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GnRH neurons play a pivotal role in the central regulation of
fertility. Kisspeptin greatly increases GnRH/LH release and
GnRH neuron firing activity and may be involved in estradiol
feedback, but the neurobiological mechanisms for these ac-
tions are unknown. G protein-coupled receptor 54, the recep-
tor for kisspeptin, is expressed by GnRH neurons as well as
other hypothalamic neurons, suggesting both direct and in-
direct effects are possible. To investigate this and determine
whether kisspeptin activation of GnRH neurons is estradiol
sensitive, we recorded the firing rate of GnRH neurons in
brain slices from adult female mice that were ovariectomized
(OVX) and either treated with estradiol (E) capsules (OVX�E)
or left without further treatment. Kisspeptin increased GnRH
neuronal activity in a dose-dependent manner in cells from
both OVX and OVX�E mice, and estradiol significantly po-
tentiated the response. To begin to distinguish direct from

indirect actions of kisspeptin, fast synaptic transmission me-
diated by ionotropic �-aminobutyric acid and glutamate re-
ceptors was pharmacologically blocked (blockade). Blockade
reduced GnRH response to kisspeptin in OVX�E but not in
OVX mice. Actions of kisspeptin were also assessed using
whole-cell voltage- and current-clamp recording in slices from
OVX animals. Kisspeptin application depolarized GnRH neu-
rons in current-clamp and generated inward current in volt-
age-clamp recordings, even after blocking action potential-
dependent neural communication, consistent with a direct
effect. Blockers of potassium channels abolished the inward
current. Together our data indicate that kisspeptin activates
GnRH neurons via both direct and transsynaptic mechanisms
and that transsynaptic mechanisms are either enabled and/or
potentiated by estradiol. (Endocrinology 149: 1979–1986, 2008)

GNRH NEURONS FORM the final common pathway for
the control of fertility. GnRH released from axon ter-

minals stimulates secretion of LH and FSH from the anterior
pituitary gland. These gonadotropins promote steroidogen-
esis and gametogenesis. Steroids, in turn, feed back at the
pituitary and hypothalamus. Estradiol feedback is particu-
larly interesting because estradiol has both negative and
positive feedback effects, with the latter being critical for
generating the neural signal for ovulation (1–8). Whether
estradiol effects are direct, transsynaptic, or both is under
debate. GT1 GnRH neuronal cell lines express both estrogen
receptor (ER)-� and -� (9, 10). In contrast, only ER� has been
detected in native GnRH neurons (11–13). Whether GnRH
neurons themselves express ER, there is good evidence that
estradiol regulation of GnRH neurons can be transsynaptic
because estradiol regulates synaptic transmission to these
cells (14) and neurons reported to be afferent to GnRH neu-
rons express both ER� and ER� (15–18).

Of particular interest with regard to estradiol feedback
regulation of GnRH neurons is recent work on the neuro-
modulator kisspeptin. Kisspeptin, also known as metastin, is
a natural ligand for G protein-coupled receptor (GPR) 54 (19,

20). The KiSS-1 gene encodes a 145-amino acid peptide that
is cleaved into amidated C-terminal 54, 14, 13, and 10 amino
acid products, all of which activate GPR54 (20). Thirty per-
cent of patients with idiopathic hypogonadotropic hypogo-
nadism have loss-of-function mutations in the GPR54 gene
(21). These GPR54-inactivating mutations in humans as well
as GPR54 knockouts in mice cause failure to initiate puberty
and thus lead to infertility (21, 22). Likewise, KiSS-1 knockout
mice showed abnormal sexual maturation consistent with
disruptions in this system being a cause of hypogonadotropic
hypogonadism (23). Notably, some patients with idiopathic
hypogonadotropic hypogonadism are responsive to exoge-
nous GnRH, suggesting the defect can be in the abnormality
of GnRH synthesis, secretion, or activity (24). Both kisspeptin
and GPR54 are highly expressed in the hypothalamus (25–
27), within areas known to regulate GnRH neuronal activity
(18, 28), and GnRH neurons express GPR54 (29–32). Kisspep-
tin increases GnRH and LH release and GnRH neuron firing
activity (31–36). Estradiol regulates expression of GPR54 as
well as KiSS-1 mRNA (18, 28, 37), making kisspeptin a likely
transsynaptic modulator for conveying estradiol feedback to
GnRH neurons.

Despite these advances, little is known about the neuro-
biological mechanisms engaged by kisspeptin to regulate
GnRH neurons. Because GnRH neurons express GPR54, a
broad assumption has been made that kisspeptin action is
direct on GnRH neurons. Although this is a likely mecha-
nism, it is also important to bear in mind that GPR54 is
expressed in other parts of the hypothalamus; thus, kisspep-
tin may have transsynaptic effects on GnRH neurons. Fur-
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thermore, although estradiol is known to alter KiSS-1 mRNA,
whether it alters the response of GnRH neurons to kisspeptin
is not known. Here we used electrophysiological approaches
to test the hypothesis that kisspeptin acts both directly and
transsynaptically to regulate GnRH neurons and that estra-
diol modulates the response of GnRH neurons to kisspeptin.

Materials and Methods
Animals

Transgenic female mice, in which green fluorescent protein (GFP) was
genetically targeted to GnRH neurons were used for these studies (38).
Mice were housed on a 14-h light, 10-h dark cycle, with lights off at
1630 h, and were maintained on Harlan 2916 rodent chow (Harlan,
Bartonsville, IL) and water ad libitum. All procedures were approved by
the Animal Care and Use Committee of the University of Virginia and
were conducted within the guidelines of the National Research Council’s
Guide for the Care and Use of Laboratory Animals. Adult female GnRH-
GFP mice were ovariectomized (OVX) under isoflurane (Abbott Labo-
ratories, North Chicago, IL) anesthesia. Postoperative analgesia was
provided by a long-acting local anesthetic (0.25% bupivacaine; 7.5 �l/
site; Abbott Laboratories). At the time of surgery, some mice received sc
SILASTIC (Dow Corning, Midland, MI) capsules containing 0.625 �g
estradiol (E) in sesame oil (OVX�E). All recordings were done 2–4 d
after surgery in the morning during the time of E-negative feedback (39).

Brain slice preparation and recordings

All chemicals were from Sigma Chemical Co. (St. Louis, MO) unless
noted. Brain slices were prepared using modifications (40) of a previ-
ously described method (41). Briefly, all solutions were bubbled with a
95% O2-5% CO2 mixture throughout the experiments and for at least 15
min before exposure to the tissue. The brain was rapidly removed and
placed in ice-cold, high-sucrose saline solution containing 250 mm su-
crose, 3.5 mm KCl, 26 mm NaHCO3, 10 mm glucose, 1.25 mm Na2HPO4,
1.2 mm MgSO4, and 2.5 mm MgCl2. Coronal 300-�m brain slices were
cut with a Vibratome 3000 (Technical Products International, Inc., St.
Louis, MO). Slices were incubated for 30 min at 30–32 C in a solution
of 50% high-sucrose saline and 50% normal saline containing (in mm) 135
mm NaCl, 26 mm NaHCO3, 3.5 mm KCl, 10 mm glucose, 1.3 mm
Na2HPO4, 1.2 mm MgSO4, and 2.5 mm CaCl2 (pH 7.4) and were then
transferred to a solution of 100% NS at room temperature and kept at
least 30 min and no more than 6 h before recording.

For recording, individual brain slices were placed in a recording
chamber continuously superfused with oxygenated normal saline so-
lution and kept at 29–31 C. Cells were visualized with an Olympus
BX50WI upright fluorescent microscope with infrared differential in-
terference contrast (Opelco, Dulles, VA). GnRH neurons were identified
by brief illumination at 470 nm to visualize the GFP signal. Recording
pipettes were pulled from borosilicate glass capillaries (1.65 mm outer
diameter; 1.12 mm inner diameter; World Precision Instruments, Inc.,
Sarasota, FL) using a Flaming/Brown P-97 (Sutter Instrument, Novato,
CA) and had resistances from 1.5 to 4 m� when filled with the appro-
priate solution (see below). Pipettes were placed in contact with a GnRH
neuron using an MP-285 or MP-225 micromanipulator (Sutter Instru-
ments). Current and voltage traces were obtained using an EPC-8 am-
plifier (HEKA, Mahone Bay, Nova Scotia, Canada) with the PulseCon-
trol XOP (Instrutech, Port Washington, NY) running in Igor Pro
(Wavemetrics, Lake Oswego, OR), or using one head stage of an EPC-10
dual amplifier (HEKA) controlled by PatchMaster (HEKA) for some
whole-cell recordings.

To test the effects of kisspeptin on firing activity of GnRH neurons
and unidentified neurons within the medial preoptic area, we used a
minimally invasive electrophysiological method, targeted extracellular
recordings. This type of recording does not alter the intracellular milieu;
thus, the cell response to synaptic inputs that remain within the brain
slice is undisturbed. Recording pipettes were filled with normal HEPES-
buffered solution containing 150 mm NaCl, 10 mm HEPES, 10 mm
glucose, 2.5 mm CaCl2, 1.3 mm MgCl2, and 3.5 mm KCl. Initial resistances
ranged from 6 to 30 m� and either remained stable or increased during
recording up to as high as 50 m�. Recordings were made in voltage-

clamp mode with a pipette holding potential of 0 mV; at low seal
resistance, the amplifier potential does not influence the cell. In this type
of recording, we detect action currents, which are not action potentials
per se, although they accurately reflect changes in the action potential
firing rate. For simplicity, we used the phrase firing rate and/or firing
activity to refer to these events.

We used the human decapeptide form of kisspeptin, which differs
from the murine sequence by only one conservative amino acid sub-
stitution (kisspeptin-10; Phoenix Pharmaceuticals, Burlingame, CA). The
effects of kisspeptin have been reported to be long lasting (31, 32). We
thus used several drug application strategies to enable effective washout
to establish reversibility; the response to kisspeptin was prolonged with
all application methods attempted. The initial response to kisspeptin
was tested using a 5-min bath application. For dose-response studies,
cells were recorded for a 10-min control period to establish spontaneous
firing rate, and then kisspeptin (0.1, 1, 10, 20, 100 nm) was bath applied
for 1 min and washed out for 15 min. Attempts to perform dose-response
curves by treating each cell with multiple doses suggested down-reg-
ulation of the response. As a result, only one dose per cell and one cell
per brain slice was examined. No more than three cells per animal were
recorded.

Targeted extracellular recordings were also used to investigate the
role of fast synaptic transmission in kisspeptin action on GnRH neurons.
Slices were exposed via the bath to a cocktail of 100 �m picrotoxin to
block �-aminobutyric acid (GABA)A receptors, and 20 �m 6-cyano-7-
nitroquinoxaline-2,3-dione and 20 �m D(�)2-amino-5-phosphonova-
leric acid to block �-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid- and N-methyl-d-aspartic acid-type glutamate receptors, respec-
tively. Spontaneous firing activity was recorded for a 10-min control
period, 5-min exposure to 1 nm kisspeptin, and then 15 more minutes
of control solution as a wash.

To investigate effects of kisspeptin on membrane potential and cur-
rent of GnRH neurons, we performed whole-cell recordings in voltage-
and current-clamp modes to monitor the changes in membrane current
and potential, respectively, induced by kisspeptin. Reported values are
not corrected for an estimated �13 mV liquid junction potential (42). In
current-clamp recordings, the membrane capacitance was compensated
and cells had an initial membrane potential negative to �55 mV without
current injection and action potential amplitude of greater than 90 mV.
In voltage-clamp recordings, membrane potential was held at �60 mV.
During whole-cell recordings, input resistance, series resistance, and
membrane capacitance were continually measured. Only recordings
with stable input resistance greater than 500 m�, series resistance less
than 20 m�, and stable membrane capacitance were used for analysis.
Recording pipettes (3–4 m�) were filled with a solution containing the
following (in mm): 125 K-gluconate, 20 KCl, 10 HEPES, 5 EGTA, 4
MgATP, 0.4 NaGTP, and 0.1 CaCl2 (pH 7.2) (300 mOsm). In these studies,
the effects of kisspeptin were tested by adding 20 �l of 1 �m of kisspeptin
solution to the recording chamber.

Additional whole-cell voltage-clamp recordings were done in the
presence of 0.5 �m tetrodotoxin and the fast synaptic transmission block-
ade cocktail to minimize presynaptic influence on GnRH neurons. In
these recordings, membrane potential was clamped at �60 mV and
holding current changes were monitored; estradiol modulation was
tested by examining neurons from OVX and OVX�E mice. After a stable
pretreatment period, kisspeptin (10 nm) was added via the bath for 5
min. To begin to identify the underlying conductance altered by kisspep-
tin, additional recordings were done in the presence of 5 mm 4-amino-
pyridine and 20 mm tetraethylammonium to block voltage-dependent
potassium currents (43). Additional cells were recorded at �96 mV, the
reversal potential for potassium current under our experimental con-
ditions. Because there was no difference in the magnitude of inward
current between OVX and OVX�E mice, recordings to examine the
underlying conductance were performed on GnRH neurons from
OVX�E mice.

Data analysis

Using programs written for Igor Pro (41), extracellularly recorded
events were counted and binned at 1-min intervals to identify changes
in firing rate of GnRH neurons. Binned event data were analyzed for the
mean firing rate before treatment (control) during kisspeptin application
and during washout. Mean firing rate was determined by dividing the
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total number of events detected before, during, and after kisspeptin
treatment by the duration of recording in each condition; 2 min were
skipped after drug changes to eliminate transition periods. Fold change
after treatment was calculated for all targeted extracellular recordings
because of the inherent difference in firing rate of GnRH neurons from
OVX and OVX�E mice (39). Groups were compared using two-way
ANOVA followed by Bonferroni post hoc test. For whole-cell recordings,
change in amplitude of membrane potential (current clamp) or inward
current (voltage clamp) was measured from the pretreatment baseline
and compared using paired t test with each cell serving as its own
control. For whole-cell recording in which the effects of estradiol were
also evaluated, two-way ANOVA was used as above. Significance was
set at P � 0.05 and all data are reported as mean � sem.

Results
Estradiol enhances GnRH neuron response to kisspeptin

To examine estradiol sensitivity of the GnRH neuron re-
sponse to kisspeptin, we performed extracellular recordings.
Activity in these recordings reflects both intrinsic changes in
the recorded cell and changes in activity of neural afferents
remaining in the brain slice, providing a measure of the
integrated response of the GnRH neuron to kisspeptin. Fig-
ure 1 shows representative recordings of GnRH neurons
from OVX (Fig. 1A) and OVX�E (Fig. 1B) female mice; ex-
panded time scales of firing activity are shown in Fig. 1, D
and E. Kisspeptin (1 nm) increased firing activity of GnRH
neurons from both OVX and OVX�E animals (OVX, n � 10,
P � 0.01; OVX�E, n � 10, P � 0.001). There was a significant
interaction with estradiol, with cells from OVX mice re-
sponding less than those from OVX�E mice (Fig. 1C, P �
0.001).

Kisspeptin increases GnRH neuronal activity in dose-
dependent and estradiol-sensitive manner

To determine the dose-response of GnRH neuron activity
to kisspeptin and whether estradiol modulates this response,
we performed additional extracellular recordings of GnRH
neurons from OVX and OVX�E mice. Because of the pro-
longed response to a 5-min application of kisspeptin in the
first experiment, we reduced the duration to 1 min in an
attempt to enhance the ability to wash out the drug. As
shown in Fig. 2, kisspeptin increases activity of GnRH neu-
rons from both OVX and OVX�E mice in a dose-dependent

manner. The EC50 was not different between neurons from
OVX (3.6 nm) and OVX�E (4.5 nm) mice (P � 0.2). Estradiol
increased maximum response to kisspeptin (20 nm OVX re-
sponse, 3.3 � 0.5-fold, n � 6, OVX�E response, 7.1 � 1.5-fold,
n � 7, P � 0.001; 100 nm OVX response, 3.8 � 0.2-fold, n �
6; OVX�E response, 6.3 � 0.5-fold, n � 6, P � 0.05). These
results confirm the data in Fig. 1, demonstrating that estra-
diol potentiates the GnRH neuron response to kisspeptin.

Kisspeptin excites non-GnRH neurons in the medial
preoptic area

The widespread expression of GPR54 suggests kisspeptin
may affect other cell types. To test whether kisspeptin alters
firing rate of non-GnRH neurons, we recorded unidentified
cells in the medial preoptic area from OVX and OVX�E mice.
The dose-response data achieved with 1-min application
used in the previous experiment appropriately reached a
plateau at high doses, but the short duration kisspeptin ap-
plication did not reduce the duration of the biological re-
sponse. We thus returned to a 5-min duration. As Fig. 3
shows, kisspeptin (10 nm) increased firing activity of most
unidentified neuronal cells from both OVX and OVX�E an-

FIG. 1. Kisspeptin action on GnRH neurons from OVX
and OVX�E animals. A and B, Representative traces of
GnRH firing activity changes over time. Graph shows
firing rate over time; downward lines on the top are
individual action currents recorded, and kisspeptin (1
nM) application is marked by the black bar. Numbers
1–4 below action current records in A and B indicate
areas examined in detail in D and E, respectively. C,
Mean � SEM response; different letters indicate P � 0.001
with two-way ANOVA followed by Bonferroni post hoc
test. D and E, One-minute excerpts of action currents to
examine firing pattern during control period (1 and 3)
and during kisspeptin treatment (2 and 4) from OVX (D)
and OVX�E (E) mice.

FIG. 2. Estradiol enhances maximum firing rate response of GnRH
neurons to kisspeptin. Mean � SEM (**, P � 0.001; *, P � 0.05)
response of GnRH neurons from OVX�E and OVX mice to kisspeptin
showing curve fit.
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imals (OVX, n � 9, control, 1.1 � 0.2 Hz, kisspeptin, 1.9 � 0.4
Hz, P � 0.002; OVX�E, n � 8, control, 3.3 � 1.4 Hz, kisspep-
tin, 5.4 � 2.0 Hz, P � 0.002). These results suggest that
kisspeptin could regulate GnRH neurons through altering
synaptic transmission.

Blocking fast synaptic transmission reduces response to
kisspeptin in GnRH neurons from OVX�E but not
OVX mice

To determine whether fast synaptic transmission is im-
portant for the stimulatory action of kisspeptin on GnRH
neurons and whether this is dependent on estradiol milieu,
we blocked ionotropic GABA and glutamate receptors
(blockade). Both classes of receptors were blocked simulta-
neously to avoid imbalances between excitatory and inhib-
itory neurotransmission within the brain slice network (44,
45). After blockade, GnRH neurons from both OVX and
OVX�E mice still responded to kisspeptin with increased
firing, suggesting either direct effects on GnRH neurons or
indirect activation via neuromodulators as opposed to me-
diators of fast synaptic transmission such as GABA and
glutamate (Fig. 4). In GnRH neurons from OVX�E mice,
however, blockade of fast synaptic transmission significantly
reduced the response to kisspeptin (n � 10, P � 0.001, Fig.
4B). In contrast, response of GnRH neurons from OVX mice

was similar with and without blockade (n � 10, P � 0.05)
(Fig. 4A). These data suggest excitatory action of kisspeptin
on GnRH neurons from OVX�E, but not OVX, mice is par-
tially mediated by GPR54-expressing afferents.

Kisspeptin depolarizes GnRH neurons and generates an
inward current

To further examine actions of kisspeptin on GnRH neu-
rons, we performed whole-cell recordings of GnRH-GFP
neurons from female mice. During recording, 20 �l of 1 �m
kisspeptin was added to the recording chamber as a single
drop. Based on the volume of the solution in the chamber
(�1.5 ml), the maximum concentration reached is approxi-
mately 10 nm, although the 5- to 6-ml/min flow rate makes
it unlikely this level was achieved. In current-clamp mode,
kisspeptin application caused a marked persistent depolar-
ization (four of five cells; Fig. 5, A and B, P � 0.006), and upon
this depolarization, action potentials were generated (Fig.
5A). In voltage-clamp, kisspeptin induced a significant in-
ward current in GnRH neurons (Fig. 5C, n � 4, P � 0.001).
These data indicate that kisspeptin action on GnRH neurons
can be studied in the whole-cell configuration. Even with this
brief drug application, however, the response was pro-
longed. We thus returned to standard bath application for the
next experiments to test whether this effect is direct because
dosing is more consistent.

Kisspeptin generates an inward current in GnRH neurons,
regardless of estradiol milieu

The above studies suggest a direct action of kisspeptin on
GnRH neurons, but changes in neurotransmission and neu-
romodulation cannot be excluded. To isolate kisspeptin ac-
tion on GnRH neurons, voltage-clamp recordings were done
in the presence of both the blockade cocktail used above and
tetrodotoxin, which blocks action potential firing and thus
minimizes presynaptic release. Tetrodotoxin in combination
with blockade of the receptors conveying fast synaptic trans-
mission to remove the influence of spontaneous transmitter
release results in near pharmacological isolation of cells.
Kisspeptin significantly increased inward current in GnRH
neurons from both OVX (n � 7, P � 0.001) and OVX�E mice
(n � 8, P � 0.001) (Fig. 6, A and C). There was no difference
in the magnitude of the change in holding current change
between GnRH neurons from OVX and OVX�E mice (P �
0.6), suggesting that the inward current change evoked by
kisspeptin is not estradiol sensitive.

To begin to characterize the conductances that might be
responsible for the increase in inward current caused by
kisspeptin, we examined candidate channel blockers. First,
we noted that the change in current caused by kisspeptin was
similar in the absence (Fig. 5C) and presence (Fig. 6, A and
C) of tetrodotoxin, suggesting it was unlikely to be a voltage-
gated sodium channel. Because potassium channels play a
major role in setting the membrane potentials of cells (46), we
examined these next. When blockers of voltage-dependent
potassium currents were added to the bath before kisspeptin,
there was no change in holding current (n � 5, P � 0.2, Fig.
6, B and C). Furthermore, when kisspeptin was applied un-
der control conditions to cells held at the reversal potential

FIG. 3. Kisspeptin increases firing rate of non-GnRH neurons. Cells
from OVX mice (n � 9, P � 0.002) are on the left, and from OVX�E
mice (n � 8, P � 0.002) on the right. Mean firing rate before and after
kisspeptin are shown for each cell, connected by lines. The white
circles indicate cells that did not change firing rate by at least 30% in
response to kisspeptin. Kiss, Kisspeptin; con, control.

FIG. 4. Blockade of fast synaptic transmission decreases response to
kisspeptin in an estradiol-dependent manner. Mean � SEM firing rate
response of GnRH neurons from OVX (A) and OVX�E (B) animals are
recorded in the absence (white bars, control) and presence of fast
GABA and glutamate receptor blockers (black bars, blockade). Dif-
ferent letters indicate P � 0.05 with two-way ANOVA followed by
Bonferroni post hoc test.

1982 Endocrinology, April 2008, 149(4):1979–1986 Pielecka-Fortuna et al. • Direct and Indirect Effects of Kisspeptin

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/149/4/1979/2455350 by guest on 19 April 2024



for potassium (�96 mV), there was no change in holding
current (n � 4, P � 0.2, Fig. 6C), although input resistance still
increased. Together these data suggest that kisspeptin closes
potassium channels in GnRH neurons to generate the inward
current that leads to depolarization of these cells and that this
effect is not dependent on estradiol.

Discussion

Kisspeptin is a neuropeptide recently discovered to have
a strong stimulatory effect on GnRH neurons and to possibly
playing a major role in conveying steroid feedback regula-
tion to GnRH neurons. The action of kisspeptin can be direct
because GnRH neurons express GPR54 (29–32); however, it
may also be transsynaptic via GPR54-expressing afferents
because this receptor is widely expressed within the hypo-
thalamus (25–27). Here we demonstrate kisspeptin action on
GnRH neuronal activity is dose dependent and enhanced by
estradiol. In the presence of estradiol, kisspeptin activation
of GnRH neurons is likely via both transsynaptic and direct
mechanisms, and in the absence of estradiol indirect kisspep-
tin action is reduced.

Our data support previous work showing kisspeptin in-
creased GnRH neuron activity in proestrous female mice
(31). The present work extends those data in several ways.
First, the dose-response curve revealed that lower doses of
kisspeptin were effective. Second, the comparison of OVX
and OVX�E mice shows a role for estradiol in increasing

sensitivity to kisspeptin. Third, cells recorded in the whole-
cell configuration responded to kisspeptin, indicating that
dialysis of the cell inherent in this method does not preclude
kisspeptin action. This is important because whole-cell re-
cordings are valuable for future studies of specific
mechanisms.

Our work further began to probe the neurobiological
mechanisms for kisspeptin action. GPR54 is expressed not
only on GnRH neurons (29–32) but also in other parts of the
hypothalamus (25–27), suggesting kisspeptin can have wide-
spread effects on neurotransmission and neuromodulation,
affecting GnRH neurons both directly and indirectly. Con-
sistent with this postulate, blockade of fast synaptic trans-
mission reduced the response to kisspeptin in GnRH neurons
from OVX�E mice. In contrast, GnRH neurons from OVX
mice responded similarly in the presence and absence of
these receptor blockers. Under conditions of pharmacolog-
ical isolation of GnRH neurons in brain slices to minimize
presynaptic influence, kisspeptin caused a similar increase in
inward current in GnRH neurons from OVX and OVX�E
mice. Induction of the inward current in GnRH neurons by
kisspeptin was abolished by either pharmacological block-
ade of voltage-gated potassium channels or holding the cell
at reversal potential for potassium. Together these data sug-
gest direct effects of kisspeptin on GnRH neurons are similar
with and without estradiol and that kisspeptin action in-
volves changes in potassium channel conductances.

Unlike the direct effects of kisspeptin, experiments with
fast synaptic transmission blockade indicate that indirect
effects of this peptide were enhanced by estradiol treatment.
In this regard, kisspeptin may act directly on primary affer-
ents of GnRH neurons, or through multisynaptic pathways
altering neuromodulator release onto GnRH neurons.
Kisspeptin increased firing activity of unidentified hypotha-
lamic neurons from both OVX and OVX�E mice, indicating
estradiol is not needed for the response in non-GnRH neu-
rons. Yet blocking fast synaptic transmission had no effect on
the ability of kisspeptin to increase GnRH neuron activity in
OVX mice. Together these observations suggest estradiol
enables the connection between the presynaptic network
affected by kisspeptin and GnRH neurons. Removal of es-
tradiol by ovariectomy causes a disconnection between the
activation of presynaptic network elements by kisspeptin
and the conveying of these signals to GnRH neurons (Fig. 7).

FIG. 6. Kisspeptin generates an inward current in GnRH neurons.
All recordings were done in the presence of tetrodotoxin and blockers
of fast synaptic transmission. A, Kisspeptin generates a slow inward
current in GnRH neurons held at �60 mV under control conditions.
B, Pretreatment with the potassium channel blockers abolishes this
effect. C, Mean � SEM fold change in holding current showing inward
current generated by kisspeptin in GnRH neurons from OVX and
OVX�E mice and abolition of the current by K� block or holding the
cells at the reversal potential for potassium, �96 mV. *, P � 0.001.

FIG. 5. Kisspeptin increases activity of GnRH
neurons recorded in the whole-cell configuration.
A, Current-clamp recording in which drop of
kisspeptin added to the bath (arrow) depolarizes
the GnRH neuron by about �15 mV (upward
slope), upon which action potentials are produced
(upward spikes). B and C, Mean � SEM response.
*, P � 0.006; **, P � 0.001.
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The action of estradiol to increase response to kisspeptin by
engaging indirect mechanisms may be an important com-
ponent of the indirect regulation of GnRH neurons by this
steroid.

In this regard, estradiol modulation of the functional net-
work afferent to GnRH neurons has been observed. Specif-
ically, both GABA and glutamate transmission are altered in
a diurnal manner in the presence of estradiol (14, 47). The
diurnal changes in GABA transmission at least are depen-
dent on the presence of estradiol as the rate of transmission
remains constant in OVX mice. These changes might be due
to estradiol modulation of synapse density because studies
in rats showed that estradiol is capable of changing synapse
density during the estrous cycle (48). In general, during the
proestrous phase of the cycle, when estradiol levels are high,
synapse density was higher than in the estrous phase of the
cycle. Additionally, when female rats were ovariectomized
synapse density in the hippocampus was lower, compared
with OVX and E-treated rats (48). These studies suggest an
estradiol-induced plasticity of the indirect actions of kisspep-
tin in altering GnRH neuron activity.

Other work supports a link between estradiol and kisspep-
tin action. In mice kisspeptin expression is differentially reg-
ulated by estradiol in two distinct nuclei. Specifically, KiSS-1
expression increased after OVX and decreased after estradiol
replacement in the arcuate nucleus, whereas the opposite
effect was observed in the anteroventral periventricular nu-
cleus (AVPV) (18). Furthermore, in female rats during in-
duced LH surges, there is increased coexpression of KiSS-1
and the transcription factor Fos, a marker of neuronal ac-
tivity, in the AVPV. This was correlated with increased Fos
expression in GnRH neurons (49). A preliminary report sug-
gests similar findings in mice; Fos expression in KiSS-1 neu-

rons in the AVPV was observed during positive but not
negative feedback (50). The above data suggested that
kisspeptin neurons in the AVPV are targets for transcrip-
tional activation by estradiol and may be one means to con-
vey estradiol stimulatory action to induce the GnRH/LH
surge. The AVPV expresses GPR54 (51), and neurons in this
region use both GABA and glutamate as transmitters and
project to GnRH neurons (52), suggesting a possible source
of indirect action of kisspeptin via changes in fast synaptic
transmission.

A recent report in GPR54 knockout mice demonstrated
these mice can still exhibit positive feedback to estradiol (53).
This suggests signaling through GPR54 is not crucial for
estradiol-positive feedback, at least in mice. One possible
explanation is that the estradiol-kisspeptin feedback loop in
one of several redundant mechanisms for generating positive
feedback. In this regard, as mentioned above, increased
transmission via GABA and glutamate are also hallmarks of
positive feedback as is an increase in vasoactive intestinal
polypeptide action (54–56). Other factors, such as cat-
echolamines, neuropeptide Y, and vasopressin, have also
been implicated in surge generation (57–62). Given the im-
portance of the surge for passing on genetic material, it is not
surprising that multiple redundant systems exist and that
loss of one component can be compensated by others. Of
note, the increases in GABA and glutamate transmission as
well as vasoactive intestinal polypeptide action also occur
only in subpopulations of GnRH neurons (14, 47, 56).

In summary, our data suggest that kisspeptin can activate
GnRH neurons directly and in the presence of estradiol also
through the presynaptic network. The enhanced response to
kisspeptin in the presence of estradiol could contribute along
with increased kisspeptin neuron activity to the positive
feedback response of a subpopulation of GnRH neurons.
Future studies will identify the transsynaptic mechanisms
enabled by kisspeptin as well as the direct mechanisms
through which kisspeptin acts on GnRH neurons.
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