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Kisspeptin Activation of TRPC4 Channels in Female
GnRH Neurons Requires PIP, Depletion and cSrc
Kinase Activation
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Kisspeptin signaling via its Gag-coupled receptor GPR54 plays a crucial role in modulating GnRH neu-
ronal excitability, which controls pituitary gonadotropins secretion and ultimately reproduction. Kiss-
peptin potently depolarizes GnRH neurons primarily through the activation of canonical transient
receptor potential (TRPC) channels, but the intracellular signaling cascade has not been elucidated.
Presently, we have established that kisspeptin activation of TRPC channels requires multiple membrane
and intracellular signaling molecules. First, phosphatidylinositol-4,5-bisphosphate (PIP,) hydrolysis by
phospholipase Cg is required because whole-cell dialysis of Dioctanoylglycerol-PIP, (DiC8-PIP,) inhib-
ited the kisspeptin activation of TRPC channels, and the phosphatidylinositol 4-kinase inhibitor wort-
mannin, which attenuates PIP, synthesis, prolonged TRPC channel activation. Using single cell RT-PCR,
we identified that the mRNA for the PIP,-interacting TRPC channel subunit, TRPC4q, is expressed in
GnRH neurons. Depletion of intracellular Ca®* stores by thapsigargin and inositol 1,4,5-trisphosphate
had no effect, indicating that the TRPC channels are not store-operated. Neither removing extracellular
Ca”" nor buffering intracellular Ca®>* with EGTA or BAPTA had any effect on the kisspeptin activation
ofthe TRPC channels. However, the Ca?* channel blocker Ni* inhibited the kisspeptin-induced inward
current. Moreover, inhibition of protein kinase C by bisindolylmaleimide-l or calphostin Chad no effect,
but activation of protein kinase C by phorbol 12,13-dibutyrate occluded the kisspeptin-activated cur-
rent. Finally, inhibition of the cytoplasmic tyrosine kinase cSrc by genistein or the pyrazolo-pyrimidine
PP2 blocked the activation of TRPC channels by kisspeptin. Therefore, TRPC channels in GnRH neurons
arereceptor-operated, and kisspeptin activates TRPC channels through PIP, depletion and cSrc tyrosine
kinase activation, which is a novel signaling pathway for peptidergic excitation of GnRH neurons.
(Endocrinology 154: 2772-2783, 2013)

M utations in G protein-coupled receptor 54 (GPR54)  and adult animals (6-10). Kisspeptin-54 and the smaller
cause autosomal recessive idiopathic hypogonad-

ism in humans, and deletion of GPR54 in mice results in

peptide fragments (eg, kisspeptin-14, -13, and -10) bind
with low nanomolar affinities to rat and human GPR54
defective sexual development and reproductive failure (1,
2). Kisspeptin-54 is the endogenous ligand of GPR54 (also

expressed in Chinese hamster ovary cells and stimulate
phosphatidylinositol-4,5-bisphosphate (PIP,) hydrolysis,
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known as Kiss1R), which is highly expressed in GnRH
neurons (3-5). The Kiss-1 gene encodes a 145—-amino-acid
protein, which is proteolytically processed to kisspep-
tin-54 and several other smaller peptide fragments (3), and
centrally administered kisspeptins robustly stimulate
GnRH and gonadotropin secretion in both prepubertal
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Ca®" mobilization, arachidonic acid (AA) release, and
ERK1, ERK2, and p38 MAPK phosphorylation (3, 11).

Abbreviations: AA, arachidonic acid; aCSF, artificial CSF; 2-APB, aminoethoxydiphenylbo-
rane; BIS-I, bisindolylmaleimide-I; CSF, cerebrospinal fluid; DAG, diacylglycerol; DB-POA,
diagonal band-preoptic area; DiC8, Dioctanoylglycerol; ER, endoplasmic reticulum;
GPR54, G protein-coupled receptor 54; HVA, high-voltage-activated; IP, inositol 1,4,5-
trisphosphate; IP5R, IP5 receptor; Kir, inwardly rectifying K*; LVA, low-voltage-activated;
OAG, 1-oleoyl-2-acetyl sn-glycerol; PDBu, phorbol 12,13-dibutyrate; PIP,, phosphatidyl-
inositol-4,5-bisphosphate; PI4K, phosphatidylinositol 4-kinase; PKC, protein kinase C; PLC,
phospholipase C; PMA, phorbol 12-myristate 13-acetate; PP2, 3,4-chlorophenyl 1-(1,1-
dimethylethyl)-1H-pyrazolo[3,4-p]pyrimidin-4-amine;  PP3, 1-phenyl-1H-pyrazolo[3,4-
p]pyrimidin-4-amine; SOC, store-operated calcium channel; TRPC, canonical transient re-
ceptor potential; TTX, tetrodotoxin.
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Kisspeptin is the most potent and efficacious neurotrans-
mitter to excite native GnRH neurons (12-17). Kisspeptin
excites GnRH neurons via GPR54 coupling to the activa-
tion of canonical transient receptor potential (TRPC)
channels and inhibition of inwardly rectifying K* (Kir)
channels (18-22).

GnRH neurons express the full complement of brain
TRPC channels, but based on the biophysical properties,
pharmacological profiling, and mRNA analysis, TRPC1,
4, and 5 appear to be the key players in mediating the
excitatory effects of kisspeptin in GnRH neurons (18).
Our recent quantitative PCR study showed that TRPC4 is
the main transcript, which is 4-fold higher than TRPC1
and TRPCS (23). TRPC channels can be activated by G
protein-coupled receptors and receptor tyrosine kinases
(24, 25). All mammalian TRPC channels require phos-
pholipase C (PLC) for activation (26), and the PLC inhib-
itor U73122 inhibits the effects of kisspeptin in native
GnRH neurons (18, 20). Therefore, it appears that Gq-
coupled GPR54 activates PLCR to signal downstream to
facilitate the opening of TRPC channels in GnRH neu-
rons. Although PLCB metabolizes PIP, to diacylglycerol
(DAG) and inositol 1,4,5-trisphosphate (IP;) and the
TRPC3, 6, and 7 subfamily is DAG-sensitive (24, 25), the
surrogate DAG signaling molecule 1-oleoyl-2-acetyl sn-
glycerol (OAG) has only a minimal effect to activate an
inward current in GnRH neurons (18). Moreover, the role
of PIP, hydrolysis by PLCB and Ca®* in facilitating TRPC
channel opening has not been elucidated in GnRH neu-
rons. Importantly, intracellular dialysis with amino-
ethoxydiphenylborane (2-APB), an IP; receptor inhibitor,
does not abrogate the effects of kisspeptin, suggesting that
IP; receptors are not involved. However, extracellular ap-
plication of 2-APB and flufenamic acid, both potent block-
ers of TRPC channels, inhibits the effects of kisspeptin in
GnRH neurons (18). Collectively, the findings indicate
that TRPC channels are critical for mediating kisspeptin’s
actions. Therefore, it was of interest to investigate the sig-
naling pathway underlying the kisspeptin-mediated acti-
vation of TRPC channels in GnRH neurons.

Materials and Methods

Animals and treatments

All animal treatments described in this study are in accor-
dance with institutional guidelines based on National Institutes
of Health standards and were performed with Institutional An-
imal Care and Use Committee approval at the Oregon Health
and Science University. Transgenic female mice expressing en-
hanced green fluorescent protein (EGFP) under the control of the
GnRH promoter (EGFP-GnRH) were used in these studies (27).
Animals were group-housed until surgery at which time they
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were housed individually. All animals were maintained under
controlled temperature and photoperiod (lights on at 6:00 AM
and off at 6:00 M) and given free access to food and water. Adult
(2-5 months old) females were ovariectomized under isoflurane
inhalation anesthesia as described previously (18). Animals were
used 8 to 11 days after ovariectomy.

Preparation of preoptic area GnRH slices

Mice were killed quickly by decapitation. The brain was rap-
idly removed from the skull, and a block containing the diagonal
band-preoptic area (DB-POA) was immediately dissected. The
DB-POA block was submerged in cold (4°C) oxygenated (95%
0,, 5% CO,) high-sucrose cerebrospinal fluid (CSF) containing
(in mM) 208 sucrose, 2 KCl, 26 NaHCO;, 10 glucose, 1.25
NaH,PO,, 2 MgSO,, 1 MgCl,, and 10 HEPES (pH7.4; 290
mOsm). Coronal slices (200 wm) from the DB-POA were cut on
a vibratome during which time (10 minutes) the slices were
bathed in high-sucrose CSF at 4°C. The slices were then trans-
ferred to an auxiliary chamber where they were kept at room
temperature (25°C ) in artificial CSF (aCSF) consisting of (in
mM) 124 NaCl, 5§ KCl, 2.6 NaFH,PO,, 2 MgCL,, 2 CaCl,, 26
NaHCO;, 10 HEPES, and 10 glucose (pH 7.4; 310 mOsm) until
recording (recovery for 2 hours). A single slice was transferred to
the recording chamber at a time and was kept viable by contin-
ually perfusing with warm (35°C), oxygenated aCSF at 2
mL/min.

Visualized whole-cell patch recording

Whole-cell patch recordings were made under a Zeiss Axios-
kop FS upright microscope equipped with fluorescein isothio-
cyanate (FITC) filter set and infrared differential interference
contrast imaging devices. GnRH neurons were identified by the
method described in our previous papers (18, 28). Patch pipettes
(A-M Systems, Seattle, Washington; 1.5 mm outer diameter
borosilicate glass) were pulled on a Brown/Flaming puller (Sutter
Instrument Co, Novato, California; model P-97). Recording pi-
pettes were normally filled with the following internal solution
(in mM): 128 potassium gluconate, 10 NaCl, 1 MgCl,, 11
EGTA, 10 HEPES, 2.5 ATP, 0.25 GTP adjusted to pH 7.3 with
KOH (290 mOsm). To isolate the TRPC channel, 300uM Ba>*
was added to the aCSF to block Kir channels. In Figure 4, pipettes
were filled with cesium-based internal solution to block potas-
sium channels. To study the Ca®* sensitivity of the kisspeptin-
activated TRPC channel, the following BAPTA or EGTA/Ca*”*
buffers were also used: 10mM BAPTA/0Ca>", 0.05mM EGTA/
0Ca?™, 0.5mM EGTA/0Ca?" and 11mM EGTA/6.6mM Ca?*
(170nM free Ca**). For normal internal Ca®>", no EGTA or
BAPTA was added to the internal solution. The osmolarity of the
above buffers was adjusted by potassium gluconate or gluconic
acid, and the pH was adjusted to 7.2 to 7.3 with KOH or CsOH.
Pipette resistances were 2.5 to 4 MQ when filled with above
internal solutions. In whole-cell configuration, access resistance
was 10 to 25 MQ. The access resistance was 80% compensated.
Nominally Ca®*-free extracellular aCSF was prepared by re-
placing Ca?" with Mg>™. Voltage-clamp experiments were per-
formed with an Axopatch 1D amplifier (2-kHz low-pass filter;
Axon Instruments, Foster City, California). The kisspeptin-ac-
tivated inward TRPC current was recorded at a holding potential
of —65 mV. Electrophysiological signals were digitized with
Digidata 1322A (Axon Instruments) and the data recorded using
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Clampex version 9.2 software (Axon Instruments). The calcu-
lated liquid junction potential for potassium gluconate was
about 15 mV. The reported membrane potentials were all cor-
rected for the liquid junction potential.

Electrophysiological solutions/drugs

aCSF was used in all cases for electrophysiological recording.
In whole-cell voltage-clamp recordings, tetrodotoxin (TTX) was
used to block sodium channels. For TRPC current recordings,
300uM Ba?* was added to the bath to block the Kir channels.
Different drug stock solutions were diluted at least 1000-fold in
aCSF to their final concentrations in 20-mL syringes and were
delivered by a Gilson Mini-Plus pump with a perfusion rate of 2
mL/min. The following chemicals or drugs (see Table 1) were
used: kisspeptin-10 (mouse Kiss-1 [110-119]-NH,; Phoenix
Pharmaceuticals, Belmont, California); TTX and thapsigargin
(Alomone Laboratories, Jerusalem, Israel); phorbol 12,13-dibu-
tyrate (PDBu), wortmannin, genistein, PP2 (3,4-chlorophenyl)
1-(1,1-dimethylethyl)-1H-pyrazolo[3,4-D]pyrimidin-4-amine)
(Sigma-Aldrich, St Louis, Missouri); calphostin C, bisindolyl-
maleimide-I (BIS-I), PP3 (1-phenyl-1H-pyrazolo[3,4-p]pyrimi-
din-4-amine), amlodipine, AA, and U0126 (Tocris, Ellisville,
Missouri); myo-IP; and OAG (Avanti Polar Lipids, Alabaster,
Alabama); and Dioctanoylglycerol-PIP2 (DiC8-PIP,) (Echelon

Table 1. Targets and Selectivity of Drugs Used to
Identify the Kisspeptin Signaling Pathway in GnRH
Neurons

Drugs/

Chemicals Targets and Selectivity

2-APB TRPC channel blocker; IP;R antagonist

Amlodipine Broad-spectrum blocker of HVA calcium
channels (L, N, P/Q)

AA Metabolite of DAG by DAG lipase

BAPTA Ca®* chelator with fast association/on rate

BIS-I Broad-spectrum PKC inhibitor of
conventional and novel PKCs

Calphostin C Broad-spectrum PKC inhibitor of
conventional and novel PKCs

cd?+ Broad-spectrum calcium channel blocker

DiC8-PIP, Synthetic short-chain PIP,, an inhibitor of
TRPC4«

EGTA Ca®™ chelator with much slower on rate
than BAPTA

Genistein General inhibitor of tyrosine kinases
including cSrc kinase

Myo-IPy IP3R agonist; causes calcium store
depletion

Ni2* Selective calcium channel blocker of T-type

OAG DAG surrogate; TRPC3/6/7 activator

PDBu Potent PKC activator; less hydrophobic
than PMA

PMA Potent PKC activator

PP2 Selective inhibitor of cSrc kinase

PP3 Negative control for PP2

Thapsigargin

Sarcoplasmic reticulum/ER Ca?* ATPase
inhibitor; causes calcium store depletion

Uo126 Selective inhibitor of the MAPKs MEK-1
and MEK-2
Wortmannin PI4K inhibitor at uM concentrations
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Biosciences, Salt Lake City, Utah). Thapsigargin, amlodipine,
PDBu, wortmannin, genistein, PP2, PP3, calphostin C, BIS-I, and
U0126 were dissolved in dimethylsulfoxide (DMSO). Kisspep-
tin-10, myo-IP; trisodium salt, and TTX were dissolved in H,O.
DiC8-PIP, was dissolved in the pipette solution. AA was dis-
solved in 100% ethanol.

Electrophysiology data analysis

The steady-state responses at —65 mV of the kisspeptin-ac-
tivated current were measured for comparison. Data were ana-
lyzed using Clampfit version 9.2 and GraphPad Prism version 4
software. Graphs were made with Macromedia FreeHand MX
and SigmaPlot version 8 software. Comparisons between differ-
ent treatments were performed using a 1-way ANOVA followed
by Tukey’s multiple-comparison test (see Figures 3—7) or an un-
paired Student’s ¢ test (see Figure 2). Differences were considered
significant if the probability of error was < 5%. All data are
presented as mean = SE.

GnRH neuronal harvesting, single-cell reverse
transcription, and PCR

Individual GnRH neurons were dispersed, patched and har-
vested, and subjected to single-cell reverse transcription (RT) and
PCR as previously described in detail (18, 23). Briefly, single-cell
PCR was performed using 2 to 3 uL cDNA template from each
RT reaction in a 30-puL PCR mix. Fifty cycles of amplification
were performed using a Bio-Rad C1000 Thermal Cycler (Bio-
Rad, Hercules, California), and the PCR product was visualized
with ethidium bromide on a 2% agarose gel. The mouse GnRH
(accession number NM_008145) forward primer corresponded
to nucleotides (nt) 21 to 40, and the reverse primer was com-
plementary tont 259 to 278. The mouse GPR54 (accession num-
ber NM_053244) forward primer corresponded to nt 1900 to
1917, and the reverse primer was complementary to nt 2125 to
2144. The full-length TRPC4 channel sequence, TRPC4«a
(NM_016984), is identical to TRPC48 (NM_001253682) ex-
cept for an additional 251-bp fragment in exon 11. Two sets of
primers were designed to detect TRPC4 in single neurons: primer
seta (forward primer nt 1841-1860 and reverse primer nt 1956-
1937) produced a 116-bp product and crosses the intron-exon
boundary between exons 6 and 7; primer set b (forward primer
nt2426-2445 and reverse primer nt 2649-2666) was designed to
produce a 241-bp product that crosses the intron-exon boundary
between exons 10 and 11 and to incorporate part of the
TRPC4a-specific sequence in exon 11 (Figure 1A). Several
primer pairs were designed and tested for amplification effi-
ciency, and the best pairs were used for further studies. The
amplification efficiency of the TRPC4 and TRPC4a primers
were determined as described previously (23).

Results

PIP, depletion is required for kisspeptin activation
of the TRPC current

PIP, is an important regulator of TRPC channels (29—
32). TRPC1-containing heteromeric channels are acti-
vated by PIP, (29, 30). In contrast, TRPC4 homomeric
channels are inhibited by PIP, in a splice isoform
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Figure 1. GnRH neurons express TRPC4a, a PIP,-regulated isoform. A,
Schematic diagram of TRPC4 gene structure and primer locations. The
full-length TRPC4 channel, TRPC4a, is identical to TRPC4 except for
the additional 251-bp fragment in exon 11. B, Representative gels
illustrating the coexpression of GPR54, TRPC4, and TRPC4a mRNAs in
selected GnRH neurons. The expected sizes for the PCR products are as
follows: for GnRH, 239 bp; for GPR54, 245 bp; for TRPC4, 116 bp;
and for TRPC4aq, 241 bp. As a negative control, a cell subjected to RT-
PCR but without reverse transcriptase (—RT) did not express any of the
transcripts. POA tissue RNA was also included as positive control

(+, with RT). Abbreviation: MM, molecular markers.

(TRPC4«)-dependent manner (33). Our recent studies
found that TRPC4 is the dominant TRPC channel subtype
expressed in GnRH neurons (23); therefore, we examined
the expression of TRPC4 isoforms as well as the mRNA
expression of the kisspeptin receptor GPR54. Our single-
cell RT-PCR analysis of 74 cells from 5 animals revealed
that the majority (72%) of GnRH neurons expressed
TRPC4 mRNA and the full-length TRPC4« transcript
was found in 40% of GnRH neurons (Figure 1B). In ad-
dition, the mRNA for the kisspeptin receptor GPR54 was
expressed in 98% of GnRH neurons. To differentiate
TRPC4« in individual GnRH neurons and meet the cri-
terion for primers to cross introns, we had a very limited
sequence range from which to design primer pairs (Figure
1A). For this reason, the transcription efficiency achieved

endo.endojournals.org 2775

with the TRPC4« primers (83%) was less than that ob-
tained with the TRPC4 primers (100%). This technical
difference may have influenced our ability to detect
TRPC4atranscriptsin GnRH neurons. We nextexamined
the effect of PIP, on the kisspeptin-activated inward cur-
rent. Water-soluble DiC8-PIP, was dissolved in the inter-
nal solution to a final concentration of 10uM, and after
whole-cell dialysis for about 15 minutes, kisspeptin in-
duced a much smaller inward current in 8 of 9 cells ex-
amined (5.6 * 1.8 pA, n = 9, P < .01) (Figure 2). This
indicates that the depletion of PIP, is required for TRPC
channel activation by kisspeptin. Then we asked whether
PIP, depletion is a mechanism by which kisspeptin acti-
vates the TRPC current. PIP, depletion is the established
mechanism underlying the Gg-coupled muscarinic M1 re-
ceptor-mediated inhibition of the M (KCNQ2/3) current
(34). Micromolar concentrations of wortmannin potently
inhibit phosphatidylinositol 4-kinase (PI4K), a critical en-
zyme responsible for the synthesis of PIP, (35). It has been
shown that wortmannin (10uM) strongly prevents the re-
covery of the M current from M1 receptor-mediated in-
hibition due to the inhibition of the resynthesis of PIP, by
PI4K (36). Therefore, we examined whether inhibition of
PIP, resynthesis by wortmannin treatment prolonged the
kisspeptin-activated TRPC current. As shown in Figure 2,
the kisspeptin-activated current under control conditions
recovered by 87.5% * 4.3% (n = 4) after 15 minutes of
washing out kisspeptin. However, in the presence of wort-
mannin (10uM), the TRPC current was significantly pro-
longed such that it recovered by only 51.1% = 2.8% over
the same time period (n = 5, P <.001) (Figure 2, Cand D).
Therefore, PIP, depletion is required but not sufficient for
kisspeptin to activate the TRPC current in GnRH neurons.

Effect of Ca* on the kisspeptin activation of the
TRPC current

The kisspeptin receptor GPR54 (or Kiss1R) is a G-
coupled receptor. Its activation stimulates PLCS and me-
tabolizes PIP, into 2 second messengers, DAG and IP; (3,
37). The downstream messenger IP; binds to the IP; re-
ceptor (IP;R) on endoplasmic reticulum (ER) membranes
to cause Ca>" mobilization. To test whether an increase in
intracellular Ca" concentration is required for kisspeptin
to induce an inward current in GnRH neurons, cells were
dialyzed with EGTA or BAPTA buffer with or without
added Ca*" for approximately 15 minutes. The estimated
levels of intracellular Ca®>" for 11mM EGTA plus 6.6mM
CaCl, was 170nM (calculated by winmaxc version 2.0, http:/
www.stanford.edu/~cpatton/maxc.html). The intracellular
Ca”" levels without or with low concentrations (0.5mM
and 0.05mM) of EGTA in the pipette should be able to
freely fluctuate in response to intracellular Ca** release
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wackiout HVA Ca?" channels, we applied a

10 nM Kp-10

10 uM DiC8-PIP2

ﬁ 10 UM wortmannin

600-millisecond pulse to +40 mV
every minute to activate HVA Ca*™
channels and measured the kisspep-
tin current at —65 mV. However,
these high-voltage pulses also had no
effect on the kisspeptin-activated in-

10 nM Kp-10 ward currents (23.0 = 3.1 pA,n=10
vs control 23.4 = 5.0 pA, n = 8).
I 10 pA Therefore, LVA (ie, T-type) Ca’>"
- and not HVA Ca”" channels play a
2 min .. . .
critical role in TRPC channel activa-
B D tion in GnRH neurons.
T " 100 1
& 309 T $ o9 ] n 5 Calcium store depletion does
€ 3 1 *kk not affect the kisspeptin
o 20 - 2 60 - .
'g | *% o | activation of the TRPC current
& 9 3 40 TRPC channels can form either
T % g 20 - receptor-operated or store-operated
X 5 g o I calcium channels (SOCs) (38). SOCs
control  DiC8-PIP; control Wortmannin are activated by the depletion of ER

Figure 2. PIP, depletion is required for the kisspeptin activation of TRPC channels. A,
Representative recordings showing that the DiC8-PIP, (10uM) dialysis for 15 minutes inhibited
the kisspeptin (Kp-10)-activated inward currents. V., = —65 mV. B, Mean kisspeptin-activated
current without (control) or with DiC8-PIP, dialysis. **, P < .01, DiC8-PIP, versus control
(Student’s t test). Cell numbers are indicated. C, Representative recordings showing that the
10nM kisspeptin (Kp-10)-activated inward current fully recovered after 15 minutes of washing
out of kisspeptin. However, in the presence of wortmannin (10uM), it only partially recovered
after 15 minutes of washout of kisspeptin. D, Mean recovery of the TRPC current from kisspeptin
activation and the effects of wortmannin. Recoveries were 87.5% =+ 4.3% (n = 4) in control
versus 51.1% = 2.8% in the wortmannin groups (n = 5). The control group represents washout
of kisspeptin in the absence of wortmannin. ***, P < .001, wortmannin versus control

(Student's t test).

from Ca®" stores or Ca*" influx through plasma mem-
brane Ca®* channels. However, with high concentrations
of EGTA (11mM) or BAPTA (10mM) in the pipette, a rise
in intracellular Ca®* levels would be suppressed. None of
these buffer conditions affected the kisspeptin-induced
current (Figure 3). Removal of extracellular calcium by
switching to nominally Ca®*-free aCSF had no effect on
the kisspeptin-activated TRPC current (20.3 + 4.2 pA,
n = 6 vscontrol 23.4 = 5.0 pA,n = 8, P > .05), which is
consistent with our previous findings (18). However, our
previous study showed that the calcium channel blocker
Cd** (250uM) inhibited the kisspeptin current (18).
Therefore, we examined the effects of low-voltage—acti-
vated (LVA) and high-voltage—activated (HVA) Ca**
channel blockers on the kisspeptin-induced inward cur-
rent. As shown in Figure 4, LVA Ca”?* channel blocker
Ni** dose-dependently (100uM to 1mM) inhibited the
kisspeptin-induced TPRC current, but HVA Ca®* chan-
nel blocker amlodipine (30uM) had no effect. To examine
the effects of depolarization-induced calcium entry from

calcium stores via the activation of
IP;Rs. Dialysis of high concentra-
tions of EGTA alone or combined
with blockade of the sarcoplasmic
reticulum Ca?" ATPase by thapsi-
gargin can also deplete calcium
stores and cause the activation of
SOCs (39). Therefore, we examined
the effects of thapsigargin or IP; in
combination with dialysis of a high
concentration of EGTA on the kiss-
peptin-activated inward current. As
shown in Figure 5, when GnRH neurons were pretreated
with 1uM thapsigargin for 10 to 15 minutes, the kisspep-
tin-induced current was not affected. It has been shown
that intracellular dialysis of IP5 and thapsigargin can ac-
celerate the depletion of ER calcium stores and activate
SOCs (39). To ensure the depletion of the IP;-sensitive
calcium stores, 30uM myo-IP; plus 4uM thapsigargin
were included in the pipette and allowed to dialyze the cells
for 10 to 15 minutes. However, the kisspeptin-activated
current was not affected. In our previous studies, we
showed that extracellularly applied 2-APB blocked the
kisspeptin-activated TRPC current, whereas intracellular
dialysis of 2-APB, an IP;R inhibitor, had no effect on the
kisspeptin-activated TRPC current (18). To ensure that
2-APB reached an effective concentration, we increased
the concentration from 0.1mM to 0.3mM and dialyzed
the cells for 15 minutes before kisspeptin application. In
agreement with our previous findings, blockade of IP;R
did not affect the kisspeptin activation of TRPC current in
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A 11 mM [EGTAJ; + 6.6 mM [Ca2*];
10 nM Kp-10

__|10pA

2 min

11 mM [EGTA];
10 nM Kp-10

|10 pA

2 min

0.5 mM [EGTAJ; 10 mM [BAPTAJ;

10 nM Kp-10 10 nM Kp-10
__J10pa |10 pA l W

2 min

Figure 3. Role of intracellular Ca* on the kisspeptin activation of
TRPC channels. A, Kisspeptin-10 (Kp-10)-induced currents were
measured at a holding potential of —65 mV after whole-cell dialysis for
about 15 minutes (12-18 minutes) with different Ca?* buffers as
indicated on the traces. B, Summary of the effects of different
intracellular calcium buffers on the inward current. The calculated
value was 170nM free [Ca™]; for the internal solution containing
11mM EGTA and 6.6mM Ca?* (pH 7.23). There was no Ca®* added
to the other 4 internal solutions shown in B. For normal [Ca®*],,
neither Ca®™ nor EGTA/BAPTA was added to the internal solution. P >
.05 (1-way ANOVA).

GnRH neurons (18). Therefore, the kisspeptin activation
of TRPC channels is not regulated by internal calcium
stores, which argues that the TRPC channels in GnRH
neurons are receptor-operated and not store-operated.

Effects of protein kinase C on the kisspeptin-
activated TRPC current

Protein kinase C (PKC) is an important second mes-
senger stimulated by Gq-coupled receptor signaling path-
ways. It has been shown that PKC activation can either
inhibit or stimulate TRPC channels (26, 30, 40). There-
fore, we examined the effects of BIS-I, a broad-spectrum
PKC inhibitor, on the kisspeptin-activated TRPC current.
To ensure a full inhibition of conventional PKC isoforms
by BIS-I, GnRH neurons were pretreated with 2uM BIS-1
for 45 to 90 minutes (mean time = 67 = 12 minutes, n =
6) before kisspeptin application. However as shown in
Figure 6, A and B, inhibition of conventional PKC iso-
forms by BIS-I had no effect on the kisspeptin-induced
current (BIS 17.0 = 4.3 pA, n = 6, vs control 23.4 = 5.0
pA, n = 8; P > .05). Increasing BIS-I concentrations to
10uM to inhibit novel PKC isoforms also did not signif-
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Figure 4. Effect of Ca?* channel blockers on the kisspeptin activation
of TRPC channels. A-D, Representative recordings showing that the
kisspeptin (Kp-10)-activated inward current was inhibited by LVA Ca?*
channel blocker Ni?* but not by HVA Ca?* channel (L, N, P/Q) blocker
amlodipine (AML). V, g = —65 mV. E, Summary of the effects of
Ca?* channel blockers on the kisspeptin-activated inward current.
Cells were recorded using a Cs*-based internal solution. ***, P < .001
versus vehicle control group (1-way ANOVA)

icantly affect the kisspeptin-induced TRPC current (68 =
4 minutes, 13.4 = 5.2 pA, n = 9, P > .05). Moreover,
pretreatment with another broad-spectrum PKC inhibitor
calphostin C (0.5uM) for 55 = 10 minutes also had no
significant effect on the kisspeptin-activated TRPC cur-
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Figure 5. Ca’" store depletion does not affect TRPC channel
activation by kisspeptin. A-C, Representative recordings showing the
kisspeptin (Kp-10)-induced inward current after a GnRH neuron had
been exposed to thapsigargin (Tg, 1uM) for 10 minutes (A), internally
dialyzed with 30uM myo-IP5 (IP3) and 4uM Tg for 13 minutes (B), or
internally dialyzed with 2-APB (300uM) for 15 minutes (C). Viog =
—65 mV. D, Summary of the effects of Tg, IP5, and 2-APB on the
kisspeptin-induced inward currents. The control represents kisspeptin
response in the presence of vehicle. P > .05 (1-way ANOVA).

rent (11.9 = 5.8 pA,n =7, P > .05). Next, we examined
the effect of PKC activators PDBu and phorbol-12-myris-
tate 13-acetate (PMA) on the kisseptin-activated current.
Neurons were pretreated with PDBu (1uM) or PMA
(1uM) for 10 minutes before kisspeptin application. As
shown in Figure 6, C and D, PDBu pretreatment inhibited
the kisspeptin-induced inward current (8.1 = 1.9 pA,n =
6, P <.05) (Figure 6 D). However, PMA pretreatment had
no significant effect (13.3 = 3.4 pA, n = 4, P > .05).
Therefore, PKC activation by PDBu inhibited the kisspep-
tin-activated TRPC currents in GnRH neurons.
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OAG and AA do not mimic the effect of kisspeptin

We then asked whether kisspeptin activates TRPC
channel through the direct action of the second messenger
DAG or its metabolite AA. Previously, we found that the
DAG analog OAG induced a small inward current in
GnRH neurons (18). To prevent the activation of PKC by
OAG, we examined the effect of OAG in the presence of
PKC inhibitor BIS-I (2uM). As shown in Figure 6, E and
F, OAGinduced a small inward current (5.0 = 0.7 pA,n =
7) even in the presence of PKC inhibitor. We also exam-
ined the effect of AA. Fifty micromolar AA induced a even
smaller inward current in GnRH neurons (1.8 = 1.1 pA,
n = 5). Therefore, neither OAG nor AA mimic the effects
of kisspeptin.

cSrc kinase inhibition prevents kispeptin activation
of the TRPC current

cSrc tyrosine kinase has been reported to be activated
by G protein-coupled receptors or epidermal growth fac-
tor receptor to regulate TRPC channel activity (41-4S5).
Therefore, we first examined the effects of genistein, a
general tyrosine kinase inhibitor (46), on the kisspeptin-
activated TRPC channels. After pretreatment of GnRH
neurons with genistein (30uM) for 30 to 60 minutes (53 =
9 minutes), the kisspeptin-induced inward current was ro-
bustly attenuated (Figure 7; genistein 3.2 = 2.0 pA,n =5,
vs vehicle control 23.0 = 5.0 pA,n = 8; P <.01). Then we
examined the effects of PP2 (10M), a more selective cSrc
tyrosine kinase inhibitor (47, 48). PP2 also inhibited the
kisspeptin current (6.5 = 2.0 pA,n = 8, P < .01). As a
negative control, PP3 (10uM) did not significantly affect
the kisspeptin current (13.5 = 3.6 pA,n =7, P > .05). To
test whether cSrc kinase directly regulates TRPC channel
activity or whether MAPK activation is also required, we
measured the effects of kisspeptin in the presence of U0126
(10uM), which is a selective MEK1 and -2 inhibitor. As
shown in Figure 7, MAPK inhibition had no effect on the
kisspeptin response (20.9 *= 5.4 pA, n = 4, P < .05).
Therefore, cSrc appears to be a key signaling molecule in
the kisspeptin-mediated activation of TRPC channels.

Discussion

We have shown for the first time that kisspeptin activation
of TRPC channels in GnRH neurons requires the deple-
tion of PIP, and activation of cSrc kinase. The release of
calcium from intracellular stores and downstream activa-
tion of PKC are not required for kisspeptin’s potent de-
polarization of GnRH neurons. Therefore, the kisspeptin
activation of TRPC channels involves a novel signaling
pathway for peptidergic excitation of GnRH neurons.
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the activation of TRPC channels by
kisspeptin are not affected by buff-
ering intracellular calcium levels or
by calcium store depletion. Buffering
intracellular calcium levels to low
nanomolar concentrations with high
EGTA or BAPTA, which is known to
suppress an elevation in free intra-
cellular calcium from calcium store
release or extracellular calcium in-
flux, had no effect on the kisspeptin-
mediated response. Therefore, a rise
in intracellular calcium does not ap-
pear to play a critical role in the kiss-
6 peptin-mediated activation of TRPC

@_ channels but may be involved in

Ca’*/calmodulin-dependent inhibi-

PDBu tion of high-voltage-gated Ca**
channels (50). On the other hand, the
kisspeptin-activated TRPC current
was attenuated by calcium channel
blockers Cd** and Ni** but not by
*k HVA calcium channel blocker amlo-
&% dipine (present results) (18). This

would indicate that T-type calcium
channels may be involved. However,
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Kisspeptin activation of TRPC channels does not
depend on calcium release from internal stores
Kisspeptin potently depolarizes GnRH neurons pri-
marily through activation of a TRPC conductance, which
ensures a sustained activation of GnRH neurons (18, 20).
TRPC channels are differentially regulated by intracellu-
lar and extracellular calcium. TRPCS and to a lesser extent
TRPC4 channels expressed in HEK cells are potentiated
by extracellular and intracellular calcium (49). In GnRH
neurons, kisspeptin induces a transient elevation of intra-
cellular calcium, which is thought to be due to intracellular
calcium store release and has been hypothesized to play an
important role in the kisspeptin-mediated depolarization
(20). However, our previous and present results show that

7
5
% AN
OAG AA

Figure 6. A-D, The PKC activator PDBu attenuates the kisspeptin-activation of the TRPC
channels. A, Representative recordings showing the effects of PKC inhibitors BIS-1 (2uM and
10uM) and calphostin C (0.5uM) on the kisspeptin (Kp-10)-activated current. B, Summary of the
effects of PKC inhibitors on the kisspeptin-activated currents. P > .05 (1-way ANOVA). C,
Representative recording showing the effect of PKC activator PDBu on the kisspeptin-activated
current. Vg = —65 mV. D, Summary of the effects of PKC activators PMA and PDBu on the
kisspeptin-activated currents. In B and D, the control represents kisspeptin in the presence of
vehicle. *, P < .05, PDBu in comparison with vehicle control (1-way ANOVA). E and F, DAG
analog OAG and AA do not mimic the effects of kisspeptin. E, Representative recordings
showing that 100uM OAG or 50uM AA induced a small inward current in GnRH neurons in the
presence of 2uM BIS-I. V, oy = —65 mV. F, Summary of the inward currents induced by
kisspeptin, OAG, and AA. **, P < .01 in comparison with kisspeptin-10 (1-way ANOVA).

reducing extracellular calcium to
nominally calcium-free had no effect
on the kisspeptin-activated TRPC
current (present results) (18), an in-
dication that very little calcium is
needed to spark the opening of
TRPC channels in GnRH neurons.
This is consistent with the small, but
persistent, T-type calcium channel
window current around —65 mV in
GnRH neurons (51). Therefore, with
a sustained depolarization that ex-
ceeds that of classical neurotransmitters (eg, glutamate),
kisspeptin excites GnRH neurons primarily through the
opening of a cation-selective (TRPC) channel that is in-
dependent of intracellular calcium store release. However,
TRPC channel activation does appear to depend on cal-
cium influx through T-type calcium channels (Figure 8).

TRPC channels in GnRH neurons are
receptor-operated

TRPC channels can form either SOCs (ie, activated by
depletion of calcium stores) or receptor-operated calcium
channels (ie, activated by G protein-coupled receptors)
(52). TRPC SOCs expressed in vascular smooth muscle
cells are activated by PKC as well as intracellular calcium
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Figure 7. Src kinase inhibitors abrogate the kisspeptin activation of
TRPC channels in GnRH neurons. A-D, Representative recordings
showing that the kisspeptin (Kp-10)-activated inward currents were
inhibited by tyrosine kinase inhibitor genistein (30uM) and the cSrc
kinase inhibitor PP2 (10uM) but not by MAPK inhibitor U0126. V, o4 =
—65 mV. E, Summary of the effects of genistein, PP2, PP3, and the
MAPK inhibitor U0126 on the kisspeptin-induced currents. The control
represents kisspeptin in the presence of vehicle. **, P < .01, genistein
versus control and PP2 versus control (1-way ANOVA).

store depletion (53). Our present results show that deple-
tion of intracellular calcium stores by intracellular dialysis
of a combination of thapsigargin, IP;,and EGTA did not
affect the kisspeptin-activated TRPC current. Similarly,
Inhibition of IP;Rs by intracellular dialysis of 2-APB also
had no effect (present results) (18). These cumulative re-
sults indicate that TRPC channels in GnRH neurons are
not store-operated (38, 54). In addition, all TRPC recep-
tor-operated calcium channels are inhibited by PKC acti-

Endocrinology, August 2013, 154(8):2772-2783

vation in heterologous (HEK-293) cells (55). Indeed, the
kisspeptin-activated TRPC current in GnRH neurons was
significantly attenuated by PKC activation (ie, pretreat-
ment with PDBu) but was not affected by PKC inhibition.
In contrast, our recent study shows that kisspeptin inhibits
a calcium-activated slow afterhyperpolarization current
in GnRH neurons through a PKC pathway (56). Collec-
tively, our findings would indicate that TRPC channels in
GnRH neurons are receptor-operated channels and do not
depend on intracellular calcium store release. This ensures
fast and sustained depolarization of GnRH neurons.

PIP, depletion is required for kisspeptin activation
of the TRPC channels in GnRH neurons

The transcripts for all, with the exception of TRPC2, of
the TRPC channels (the TRPC1, -4, and -5 family and the
TRPC3,-6,and -7 family) are expressed in GnRH neurons
(18). However, TRPC4 is the dominant TRPC channel
expressed in GnRH neurons with a severalfold higher ex-
pression than TRPC1 and TRPCS (18, 23). TRPC1 chan-
nels form heteromeric complexes with TRPC4 and/or
TRPCS channels. In addition TRPC4 and -5 can form
homomultimer channels that are distinct from the hetero-
multimers (24). PIP, is an important regulator of TRPC
channels (29-32). Heteromeric channels expressing
TRPC1 channels are activated by PIP, (29, 30). However,
homomeric TRPC4 channels, composed of the full-length
TRPC4q, but not the truncated TRPC4 splice variant,
are inhibited by PIP, in HEK cells and vascular smooth
muscle cells (33). Currently, TRPC4« was identified in a
subpopulation of GnRH neurons, whereas intracellular
dialysis with DiC8-PIP, robustly inhibited the kisspeptin-
activated TRPC current in essentially all of the neurons.
Therefore, we deduced that the full-length isoform
TRPC4« is responsible for kisspeptin activation of the
TRPC current in most GnRH neurons. However, we can-
not rule out that a subpopulation of GnRH neurons ex-
press TRPC4B. Whether or not PIP, depletion would ac-
tivate GnRH neurons expressing TRPC4 is currently not
known and needs to be investigated in future experiments.
Nevertheless, in the presence of micromolar concentra-
tions of wortmannin, which inhibit the regeneration of
PIP, via antagonizing PI4K (35), the recovery of TRPC
channels after kisspeptin activation was significantly pro-
longed. Therefore, the depletion of PIP, is required for
TRPC channel activation in GnRH neurons, which is sim-
ilar to vascular myocytes and HEK cells expressing
TRPC4a (33). In contrast to TRPC1, -4, and -5 channels,
the TRPC3, -6, and -7 subfamily are activated by DAG
(24). Presently, we confirmed our previous findings that
the DAG analog OAG had only minor effects in GnRH
neurons (18). Also, the DAG metabolite AA was ineffec-
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Figure 8. Schematic diagram illustrating the main signaling pathways responsible for kisspeptin-induced depolarization and burst firing of GnRH
neurons. Kisspeptin binds to the Gg-coupled GPR54 receptor to activate PLCB, which catabolizes PIP,, potentiates TRPC channel activity, and
inhibits the Kir channel activity. PKC, activated by the PIP, hydrolysis product DAG, inhibits the activity of a calcium-activated slow
afterhyperpolarization (sSAHP) current (see Ref. 56). cSRC, which is activated by kisspeptin/GRP54 signaling, potentiates the activity of TRPC4
channels. Calcium entering the cell via T-type channels may facilitate the activation of TRPC channels. The present findings for the signaling

pathway underlying TRPC4 channel activation are highlighted in the box.

tive. Collectively, these findings would indicate that PIP,
depletion is necessary for kisspeptin activation of TRPC
current in GnRH neurons and maybe a critical point of
physiological regulation as has been shown for other chan-
nels (34, 57).

cSrc tyrosine kinase activation is also required for
kisspeptin activation of the TRPC channels in
GnRH neurons

G protein-coupled receptors and epidermal growth fac-
tor receptors are coupled to activation of cSrc, which in-
creases TRPC channel activity through phosphorylation
of tyrosine residues (41-45). Epidermal growth factor has
been found to cause rapid vesicular translocation and in-
sertion of TRPCS channels into the plasma membrane of
hippocampal neurons (58). In the present experiments, the
global tyrosine kinase inhibitor genistein (46) robustly in-
hibited the kisspeptin-induced inward current. Moreover,
the selective cSrc kinase inhibitor PP2 (47, 48) also inhib-
ited the kisspeptin currents. cSrc kinase can directly reg-
ulate TPRC4 channel activity through tyrosine phosphor-
ylation, which causes rapid insertion of TRPC4 into the
plasma membrane (43). Although we could not measure
phosphorylation of TRPC4 channels by cSrc in GnRH
neurons directly, downstream activation of another ty-
rosine kinase, MAPK, is not required because a selective
MEKT1/2 inhibitor, U0126, had no effect on the kisspeptin
response, which is consistent with the findings of Liu et al
(20). In contrast, kisspeptin signaling in Chinese hamster
ovary (CHO) cells expressing rat or human GPRS54 is cou-
pled to ERK1/2 and p38 MAPK phosphorylation (3), sug-
gesting different cellular signaling mechanism by kisspep-
tin in heterologous expression systems versus native
GnRH neurons. Therefore, cSrc appears to be a key sig-

naling molecule in the kisspeptin-mediated activation of
TRPC channels in GnRH neurons (Figure 8).

In summary, previous studies have shown that kisspep-
tin robustly depolarizes and increases the firing of GnRH
neurons through a combination of activating TRPC chan-
nels, inhibiting Kir channels, and inhibiting the slow af-
terhyperpolarization in GnRH neurons (18-20, 56, 59).
Presently, we have elucidated the complex signaling path-
way by which kisspeptin activates TRPC channels in na-
tive GnRH neurons through a combination of the deple-
tion of PIP, and activation of cSrc kinase (Figure 8).
Kisspeptin activation of TRPC channels through PIP, de-
pletion and ¢Src tyrosine kinase activation is a novel and
potent signaling pathway for sustained excitation of
GnRH neurons and as a consequence sustained GnRH
neurosecretion characteristic of the preovulatory surge.
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