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The present study used perforated-patch electrophysiology
and calcium imaging in GnRH transgenic mouse lines to de-
termine the mechanisms underlying the potent excitatory ef-
fects of kisspeptin upon GnRH neurons in the acute brain slice
preparation. Kisspeptin (100 nM) depolarized (6 � 1 mV)
and/or evoked an 87 � 4% increase in firing rate of 75% of adult
GnRH neurons (n � 51). No sex differences were found. Anal-
yses of input resistance and current-voltage curves indicated
that a heterogeneous closure of potassium channels and open-
ing of nonselective cation (NSC) channels was involved in
kisspeptin’s depolarizing response. Pharmacological pre-
treatment with either barium, a potassium channel blocker,
or flufenamic acid, an NSC channel antagonist, reduced the
percentage of responding GnRH neurons from 75 to 40% (P <
0.05). Pretreatment with both barium and flufenamic acid re-
duced the response rate to 17% (P < 0.05). To examine the

intracellular signaling cascade involved, GnRH neurons were
treated with antagonists of phospholipase C (PLC), inositol-
trisphosphate receptors (IP3R), and ERK1/2 before kisspeptin
exposure. PLC and IP3R antagonism reduced the percentage
of responding GnRH neurons from 80 to 15 and 7%, respec-
tively (P < 0.001). Real-time calcium imaging showed that
kisspeptin evoked an approximately 10% increase in intracel-
lular calcium levels in GnRH neurons that was followed by a
decrease and return to pretest calcium levels. Additional ex-
periments indicated that mechanisms intrinsic to the GnRH
neuron are responsible for their prolonged depolarizing re-
sponse to kisspeptin. These studies indicate that kisspeptin
activates G protein-coupled receptor 54 (GPR54) to initiate a
PLC-IP3R-calcium cascade that modulates both potassium
and NSC channels to initiate depolarization in GnRH neurons.
(Endocrinology 149: 4605–4614, 2008)

IN 2003, TWO GROUPS discovered that G protein-coupled
receptor 54 (GPR54) was essential for puberty and

subsequent fertility in humans (1, 2). Since that time, a
substantial amount of work has been undertaken to elu-
cidate the signaling pathways and mechanisms through
which kisspeptin activates GPR54 to regulate fertility. In all
species examined to date, it appears that kisspeptin neurons
located within the hypothalamus provide direct excitatory
inputs to GnRH neurons. Kisspeptin activates GnRH (3) and
LH (4–6) secretion in vivo, and GnRH neurons are sur-
rounded by kisspeptin fibers (7), express GPR54 mRNA (8,
9), and are activated intensely by kisspeptin (10). Impor-
tantly, kisspeptin is unable to stimulate LH secretion in
GPR54 knockout mice (3), and kisspeptin knockout mice are
infertile (11), demonstrating that kisspeptin and GPR54 are
exclusive signaling partners with respect to fertility control.
At present, it seems very likely that the excitatory influence
of kisspeptin upon GnRH neurons is essential for puberty to
proceed (6, 10), and evidence is accumulating for a similar
role in ovulation (12–14).

In our previous electrophysiological experiments, we re-
ported that kisspeptin was the most potent activator of
GnRH neurons yet discovered (10). Patch-clamp recordings
of GnRH neurons in the acute brain slice prepared from adult
male and female GnRH-green fluorescent protein (GFP)
transgenic mice demonstrated that a brief application of 10–
100 nm kisspeptin evoked a prolonged membrane depolar-
ization that was often accompanied by intense firing. Given
the key importance of kisspeptin-GPR54 signaling to fertility,
and the remarkable effects of kisspeptin on GnRH neuron
excitability, it is essential that the intracellular signaling cas-
cade initiated by GPR54 activation in GnRH neurons is es-
tablished. Early studies on GPR54 expressed in HEK and
CHO cells showed that this receptor was likely coupled to
Gq/11 and resulted in the activation of calcium from intra-
cellular stores (15, 16). More recent studies examining GnRH
release from juvenile female hypothalamic explants in vitro
showed that kisspeptin’s stimulatory effect was blunted by
a phospholipase C (PLC) blocker and the calcium store de-
pleter thapsigargin, in addition to ERK1/2 and p39 MAPK
antagonists (17). Together, these data suggest that GPR54
uses a Gq/11-PLC-inositol (1,4,5)-trisphosphate (IP3)-Ca2�

pathway to alter cellular activity. The relevance of this path-
way to GPR54 activation in GnRH neurons themselves has
not been established, and critically, the ion channels mod-
ulated to activate GnRH neurons are not known. The present
study employed perforated patch-clamp electrophysiology
and calcium imaging in GnRH transgenic mouse lines to
address these issues.
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Materials and Methods
Animals

Adult GnRH-GFP (18) and GnRH-Pericam (19) mice were housed
under 12-h light, 12-h dark cycles (lights on at 0700 h) with ad libitum
access to food and water. All experimentation was approved by the
University of Otago Animal Welfare and Ethics Committee. The cycles
of female mice were determined by vaginal smear with females being
investigated on diestrus. Due to the nature of perforated-patch electro-
physiological recordings, the great majority (�90%) of mice provided
only a single acceptable recording. As such, the number of animals is
almost identical with the number of GnRH neurons. The same is true for
the calcium imaging experiments reported here where the 10 recorded
neurons were obtained from eight individual mice.

Electrophysiology

Gramicidin-perforated patch recordings of GnRH neurons were un-
dertaken at room temperature on 200-�m-thick coronal brain slices,
containing the rostral preoptic area, cut with a vibratome (Leica
VT1000S). After cutting in high (6 mm) MgCl2 and low (0.5 mm) CaCl2
artificial cerebrospinal fluid (aCSF), slices were incubated in normal
aCSF (in mm: 118 NaCl, 3 KCl, 2.5 CaCl2, 1.2 MgCl2, 11 d-glucose, 10
HEPES, 25 NaHCO3) equilibrated with 95% O2-5% CO2 for about 1 h at
30 C and then more than 20 min at room temperature. Slices were
transferred to a submerged recording chamber and viewed under a
fixed-stage upright microscope (BX51WI; Olympus, Tokyo, Japan). Flu-
orescent GnRH neurons were identified under brief fluorescence illu-
mination and patched under Nomarski differential interference contrast
optics. Patch pipettes with resistances from 3–5.5 MOhms were pulled
from glass capillaries (inner diameter, 1.18 mm; outer diameter, 1.5 mm)
with a microelectrode puller (Sutter Instruments, Novato, CA). Gram-
icidin (Sigma Chemical Co., St. Louis, MO) was dissolved in methanol
to a concentration of 10 mg/ml, which was diluted in the pipette solution
(in mm: 145 KCl, 5 NaCl, 0.1 CaCl2, 10 HEPES, 0.5 BAPTA, pH 7.35
adjusted by KOH, �290 mOsmol) to a final concentration of 25–75
�g/ml just before use and then sonicated for 1–2 min. After a gigaseal
was established, access resistance was monitored, and experiments in
current clamp were begun when access resistance (Ra) reduced to less
than 100 MOhms (36 � 1 MOhms, n � 188). The 188 GnRH neurons
included in this report had an average resting membrane potential
(RMP) of �55 � 1 mV and input resistance (Rin) of 1478 � 35 MOhms.
Signals (voltage and current) were amplified with a Multiclamp 700B
(CV7B; Molecular Devices, Foster City, CA) and sampled online with the
use of a Digidata 1440A interface (Molecular Devices) connected to a
personal computer. Signals were filtered (3 or 10 kHz; Bessel filter of
Multiclamp 700B) before being digitized at a rate of 1 kHz. Acquisition
and subsequent analysis of the acquired data were performed with the
Clampex 10 suite of software (Molecular Devices) and Origin pro 7.5
(OriginLab Corp., Northampton, MA). RMPs were the potentials re-
corded in current clamp without applying any holding current and were
not corrected for the liquid junction potentials of about �2 mV. The Rin
was determined by fitting the linear part of the current-voltage (I-V)
curve (in current clamp from �60 to �90 mV). During experiments, Ra

was monitored, and if found to change by more than 15%, the cell was
discarded.

Electrophysiology analysis

A significant membrane depolarization was defined as being more
than a 1.5-mV change from the baseline. To compare the kisspeptin-
induced changes in the frequency of action potentials, the percentage
change in firing frequency was calculated as follows: 100 � [(frequency
during test � frequency during control)/frequency during test]. In this
way, silent cells induced to fire had a maximum increase in frequency
of 100%. Data for the duration of kisspeptin responses was determined
from those cells in which membrane potential returned to pretest levels
within 30 min of the kisspeptin application. Some GnRH neurons do not
return to baseline levels during the entire recording period, which can
be more than 60 min. However, statistically useful data collection on the
duration of kisspeptin effects becomes limited by the period of time
within which the majority of GnRH neurons can be held in an acceptable
perforated-patch mode. Based on our previous experience, we have set
this to be 30 min because we find that 95% of recordings can be main-
tained for this period. Because kisspeptin can be applied to any GnRH
neuron (or brain slice) only once, pharmacological analyses were un-
dertaken by assigning brain sections to control or specific drug treat-
ments and the percentage of responding cells analyzed using Fisher’s
exact test. Data are expressed as mean � sem.

Calcium imaging and analysis

This was undertaken as reported previously (19) with slight modi-
fications. In brief, 200-�m-thick coronal brain slices were prepared from
adult female GnRH-Pericam mice as detailed above for electrophysio-
logical experiments using the same aCSF. Slices were placed in a tissue
chamber perfused with oxygenated aCSF (22 � 1 C) at a rate of 2–3
ml/min. Cells were imaged using an Olympus BX51 upright microscope
(Tokyo, Japan). Excitation was performed by exposing slices to 415 nm
wavelength for 200 msec every second and emission filtered at 525 nm
with the use of a Sutter Instruments � DG-4 high-speed filter unit.
Images were acquired using Metafluor to control and synchronize the
DG-4 and liquid-cooled ORCA-ER CCD camera (Hamamatsu, Japan).
Fluorescence intensity (FI) values were exported for a region of interest
on the cell and one of the same area on the background and analyzed
with Origin Pro 7.5. The baseline calcium level was obtained by dividing
the difference between the FI cell (Fc) and the FI background (Fb) by Fb:
[baseline [Ca2�]i � (Fc � Fb)/Fb]. This was calculated for every mea-
surement and the percent change in baseline calcium evoked by kisspep-
tin determined by the following formula: [(peak evoked [Ca2�]i� mean
of 1-min pretest [Ca2�]i)/mean of 1-min pretest [Ca2�]i] � 100.

Drugs

The different drugs used for experiments are shown in Table 1. All
compounds were obtained from Sigma with the exception of kisspeptin
and PD98059 from Calbiochem (San Diego, CA) and tetrodotoxin (TTX)
from Tocris (Ellisville, MO). Stock solutions were prepared in dimeth-

TABLE 1. List of drugs (in order of appearance in the text)

Name of drug Formula Activity

Kisspeptin GPR54 agonist
Antide GnRH receptor antagonist
Kynurenic acid Broad-spectrum ionotropic glutamate receptor antagonist
Picrotoxin GABAA receptor antagonist
TTX Voltage-dependent sodium channel blocker
Ba2� Broad-spectrum potassium channel blocker
FFA NSC channel antagonist
U73122 1-�6-�((17�)-3-Methoxyestra-1,3,5 �10	-trien-17-

yl)amino	hexyl	-1H-pyrrole-2,5-dione
PLC antagonist

U73343 1-�6-�((17�)-3-Methoxyestra-1,3,5�10	-trien-17-
yl)amino	hexyl	-2,5-pyrrolidinedione

Inactive analog of U73122

2-APB 2-Aminoethoxy diphenyl borate IP3R antagonist
PD98059 2
-Amino-3
-methoxyflavone ERK1/2 antagonist
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ylsulfoxide at the concentrations indicated and stored at �20 C: 2-APB
(100 mm), kisspeptin (2 mm), PD98059 (20 mm), U73122 (5 mm), and
U73343 (5 mm). The final dimethylsulfoxide concentrations were less
than 0.2% (vol/vol). Stock solutions of TTX (0.5 mm) and antide (100 mm)
were prepared with distilled water and stored at �20 C. Flufenamic acid
(FFA) was diluted in ethanol at 100 mm before use, and final ethanol
concentration was 0.1% (vol/vol). All drugs were applied in perfusion
solution with final concentration as indicated.

Results

To ensure that electrophysiological recordings were made
from GnRH neurons in which their intracellular milieu was
undisturbed, we used current- and voltage-clamp, perforat-
ed-patch recordings with Ra less than 40 m�. Our previous
study demonstrated that 100 nm kisspeptin is an effective
and direct activator of GnRH neurons in the acute brain slice
preparation (10).

Kisspeptin activates the majority of GnRH neurons in both
male and female mice

In the first series of experiments, kisspeptin (100 nm for 2–4
min) was applied to 51 GnRH neurons recorded in current
clamp and held at their RMP. Of these, 38 (74.5%) responded
to kisspeptin with depolarization (6.4 � 0.9 mV; n � 35)
and/or an increase in firing of action potentials (0.12 � 0.07
to 0.68 � 0.13 Hz, increase of 87.1 � 4.3%; n � 18). Kisspeptin
depolarized GnRH neurons within 90 sec of application, and
for those GnRH neurons returning to pretest membrane po-
tential levels within 30 min (see Materials and Methods), the
depolarization lasted on average for 20.8 � 2.8 min (n � 13;
Fig. 1A). Thirteen cells were tested with a subsequent ap-
plication of 100 nm kisspeptin once they had returned to
baseline RMP, but none responded (Fig. 1B).

No sex differences were found in the effects of kisspeptin
on adult GnRH neurons (Fig. 1C). We found that 76% of
diestrous female GnRH neurons (n � 25) responded to
kisspeptin compared with 77% in males (n � 47). No dif-
ference was detected in the evoked depolarization (6.4 � 0.8
mV in females, n � 19; 7.3 � 1.0 mV in males, n � 32) or
evoked increase in firing (0.12 � 0.11 to 0.76 � 0.14, 90 � 6%
increase in 13 female GnRH neurons; 0.07 � 0.04 to 0.59 �
0.12, 90 � 3% increase in 16 male GnRH neurons) (Fig. 1C).

Kisspeptin initiates a prolonged depolarization that
depends upon intrinsic properties of GnRH neurons

To assess the mechanisms responsible for the prolonged
nature of the kisspeptin-evoked depolarization, we exam-
ined the effects of antide, TTX, and amino acid receptor
blockers. Antide, the GnRH receptor antagonist, was tested
to examine whether GnRH neurons maintain their depolar-
ized state by mutual or auto-excitation through collateral
innervation. We have previously shown that 100 nm antide
completely blocks the effects of GnRH on GnRH neurons
(20). TTX was used to examine, more generally, whether
action potential-dependent transmission from recurrent
feedback loops were involved in the prolonged excitation.
Finally, the amino acid receptor blockers kynurenic acid (1
mm, broad-spectrum ionotropic glutamate receptor antago-
nist) and picrotoxin (0.1 mm, GABAA receptor antagonist)

were used as a cocktail to examine the role of action potential-
dependent and -independent amino acid transmission.

Antide (100 nm for 4 min), applied before (n � 10) or after
kisspeptin (n � 10; Fig. 2A) treatment, did not change the
response of GnRH neurons to kisspeptin. After pretreatment
with antide, kisspeptin depolarized (6.2 � 1.3 mV, duration
20.5 � 1.3 min) six of 10 GnRH neurons and increased firing
frequency by 84 � 6%. For cells in which antide was admin-
istered after the kisspeptin activation, no effect on membrane
potential or firing rate was found (Fig. 2A), and the duration
of the response remained unaltered (21.2 � 1.1 min).

TTX administered to GnRH neurons (n � 3) after their
activation by kisspeptin was found to block action potential
generation but had no effect upon the magnitude or length
(23 � 5 min) of membrane depolarization (Fig. 2B).

The amino acid blocker cocktail blocked postsynaptic po-
tentials in GnRH neurons (Fig. 2C) but had no effect upon the
kisspeptin responses of GnRH neurons. Of 21 GnRH neurons
tested, 17 (81%) responded to kisspeptin with a depolariza-
tion (8.1 � 0.9 mV, duration 22.8 � 2.9 min; n � 15) and/or
an increase in firing (0.03 � 0.04 to 0.61 � 0.10 Hz, increased
by 94.9 � 2.8%, n � 9; Fig. 2C).

Together, these observations suggest that the prolonged
depolarizing response of GnRH neurons to kisspeptin is an
intrinsic mechanism not dependent upon external neural
transmission.

FIG. 1. Kisspeptin depolarizes GnRH neurons. Note that for all fig-
ures, the upward and downward deflections (dots) from the voltage
traces are responses to the injection of hyperpolarizing or depolarizing
currents to test membrane resistance. Drug applications are indi-
cated by the horizontal line above or under traces. A, Representative
voltage trace showing kisspeptin depolarization of a GnRH neuron
with a decrease in Rin. Note that responses to current injections (dots)
are smaller during kisspeptin than those during control. B, The same
cell approximately 40 min after the initial kisspeptin test does not
respond to a second kisspeptin application. C, Histograms showing no
differences between diestrous females and males in the percentage of
GnRH neurons that respond to kisspeptin, the degree of depolariza-
tion evoked by kisspeptin, or the increase in firing frequency evoked
by kisspeptin. Kiss, Firing rate during kisspeptin application; Pre-,
firing rate before kisspeptin. *, P � 0.001 compared with pre-, paired
Student’s t test. The numbers (n) are given at the base of each his-
togram.
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Potassium and nonselective cation (NSC) channels underlie
kisspeptin’s depolarizing effects on GnRH neurons

To identify the ion channels underling kisspeptin’s initial
depolarizing effects, 40 GnRH neurons held at �60 mV in
current clamp were tested with 100 nm kisspeptin. Before, and
at different times after kisspeptin administration, current clamp
was switched to voltage clamp to establish the I-V curve. On the
basis of Rin change and the reversal potential of the current
induced by kisspeptin, we found that GnRH neurons could be
classified into three groups: 1) depolarization with an increase
in Rin and reversal potential of �93 � 2.8 mV (Fig. 3, A and B;
n � 6), which was suggestive of a depolarizing mechanism
involving the closing of K� channels; 2) depolarization with a
decrease in Rin and reversal potential of �10 � 5.1 mV (Fig. 3,
C and D; n � 7), which suggested that the depolarization oc-
curred through the opening of NSC channels; and 3) depolar-
ization without a constant change in Rin or reversal potential
(Fig. 3, E and F; n � 27). This could occur through the opening
and/or closing of multiple ion channels. For all three types of
response, the same Rin and I-V curve was found regardless of
when it was assessed after application of kisspeptin.

Because these observations suggested that potassium and
NSC channels were involved in the kisspeptin response, we
undertook a pharmacological analysis of kisspeptin action us-
ing Ba2�, a broad-spectrum potassium channel blocker, and 0.1
mm FFA, an NSC channel antagonist (21, 22). Because kisspep-
tin can be applied only once to a GnRH neuron, brain slices
were attributed to control (no drug), Ba2� alone, FFA alone, or
both (Ba2��FFA) treatments. The percentage of responding
cells was determined and tested for significant differences by
Fisher’s exact test.

Controls. In total, 38 of 51 (75%) control GnRH neurons given
no pharmacological pretreatment responded to kisspeptin.

Ba2�. Ba2� applied to 27 GnRH neurons was found to
depolarize most cells (n � 23) by itself (7.5 � 1.1 mV
depolarization with a 78 � 7% increase in firing) suggest-

FIG. 2. Kisspeptin excites GnRH neurons via an intrinsic mechanism
independent of external neural transmission. A, Representative volt-
age trace showing kisspeptin-induced depolarization and firing was
not affected by antide (100 nM) administered during the kisspeptin
activation; B, representative voltage trace showing kisspeptin-in-
duced depolarization was not affected by TTX (0.5 �M administered
during the kisspeptin activation; C, representative voltage trace
showing kynurenic acid (1 mM) and picrotoxin (0.1 mM) (Ka�Pt)
blocking synaptic events but having no effect on the kisspeptin-in-
duced depolarization.

FIG. 3. Kisspeptin depolarizes GnRH neurons by affecting multiple
ion channels. Dotted parallel lines indicate the switch from current to
voltage clamp to establish I-V curves (3- to 5-min duration), and
omitted voltage sections are also indicated. A, Representative voltage
trace showing kisspeptin depolarizing a GnRH neuron with an in-
crease in Rin. The duration of depolarization is about 26 min. B, I-V
curves established by running a ramp from �20 to �120 mV for 4 sec
in voltage clamp: solid line, an I-V curve obtained before kisspeptin;
dashed line, an I-V curve during kisspeptin action; dotted line, an I-V
curve obtained by the point-by-point subtraction of currents during
kisspeptin from those of control at corresponding potentials mathe-
matically (the same for E and F). This shows that a kisspeptin-
induced current reversed at �95 mV. C, Representative voltage trace
showing kisspeptin depolarizing a GnRH neuron with a decrease in
Rin [responses to current injections (dots) are smaller during kisspep-
tin than control]. D, I-V curves and dotted line showing kisspeptin-
induced current reversed at about �10 mV (estimated by extrapo-
lating). E, Representative voltage trace showing kisspeptin
depolarizing a GnRH neuron without any change in Rin (see I-V
curves in F). Note the kisspeptin application indication line is shorter
than 3 min due to omitted trace during voltage recording. F, I-V curves
and dotted line showing kisspeptin-induced current did not reverse
between �20 and �120 mV.
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ing that most all GnRH neurons have tonically active
Ba2�-sensitive potassium channels restraining their excit-
ability. Kisspeptin (100 nm) applied in the presence of Ba2�

(with or without the membrane potential being held back
to control levels) still depolarized 8 of 18 (44%) GnRH
neurons (n � 18; Fig. 4A) by 5.9 � 1.3 mV (n � 8) and
increased firing frequency by 38 � 14% (n � 8). The other
10 GnRH neurons showed no response to kisspeptin. The
decrease in the % of GnRH neurons depolarized by
kisspeptin in the presence of Ba2� (44% vs. controls 75%)
was significantly different (P � 0.05; Fig. 5A).

FFA. FFA itself was found to have no effects upon the ma-
jority (85%) of recorded GnRH neurons (Fig. 4B) with the
remaining 15% showing either small depolarizations or hy-
perpolarizations. When kisspeptin was applied after FFA, 6

of 14 (43%) of GnRH neurons responded in the normal manner
with an increase in membrane potential (5.1 � 0.7 mV; n � 5)
and/or an increase in firing frequency of 59 � 22% (n � 4; Fig.
4B). The remaining 8 GnRH neurons showed no response to
kisspeptin. The decrease in the % of GnRH neurons depolarized
by kisspeptin in the presence of FFA was significantly different
compared with controls (P � 0.05; Fig. 5A).

Ba2��FFA. Ba2� and FFA applied together were found to
depolarize GnRH neurons in the same way described for
Ba2� alone (Fig. 4C). Kisspeptin (100 nm) applied in the
presence of Ba2��FFA depolarized and/or increased the
firing rate of two of 12 GnRH neurons(17%) (Fig. 4, C and E)
with the remainder being unresponsive (Fig. 4, D and F). The
decrease in the percentage of GnRH neurons depolarized by

FIG. 4. Ba2� and FFA decrease the
number of kisspeptin-responsive GnRH
neurons. A, Representative voltage trace
showing kisspeptin depolarizing a GnRH
neuron in the presence of Ba2� with an
increase in Rin. The depolarization in-
duced by 3 min preapplication of 1 mM
Ba2� was removed by injected current
(not shown) and then 100 nM kisspeptin
applied as indicated. B, A representative
voltage trace showing kisspeptin depo-
larizing another GnRH neuron in the
presence of 0.1 mM FFA with an increase
in Rin. Note that a 5-min preapplication
of FFA did not change membrane poten-
tial. C, A voltage trace showing one of the
two GnRH neurons still responding to
kisspeptin in the presence of FFA�Ba2�.
Preapplication of FFA�Ba2� depolar-
ized the cell with an increase in Rin. Note
that kisspeptin had no further effect on
membrane depolarization but increased
the frequency of action potentials (see E).
D, Representative voltage trace showing
typical effect of kisspeptin being unable
to activate GnRH neurons in the pres-
ence of Ba2��FFA. In this case, the
Ba2��FFA depolarizes the cell and
makes it fire, but kisspeptin has no fur-
ther effect. E and F, Ratemeter histo-
grams of action potential firing rate (20-
sec bins) for the two cells shown in C and
D, respectively.
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kisspeptin in the presence of Ba2��FFA was significantly
different compared with controls (P � 0.001; Fig. 5A).

Kisspeptin requires PLC and IP3 receptors (IP3R) to
activate GnRH neurons

To evaluate the intracellular signaling pathway responsi-
ble for kisspeptin’s depolarizing actions, a pharmacological
approach was employed by using blockers of PLC (U73122
and its inactive analog U73343) (23), IP3R (2-APB) (24), and
ERK1/2 (PD98059) (25). To try and isolate effects of these
compounds to GnRH neurons, while retaining the ability to
observe action potentials, these experiments were under-
taken in the presence of the amino acid receptor antagonists
kynurenic acid and picrotoxin. Because kisspeptin can be
applied only once to a GnRH neuron, brain slices were at-
tributed to control (no drug), U73122, U73343, 2-APB, or
PD98059 treatments and the percentage of responding cells
determined and tested by Fisher’s exact test.

Controls. In total, 17 of 21 control GnRH neurons (80%) pre-
treated with kynurenic acid and picrotoxin responded to
kisspeptin. The cocktail of amino acid blockers themselves
resulted in depolarizations in about 15% of GnRH neurons.

U73122. Pretreatment (8–15 min) with 10 �m U73122 re-
sulted in two of 13 GnRH neurons (15%) responding to
kisspeptin with depolarization or increased firing with the
remainder being unresponsive (Fig. 6A). This response rate
was significantly different compared with controls (Fig. 5B;

P � 0.001). Treatment with U73343, the inactive analog, re-
sulted in four of six (67%; P � 0.05) GnRH neurons respond-
ing to kisspeptin (Fig. 5B).

2-APB. Pretreatment (10 min) with 100 �m 2-APB had no
consistent effect on GnRH neuron membrane potential but
resulted in only one of 15 GnRH neurons (7%) responding to
kisspeptin with the remainder being unresponsive (Fig. 5B).
This response rate was significantly different from that of
controls (P � 0.001).

PD98059. Pretreatment (5 min) with 20 �m PD98059, which
again had no consistent effect on membrane potential itself,
resulted in four of eight GnRH neurons (50%) responding to
kisspeptin with depolarization (8.6 � 2.5 mV, n � 4) and an
increase in firing (Fig. 6C). This was not significantly differ-
ent compared with controls (Fig. 5B).

Kisspeptin initiates an increase and then a decrease in [Ca2�]i
Because the electrophysiology results suggested that

kisspeptin was likely to activate an increase in [Ca2�]i

FIG. 5. Histograms showing the percentage of GnRH neurons re-
sponding to kisspeptin in the presence of different antagonists. A, Ion
channel experiments. B, Intracellular signaling cascade experiments.
control � cells tested with kisspeptin without antagonists; U731 �
U73122; U733 � U73343. Total number of cell tested is given at base
of each histogram. *, P � 0.05; ***, P � 0.001 compared with control
(Fischer’s exact test).

FIG. 6. Intracellular signaling cascade involved in mediating
kisspeptin depolarization of GnRH neurons. All experiments were
undertaken in the presence of the amino acid blockers 1 mM kynurenic
acid and 0.1 mM picrotoxin (Ka/Pt). A, Representative voltage trace
showing a GnRH neuron that fails to respond to 100 nM kisspeptin
after pretreatment with 10 �M U73122. Note that the Ka/Pt/U73122
cocktail progressively depolarized the cell and that it was held back
to control RMP level by injecting current at the arrowhead. B, Rep-
resentative example of a GnRH neuron that fails to be activated by
kisspeptin after 10 min pretreament with 100 �M 2-APB. Note that
Ka/Pt depolarized the cell progressively and that it was held back to
its control RMP by injecting current (arrowhead). C, Representative
example of a voltage trace of a GnRH neuron that was activated by
kisspeptin despite pretreatment with 20 �M PD98059.
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through PLC activating IP3R, we used GnRH-Pericam mice
to examine the effect of kisspeptin upon [Ca2�]i in GnRH
neurons. The GnRH-pericam transgenic line allows real-time
imaging of [Ca2�]i in GnRH neurons in the acute brain slice
preparation (19).

Kisspeptin at 100 nm was found to evoke a rise in [Ca2�]i
immediately after entry into the bath in six of six female
GnRH neurons (Fig. 7A). An increase in [Ca2�]i peaking at
11 � 3% above pretest baseline levels lasted for 2–3 min and
was then followed by a sudden drop in [Ca2�]i before levels
gradually returned to basal concentrations (Fig. 7A). Four
female GnRH neurons were tested with kisspeptin in the
presence of 0.5 �m TTX, and three responded (75%) with a
similar profile including an 11 � 5% baseline increase in
[Ca2�]i (Fig. 7B). The remaining cell did not display any
change in [Ca2�]i.

Discussion

Kisspeptin is a remarkably potent activator of GnRH neu-
rons. As noted in our initial study (10), and also reported
recently by others (26), a short application of 10–100 nm
kisspeptin generates a 5- to 10-mV depolarization that is
prolonged, lasting for at least 20 min. However, this response
appears to desensitize quickly because GnRH neurons no
longer respond to kisspeptin 20–30 min after the first ap-
plication. Given the potent effects of kisspeptin on GnRH
neuron excitability, this desensitization may be important in
preventing GnRH neurons from overexcitation. It is not
known how long this period of desensitization lasts, but it is
important to note that hourly kisspeptin administration can
initiate LH pulses over several hours in the monkey (27). This
suggests that the GPR54 expressed by GnRH neurons can be

reactivated after 60 min in vivo. It will be interesting in future
studies to determine the mechanism of GPR54 desensitiza-
tion in GnRH neurons.

Although sex differences exist in the expression of
kisspeptin protein and mRNA within the rostral preoptic
area (28, 29), we have not found any sex differences in the
percentage of GnRH neurons responsive to kisspeptin or in
the dynamics of their response. This suggests that GPR54
expression by GnRH neurons is not sexually differentiated.
As such, any sexually dimorphic features of kisspeptin-
GPR54 signaling with respect to GnRH neurons most likely
result from postsynaptic differences such as kisspeptin in-
nervation (7).

Using conventional voltage-clamp procedures, we found
that many GnRH neurons exhibited a marked kisspeptin-
induced depolarization without any apparent change in their
Rin or I-V relationship. Although about 15% of cells exhibited
changes in Rin with I-V curves characteristic of potassium
channel closure, and another approximately 15% exhibited
features consistent with the opening of a NSC channel, the
remainder of GnRH neurons exhibited no change in Rin or
I-V relationship during kisspeptin-evoked depolarization.
To probe this further, we used barium as a relatively broad-
spectrum potassium channel antagonist and found that it
was able to block about 40% of the normal number of GnRH
neurons from responding to kisspeptin. Similarly, NSC chan-
nel blockade with FFA resulted in a significant approxi-
mately 40% reduction in the number of responding GnRH
neurons. This suggested that barium-sensitive potassium
and NSC channels were necessary for kisspeptin-evoked de-
polarization in many more than the 15% of GnRH neurons
indicated by the I-V studies. When both antagonists were
added together, we found that nearly 80% of the kisspeptin-
responding GnRH neurons were unable to be activated (17%
of GnRH neurons responded compared with 75% for con-
trols). Thus, kisspeptin-evoked depolarizations in the great
majority of GnRH neurons showing no Rin or I-V change
require potassium and/or NSC channels.

The most plausible explanation for these results is that
GPR54 activation results in the inhibition of potassium chan-
nels as well as the activation of a NSC channel (Fig. 8). As
such, the effects of both channels effectively cancel each other

FIG. 7. Kisspeptin alters intracellular calcium levels in GnRH neu-
rons. Traces showing the effects of 100 nM kisspeptin upon [Ca2�]i in
GnRH neurons of GnRH-Pericam transgenic mice. The trace shows
the percent change in [Ca2�]i calculated by determining [Ca2�]i every
second and comparing it with the mean [Ca2�]i levels in the 1 min
before the testing period. A, Representative trace showing a GnRH
neuron responding to kisspeptin with an increase in [Ca2�]i followed
by a sudden decline and slow recovery; B, GnRH neuron pretreated
with TTX showing the same response to 100 nM kisspeptin.

FIG. 8. Schematic diagram showing how kisspeptin activates GnRH
neurons. Kisspeptin binds to GPR54, which results in the activation
of PLC, which in turn results in the release of calcium from stores
after stimulation of IP3R. The released calcium then closes a calcium-
sensitive potassium channel and/or opens a calcium-sensitive NSC
channel.
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out in terms of Rin and result in a depolarization without any
I-V reversal. Interestingly, the exact same scenario has been
suggested to account for the depolarizing actions of musca-
rinic receptor activation in locus coeruleus and CA1 hip-
pocampal neurons (30, 31). In those cases, acetylcholine was
found to evoke a depolarization without a change in Rin, and
as found here, two different I-V relationships suggestive of
potassium channel closure and NSC channel opening were
encountered. The GnRH neurons rarely respond as a homo-
geneous population (32), and the present results would sug-
gest a variable balance of potassium vs. NSC channel de-
pendence for the kisspeptin responses in individual GnRH
neurons. Nevertheless, it is clear that by removing both chan-
nels, the great majority of GnRH neurons are prohibited from
responding to kisspeptin. The small population of GnRH
neurons that respond to kisspeptin in the presence of barium
and FFA may represent the activation of yet another ion
channel class after GPR54 activation. It seems unlikely that
the heterogeneity in GnRH neuron response arises from the
GPR54 itself because nearly all GnRH neurons in the adult
mouse are reported to express GPR54 mRNA (10).

The prolonged nature of the kisspeptin-induced depolar-
ization and accompanying intense firing is unique to GPR54
activation in GnRH neurons and likely to be important phys-
iologically. Although the prolonged nature of the GnRH
neuron response does not appear to fit well with a role for
kisspeptin in initiating individual GnRH pulses, it would
seem to match the prolonged pattern of GnRH neuron ac-
tivation suspected to be necessary for ovulation (33, 34).
Several studies have suggested that kisspeptin may be in-
volved in the generation of the preovulatory GnRH/LH
surge (12–14). For this reason, we were interested in exam-
ining the mechanism behind the prolonged depolarization
evoked by kisspeptin. We speculated that this may arise from
recurrent feedback loops involving GnRH itself or other neu-
rotransmitters. Electron microscopy studies have docu-
mented the presence of GnRH terminals synapsing on GnRH
neurons (35), and GnRH exerts a depolarizing action upon
GnRH neurons (20). Thus, it was plausible that, once acti-
vated, GnRH neurons may maintain their activation through
collateral reciprocal or even auto-feedback. However, we
failed to provide any evidence for this possibility because
antide, the GnRH receptor antagonist, had no effect upon the
kisspeptin-evoked depolarization. Similarly, and in agree-
ment with the antide result, TTX had no effect, suggesting
that recurrent feedback loops and afferent inputs are not
necessary. Because GnRH neurons are subjected to consid-
erable action potential-independent amino acid transmission
(36), we also examined the effect of glutamate and GABA
receptor blockers but, again, found the kisspeptin re-
sponse to be unchanged. Together, these observations
clearly document that the prolonged depolarizing re-
sponse of GnRH neurons to kisspeptin does not require
extrinsic neural components. The identity of the intrinsic
mechanism maintaining the kisspeptin depolarization is
unknown, but it is interesting to note the transient (2–3
min) nature of the [Ca2�]i rise evoked by kisspeptin, sug-
gesting that it may not rely upon prolonged changes in
[Ca2�]i.

The intracellular pathway underlying the effects of

kisspeptin on GnRH neurons is shown here to involve a
PLC-IP3R-calcium cascade. The PLC antagonist U73122 was
very effective in blocking GnRH neurons from responding to
kisspeptin, whereas its inactive isomer U73343 had no sig-
nificant effect. Similarly, 2-APB was also very potent in sup-
pressing kisspeptin actions. In accord with these pharmaco-
logical studies showing the importance of PLC and IP3R,
experiments in Pericam-GnRH neurons demonstrated that
kisspeptin quickly elevated [Ca2�]i in GnRH neurons. Cu-
riously, the kisspeptin-evoked increase in [Ca2�]i was not
maintained but terminated after 2–3 min by a sudden fall that
resulted in a period of depressed [Ca2�]i levels before re-
turning to normal. We believe that this response is not, how-
ever, unique to the GPR54 cascade because the exact same
profile has been observed after the caffeine-evoked increase
in [Ca2�]i from calcium stores within GnRH neurons (19). It
may, therefore, represent a protective, calcium resetting
mechanism triggered by any sudden increase in [Ca2�]i

within adult GnRH neurons.
The present pharmacological observations in GnRH neu-

rons are in agreement with those found recently for juvenile
hypothalamic explants where U73122 and thapsigargin, a
calcium store uptake blocker, were effective in suppressing
kisspeptin-evoked GnRH secretion (17). In contrast to those
experiments, however, the ERK1/2 inhibitor PD98059 was
not found to block kisspeptin actions in GnRH neurons sug-
gesting that ERK1/2 signaling elsewhere in the hypothala-
mus contributes to GnRH release in hypothalamic explants.
Interestingly, the effects of kisspeptin in the dentate gyrus of
the hippocampus are dependent upon ERK1/2, demonstrat-
ing the existence of cell-specific GPR54 signaling cascades
within the brain.

Together, we believe that these results provide compelling
evidence that kisspeptin binding to GPR54 in GnRH neurons
results in the activation of a PLC-IP3R cascade to release
calcium from internal stores. The link between the calcium
rise and the initial membrane depolarization is very likely to
depend upon calcium-sensitive potassium and NSC chan-
nels. The precise nature of the barium-sensitive potassium
channel underlying this effect is not known. Barium-sensi-
tive, calcium-dependent potassium channels have been re-
ported (37, 38), and calcium-activated small and large con-
ductance potassium channels, SK and BK, respectively, exist
in rat and mouse GnRH neurons (39–41). The closure of the
SK channel in GnRH neurons would evoke a depolarization
(42) consistent with the effects observed for kisspeptin.

Calcium-activated NSC channels have not been demon-
strated to exist in GnRH neurons before this report. They
comprise a large family of channels well known to be in-
volved in neuronal excitability and the generation of main-
tained depolarizing responses (22). At RMP, we found that
FFA had no consistent effect on membrane excitability
itself, suggesting that NSC channels are not tonically ac-
tive. Whereas NSC channels underlie depolarizing after-
potentials in hypothalamic magnocellular neurons (21,
43), they are not involved in generating afterpotentials in
GnRH neurons (44). However, we find here that FFA was
able to abolish completely the kisspeptin response in a
subpopulation of GnRH neurons, indicating the necessity
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for likely calcium-activated NSC channels for kisspeptin
responses in these cells.

In summary, using perforated-patch electrophysiology
and calcium imaging, we show that kisspeptin exerts its
remarkable depolarizing effects upon GnRH neurons by ac-
tivating a GPR54-PLC-IP3R-calcium cascade that jointly
closes potassium channels and opens NSC channels in the
majority of cells (Fig. 8). This signaling cascade, which ap-
pears to quickly desensitize, initiates a membrane depolar-
ization that is then prolonged by mechanisms intrinsic to the
GnRH neuron. Together these observations indicate the pres-
ence of a novel G protein-coupled receptor signaling mech-
anism responsible for the unique and essential role of
kisspeptin in the neural control of fertility.

Note Added in Proof

Using a different electrophysiological approach with a GnRH-GFP
transgenic mouse line, Zhang et al. (45) have just published the same
result reported here that kisspeptin excites GnRH neurons through the
activation of a non-selective cation channel and the inhibition of a
potassium channel.
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