well as
TRPC3, TRPC6, and TRPC7 subfamily
(Trebak et al., 2003; Berg et al., 2007). In-
deed, based on the scRT-PCR, we found
that all of the transcripts were expressed in
GnRH neurons with exception of TRPC2,
which is not functionally expressed in the
mammalian brain (Clapham, 2003). Inter-
estingly, TRPC4 and TRPC5 share 	73%
homology, and TRPC3, TRPC6, and
TRPC7 share 	75% homology (Clapham,
2003). However, the functional distinction
between these channel subtypes in CNS
neurons has been problematic because of a
lack of selective pharmacological reagents
(Clapham et al., 2005). In our experiments
with K� channel blockers on board, the
current–voltage relationship for the
kisspeptin-induced current resembled the
current–voltage relationship of hetero-
meric complexes of TRPC1 plus TRPC4 or
TRPC1 plus TRPC5 subunits expressed in
HEK cells with the characteristic negative
slope conductance and pronounced out-
ward rectification (Strübing et al., 2001;
Clapham, 2003). Similar current–voltage
relationships have been obtained for the
mGluR1- and CCK2-induced currents in
basolateral amygdala neurons, and these
neurons have been found to express the
same compliment of TRPC channels as
GnRH neurons (Faber et al., 2006; Meis et
al., 2007).

The mammalian TRPC channels can be activated by
G-protein-coupled receptors and receptor tyrosine kinases (for
review, see Clapham, 2003; Ambudkar and Ong, 2007). In fact, in
the CNS, TRPC channels are probably one of the major targets for
mGluR1 signaling (Tozzi et al., 2003; Bengtson et al., 2004; Faber
et al., 2006; Berg et al., 2007). Interestingly, in substantia nigra
dopamine neurons, TRPC1 and TRPC5 are highly expressed and
the mGluR1 agonist dihydroxyphenylglycine-induced current
yields an “S” shape current–voltage plot (Tozzi et al., 2003). In
addition, recent studies have shown that the peptide cholecysto-
kinin via its receptor (CCK2) can also activate what appears to be
TRPC1, TRPC4, and TRPC5 channels in amygdala neurons
(Meis et al., 2007). Both the mGluR1 and CCK2 receptors are
Gq-coupled to PLC activation, which leads to hydrolysis of PIP2

to DAG and IP3. In a heterologous cell expression system (i.e.,
Chinese hamster ovary K1 cells expressing GPR54 receptors),
kisspeptin increases IP3 formation, calcium mobilization, arachi-
donic acid release, and MAP kinase phosphorylation (Kotani et
al., 2001). Our data showed that the PLC inhibitor U73122 inhib-
ited the kisspeptin effect. Therefore, it appears that GPR54 is
Gq-coupled in GnRH neurons and can signal downstream to
activate TRPC channels. Classically, the TRPC3, TRPC6, and
TRPC7 subfamily is DAG sensitive (Clapham, 2003; Clapham et
al., 2005; Ambudkar and Ong, 2007). Although TRPC3 and
TRPC7 and to a lesser extend TRPC6 transcripts are expressed in
GnRH neurons, the surrogate DAG signaling molecule OAG only
had a small effect to activate an inward current (	25% of the
kisspeptin-induced current) in GnRH neurons. In addition,

La 3� at a 100 �M concentration, which should have potentiated
TRPC4 and TRPC5 and blocked TRPC3, TRPC6, and TRPC7
(Clapham et al., 2005), essentially had no effect on the kisspeptin-
induced current. The lack of an effect may be attributable to the
fact that an ensemble of these channel subunits exists in GnRH
neurons. Indeed, 2-APB (100 �M), which is a potent blocker of
TRPC3, TRPC4, TRPC5, and TRPC6 channels, and FFA, which is
a potent blocker of TRPC3, TRPC5, and TRPC7, did inhibit the
effects of kisspeptin in GnRH neurons. These blockers had a
similar efficacy on the mGluR1 activation of TRPC channels in
substantia nigra dopamine neurons (Tozzi et al., 2003) and ba-
solateral amygdala (Faber et al., 2006), and on CCK2 activation of
TRPC channels in amygdala neurons (Meis et al., 2007). There-
fore, although all of the “brain” TRPC channels are expressed in
GnRH neurons, the TRPC4 and TRPC5 appear to be key players
in mediating the effects of kisspeptin in GnRH neurons based on
the I–V relationship and the pharmacology (Lee et al., 2003).

To date, kisspeptin-10 is the most potent and efficacious neu-
ropeptide/neurotransmitter to modulate GnRH neuronal activ-
ity (Lagrange et al., 1995; Spergel et al., 1999; DeFazio and Moen-
ter, 2002; Han et al., 2002; Kuehl-Kovarik et al., 2002; Herbison,
2006). In addition to activating TRPC channels, kisspeptin also
attenuated a resting (barium and cesium sensitive) Kir current in
GnRH neurons. This effect of kisspeptin in GnRH neurons, albeit
small, maybe critical because Kir channels (e.g., KATP channels)
are highly expressed in GnRH neurons and clamp the cells in a
negative resting state of �63 mV (Lagrange et al., 1995; Zhang et
al., 2007). Therefore, by inhibiting Kir channels along with the

Figure 5. The I–V relationships of the kisspeptin-activated nonselective cationic currents resemble TRPC channels. A–D,
Experiments were conducted with cesium-gluconate pipette solution so as to block voltage-gated potassium currents; HEPES-
buffered CSF containing 4-AP and cesium was used to block the A-type potassium channel and h channel. Calcium currents were
blocked either by replacing extracellular calcium with magnesium (no EGTA was added) (A, B) or by adding calcium channel
blockers (100 �M CdCl2 and 10 �M nifedipine) (C, D). A, In calcium-free CSF, the kisspeptin-activated current reversed at 0 mV.
The I–V relationship showed a doubly rectifying profile with a negative slope at voltages more negative than�40 mV. B, TEA did
not affect the I–V relationship of the kisspeptin-activated current but reduced the amplitude. C, In the presence of 0.3 mM Ba 2�

and calcium channel blockers, the kisspeptin-activated current reversed near 0 mV. The I–V relationship also showed a negative
slope at voltage more negative than �10 mV. D, In the other 25% of the cells, the kisspeptin-activated currents reversed around
�10 mV and the I–V relationship showed a doubly rectifying profile but with a positive slope conductance.
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pronounced activation of nonselective cationic (TRPC) chan-
nels, kisspeptin depolarizes the cells to threshold (�45 mV) and
induces sustained firing. This effect of kisspeptin would also be
vital for inhibiting GPCR (G-protein-coupled receptor)-
activated (�-opioid and GABAB) GIRK (G-protein-gated in-
wardly rectifying potassium) currents, which are active in GnRH
neurons (Lagrange et al., 1995). Therefore, the combination of
inhibiting Kir channels and activating TRPC channels produces a
pronounced excitation of GnRH neurons and sustained firing.

From a physiological perspective, the
prolonged effects of kisspeptin in GnRH
neurons are probably important for sexual
maturation and adult reproduction (Han et
al., 2005; Kauffman et al., 2007a). It is gen-
erally believed that kisspeptins are the en-
dogenous ligands for the GPR54 receptor
(Kotani et al., 2001). Indeed, it is known
that mutations in GPR54 cause autosomal
recessive idiopathic hypogonadotropic hy-
pogonadism in humans (De Roux et al.,
2003; Seminara et al., 2003), whereas dele-
tion of GPR54 in mice causes defective sex-
ual development and reproductive failure
(Seminara et al., 2003). In addition, tar-
geted deletion of the Kiss-1 gene in mice
abrogates pubertal maturation and induces
sterility and hypogonadotropic hypogo-
nadism, essentially the same phenotype as
GPR54 gene mutation (d’Anglemont de
Tassigny et al., 2007). Interestingly, there
are two anatomically distinct populations
of kisspeptin neurons: one population is lo-
cated in the arcuate nucleus and the other
in the anteroventral periventricular nu-
cleus. These are differentially regulated by
estrogen (Smith et al., 2006), and it is the
rostral group of neurons that are thought to
be involved in the estrogen-mediated “pos-
itive” feedback (for review, see Kauffman et
al., 2007b). It is also hypothesized that the

caudal group of neurons are involved in estrogen-mediated “neg-
ative” feedback, which may be mediated via the differential re-
lease of kisspeptin/opioid peptides because this group of neurons
also colocalizes dynorphin (Goodman et al., 2007). Indeed, we
have described a robust �-opioid receptor-mediated inhibition
of GnRH neurons (Lagrange et al., 1995), but a �-opioid-
mediated effect has not been demonstrated.

In summary, we elucidated a cellular mechanism by which
kisspeptin excites GnRH neurons that appears to involve both
inhibition of Kir channels and activation of TRPC-like channels.
Because it is evident that kisspeptins are essential for normal
reproductive activity and play a key role in the onset of puberty
(Han et al., 2005; Dungan et al., 2007; Kauffman et al., 2007b), it
will be critical to elucidate how estrogen modulates kisspeptin
signaling in GnRH neurons because this novel peptide appears to
be a key neurotransmitter in generating the GnRH surge in
mammals.
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