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Kisspeptins, the natural ligands of the G-protein-coupled receptor (GPR)-54, are the most potent
stimulators of GnRH-1 secretion and as such are critical to reproductive function. However, the
mechanism by which kisspeptins enhance calcium-regulated neuropeptide secretion is not clear.
In the present study, we used GnRH-1 neurons maintained in mice nasal explants to examine the
expression and signaling of GPR54. Under basal conditions, GnRH-1 cells exhibited spontaneous
baseline oscillations in intracellular calcium concentration (�Ca2��i), which were critically depen-
dent on the operation of voltage-gated, tetrodotoxin (TTX)-sensitive sodium channels and were
not coupled to calcium release from intracellular pools. Activation of native GPR54 by kisspeptin-10
initiated �Ca2��i oscillations in quiescent GnRH-1 cells, increased the frequency of calcium spiking
in oscillating cells that led to summation of individual spikes into plateau-bursting type of calcium
signals in a subset of active cells. These changes predominantly reflected the stimulatory effect of
GPR54 activation on the plasma membrane oscillator activity via coupling of this receptor to
phospholipase C signaling pathways. Both components of this pathway, inositol 1,3,4-trisphos-
phate and protein kinase C, contributed to the receptor-mediated modulation of baseline �Ca2��i
oscillations. TTX and 2-aminoethyl diphenylborinate together abolished agonist-induced eleva-
tion in �Ca2��i in almost all cells, whereas flufenamic acid was less effective. Together these results
indicate that a plasma membrane calcium oscillator is spontaneously operative in the majority of
prenatal GnRH-1 neurons and is facilitated by kisspeptin-10 through phosphatidyl inositol diphos-
phate hydrolysis and depolarization of neurons by activating TTX-sensitive sodium channels and
nonselective cationic channels. (Endocrinology 150: 1400–1412, 2009)

Hypogonadal hypogonadism (HH) is a deficiency in pituitary
secretion that underlies impairments in puberty and repro-

duction. One form of HH called idiopathic HH is due to inac-
tivating mutations in the GPR54 gene (1, 2). The human phe-
notype induced by these loss of function mutations is mimicked
in gpr54 mutant mice (2, 3); sexual immaturity. Kisspeptins
(KPs) are the endogenous ligand for these receptors (4) and have

been shown to stimulate gonadotropin release in vivo �mouse (5);
rat, (6–8)� and in vitro �mouse (9)� but not in gpr54 mutant mice
(10). It appears that this KP-induced gonadotropin release can
occur through direct activation of GnRH-1 neurons because
these cells express gpr54 mRNA transcripts (6) and functional
receptors, as indicated by the ability of KPs to depolarize the cells
(11) and activate c-Fos (6, 8).
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ylsulfoxide; E, embryonic day; ER, endoplasmic reticulum; FFA, flufenamic acid; GABA,
�-aminobutyric acid; GPR, G-protein-coupled receptor; HH, hypogonadal hypogonadism;
IP3, inositol 1,4,5-trisphosphate; IP3R, IP3 receptor; KP, kisspeptins; kp-10, kisspeptin-10;
PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; PIP2, phosphatidyl
inositol diphosphate; PMA, phorbol 12-myristate 13-acetate; PTX, pertussis toxin; RyR,
ryanodine receptor channel; SFM, serum-free medium; SSC, sodium chloride-sodium ci-
trate; TG, thapsigargin; TRP, transient receptor potential; TTX, tetrodotoxin.
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The downstream signals engaged after activation of G-pro-
tein-coupled receptor (GPR)-54 have been mainly studied in het-
erologous expression systems (4, 12). These studies revealed cou-
pling of GPR54 to the phospholipase C signaling pathway,
leading to calcium mobilization, arachidonic acid release, and
ERK1/2 and p38 MAP kinase phosphorylation. Consistent with
these findings, it has been suggested that KP-induced GnRH-1
release predominantly reflects mobilization of intracellular Ca2�

and recruitment of ERK1/2 and p38 kinases but not voltage-
gated Ca2� influx (9). This conclusion, however, questioned the
physiological relevance of KP-induced changes in electrical ac-
tivity of GnRH-1 neurons (11, 13, 14) because depolarization of
cells should facilitate voltage-gated Ca2� influx and calcium is
the main intracellular messenger controlling the exocytotic path-
way. GnRH-1 neurons in hypothalamic slices exhibit intrinsic
calcium oscillations that are dependent on inositol 1,4,5-
trisphosphate (IP3)-induced calcium release from intracellular
stores (15). In contrast, immortalized GnRH-1 neurons exhibit
calcium transients dependent on voltage-gated calcium influx
(16). Both tetrodotoxin (TTX)-dependent and voltage-gated cal-
cium channel-dependent firing of action potentials were ob-
served in GT1 cells (16, 17). Thus, the nature of spontaneous
calcium transients in GnRH-1-secreting neurons, channels in-
volved in their generation, and the mechanism by which KPs
modulate a calcium oscillator, remain unclear.

The studies reported here focus on the expression of gpr54
and the GPR54-induced calcium signaling in both individual
GnRH-1 neurons and within the GnRH-1 neuronal population.
Gpr54 transcript was identified in prenatal GnRH-1 neurons in
vivo and in primary neurons maintained in nasal explants. This
model, based on the extracentral nervous system origin of
GnRH-1 neurons (18), has been successfully used to examine the
regulation of GnRH-1 neurons (19–22). GnRH-1 neurons main-
tained in such explants exhibit spontaneous oscillations in in-
tracellular calcium (�Ca2��i) (23–25) and pulsatile calcium-con-
trolled GnRH-1 release (26–28), suggesting operation of an
endogenous calcium oscillator. Here we show that: 1) kisspep-
tin-10 (kp-10) increased the frequency of spontaneous calcium
spiking in the majority of GnRH-1 cells, with most of these cells
showing a summation of individual spikes into plateau-bursting
type calcium signals; 2) kp-10-stimulated calcium oscillations
are critically dependent on voltage-gated sodium channels and
2-aminoethyl diphenylborinate (2-APB)-sensitive signaling
pathways; and 3) protein kinase-dependent signaling contributes
to the modulation of calcium oscillations in kp-10 stimulated
GnRH-1 neurons.

Materials and Methods

Animals
All mice were killed in accordance with National Institutes of Health

(NIH), National Institute of Neurological Stroke and Disorders guide-
lines. NIH Swiss embryos were harvested at embryonic day (E) 12.5,
E13.5, E14.5, and E17.5 (plug day, E0.5) and immediately frozen and
stored (80 C) until processing for in situ hybridization histochemistry.
Adult brains from NIH Swiss nonpregnant mice were also harvested,
frozen, and stored (80 C) until processing.

Nasal explants
Nasal regions were cultured as previously described (21). Briefly,

embryos were obtained from timed pregnant animals in accordance with
NIH guidelines. Nasal pits of E11.5 staged NIH Swiss mice were isolated
under aseptic conditions and adhered onto coverslips by a plasma (Co-
calico Biologicals, Reamstown, PA)/thrombin (Sigma, St. Louis, MO)
clot. Nasal explants were maintained at 37 C in a defined serum-free
medium (SFM) in a humidified atmosphere with 5% CO2. On culture d
3, fresh media containing fluorodeoxyuridine (8 � 10�5 M; Sigma) was
given for 3 d to inhibit proliferation of dividing olfactory neurons and
nonneuronal explant tissue. On culture d 6 and every 2 d afterward, the
medium was changed for fresh SFM. Explants were used between 6 and
10 d in vitro (div) (Fig. 1A).

In situ hybridization histochemistry
Frozen mouse adult brain and embryonic sections (16 �m thickness)

were cut on a cryostat and mounted on subbed slides. Adult brains were

FIG. 1. Nasal explants as a model system for studies on calcium signaling in
GnRH-1-secreting neurons. A, Nasal explant obtained from E11.5 mouse and
maintained 9 div, with nasal pit epithelium (NPE) and nasal midline cartilage
(NMC), surrounded by mesenchyme. GnRH-1 neurons, immunostained for
GnRH-1 (brown), migrate from NPE and follow olfactory axons to the NMC and
into the periphery. Boxed area delimits a typical field in which cells were selected
for calcium recording. B, Calcium imaging recordings were performed on cells
maintained in mouse nasal explants for 6–10 d in vitro (div). Cells, identified by
their bipolar morphology (left panel), were loaded with a calcium-sensitive dye
(middle panel), and after recording the phenotype of the cells was confirmed by
immunocytochemistry (right panel, brown). Arrows indicate same cells in all
fields. C, Representative 16-min calcium imaging recording in cells bathed in
SFM, showing spontaneous baseline oscillations in intracellular calcium level. The
Y-scale is arbitrary. Such a pattern of signaling was observed in the majority of
identified GnRH-1 neurons.
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serially cut from the olfactory bulbs to the caudal hypothalamus. Serial
sections were placed onto 50 slides, with the 51st section returning to
slide 1. In this manner, serial atlas slides were generated with 10–12
sections/slide. Therefore, each slide had representative sections through-
out the forebrain and two consecutive slides had serial sections from each
region. In contrast, embryos were cut in serial series, with three series for
E12.5, four series for E13.5 and E14.5, and five series for E17.5. The
sections were processed for in situ hybridization histochemistry as pre-
viously described (18). Briefly, sections were fixed in 4% formaldehyde,
rinsed in PBS, permeabilized in 0.3% Triton X-100/0.05 M EDTA/0.1 M

Tris buffer (pH 8.0), rinsed in 0.05 M EDTA/0.1 M Tris buffer (pH 8.0),
washed in 0.25% acetic anhydride/0.1 M triethanolamine, rinsed in 2�
sodium chloride-sodium citrate (SSC), dehydrated through ethanol, de-
lipidated in chloroform, rinsed in ethanol, and air dried. A 48-nucleotide
oligo probe (2.5 pmol), complementary to the coding region of mouse
GPR54 (5�-GAGTGGCACATGTGGCTTGCA-CCGAGACCTGCTG-
GATGTAGTTGACGA-3�) or GnRH-1 (5�-TTCAGTGTTTCTCTT-
TCCCCCA-GGGCGCAACCCATAGGACCAGTGCTG-3�) (29) was
3�-end labeled with S35-labeled dATP (PerkinElmer, Boston, MA) using
400 U terminal transferase (Roche, Indianapolis, IN), 5� tailing buffer
and CoCl2 1.5 mM (Roche). Labeled probe (0.5 � 106 to 1 � 106 cpm)
was applied to each slide in 100 �l of hybridization buffer (18). Slides
were hybridized overnight in humid chambers (37 C). The following day,
slides were rinsed in 1� SSC/65 mM dithiothreitol, washed at high strin-
gency in 2� SSC/50% formamide/20 mM dithiothreitol at 45 C, and
washed in 1� SSC at room temperature. Slides were then rinsed in water,
dehydrated in ethanol, dried, and placed against film. After x-ray film
exposure for 5 d, the slides were dipped in NTB autoradiography
emulsion (Kodak, Rochester, NY) and exposed for 3–5 wk for
GnRH-1 and 3–7 wk for GPR54. Emulsion-covered slides were de-
veloped as previously described (18). Adjacent sections and S35-la-
beled probes were used to optimize the signal for gpr54 transcript
during prenatal development.

PCR on single GnRH-1 cells
For single cells, GnRH-1 like neurons, identified in vitro by their

bipolar morphology, association with outgrowing axons, and location
within the explant, were removed with pulled glass capillaries. For single
cells and tissues, cDNAs were produced and PCR amplification per-
formed as previously described (29, 30). Based on the technique used to
generate the cDNA pools, 3� untranslated region biased primers are
necessary. Primers were designed with the 5�-primer being less than 500
bases from the polyA site and the 3�-primer close to, but not into, the
polyA region. All designed primers were screened using BLAST (http://
blast.ncbi.nlm.nih.gov/Blast.cgi) to ensure specificity of binding. For
each reaction, 30.5 �l H2O, 5 �l of 10� PCR buffer (Applied Biosystems,
Foster City, CA), 4 �l of 25 mM MgCl2 (Applied Biosystems), 5 �l of
deoxynucleotide triphosphate mix �25 �l of each 100 mM deoxynucle-
otide triphosphate, 900 �l H2O�, 2 �l of 6.25 �M forward primer, 2 �l
of 6.25 �M reverse primer, and 0.5 �l AmpliTaq Gold (Applied Biosys-
tems) were added to 1 �l template cDNA. PCR was performed at 94 C
(10 min), 94 C (30 sec), 55 or 65 C, depending on primers (30 sec), 72
C (2 min) for 40 cycles, with a postelongation at 72 C for 10 min.
Amplified products were run on a 1.5% agarose gel. Specific bands of the
predicted size were observed in the control total brain lane, whereas no
bands were seen in water. cDNAs from single cells were initially screened
by PCR for GnRH-1 (assuring the cell phenotype), III-tubulin, and L19
(two housekeeping genes, respectively, microtubule and ribosomal) (see
primer sequences in Ref. 31). Only cells positive for all three transcripts
(previously used in Refs. 29, 31, and 32) were used in this study. PCR was
performed on single GnRH-1 cell cDNAs to determine the expression of
gpr54 (3 div; n � 10, 7 div; n � 17, 14 div; n � 10).

Calcium imaging
Calcium imaging recordings were performed between 6 div to 10 div.

The calcium Green-1 AM (Molecular Probes, Eugene, OR) was diluted
to 2.7 mM concentration in 80% dimethylsulfoxide (DMSO) and 20%

pluronic F-127 solution (Molecular Probes). This solution was diluted
1:200 with SFM to a final calcium Green-1 concentration of 13.5 �M.
Nasal explants, maintained at 37 C in a 5% CO2 humidified incubator,
were incubated with this loading solution for 20 min and then washed
twice with fresh SFM (10 min each). Explants were mounted into a
perfusion chamber and were continuously perfused with medium, at a
rate of about 280 �l/min, using a peristaltic pump (Spectra Hardware,
Inc., Westmoreland City, PA). Calcium Green-1 was visualized using an
inverted Nikon microscope, through a �20 fluorescence objective and an
charge-coupled device camera (Retiga, Qimaging, Burnaby, Canada)
connected to a Macintosh computer. Experiments were piloted by im-
aging software (IPLab Spectrum; Scanalytics Inc., Rockville, MD), con-
trolling the shutter (Uniblitz; Vincent Associates, Rochester, NY) and
acquiring pictures every second. Excitation wavelengths were provided
through a medium-width excitation bandpass filter at 465–495 nm, and
emission was monitored through a 40-nm bandpass centered on 535 nm.
Fluctuations in �Ca2��i were analyzed a posteriori with IPLab software
(Scanalytics). Each cell, individually identified, was circled. Calcium
Green-1 fluorescence intensity was plotted and analyzed with MATLAB
(Mathworks, Natick, MA). For short recording experiments, subdivi-
sion into three to four periods was done for analysis �i.e. for four periods:
SFM control period (5 min), pretreatment period (3 min), treatment
period (3 min), and SFM washout period (5 min)�. All recordings were
terminated by a 40 mM KCl stimulation to ensure the viability of the
recorded cells.

Statistical analysis
When neuronal activity was estimated in term of calcium oscillations,

a calcium fluctuation was first identified when a value was greater than
the five previous and five subsequent points. Then that calcium fluctu-
ation had to be greater than the mean of the five previous and five next
points plus a minimal value (which represented small fluctuations in
baseline) to be considered as a calcium oscillation (peak). The frequency
of calcium oscillations was calculated as the number of detected calcium
peaks per time unit (minutes). When the responsiveness of cells was
evaluated, all cells were aligned on their baseline (determined during the
control period) at the same OD value. The area under the curve was then
measured for each experimental period and normalized to 1 min dura-
tion. A cell was considered as a responding cell to kp-10 when it showed
an increase of the area under the curve greater than 2 times the SD of the
previous period. The delay of peak was evaluated by determining the time
corresponding to the maximal response minus the time of kp-10 appli-
cation, and the slope of the response was evaluated from the time of
application (baseline calcium level) to the time of the maximal response
(maximal calcium level). The Student’s t test was used to compare both
parameters (P � 0.05). Responding cells were than expressed in a per-
centage of the population recorded. Fischer’s exact test was used to
compare percentages (P � 0.05), and these results are summarized in
Tables 1 and 2. In Results, n and N represent the number of cells and
explants recorded, respectively, with each explant derived from a dif-
ferent animal. To circumvent the heterogeneity of the cells, at least 30
cells (obtained from at least two different explants) were analyzed for
each pharmacological group.

Drugs
kp-10 was a gift from Dr. U. Kaiser (Division of Endocrinology,

Diabetes, and Hypertension, Brigham and Women’s Hospital, Boston,
MA), (�)-bicuculline chloride �BIC; a �-aminobutyric acid (GABA)A

receptor antagonist�, dideoxyadenosine (DDA; adenylyl cyclase inhibi-
tor), cholera toxin (CTX; G�s protein inhibitor), pertussis toxin (PTX;
G�i protein inhibitor), thapsigargin �sarcoplasmic/endoplasmic reticu-
lum (Ca2�)ATPase inhibitor�, phorbol 12-myristate 13-acetate (PMA),
bisindolylmaleimide X hydrochloride (BSM; protein kinase C inhibitor),
TTX (a voltage gated sodium channel blocker), nifedipine (an L-type
calcium channel blocker), SNX-482 (an R-type calcium channel
blocker), ionomycin (calcium ionophore), and flufenamic acid �FFA;
transient receptor potential (TRP) inhibitor� were obtained from Sigma.
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Dantrolene (RyR inhibitor) and 2-APB �TRP and IP3 receptor (IP3R�
inhibitor) were obtained from Tocris (Avonmouth, UK). All stock solu-
tions (ethanol, DMSO, or SFM) were stored at �20 C, and solutions
were prepared before each experiment by diluting stock solutions (1:500
to 1:2000) into SFM �used for growing the nasal explants (21)�.

kp-10 as well as all drugs, except thapsigargin (TG), CTX, and PTX,
were applied by superfusion to the explants. For TG, CTX, and PTX,
explants were incubated for longer than 30 min (TG) or longer than 2 h
(CTX and PTX) before recording and then superfused during the
recordings.

Immunocytochemistry
To confirm the phenotype of all recorded cells (Fig. 1B), nasal ex-

plants were systematically immunocytochemically stained for GnRH-1
as previously described (21). Briefly, after calcium imaging recordings,
each explant was fixed (4% formaldehyde, 1 h), rinsed in PBS, and placed
in cryoprotectant until staining. Explants were washed in PBS, blocked
in 10% normal goat serum/0.3% Triton X-100 for 1 h, washed several
times in PBS, and then incubated in GnRH-1 antibody (1:3000, SW-1)
overnight at 4 C. The next day, explants were washed in PBS, incubated
for 1 h in biotinylated secondary antibody (1:500 in PBS/0.3% Triton
X-100; Vector Laboratories, Inc., Burlingame, CA), washed in PBS, and
processed for avidin-biotin-horseradish peroxidase/3�3-diaminobenzi-
dine cytochemistry. Once stained, the recorded field was compared with
the stained explant and only GnRH-1 positive cells analyzed �the ma-
jority loaded with calcium green are in fact GnRH-1 positive (33)�.

Results

Endogenous GnRH-1 neuronal activity
Earlier studies revealed that GnRH-1 neurons maintained in

SFM exhibit spontaneous baseline oscillations in �Ca2��i, which
reflect endogenous neuronal activity (24). In our preparations,
about 85% of GnRH-1 identified cells exhibited such oscilla-
tions, with an averaged frequency of 1.30 	 0.14 peaks/min (n �

60, N � 4), consistent with previous data (24, 25). Figure 1C
shows an example of a typical trace of spontaneous calcium

oscillations in a single cell. In general, such oscillations can arise
from calcium entry through calcium channels in the plasma
membrane or from calcium discharge from internal stores such
as release of calcium from the endoplasmic reticulum (ER)
through IP3Rs or through ryanodine receptor-channels (RyRs),
or a combination of the above. The calcium source(s) for the
oscillations observed in GnRH-1 neurons was unclear. Thus, the
contribution of external and internal calcium to the endogenous
activity of GnRH-1 neurons was investigated.

All GnRH-1 neurons exhibiting spontaneous �Ca2��i oscil-
lations showed a decrease in the peak frequency followed by
complete arrest of oscillations when treated with 1 �M TTX, a
blocker of voltage-gated sodium channels (n � 164, N � 7; Fig.
2A). Consistent with the role of depolarization-driven calcium
influx through plasma membrane channels on spontaneous
�Ca2��i oscillations, cadmium (200 �M for 3 min), a nonselective
blocker of calcium channels, decreased the frequency of calcium
peaks in about 40% of the GnRH-1 cells and completely stopped
oscillations in about 15% of cells (n � 86, N � 4; Fig. 2B).
Both TTX and cadmium blockades were reversible (data not
shown). The fact that cadmium did not block oscillations in all
GnRH-1 cells suggests that TTX-sensitive electrical activity is
coupled to calcium release from ER stores and/or that cad-
mium-insensitive cation-conducting channels also contribute
to calcium influx.

Ionomycin, a calcium ionophore that preferentially releases
calcium from the ER, was used to evaluate the status of the ER
calcium pool to spontaneously oscillating GnRH-1 neurons. As
shown in Fig. 2C, ionomycin induced a prolonged elevation in
�Ca2��i, on top of which additional fluctuations occurred, the
latter probably reflecting the endogenous activity of the oscilla-
tor. The ratio of total area under the curve for spontaneous and
ionomycin-induced responses was 1:15 (measured in 26 peaks
from six cells in SFM vs. 14 ionomycin-induced calcium eleva-

TABLE 1. Summary of responses observed in GnRH-1 neurons

Pretreatment BIC TTX Cadmium NIF GVIA SNX TG

Treatment kp-10

Responders %
(cell number) 85% (44/52) 60%a (36/60) 21%a (33/160) 44%a (37/84) 41%a,b (18/44) 83% (39/47) 72% (42/58) 72% (36/50)

NIF, Nifedipine; GVIA, �-conotoxin GVIA; SNX, SNX-482.
a Responders % different from responders % with kp-10 alone (Fisher’s exact test, P � 0.05).
b Responders % similar to responders % after cadmium pretreatment.

TABLE 2. Summary of responses observed in GnRH-1 neurons

Pretreatment 2-APB 2-APB � TTX PTX CTX DDA16 BSM DDA16 � BSM DDA3 � BSM

Treatment kp-10

Responders %
(cell number) 50%a (45/90) 4%a,b (3/67) 80% (49/61) 50%a (31/62) 53%a,c,d (40/75) 56%a,d (52/93) 46%a (31/67) 72%a (28/39)

NIF, Nifedipine; GVIA, �-conotoxin GVIA; SNX, SNX-482.
a Responders % different from responders % with kp-10 alone (Fisher’s exact test, P � 0.05).
b Responder percent different from responder percent after TTX pretreatment.
c Responder percent similar to responder percent after CTX pretreatment.
d Responder percent similar to responder percent after DDA16 � BSM pretreatment.
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tions), indicating that the size of the ER calcium pool might be
sufficient to contribute to baseline �Ca2��i oscillations.

To study the contribution of the ER calcium pool to sponta-
neous calcium oscillations, three types of experiments were per-
formed. First, the ER was depleted by treating the cells with
TG, an inhibitor of the sarcoendoplasmic reticulum type
(Ca2�)ATPase in the ER membrane, with 1 �M for 30 min.
Eighty-three of 84 TG-treated cells still exhibited spontaneous
�Ca2��i oscillations (n � 83, N � 4; Fig. 2D) without obvious
changes in frequency and amplitude of calcium transients. How-
ever, the duration of the calcium spikes was larger in TG-treated
cells, as indicated by an increase in the area under the curve (TG
to SFM � 3:2, ratio measured in 14 peaks from six cells in TG
vs. 26 peaks from six cells in SFM), suggesting the role of sar-
coendoplasmic reticulum type (Ca2�)ATPase in the calcium re-
uptake after baseline �Ca2��i oscillations. To ensure that the TG

treatment was efficient and that the ER was effectively depleted,
controls and TG-treated cells were exposed to 1 �M ionomycin.
Figure 2E (bottom trace) shows no ionomycin-induced elevation
in �Ca2��i in TG-treated cells (n � 55, N � 2), in contrast to
control cells in SFM (top trace; n � 36, N � 2).

Next, the contribution of IP3Rs to spontaneous �Ca2��i os-
cillations was investigated by application of 2-APB (75 �M), a
blocker of these channels. This treatment did not stop sponta-
neous oscillations in any of the cells studied (n � 91, N � 4; Fig.
2F). In about 10% of cells, a small decrease in the peak frequency
was observed, which could reflect a nonspecific effect of this
compound, also known as a blocker of TRP, subfamily C chan-
nels (34). Furthermore, the coupling of TTX-sensitive electrical
activity to RyRs was tested by application of dantrolene (10 �M),
a blocker of these channels. The pattern of spontaneous calcium
oscillations was not affected in 90% of the GnRH-1 cells treated
with dantrolene (n � 50/56, N � 3; Fig. 2G), strongly arguing
against this mechanism, at least for the majority of cells. In the
remaining cells (10%), dantrolene decreased the frequency of
�Ca2��i oscillations. However, this could be a side effect of this
compound because none of these cells showed complete arrest
of oscillations.

To ensure that the effects observed during these various par-
adigms were due to the drugs rather than to their diluents, con-
trols were run in which explants were exposed to the diluents
alone (1:500, ethanol and DMSO). �Ca2��i oscillations in
GnRH-1 cells were similar to those detected in SFM alone
(1.50 	 0.20 peaks/min in SFM, 1.68 	 0.19 peaks/min in eth-
anol, 1.84 	 0.17 peaks/min in DMSO; paired t test, P 
 0.05).

A subpopulation of GABAergic neurons is known to be
present in nasal explants and regulate GnRH-1 neuronal activity
via an excitatory input through GABAA receptor-channels (33,
35, 36). To clarify whether the plasma membrane-driven calcium
oscillator is present in GnRH-1 neurons independent of GABA
signaling, explants were treated with the GABAA receptor an-
tagonist BIC (20 �M). In the majority of cells, baseline calcium
oscillations were preserved, with a frequency of about 0.6 peaks/
min (1.30 	 0.14 peaks/min in SFM vs. 0.57 	 0.07 peaks/min
in BIC, n � 60, N � 4; paired t test, P � 0.05). These data are
consistent with previous data (24, 25) and clearly indicate that
baseline �Ca2��i oscillations are an intrinsic property of
GnRH-1 neurons but that GABA influences the oscillator
activity.

Together these studies indicate that a plasma membrane cal-
cium oscillator drives spontaneous baseline �Ca2��i oscillations
in GnRH-1 neurons and that this calcium influx is sufficient to
sustain oscillations in the majority of cells. The maintenance of
cytosolic calcium homeostasis occurs partially through activa-
tion of the ER (Ca2�) ATPase, but there is no coupling of calcium
influx with calcium release from the ER calcium store.

Modulators of GnRH-1 neuronal activity: KPs
With this new insight into the mechanism driving basal en-

dogenous GnRH-1 neuronal activity, one could now begin to
examine how modulators of this system work. To date, KPs are
the most potent stimulators of GnRH-1 neurons, however the
mechanisms by which KPs regulate GnRH-1 calcium signaling

FIG. 2. Characterization of spontaneous calcium oscillations in GnRH-1 neurons.
A, Effects of TTX, a specific sodium channel blocker, on baseline calcium
oscillations. Inhibition of calcium oscillations was observed in all spontaneously
active GnRH-1 neurons. B, Effects of cadmium, a nonselective calcium channel
blocker, on the frequency of calcium spiking. In a fraction of cells, cadmium
abolished baseline calcium oscillations. C, Effects of a calcium ionophore
ionomycin, which preferentially releases calcium from the ER, on spontaneous
calcium oscillations. Note the low amplitude of calcium response and the
persistence of fluctuations in �Ca2��i in the presence of ionomycin, indicating the
independence of calcium oscillations from the status of the ER calcium pool. D,
Spontaneous calcium oscillations persist after depletion of the ER calcium pool by
inhibition of (Ca2�)ATPases with TG. Note changes in the intraspike areas in TG-
treated cells. E, Evaluation of the efficiency of TG treatment, example records
showing the ability of ionomycin to elevate �Ca2��i in controls (top panel) but
not in TG-treated cells (bottom panel). The lack of effects of 2-APB, a blocker of
IP3Rs (F), and dantrolene, an inhibitor of RyRs (G), on baseline calcium oscillations
are shown. In this and following figures, vertical and horizontal bars represent
respectively units of OD and time, and gray areas indicate duration of treatments.
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are unclear. GPR54, the KP receptor, is expressed postnatally in
GnRH-1 neurons (6, 10, 11). We found that several receptors
expressed postnatally on GnRH-1 neurons are expressed prena-
tally in vivo and expressed in GnRH-1 neurons maintained in
nasal explants (35, 37, 38). Thus, we determined whether gpr54
was expressed during embryonic development.

Expression of GPR54 mRNA during embryonic
development

In situ hybridization histochemistry for gpr54 transcript and
GnRH-1 transcript was performed on adult mouse brain sections
(Fig. 3A, top panel) and embryonic sections from E12.5 to E17.5
mice (Fig. 3A, middle and bottom panel). As previously reported,
a subset of GnRH-1 neurons in the forebrain express gpr54 tran-
script (Fig. 3A, white arrows). Although GnRH-1 transcript is
abundant in cells in the nasal region at E12.5 �data not shown,

(18)�, no gpr54-positive cells were detected.
However, 1 d, later (E13.5) cells expressing
gpr54 transcript were detected in the nasal
region (Fig. 3A, middle panel) and nasal
forebrain junction (Fig. 3A, bottom panel).
GnRH-1-positive cells were detected in
these same regions on adjacent sections. A
similar gpr54 expression pattern was found
at E14.5 (data not shown). By E17.5, the
majority of GnRH-1 cells have migrated
into the forebrain (18). gpr54-positive cells
were found in adjacent forebrain sections,
but transcript levels had decreased further,
with only a few cells detected above back-
ground (data not shown). Thus, during pre-
natal development, GnRH-1 cells express-
ing gpr54 transcript can be found, but many
cells show low or undetectable levels. Next,
single GnRH-1 cell cDNAs obtained from
GnRH-1 cells in nasal explants were evalu-
ated for the presence of gpr54 transcript by
PCR. This method is extremely sensitive,
detecting 10 copies of mRNA per cell (29).
The gpr54 mRNA transcript was detected
in about 70% of GnRH-1 neurons at three
ages tested (n � 8/10 at 3 div, n � 9/17 at
7–8 div, and n � 9/10 at 14 div; Fig. 3B).
These results are consistent with previous
data obtained from GnRH-1 cells in adult
mouse and rat (mRNA �(6, 11), galactosi-
dase expression under gpr54 promoter
(10)�. Thus, both in vivo and in vitro pre-
natal GnRH-1 neurons express gpr54 tran-
script. This is the earliest documentation of
gpr54 expression in GnRH-1 neurons and
allowed us to use nasal explants as a model
to investigate KP effects on GnRH-1 cellular
behavior.

Modulation of GnRH-1 neuronal
activity by kp-10

Application of kp-10 (0.1 nM) induced a slight elevation of the
�Ca2��i baseline (subthreshold response) and/or a reversible in-
crease in the frequency of �Ca2��i oscillations �subthreshold re-
sponse: 1.29 	 0.11 peaks/min in SFM vs. 1.52 	 0.13 peaks/min
in kp-10 (0.1 nM) vs. 1.21 � 0.11 peaks/min in washout SFM;
paired t test P � 0.05� in about 57% of the GnRH-1 neurons (n �

50/87, N � 4). A more robust response to kp-10 was obtained
with 10 nM, one tenth of the dose used in adult brain slice prep-
arations (13, 39). At this concentration, application of kp-10
induced elevation in �Ca2��i in about 85% of GnRH-1 neurons
(n � 44/52, N � 3), which is consistent with recent data obtained
in slices from adult mice (39). Figure 3C illustrates the time
course of changes in �Ca2��i in one experiment using a pseudo-
color representation, and Fig. 3D shows the data averaged across
all GnRH-1 cells. Single-cell tracings revealed two types of re-
sponses in GnRH-1 cells. In the majority of cells (29 of 44), the

FIG. 3. GnRH-1 neurons express a functional receptor to kp-10. A, In situ hybridization histochemistry for
GnRH-1 mRNA and gpr54 mRNA performed on alternate sections from an adult mouse brain (upper panel)
and E13.5 mouse sections (middle and lower panels). In agreement with the literature, in the adult brain
preoptic area (POA; top), a subset of GnRH-1 neurons express gpr54 transcript (white arrows, boxed area is
shown on the right for GnRH-1 and gpr54, and arrows point to cells shown in higher magnification).
Gpr54-expressing cells, like GnRH-1-expressing cells, were detected at E13.5 in the nasal area (middle
panel) and at the nasal/forebrain junction (bottom panel). oe, Olfactory epithelium; ob, olfactory bulb; fb,
forebrain; III, third ventricle. B, Gel of PCR products from single-cell RT-PCR performed on GnRH-1
cells extracted from nasal explants after 7 or 8 d in vitro (div) using specific primers for gpr54. Seventy
percent of the tested cells (n � 37) exhibited a band with gpr54-specific primers. Adult brain (Br)
showed the expected band, whereas water (W) is negative. C, Effect of kp-10 on intracellular calcium
level in 30 cells simultaneously recorded. Each row represents color-coded changes in intracellular
calcium in a single cell. D, Average value of intracellular calcium level over time in 30 cells shown in C.
E, Two representative traces of responding cells (85% of the cells), which either exhibited summation
of single calcium spikes, termed plateau-bursting type of calcium signal (upper panel), or an increase
in the frequency of calcium oscillations (lower panel). Note the long-lasting effect of kp-10 on calcium
signaling after washout of agonist.
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baseline �Ca2��i oscillations became a plateau-bursting type of
signals (Fig. 3E, top trace) and in the remaining cells (15 of 44),
the baseline oscillations were preserved or recovered rapidly but
showed a significant increase in the spike frequency (SFM �

0.64 	 0.12 peaks/min vs. treated � 2.58 	 0.23 peaks/min; n �

15, N � 3; paired t test, P � 0.01; Fig. 3E, bottom trace). Note
also the sustained receptor activity, which persisted in all re-
sponding cells after the washout of the agonist, in accordance
with previous data (11, 13, 14).

To ensure that the endogenous oscillator activity of GnRH-1
cells was not artificially accelerated during recording, control
recordings were performed in SFM without addition of kp-10.
During 16-min recordings, none of control cells exhibited similar
changes in their calcium oscillations (n � 64, N � 2). To clarify
whether kp-10-induced responses recorded in GnRH-1 neurons
could result from stimulation of GABAergic neurons rather than
a direct action on GnRH-1 neurons, explants were treated with
the GABAA receptor antagonist BIC (20 �M) before application
of kp-10. When GABAergic inputs were disrupted, about 60%
of GnRH-1 neurons still responded to kp-10 (n � 36 of 60, N �

4; responder percent lower than with kp-10 alone (Fisher’s exact
test, P � 0.05; Table 1). Both patterns of calcium responses,
plateau bursting and single spiking, were preserved, but the latter
dominated (23 of 36), in contrast to SFM�kp-10 recordings.

These results indicate that functional GPR54 receptors are
expressed in the majority of GnRH-1 neurons in nasal explants
allowing integration of kp-10 signals directly but that tonic
GABAergic input facilitates the action of kp-10. The lack of
calcium response in a portion of the GnRH-1 neuronal population
could indicate that the levels of GPR54 receptor expression in these
cells are not sufficient to significantly alter the pattern of sponta-
neous �Ca2��i oscillations and/or that some cells do not express
gpr54, which is consistent with the RT-PCR analysis of single cells.

Dependence of GPR54 actions on extracellular and �Ca2��i
When the spontaneous plasma membrane pacemaking activ-

ity was stopped by TTX, kp-10-induced a rise in �Ca2��i in only
21% of cells (n � 33 of 160, N � 7; responder percent lower than
with kp-10 alone). Note that the pattern of calcium signal in
TTX-treated responders (Fig. 4A) was comparable with the pla-
teau-bursting type of response observed in most GnRH-1 cells
during SFM�kp-10 recordings. However, the delay in response
was longer (133.7 	 6.5 sec in TTX�kp-10 vs. 102.2 	 7.2 sec
in kp-10; Student’s t test, P � 0.05), and the slope of the response
was reduced (2.1 	 0.2 OD units/s in TTX�kp-10 vs. 4.1 	 0.5
OD units/s in kp-10; Student t test, P � 0.05), suggesting that the
fast component of the response is TTX sensitive (Fig. 3E).

Consistent with the involvement of a voltage-dependent path-
way activated by kp-10 when the ER calcium pool was depleted
by TG, kp-10 still induced calcium responses in 72% of GnRH-1
neurons (n � 36 of 50, N � 4; Fig. 4B; responder percent similar
to kp-10 alone), indicating the major action of GPR54 is on the
plasma membrane calcium oscillator. The extracellular calcium
dependency of the kp-10-induced response was then investigated
using cadmium (200 �M, nonselective blocker of voltage-gated
calcium channels). When the cells were exposed to kp-10 in the
presence of cadmium, the rise in �Ca2��i was observed in only

44% of GnRH-1 neurons (n � 37 of 84; N � 4; Fig. 4C; re-
sponder percent lower than with kp-10 alone). The identity of the
calcium channels involved in the kp-10-induced response was
then investigated with application of specific calcium blockers
before kp-10 exposure: nifedipine (L-type specific: 1 �M), cono-
toxin cleaved peptide (VIA) product GVIA (N-type specific: 1
�M), and SNX-482 (R-type specific: 100 nM). Blockade of L-type
channels was as effective as cadmium application (41% of cells
responded; n � 18 of 44, N � 2; responder percent lower than
with kp-10 alone but similar to the response with cadmium),
whereas blockade of N-type and R-type channels was ineffective:
83% (n � 39 of 47, N � 2) and 72% (n � 42 of 58, N � 2) of
cells responded, respectively, both similar to responder percent
with kp-10 alone.

To further evaluate the contribution of extracellular and in-

FIG. 4. Identification of the source of calcium for kp-10-induced calcium signaling.
A, A small fraction of cells (21%) with blocked spontaneous calcium oscillations by
TTX responded to kp-10 with increase in �Ca2��I, suggesting a role of intracellular
calcium pools in response. Note the pattern of calcium signals in three representative
cells. In the residual cells (79%) bathed in TTX-containing medium, kp-10 was
completely ineffective, suggesting dependence of agonist action on the extracellular
calcium pool. B, Consistent with the major role of calcium influx in kp-10 action, in
72% of cells with depleted ER calcium pool with TG, kp-10 also induced rise in
�Ca2��i. Four representative traces are shown. C, Only in a fraction of cells (44%,
four representative traces are shown) bathed in medium contain cadmium, a kp-10-
induced rise in �Ca2��i occurred, further indicating the relevance of intracellular
calcium pools for kp-10 action for a subpopulation of cells. In this and following
figures, vertical dotted lines indicate the moment of kp-10 application, which was
removed at the same time as cadmium.
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tracellular calcium on kp-10-induced calcium signals, cells were
perfused with 2-APB (75 �M) before application of kp-10. Under
these conditions, 60% of GnRH-1 neurons were still able to
exhibit calcium responses (n � 54 of 90, N � 3; Fig. 5A; re-
sponder percent lower than with kp-10 alone). Finally, in cells
treated with both TTX and 2-APB, only 4% of the recorded cells
showed a calcium response to kp-10 (n � 3 of 67, N � 4; Fig. 5B;
responder percent lower than with kp-10 alone or combined
with TTX). These results indicate an agonist-induced facilitation
of the plasma membrane calcium oscillator activity, supple-
mented in a fraction of the cells by IP3 induced calcium release
from the ER and/or stimulation of TRPC channels. To further
investigate the involvement of TRPC channels in the kp-10-in-
duced response, FFA (100 �M), another inhibitor of these chan-
nels, was applied before kp-10 exposure. In the presence of FFA,
69% of GnRH-1 neurons still responded (n � 42 of 61, N � 2;
responder percent higher than with 2-APB but lower than with
kp-10), suggesting that FFA was less effective than 2-APB in
inhibiting TRP channels or 2-APB also affected other channels.
The involvement of RyRs in the kp-10 response was not evalu-
ated because neither TG depletion of ER nor 2-APB treatment
alone was effective on the kp-10-induced response, but 2-APB
and TTX together abolished it.

Pathways involved in GPR54-mediated modulation of
the oscillator activity

Three G protein-dependent signaling pathways are operative
in GnRH-1-secreting neurons G�s (40), G�q/11 (41), and G�I

(42). In general, the G�i/o signaling pathway is associated with
inhibition of adenylyl cyclase (AC) via binding of their �-sub-
units to the enzyme and, in some cases, stimulation of phospho-
lipase C (PLC) through �/�-dimers, which dissociate phosphati-
dyl inositol diphosphate (PIP2) into diacylglycerol and IP3 and
then operate IP3R. The G�q/11 signaling pathway also stimulates
PLC but via their �-subunits. To determine which of the two
calcium-mobilizing pathways account for the kp-10-induced cal-
cium response, cells were treated with 250 ng/ml PTX, a blocker
of the G�i/o coupling, for at least 2 h. Subsequent application of
10 nM kp-10 still resulted in elevation in calcium levels in 80%
of GnRH-1 neurons (n � 49 of 61, N � 2; Fig. 6A; responder
percent similar to kp-10 alone), suggesting that the G�q/11 cou-
pling represents the main signaling pathway for the calcium-
signaling action of kp-10.

Activation of PLC leads to stimulation of protein kinase C
(PKC). To test the relevance of GPR54-induced signaling on
PKC, two sets of experiments were performed. In the first set, the
enzyme was activated by the addition of phorbol ester, PMA. In
these experiments, GABAergic input was blocked to ensure the
observed action was on GnRH-1 neurons rather than GABAer-
gic neurons. In presence of BIC, 79% of GnRH-1 neurons ex-
hibited an increase in neuronal activity after PMA application
(n � 58 of 73, N � 2; Fig. 7A). The PMA-induced increase of
GnRH-1 neuronal activity was attenuated by an 8 min treatment
with 100 nM BSM, a specific blocker of PKC (n � 12 of 77, N �

3; Fig. 7B). In the second set, PKC was blocked by BSM before
kp-10 application, kp-10 was still effective in 55% of GnRH-1
neurons (n � 52 of 93, N � 4; Fig. 7C; responder percent lower
than with kp-10 alone). These results indicate that the endog-
enous calcium oscillator activity can be facilitated by PLC
signaling pathway through PKC-dependent and independent
mechanisms.

To examine kp-10 action via the G�s signaling pathway, cells
were treated with CTX (10 ng/ml) for at least 2 h. In these treated
cells, subsequent application of 10 nM kp-10 resulted in calcium
responses in 50% of the GnRH-1 neurons (n � 31 of 62, N � 4;
Fig. 6B), in contrast to 75–80% of GnRH-1 neurons detected in

FIG. 5. Contribution of IP3R-sensitive calcium pool on kp-10-induced calcium
signaling. A, The majority of cells (60%) responded to kp-10 in the presence of
2-APB. In the residual cells, kp-10 stimulatory action was abolished. B, In the
presence of TTX and 2-APB, the stimulatory action of kp-10 on calcium signaling
was abolished in all cells.

FIG. 6. Identification of the G protein signaling pathways involved in kp-10
action. A, Uncoupling the inhibitory G protein (G�i/o) with PTX did not alter the
kp-10-induced calcium response, suggesting that the calcium mobilizing action
of kp-10 in a fraction of cells was probably mediated by G�q/11 signaling
pathway. B and C, Uncoupling the stimulatory G protein (G�s) with CTX (B) or its
downstream effector AC by DDA (C) was accompanied with a decrease in the
percentage of responding cells to 50 and 53%, respectively), suggesting a
facilitating role of the G�s/AC couple in the kp-10 response in a fraction of cells.
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SFM�kp-10. These results suggest that if GPR54 can couple to
the G�s signaling pathway, it occurs in a small group of GnRH-1
cells, in contrast to GPR54 coupling to the PLC signaling path-
way. However, even this possibility should be taken with reser-
vation because accumulation of cAMP occurs during a 2-h treat-
ment with CTX (43), and the plasma membrane oscillator of
GnRH-1 neurons has been shown to be sensitive to forskolin-
induced cAMP production (24, 25).

The relevance of the AC signaling pathway in kp-10 action
was further examined by treating the cells with DDA (80 �M), an
AC inhibitor for 16 min. As in CTX-treated cells, subsequent
application of kp-10 was effective in 53% of GnRH-1 neurons
(n � 40 of 75, N � 6; Fig. 6C; responder percent lower than with
kp-10 alone but similar to the response with CTX). When cells
were treated with DDA and BSM simultaneously, the percent of
cells inhibited was not augmented, 46% of the cells still re-
sponded to kp-10 (n � 31 of 67, N � 2; responder percent similar
to DDA or BSM alone). To reduce the impact of DDA on basal
AC activity, in another set of experiments, cells were treated with
DDA for only 3 min before kp-10. Under these conditions, 72%

of the cells responded to kp-10 application (n � 28 of 39, N �

2). These results indicate that basal AC activity is relevant for
determining the responsiveness of the GnRH-1 cells to kp-10
rather than contributing in the response itself. To evaluate
whether basal AC activity was altering the responsiveness of
GnRH-1 neurons through cAMP-dependent phosphorylation,
the cells were treated for 8 min with H89, an inhibitor of the
cAMP-dependent protein kinase (PKA), prior to the application
of kp-10. Application of kp-10 elicited a response in 65% of the
cells (n � 71 of 109, N � 4; responder percent lower than with
kp-10 alone but similar to the response with DDA), Together
these results favor an AC signaling pathway via PKA-dependent
phosphorylation determining the responsiveness of GnRH-1
cells to kp-10 but not an essential pathway.

Discussion

GnRH-1 neurons are essential for reproduction, and KPs, via its
receptor GPR54, play a major role in regulating these neurons
and thus the reproductive axis. This report examines spontane-
ous baseline oscillations in �Ca2��i in GnRH-1 neurons, indi-
vidual and population dynamics, and the mechanism(s) by which
kp-10/GPR54activationaltersGnRH-1cellularbehavior.When
stimulated by kp-10, quiescent GnRH-1 cells responded by gen-
erating �Ca2��i oscillations and spontaneously oscillatory cells
responded by an increase in the frequency of calcium spikes or
summation of individual spikes in plateau-bursting type of cal-
cium signals. These changes predominantly reflected the stimu-
latory effect of GPR54 activation on the plasma membrane os-
cillator activity via the coupling of this receptor to PLC signaling
pathway.

Postnatally GnRH-1 neurons are diffusely distributed from
the olfactory bulbs to the caudal hypothalamus (44). As such,
sampling in even a GnRH-1 cell-rich region, such as the preoptic
area, is difficult. Thus, an in vitro model of postmitotic primary
GnRH-1 cells obtained from nasal explants (21) was used in this
study. Similar to in vivo, GnRH-1 neurons in nasal explants
exhibit spontaneous electrical activity (35, 45), pulsatile secre-
tion (26), and depolarization-induced secretion (46). As in vivo,
the levels of GnRH-1 released in vitro are difficult to quantify due
to the small amount of releasable GnRH-1; thus, changes in
secretion require pooling multiple mouse nasal explants per
group (46). In contrast, calcium imaging techniques allow one
to monitor the dynamics of the GnRH-1 neuronal population
(23, 31, 33, 47), and calcium oscillations have been shown to
reflect electrical events in individual GnRH-1 neurons in nasal
explants (24).

Here we demonstrate that GnRH-1 neurons exhibit sponta-
neous baseline calcium oscillations with a frequency of about one
peak per minute. These baseline �Ca2��I oscillations are driven
by a plasma membrane oscillator that does not require the ER
calcium pool. Oscillatory activity is often driven by a balance
between voltage-dependent membrane conductances. For exam-
ple, in thalamocortical relay cells, the pacemaking activity is
mediated by alternative activation and inactivation of low-
threshold calcium channels, hyperpolarization-gated cyclic nu-

FIG. 7. Spontaneous calcium oscillations in GnRH-1 neurons are modulated
by PKC. Three representative traces per treatment are shown. A, PMA, an
activator of PKC, stimulated calcium spiking in all cells with inhibited
GABAergic input by BIC. A similar effect was observed in control cells. B, The
stimulatory action of PMA was abolished in all cells bathed in medium
containing BSM, a PKC inhibitor. C, BSM treatment lowered the percentage
of cells responding to kp-10 to 55%, suggesting a facilitating role of PKC in
the kp-10 response.
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cleotide-modulated (HCN) channels, high-threshold calcium
channels, and potassium channels (48). Two models have also
been proposed for the oscillatory activity of GnRH-1 neurons,
focusing on the role of cyclic nucleotides alone (49) or in com-
bination with nonselective leaky cationic channels (50). A recent
study demonstrated that HCN channels are not required for the
rhythmic activity of prenatal GnRH-1 neurons and suggested
that cAMP exhibits its stimulatory action on the plasma mem-
brane oscillator through other effector(s) in a PKA-dependent
manner (25).

Consistent with earlier work on prenatal GnRH-1 cells (33,
38) and adult GnRH-1 neurons (15), here we also show that TTX
blocked the oscillatory activity in GnRH-1 neurons, suggesting
that the mechanism triggering �Ca2��i oscillations in GnRH-1
cells in mouse is dependent on periodic activity of voltage-gated
sodium channels. In GnRH-1 cells maintained in nasal explants
derived from monkeys, a significant blockade of �Ca2��i oscil-
lations was not observed after application of TTX (51), although
TTX-sensitive action currents were present (45). In GT1 cells,
TTX-sensitive sodium channels have been shown to participate
in the firing of action potentials with the effect dependent on the
resting membrane potential (17). The efficiency of TTX to block
�Ca2��i oscillations in our experiments suggested a subsequent
activation of voltage-gated calcium channels. However, incom-
plete inhibition of �Ca2��I oscillations with cadmium and nifed-
ipine, which is in agreement with data from acute brain slices (15)
and GT1 cells showing sensitivity to nimodipine but not nifed-
ipine (16), implies that other Ca2�-conducting cationic channels
also contribute to the Ca2� influx.

In general, sodium-driven depolarization leads to facilitation
of calcium influx alone or in combination with Ca2� release from
the ER store. Release from the ER store can be mediated by
activation of IP3Rs and/or RyRs by Ca2� or direct coupling of
voltage-gated calcium channels to the RyRs. IP3Rs have been
shown to be a major contributor in the genesis of �Ca2��i oscil-
lations in GnRH-1 neurons in adult mice (15). In contrast,
GnRH-1 neurons in nasal explants have a small releasable ER
calcium pool and did not exhibit sensitivity to 2-APB. The dif-
ference in 2-APB sensitivity in these two preparations may be due
to intrinsic developmental properties of calcium signaling in neu-
rons, as shown for IP3R in vivo (52) and in vitro (53). Further-
more, because only a fraction of GnRH-1 neurons exhibited
sensitivity to dantrolene, it is reasonable to conclude that depo-
larization-induced activation of the RyRs is not required for gen-
eration of �Ca2��i oscillations in GnRH-1 neurons. Consistent
with this conclusion, �Ca2��i oscillations persisted in GnRH-1
neurons in which the ER (Ca2�)ATPase was inhibited with
thapsigargin.

The expression of gpr54 and mechanism(s) by which activa-
tion of these receptors alters spontaneous GnRH-1 calcium os-
cillations was next examined. The expression of the gpr54 tran-
script was determined to be present in GnRH-1 neurons in vivo,
as early as E13.5 in GnRH-1 cells still within the nasal region. To
date, these data provide the earliest time point for gpr54 expres-
sion in GnRH-1 neurons and subsequently the ability of kp-10
to directly stimulate GnRH-1 neurons. Whether the activation of

GPR54 occurs physiologically at such early developmental stage
remains unknown, especially because the transcript appeared to
be down-regulated as GnRH-1 cells entered the central nervous
system. However, consistent with early expression of GPR54 in
GnRH-1 cells and its extrinsic down-regulation, GnRH-1 neu-
rons obtained from nasal explants and maintained in vitro for 1
wk were found to express gpr54. Using calcium imaging record-
ings to demonstrate the functionality of the GPR54, we found
that the majority of GnRH-1 cells responded in a dose-dependent
manner. The responsiveness of GnRH-1 neurons in vitro pro-
vides a model to study, in a large population of cells, the cellular
mechanisms by which kp-10 can regulate GnRH-1 neurons.
Three kinds of responses were detected in GnRH-1 neurons
when stimulated by kp-10: quiescent GnRH-1 cells responded by
generating �Ca2��i oscillations and spontaneously oscillatory
cells responded by an increase in the frequency of calcium spikes
or summation of individual spikes in plateau-bursting type of
calcium signals.

Excitatory GABAergic drives modulate GnRH-1 neuronal
activity in nasal explants (33, 35). Inhibition of GABAergic input
decreased the percentage of GnRH-1 cells responding to kp-10
from 85 to 60%, with both patterns of calcium responses, pla-
teau bursting, and single spiking, still present. No detectable
levels of gpr54 mRNA were found in the nasal pit during devel-
opment, the known location of the GABAergic nasal neurons
(36). In the adult mouse, �-galactosidase expression driven by
the gpr54 promoter was also limited to GnRH-1 neurons (10).
Thus, it seems likely that the tonic GABAergic input determines
the level of responsiveness of GnRH-1 neurons. In vivo,
GABAergic input has been showed to be excitatory to GnRH-1
neurons before puberty (54, 55). Whether a switch to inhibition
of GnRH-1 neurons occurs after puberty remains controversial
(54, 55). However, the excitatory GABAergic input observed in
explants may mimic a prepubertal status and thus GABAergic
modulation of the kp-10 response by GnRH-1 neurons physio-
logically relevant.

Since their discovery, only a few studies have been focused on
intracellular signaling pathways triggered by KPs binding to its
receptor. Two studies were done with recombinant receptors,
one using CHO cells (4) and the other using HEK293 cells (12)
as expression systems. In both of these studies, the KPs induced
calcium mobilization, presumably through the G�q/11 coupling
of these receptors and PIP2 hydrolysis. A third study performed
in hypothalamic explants and assaying GnRH-1 secretion
showed kp-10 activation required PLC, mobilization of intra-
cellular calcium, and recruitment of ERK1/2 and p38 kinases but
not voltage-gated calcium influx (9). In contrast, a recent study
showed that kp-10-induced depolarization of GnRH-1 neurons
is dependent on activation of cationic TRPC channels (13),
which should facilitate calcium influx and calcium-dependent
secretion.

Our results with native GPR54 in prenatal GnRH-1 neurons
are consistent with both views and suggest that coupling of
GPR54 to the PLC-dependent signaling pathway in most
GnRH-1 cells accounts for the action of kp-10. In accordance
with data from heterologous expressing systems, CHO (4) and
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HEK293 (12), we confirmed that G�i/o coupling of GPR54 was
not necessary for kp-10 to stimulate GnRH-1 neurons, sug-
gesting that GPR54 stimulates PLC through Gq/11 signaling
pathways. Furthermore, it appears that both PLC-dependent
signaling molecules, IP3 and PKC, are involved in this regu-
lation because: 1) the stimulatory action of kp-10 was abol-
ished in about 25% of the GnRH-1 cells by PKC inhibition; 2)
phorbol esters mimicked the action of kp-10 on calcium sig-
naling in a PKC-dependent manner, consistent with the observa-
tion that phorbol esters stimulate GnRH-1 secretion in rat hypo-
thalamus (56); and 3) 2-APB application in combination with TTX
abolished the kp-10-induced calcium signaling in all cells.

These results fit with data obtained in GnRH-1 neurons in
brain slices from the preoptic area that showed a TTX-resistant
depolarization (11, 13, 14), mediated by nonselective cationic
channels and sensitive to 2-APB presumably by inhibiting TRPC
channels (13, 39). TRPC transcripts are found in adult GnRH-1
neurons (13) as well as in GnRH-1 neurons maintained in nasal
explants (our unpublished data). In our experiments, the number
of GnRH-1 cells responding to kp-10 was attenuated by 2-APB
to a greater extent than by FFA, suggesting that IP3R could also
be inhibited in addition to TRPC channels. The mechanism by
which G�q/11-coupled receptors activate TRPC channels is not
completely characterized and may include PKC-independent di-
acylglycerol action and ER calcium store depletion-induced
stimulation (57). In accordance with this, the ER store depletion-
induced membrane depolarization was observed in GT1 cells
(58). In addition, a TTX-independent mechanism for stimulating
GnRH-1 secretion at the level of GnRH-1 nerve terminals has
been recently shown (59), data in agreement with work by Cas-
tellano et al. (9) that highlighted a mechanism dependent on ER
calcium store.

However, in the present experiments, 75% of the GnRH-1
neuronal population failed to respond to kp-10 in the presence
of TTX alone. This indicates that kp-10-induced PIP2 hydrolysis
leads to calcium responses in the majority of prenatal GnRH-1
neurons by facilitating the plasma membrane oscillator through
activation of TTX-sensitive sodium channels. In contrast, Liu
et al. (39) observed negligible changes in the calcium response
of GnRH-1 neurons to kp-10 in the presence of TTX, whereas
electrical responsiveness to kp-10 was almost completely lost
with 2-APB. It is important to note that TTX also partially
inhibits �Ca2��i oscillations in adult acute brain slices (15),
whereas a complete blockade is observed in prenatal GnRH-1
neurons in the present study. Whether these are intrinsic or
extrinsic induced, developmental changes in GnRH-1 cells
remains to be examined. However, the delay of the response
to kp-10 observed in the presence of TTX in the responding
GnRH-1 cells in nasal explants, suggests a chronological ac-
tivation of the cells. These data are in agreement with the
alternative pathway described in adult preoptic area GnRH-1
cells involving kp-10 evoked inhibition of potassium channels
(13, 14, 39). The prevalence of one vs. the other in the two
models remains an interesting developmental and/or anatomical
question. Inthecaseofthesecretoryresponse,differencesmightalso
arise from the subcellular compartment studied because the rela-

tionship between calcium oscillations at the cell body and secretion
at the nerve terminal remains difficult to assay.

In summary, the data in this report demonstrate that, in pre-
natal GnRH-1 neurons, a calcium oscillator is spontaneously
active and is critically dependent on the TTX-sensitive sodium
conductance. In a subset of kp-10-responsive GnRH-1 neurons,
stimulation of GPR54 by kp-10 facilitates oscillator activity by
stimulating calcium mobilization. However, in the majority of
the kp-10-responsive GnRH-1 neurons, facilitation of the activ-
ity of this oscillator occurs via depolarization through TTX-
sensitive sodium channels, resulting in increased frequency of
�Ca2��i oscillations via PKC. In addition, in a subset of kp-10-
responsive GnRH-1 cells, stimulation of GPR54 leads to inte-
gration of calcium influx across the plasma membrane via de-
polarization of the cells through 2-APB-sensitive nonselective
cationic channels.
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