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The Acute Effects of Leptin Require PI3K Signaling in the
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Evidence suggests that the role played by the adipocyte-derived hormone leptin in female reproductive physiology is mediated in part by
neurons located within the ventral premammillary nucleus (PMV). Leptin activates PMV neurons; however, the intracellular signaling
pathway and channel(s) involved remain undefined. Notably, leptin’s excitatory and inhibitory effects within hypothalamic and brains-
tem nuclei share the intracellular signaling cascade phosphoinositide 3 kinase (PI3K). Therefore, we assessed whether PI3K signaling is
required for the acute effect of leptin to alter cellular activity of PMV neurons that express leptin receptors (LepR PMV neurons). Leptin
caused a rapid depolarization in the majority of LepR PMV neurons in patch-clamp recordings of hypothalamic slices, while a subset of
LepR PMV neurons were hyperpolarized in response to leptin. Data were obtained from both male and female mice and results demon-
strate that the acute effect of leptin on LepR PMV neurons was identical for both sexes. Pharmacological inhibition of PI3K prevented the
acute leptin-induced change in neuronal activity of LepR PMV neurons, indicating a PI3K-dependent mechanism of leptin action.
Similarly, mice with genetically disrupted PI3K signaling in LepR PMV neurons failed to alter cellular activity in response to leptin.
Moreover, the leptin-induced depolarization was dependent on a putative TRPC channel. In contrast, the leptin-induced-
hyperpolarization required the activation of a putative Katp channel. Collectively, these results suggest that PI3K signaling in LepR PMV
neurons is essential for leptin-induced alteration in cellular activity, and these data may suggest a cellular correlate in which leptin
contributes to the initiation of reproductive development.

Introduction
The adipocyte-derived hormone leptin has a profound influence
on energy and glucose homeostasis. Leptin has also been impli-
cated in pubertal development and fertility (Clayton et al., 1997;
Mantzoros et al., 1997; Quinton et al., 1999). Leptin’s role in
sexual development is highlighted by the fact that leptin defi-
ciency or lack of the leptin receptor (LepR) results in a failure of
sexual maturity (Coleman, 1978; Zhang et al., 1994; Tartaglia et
al., 1995). Moreover, leptin is required for pubertal development
in normal female mice and rescues the infertility of ob/ob mice
(Ahima et al., 1996, 1997), probably signaling directly in the brain
at what time the body is ready for sexual maturation (de Luca et
al., 2005). Leptin also increases luteinizing hormone (LH) secre-

tion during negative energy balance in many species, including
humans (Ahima et al., 1996; Nagatani et al., 1998; Watanobe et
al., 1999; Chan et al., 2003; Welt et al., 2004). Together these data
suggest that leptin may be acting directly in the brain to initiate
reproductive development. Importantly, recent evidence sug-
gests that leptin may act directly within the ventral premam-
millary nucleus (PMV) to control many parameters of the
reproductive physiology (Clayton et al., 1997; Mantzoros et al.,
1997; Quinton et al., 1999; Donato et al., 2009, 2011). Inter-
estingly, leptin has recently been shown to activate �75% of
the neurons that express leptin receptors within the PMV (Le-
shan et al., 2009). Leshan et al. (2009) further demonstrated
that PMV neurons that express leptin receptor directly inner-
vate gonadotropin-releasing hormone (GnRH) neurons, high-
lighting a potential role of PMV neurons in stimulating LH
secretion from the pituitary gland. Together these data demon-
strate that although great strides have been made in understand-
ing the effects of leptin on PMV neurons as they relate to
mammalian fertility and pubertal development, the intracellular
signaling pathway and channel(s) underlying leptins acute effects
within the PMV remain undefined.

The arcuate nucleus has received significant attention with
respect to the acute effects of leptin on cellular activity and may
serve as a model system for the possible leptin-induced effects on
cellular activity in other CNS nuclei (e.g., PMV). Importantly,
leptin’s excitatory and inhibitory effects within the hypotha-
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lamic and brainstem nuclei share the intracellular signaling
cascade phosphoinositide 3 kinase (PI3K) (Spanswick et al.,
1997; Cowley et al., 2001; van den Top et al., 2004; Williams
and Smith, 2006; Williams et al., 2007; Hill et al., 2008b). In
the arcuate nucleus, leptin depolarizes arcuate POMC neurons
via a PI3K-dependent activation of a putative TRPC channel
(Hill et al., 2008b; Qiu et al., 2010), while at the same time
leptin hyperpolarizes arcuate NPY/AgRP neurons via a PI3K-
dependent activation of a Katp channel (Spanswick et al.,
1997; van den Top et al., 2004). We therefore tested the hy-
pothesis that PI3K signaling in PMV neurons that express the
leptin receptor, LepR PMV neurons, is necessary for normal
leptin responsiveness in the PMV.

Materials and Methods
Subjects. The mice in this study were housed in the University of Texas
Southwestern Medical Center Animal Resource Center, in a light- (12 h
on/12 h off) and temperature- (21–23°C) controlled environment. They
were fed standard chow diet (Harlan Teklad Global Diet) and had ad
libitum access to water. All experiments were performed in accordance
with the guidelines established by the National Institute of Health Guide
for the Care and Use of Laboratory Animals, as well as with those estab-
lished by the University of Texas Institutional Animal Care and Use
Committee.

Leptin administration. Male (8 –10 weeks) pathogen-free C57BL/6
mice were housed in a light-dark (12 h on/off; lights on at 7:00 A.M.) and
temperature-controlled environment with food and water available ad
libitum. C57BL6 mice were injected with recombinant murine leptin
intraperitoneal (n � 3, 5.0 mg/kg; provided by A. F. Parlow, Harbor-
UCLA Medical Center, Torrance, California; through the National Hor-
mone and Peptide Program) or pyrogen-free saline (n � 3, Sigma). All
injections were given between 11:00 A.M. and 12:00 P.M. After 45 min,
they were perfused and brains were dissected and processed as follows.

Histology. To assess whether the PI3K catalytic subunits p110� and
p110� are expressed in neurons that express LepR, we crossed the LepR-
IRES-Cre mice with the reporter mice that express �Gal [B6.129S4-
Gt(ROSA)26-Sortm1Sor/J; The Jackson Laboratory] in a Cre-dependent
manner (Srinivas et al., 2001) to obtain the LepR-reporter mice. In this
study, we used adult (90 –100 d old) male mice homozygous for Cre-
recombinase. The LepR-Cre reporter mice and those treated with leptin
or saline were perfused with 10% buffered formalin, and brains were
dissected, cryoprotected overnight, and cut in the frontal plane into 25
�m sections on a freezing microtome. Five series were collected into
antifreeze solution prepared with diethyl pyrocarbonate (DEPC)-treated
water and were stored at �20°C.

In situ hybridization. The generation and validation of Pik3ca (p110�)
riboprobe have been described in previous study ((Hill et al., 2009). To
produce the Pik3cb (p110�) riboprobe, PCR fragments were amplified
with ExTaq DNA polymerase (Takara) from cDNA generated with the
SuperScript II Reverse Transcriptase (Invitrogen) for RT-PCR, using
total mouse hypothalamic RNA as template. The Pik3cb probe is
equivalent to positions 2625 to 3102 of GenBank accession number
NM_029094.3 (primer forward: 5�-cgtcatcctctcagagctct-3�; primer
reverse: 5�-gttgtcactgtgcctgtcacca-3�).

Antisense and sense 35S- or 33P-labeled probes were generated with
MAXIscript In Vitro Transcription Kits (Ambion) with 35S-UTP or 33P-
UTP. The nucleotide mixture was then digested with DNase, and the
labeled probes were purified and collected by using resin spin columns
(GE Healthcare). The labeled probes were diluted (10 6 dpm/ml) in a
hybridization solution containing 50% formamide, 10 mM Tris-HCl, pH
7.5 (Invitrogen), 1% sheared salmon sperm DNA (Sigma-Aldrich), 5 mg
of tRNA (Invitrogen), 2.5% total yeast RNA (Sigma), 100 mM dithiothre-
itol, 10% dextran sulfate, 0.6 M NaCl, 0.5 mM EDTA, pH 8.0, 0.1% SDS,
0.1% sodium thiosulfate, and 1� Denhardt’s solution (Sigma). Hybrid-
ization solution and a coverslip were applied to each slide, and sections
were incubated overnight, at 57°C. On the following day, sections were
incubated in 0.02% RNase A (Roche Applied Bioscience) solution and

submitted to stringency washes. Sections were then dehydrated and en-
closed in x-ray film cassettes with Kodak BioMax MR-2 film (Carestream
Molecular Imaging) for 3 d. Subsequently, the slides were dipped in
Kodak NTB autoradiographic emulsion (Carestream Molecular Imag-
ing), dried, and stored at 4°C for 15 d. Slides were developed with Dektol
developer and Fixer (Kodak/Carestream Molecular Imaging), counter-
stained with thionin, dehydrated, cleared in xylenes, and coverslipped
with Permaslip (Newcomer Supply). Control procedures included hy-
bridization with sense probes.

Dual-label immunohistochemistry/in situ hybridization. The procedure
was a modification of that described previously (Liu et al., 2003). Series of
brain sections containing the hypothalamus of LepR-IRES-Cre/LacZ
mice or of mice treated with leptin or saline were rinsed with DEPC-
treated PBS, pH 7.0, for 1 h and in 0.1% sodium borohydride (Sigma) in
DEPC-PBS for 15 min. Sections were then incubated for 10 min in 0.25%
acetic anhydride in 0.1 M TEA. The Fos and p110� 35S-labeled ribo-
probes or the p110� 33P-labeled riboprobe were diluted to 10 6 cpm/ml in
hybridization buffer as described and applied to series of hypothalamic
sections. Sections were hybridized overnight at 50°C. The following day,
tissue was rinsed four times in 4� sodium chloride/sodium citrate (SSC)
and was incubated in 0.02% RNase A (Roche Applied Bioscience) diluted
in 0.5 M NaCl, 10 mM Tris-HCl, pH 8.0, and 1 mM EDTA for 30 min at
37°C. Sections were submitted to stringency wash in 0.1� SSC for 60 min
at 55°C. Series of sections of mice treated with leptin or saline were
incubated in anti-pSTAT3 antisera raised in rabbit (1:2000, Cell Signal-
ing Technology) for 48 h and processed for standard immunoperoxidase
reaction using ABC kit (Vector). Series of sections from LepR-IRES-Cre/
LacZ mice were incubated in anti-�Galactosidase (1:10,000, Abcam, cat#
ab9361) antisera and processed for standard immunoperoxidase reac-
tion using ABC kit (Vector). Tissue was mounted onto SuperFrost Plus
slides (Fisher Scientific) and dehydrated in increasing concentrations of
ethanol. After air drying, slides were placed in x-ray film cassettes with
BMR-2 film (Kodak) for 1–3 d. Slides were then dipped in NTB2 photo-
graphic emulsion (Kodak), dried overnight, and stored in desiccant-
containing foil-wrapped slide boxes at 4°C for 1–3 weeks. Slides were
developed with Dektel developer (Kodak), dehydrated in increasing con-
centration of ethanol, cleared in xylenes, and coverslipped with Per-
maslip. Sections were analyzed with a Zeiss Axioplan microscope.

Estimates of cell counts. The estimates of cell counts were performed as
previously described (Elias et al., 1999). Briefly, the relative number of
dual-labeled neurons was counted in one side and one rostrocaudal level
of specific nuclei. We quantified the colocalization of pSTAT3-ir and Fos
mRNA in the PMV and the colocalization of �Gal-ir and p110� or p110�
mRNA in the arcuate nucleus, the dorsomedial nucleus of the hypothal-
amus, and the PMV using a 10� and 20� objectives. Only cells contain-
ing silver grains 3� above background levels overlaying a brown (DAB
stained) nucleus (pSTAT3-ir) or cytoplasm (�Gal-ir) were considered
positive. The data were not corrected for double counting because the
objects we were counting did not change in size, and section thickness
did not vary between groups. Any systematic error should be identical
for all groups. Hence, as all double-label studies are inherently qual-
itative, our results are meant to provide relative data, but are not
meant to be accurate estimates of absolute cell counts. Data are pre-
sented as mean � SEM.

Production of photomicrographs. Photomicrographs were produced
by capturing images with a digital camera (Axiocam, Zeiss) mounted
directly on the microscope (Zeiss Axioplan). Image-editing software
(Adobe Photoshop CS3) was used to combine photomicrographs into
plates. Only the sharpness, contrast, and brightness were adjusted.

Electrophysiology. Whole-cell patch-clamp recordings were performed
on 113 LepR PMV neurons from 65 mice (36 male and 29 female) main-
tained in hypothalamic slice preparations, and data analysis was per-
formed as previously described (Hill et al., 2008b; Williams et al., 2010).
An additional 12 LepR PMV neurons were recorded from 6 mice (2
female and 4 male) deficient for both p110� and p110� in LepR neurons
with concomitant EYFP or tdtomato reporter expression. Briefly, 4- to
16-week-old male or female mice were deeply anesthetized with intra-
peritoneal injection of 7% chloral hydrate and transcardially perfused
with a modified ice-cold artificial CSF (ACSF) (described below), in
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which an equiosmolar amount of sucrose was substituted for NaCl. The
mice were then decapitated, and the entire brain was removed, and im-
mediately submerged in ice-cold, carbogen-saturated (95% O2 and 5%
CO2) ACSF (126 mM NaCl, 2.8 mM KCl, 1.2 mM MgCl2, 2.5 mM CaCl2,
1.25 mM NaH2PO4, 26 mM NaHCO3, and 5 mM glucose). A brain block
containing the hypothalamus was made. Coronal sections (250 �m) were
cut with a Leica VT1000S Vibratome and then incubated in oxygenated
ACSF at room temperature for at least 1 h before recording. Slices were
transferred to the recording chamber and allowed to equilibrate for
10 –20 min before recording. The slices were bathed in oxygenated ACSF
(32°C–34°C) at a flow rate of �2 ml/min. The pipette solution for whole-
cell recording was modified to include an intracellular dye (Alexa Fluor
594, Alexa Fluor 488, or Alexa Fluor 350) for whole-cell recording: 120
mM K-gluconate, 10 mM KCl, 10 mM HEPES, 5 mM EGTA, 1 mM CaCl2,
1 mM MgCl2, and 2 mM MgATP, 0.03 mM Alexa Fluor 594, Alexa Fluor
488, or Alexa Fluor 350 hydrazide dye, pH 7.3. Epifluorescence was
briefly used to target fluorescent cells, at which time the light source was
switched to infrared differential interference contrast imaging to obtain
the whole-cell recording (Zeiss Axioskop FS2 Plus equipped with a fixed
stage and a QuantEM:512SC electron-multiplying charge-coupled de-
vice camera). Electrophysiological signals were recorded using an
Axopatch 700B amplifier (Molecular Devices), low-pass filtered at
2–5 kHz, and analyzed offline on a PC with pCLAMP programs (Mo-
lecular Devices). Recording electrodes had resistances of 2.5–5 M�
when filled with the K-gluconate internal solution. Input resistance
was assessed by measuring voltage deflection at the end of the re-
sponse to a hyperpolarizing rectangular current pulse steps (500 ms of
�10 to �50 pA). For some experiments measuring ramp current–
voltage ( I–V) relationships, the K-gluconate internal solution was
replaced with Cs-gluconate, and the extracellular solution contained
sodium, potassium, Ih (HCN), and calcium channel blockers (126 mM NaCl,
5 mM 4-aminopyridine, 2.8 mM KCl, 1.2 mM MgCl2, 100 �M CdCl2, 2.5 mM

CaCl2, 1 mM CsCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3, 1 �M TTX, and 5
mM glucose). Membrane potential values were compensated to account for
junction potential (�8 mV).

Leptin (100 nM; provided by A. F. Parlow, through the National Hor-
mone and Peptide Program) was added to the ACSF for specific experi-
ments. Solutions containing leptin were typically perfused for 2– 4 min. A
drug effect was required to be associated temporally with peptide appli-
cation, and the response had to be stable within a few minutes. A neuron
was considered depolarized or hyperpolarized if a change in membrane
potential was at least 2 mV in amplitude. After recording, slices were
fixed with 4% formalin in PBS at 4°C overnight. After washing in PBS,
slices were mounted onto slides, covered in Vectashield (Vector Labora-
tories), and coverslipped to reduce photo-oxidation during visualization
with fluorescent light. Cells were then visualized with ApoTome imaging
system (Imager Z1; Zeiss) to identify post hoc the anatomical location of
the recorded neuron.

Drugs. TTX, SKF96365, and 2-APB were obtained from Tocris Biosci-
ence. All solutions were made according to manufacturer’s specifica-
tions. Stock solutions of SKF96365 and 2-APB were made by dissolution
in DMSO (Sigma). The concentration of DMSO in the external solution
was �0.1%. Stock solutions of leptin were made by dissolution in D-PBS
(Invitrogen). Stock solutions of TTX were made by dissolution in deion-
ized water.

Data analysis. Statistical data are expressed as mean � SEM, where n
represents the number of cells/animals studied. The significance of dif-
ferences between groups was evaluated using unpaired two-tailed Stu-
dent’s t test with a confidence level of p � 0.05 (*). Degrees of freedom
(DF) for t statistics are marked as t(DF).

Results
PMV neurons in rats and mice express LepRs and are directly
engaged by circulating leptin as peripheral leptin administration
induces the expression of SOCS-3 mRNA, pSTAT3 and Fos pro-
tein in PMV neurons (Elmquist et al., 1997, 1998; Elias et al.,
2000, 2001; Leshan et al., 2009). To identify LepR-expressing
neurons in the PMV, mice expressing Cre under the control of

the endogenous Lepr promoter (LepRb-IRES-Cre mice) (De-
Falco et al., 2001) were crossed to various reporter mice that carry
a Cre-inducible R26R-EYFP (The Jackson Laboratory #006148;
Fig. 1A), R26R-LacZ (The Jackson Laboratory, #003309), or
R26R-tdtomato (The Jackson Laboratory, #007908) allele. In our
reporter mice (LepR-LacZ), we previously demonstrated that
94 � 3% of all LacZ-immunoreactive neurons in the PMV ex-
pressed pSTAT3 following leptin administration; thus, LepR-
LacZ expression identifies neurons that are a potential direct
target of leptin (Scott et al., 2009). Additionally, using dual-label
immunohistochemistry/in situ hybridization, we found that a
high proportion of pSTAT3-immunoreactive neurons within the
PMV also express Fos mRNA (76.8 � 11.9% neurons; t(2) �
11.19; n � 3; Fig. 1B). Fos expression has been widely accepted as
an indirect marker for neuronal activation; thus, we hypothesized
that leptin directly stimulates a high percentage of PMV neurons
expressing LepR.

Effects of leptin on LepR PMV membrane potential
To better assess the acute effects of leptin on PMV neurons,
whole-cell patch-clamp recordings were performed on LepR-
EYFP neurons anatomically confined to the PMV (Figs. 1A,C–F,
2A,B). LepR PMV neurons were recorded at rest in current-
clamp mode. Alternatively, neurons recorded in voltage-clamp
mode were transiently monitored for changes in resting mem-
brane potential by periodically removing voltage clamp (i.e.,
switch to I � 0) to monitor resting membrane potential. Neurons
were dialyzed with Alexa Fluor 594 or Alexa Fluor 350 hydrazide
dye throughout the recording. Recorded neurons were identified
as EYFP-labeled PMV neurons via real-time visualization under
fluorescence microscopy and via post hoc identification of Alexa
Fluor dye (Fig. 1C–F). In current-clamp mode, leptin (100 nM)
caused a depolarization from rest in 10 of 13 PMV-EYFP neurons
in female mice (77%, 	7.7 � 0.9 mV; resting membrane poten-
tial, �57.5 � 1.6 mV; n � 10; Fig. 1G) and 8 of 11 PMV-EYFP
neurons in slices from male mice (75%, 	7.1 � 0.8 mV; resting
membrane potential, �56.5 � 1.2 mV; n � 8). The remaining
three neurons in each group were hyperpolarized from rest
(�7.0 � 2.4 mV; in females, n � 3; and �6.7 � 1.2 mV; in males,
n � 3; Fig. 2). Similar to the effects of leptin observed in hypo-
thalamic (Spanswick et al., 1997, 2000; Hill et al., 2008b) and
brainstem nuclei (Williams and Smith, 2006; Williams et al.,
2007), subsequent application of tolbutamide (200 �M) com-
pletely reversed the leptin-induced hyperpolarization in LepR
PMV neurons (n � 3), suggesting that leptin hyperpolarizes a
subset of LepR PMV neurons via activation of a Katp channel.
The differential responses suggests that at least two popula-
tions of leptin-responsive PMV neurons exist, one that is di-
rectly activated and one that is directly inhibited by leptin.
These data demonstrate that the effect of leptin on the acute
cellular activity of LepR PMV neurons was identical for both
male and female mice. Thus, unless otherwise indicated, the
data from both sexes will be reported together for the remain-
der of the manuscript.

Similar to reports describing acute leptin activation in other
regions of the hypothalamus (Cowley et al., 2001; Dhillon et al.,
2006; Hill et al., 2008b), the depolarization was long lasting in
most of the cells such that the depolarization did not reverse
during the recording (n � 14, from male and female mice). How-
ever, four cells completely recovered membrane potential
within 20 –30 min after washout (Fig. 1G). In the presence of 2
�M TTX, leptin depolarized all PMV-EYFP cells tested (6.6 �
1.9 mV; n � 5; Fig. 1 H), indicative of a direct membrane
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depolarization independent of action-
potential-mediated synaptic transmis-
sion. Conversely, all non-EYFP neurons
tested were unaffected by leptin (1.2 �
0.4 mV, n � 5), suggesting that the ef-
fects of leptin are specific to neurons
that express leptin receptors.

A subset (n � 22) of LepR PMV neu-
rons were recorded in voltage clamp un-
der normal recording conditions at a
membrane potential of �50 mV, and
changes in whole-cell current after leptin
(100 nM) application were observed. Ap-
plication of leptin resulted in an inward
current in 15 of 22 neurons (�11.5 � 1.2
pA, n � 15; Fig. 3). Of the remaining neu-
rons, leptin application resulted in an out-
ward current in six neurons (	9.9 � 2.9,
n � 6), while one cell was unresponsive to
superfusion of leptin. Together these data
demonstrate that leptin predominately
activates an inward current contributing
to the excitation of LepR PMV neurons.
However, a subset of LepR PMV neurons
are inhibited by a leptin-activated out-
ward conductance, putative Katp chan-
nel, suggesting that the effects of leptin in
the PMV mirror those observed in the ar-
cuate POMC and NPY/AgRP neuronal
populations, respectively.

Leptin effects on the neuronal
excitability of LepR PMV neurons
LepR PMV neurons that were depolarized
in response to leptin were subjected to a
rectangular current step protocol (400
ms; �10 –50 pA) to obtain an I–V plot. In
male and female mice, the depolarization
was accompanied by a 20% decrease in
whole-cell input resistance, such that the
input resistance was reduced from 1059 �
281 M� in control ACSF to 852 � 211
M� in leptin (n � 14; t(13) � 5.71; p �
0.000137, paired two-tailed t test; Fig. 1 I).
Extrapolation of the slope conductance in
control and leptin-containing ACSF re-
vealed a reversal potential of �24.5 � 3.5
mV (n � 14; Fig. 1 I), which suggests a
putative mixed-cation channel involved
in the leptin-induced depolarization of
PMV cells. Six neurons that were hyper-
polarized in response to leptin (100 nM)
were subjected to the same rectangular
current step protocol to obtain an I–V
plot. All six neurons exhibited a decrease
in the whole-cell input resistance, sug-
gestive of an increased conductance
(1205.2 � 77.9 M� in control ACSF;
1034.3 � 61.2 M� in leptin; n � 6; t(5) �
5.54; p � 0.05, paired t test; Fig. 2E). The I–V plot revealed a
reversal potential of the leptin-induced hyperpolarization that
was near the equilibrium potential for K	 (�88.0 � 5.6 mV; n �
6; Fig. 2E), supporting a leptin-induced activation of a potassium

conductance, putative Katp channel, in this subset of PMV
neurons.

The leptin-induced depolarization of LepR PMV neurons is
concomitant with an activated conductance with a reversal po-

Figure 1. Leptin causes depolarization of PMV neurons that express leptin receptors. A–E, Identification of PMV-LepR-EYFP
cells for whole-cell patch-clamp recordings. A, Distribution of GFP immunoreactivity (GFP-ir) in the PMV of LepR-EYFP mice. B,
Immunohistochemistry coupled with in situ hybridization histochemistry (ISHH) demonstrates that some LepR-PMV neurons
express Fos-mRNA following intraperitoneal leptin. The neurons containing clusters of silver grains were hybridized with 35S-
labeled Fos riboprobe. The pSTAT3-immunoreactive neurons contain brown nuclear reaction product. Single arrows indicate cells
positive for both Fos-ISHH and pSTAT3-IR. C, Bright-field illumination of a PMV-LepR-EYFP neuron during acquisition of a whole-
cell recording (arrow indicates the targeted cell). D, The same neuron under fluorescent (FITC) illumination. E, Image showing the
complete dialysis of Alexa Fluor-594 (AF-594) from the intracellular pipette at the end of the recording. F, Post hoc identification of
recorded neuron within the PMV and in relation to anatomical landmarks (ARH, arcuate nucleus; 3V, third ventricle; f, fornix). G,
Current-clamp recording of cell depicted in previous panels (C–F ) demonstrating that leptin (100 nM) application results in a
depolarization of most PMV LepR-EYFP neurons. The depolarization reversed 20 min following washout of leptin. Downward
deflections represent voltage deflections to hyperpolarizing current injections. H, Histogram showing the depolarization of PMV
LepR-EYFP neurons in response to leptin. I, I–V plot from a group (n � 14) of PMV-LepR-EYFP neurons illustrates a characteristic
reduction in input resistance during the leptin-induced depolarization. Arrows indicate responses before and during leptin appli-
cation (reversal � �24 mV). Scale bars: A, F, 400 �m; B, 80 �m; (in C) C–E, 50 �m.
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tential indicative of a putative mixed-/nonselective-cation chan-
nel. To better assess changes in membrane conductance, a subset
of LepR PMV neurons were transiently recorded in voltage
clamp. Current–voltage relationships were examined by applying
voltage ramps (�130 mV to 10 mV in 1.4 s, 100 mV/s) from a
holding potential of �50 mV in five neurons that were also de-
polarized in response to leptin. Extrapolation of the linear por-
tion of the net current revealed a reversal potential (�25.5 � 3.9
mV, n � 5; Fig. 3B). To better isolate the leptin-activated con-
ductance, changes in membrane conductance were further exam-
ined in a subset of LepR PMV neurons in which cesium was used
as the primary cation in the recording pipette and the potassium
channel antagonist 4-AP (5 mM), the calcium channel blocker
cadmium chloride (100 �M), the Ih blocker cesium chloride (1
mM), and the voltage-gated sodium channel antagonist TTX (1
�M) were added to the extracellular medium. Application of lep-
tin resulted in an inward current at �50 mV of �11.7 � 1.7 pA in
six of nine neurons tested (n � 6; Fig. 3C,D). The subtracted

current revealed a net current with a reversal potential of
�28.4 � 3.7 mV (n � 6, Fig. 3D). The remaining three neurons
were unaffected by leptin in this recording condition. Collec-
tively, these data suggest that leptin activates a mixed-/
nonselective-cation whole-cell conductance independent of
afferent inputs in LepR PMV neurons.

Leptin excites LepR PMV neurons via activation of a
TRPC channel
Leptin-induced inward currents in POMC neurons have recently
been attributed to the activation of TRPC channels (Qiu et al.,
2010). Given the electrophysiological properties of the leptin-
activated current observed in the present study (Fig. 3C,D), we
hypothesized that TRPC channels may also mediate the acute
excitatory effects of leptin on LepR PMV neurons. To directly
assess the role of TRPC channels in the leptin-dependent depo-
larization of LepR PMV neurons, we used the TRPC channel
antagonists, SKF96365 (100 �M) and 2-APB (100 �M) (Qiu et al.,
2010). Preapplication of SKF96365 completely prevented the de-
polarization of LepR PMV neurons by leptin in 11 of 12 neurons
examined (0.1 � 0.4 mV, n � 11; Fig. 3F). Interestingly, the one
remaining neuron was hyperpolarized in the presence of
SKF96365, suggesting that the leptin-induced hyperpolarization
occurs independent of a TRPC channel. Moreover, as observed in
control conditions, tolbutamide (200 �M) completely reversed
the hyperpolarization, further supporting the involvement of a
Katp channel in the leptin-induced hyperpolarization of LepR
PMV neurons. Similarly, all neurons were unresponsive to leptin
when pretreated with 2-APB (�0.5 � 0.4 mV; n � 11; Fig. 3E).
These data support the involvement of TRPC channels in the
leptin-induced neuronal activation of LepR PMV neurons while
a putative Katp channel is responsible for the leptin-induced in-
hibition of LepR PMV neurons.

PMV neurons that putatively express LepR coexpress PI3K
catalytic subunits
Leptin activates an ATP-sensitive K	 conductance via a PI3K-
mediated mechanism in hypothalamic cell lines and hypotha-
lamic brain slices (Spanswick et al., 1997, 2000; Mirshamsi et al.,
2004), including NPY neurons of the arcuate nucleus (van den
Top et al., 2004) and neurons in the dorsal vagal complex (Wil-
liams and Smith, 2006; Williams et al., 2007). Similarly, a PI3K-
mediated mechanism has been implicated in the leptin-induced
depolarization of arcuate POMC neurons(Hill et al., 2008b). In
numerous cell types, PI3K acts in a heterodimeric form consist-
ing of a single 85 kDa regulatory (p85� or p85�) and a single 110
kDa catalytic (p110�, p110�, or p110�) subunit. A recent report
suggests that the acute effects of leptin and insulin are dependent
on either p110� and/or p110� in arcuate POMC and NPY/AgRP
neurons (Al-Qassab et al., 2009). To assess whether LepR PMV
neurons coexpress PI3K catalytic subunits Pik3ca (p110�) and
Pik3cb (p110�), we performed dual-label in situ hybridization
immunohistochemistry in hypothalamic sections of LepR-LacZ
mice. We found that both subunits display similar expression
patterns throughout the hypothalamus (Table 1). Both genes
were particularly abundant in nuclei related to energy homeosta-
sis, including the ventromedial, the dorsomedial, and the arcuate
nuclei (Hill et al., 2009), and also in the PMV. We also noticed
that Pik3ca displays higher expression levels compared to Pik3cb
throughout the hypothalamus (data not shown). Because Pik3cb
showed lower expression levels, we used a radioisotope with
higher activity ( 33P-UTP versus 35S-UTP used for Pik3ca) to de-
termine the degree of colocalization with the LepR reporter gene

Figure 2. Leptin causes a hyperpolarization in a subset of PMV LepR-EYFP neurons. A,
Image illustrating post hoc identification of a recorded neuron that hyperpolarized in
response to leptin. Recorded PMV LepR-EYFP neuron was dialyzed with Alexa Fluor-594
throughout recording. The arrow indicates the targeted cell. B, Same slice under dark-
field optics, for reference. C, Current-clamp recording of the same cell as in A demonstrat-
ing a leptin-induced (100 nM) hyperpolarization observed in a subpopulation of all PMV
LepR-EYFP neurons. The hyperpolarization reversed 15 min after washout of leptin. D,
Histogram depicting the hyperpolarization observed in male and female PMV LepR-EYFP
neurons after leptin application. E, I–V plot from a group (n � 6) of PMV LepR-EYFP
neurons illustrates a reduction in input resistance observed during the leptin-induced
hyperpolarization. Arrows indicate responses before and during leptin application (rever-
sal � �88 mV). Scale bars: A, B, 200 �m.
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(Fig. 4A–F). In general, we found a higher
percentage of colocalization between the
LepR reporter gene and Pik3ca compared
to Pik3cb (Table 1). In the PMV, of the
total neurons that putatively express
LepR, 90% coexpress Pik3ca while 65%
coexpress Pik3cb.

Mechanisms of the leptin-induced
change in neuronal activity of LepR
PMV neurons
To determine whether PI3K is responsi-
ble for the leptin-induced changes in
neuronal excitability of LepR PMV neu-
rons, slices were pretreated with the se-
lective PI3K inhibitors, wortmannin
and LY294002. When pretreated with
wortmannin (100 nM), leptin failed to
either depolarize or hyperpolarize all
PMV neurons targeted (�0.2 � 0.4 mV;
n � 10; Fig. 4G). Similarly, the PI3K in-
hibitor LY294002 (10 �M) blocked the
leptin-induced alteration in the mem-
brane potential in all LepR PMV neurons
examined (0.3 � 0.4 mV; n � 10; Fig.
4H), suggesting the involvement of PI3K
in both the leptin-induced depolarization
and hyperpolarization of LepR PMV
neurons.

Targeted deletion of PI3K catalytic
subunits in LepR PMV neurons
disrupts the acute leptin effects on
neuronal activity
Although both wortmannin and LY294002
are selective inhibitors of PI3K signaling
at the concentrations used in the current
study, both inhibitors have also been
shown to inhibit multiple protein kinases
(Cross et al., 1995; Nakanishi et al., 1995;
Davies et al., 2000). Therefore, to further
delineate the involvement of PI3K in the
acute effect of leptin to alter the cellular activity of PMV neurons,
we generated mice with impaired PI3K signaling in LepR PMV
neurons. To generate mice with impaired PI3K signaling in
LepR-PMV neurons, we obtained mice carrying a conditional
mutation in the PI3K catalytic subunits Pik3ca (p110�) and
Pik3cb (p110�) (Zhao et al., 2006; Jia et al., 2008). Transgenic
mice expressing Cre driven by Lepr regulatory elements (DeFalco
et al., 2001) were crossed to mice in which loxP sites flank exon 1
of the p110� gene pik3ca (Zhao et al., 2006). The resulting
(Pik3ca LepRKO) mice were then crossed with mice in which
loxP sites flank exon 2 of the p110� gene pik3cb (Jia et al., 2008).
By interbreeding the resulting mice (Pik3ca/Pik3cb LepRKO)
with EYFP or tdtomato mice, we were able to produce mice de-
ficient for both p110� and p110� in LepR neurons with concom-
itant EYFP or tdtomato reporter expression. Leptin application
failed to influence the membrane potential in all LepR PMV neu-
rons examined from Pik3ca/Pik3cb LepRKO mice (�0.5 � 0.4
mV; n � 12; Fig. 4 I). Similarly, leptin also failed to influence any
change in holding current in LepR PMV neurons from Pik3ca/
Pik3cb LepRKO mice (�1.0 � 0.8 pA; n � 10). These data suggest

that PI3K signaling is required for the leptin-induced changes in
neuronal excitability of LepR-expressing PMV neurons.

Discussion
Our present results demonstrated that leptin acutely activates the
majority of LepR PMV neurons while a subset of LepR PMV
neurons are inhibited by leptin. Similar to the effects of leptin
observed in hypothalamic and brainstem nuclei (Spanswick et al.,
1997; Williams and Smith, 2006; Williams et al., 2007; Hill et al.,

Figure 3. Leptin excites LepR-PMV neurons via the activation of TRPC channels. A, Leptin application produced an inward
current in the majority of LepR-PMV neurons. Holding potential was �50 mV. B, Current–voltage relationships were examined in
the same cell from A by applying voltage ramps (�130 to 10 mV in 1.4 s, 100 mV/s). Subtraction of the control (black) response
from that in the presence of leptin (gray) reveals the I–V curve (slope conductance). Extrapolation of the linear portion of the slope
conductance demonstrates the I–V relation of the leptin-induced current, which reversed (Erev) at �20 mV. C, I–V responses of a
separate cell were obtained with Cesium in the intracellular pipette and in the presence of 4-AP (5 mM), cesium chloride (1 mM),
cadmium chloride (100 �M), and TTX (1 �M). D, The I–V relationship obtained from subtracting the control from the leptin-
induced current in C. E, F, Absence of a leptin-induced change in membrane potential in LepR-PMV neurons that are pretreated
with either 2APB (100 �M) or SKF96365 (100 �M), respectively. G, Histogram illustrating the leptin-induced responses of identi-
fied LepR-PMV neurons recorded in the presence of 2APB and SKF96365.

Table 1. Percentage of colocalization between �Galactosidase-immunoreactive
(�Gal-ir) neurons and p110� or p110� mRNA

Hypothalamic
nuclei

Atlas
levels

Total �Gal-ir % doubles/total �Gal-ir

P110� P110� P110� P110�

Arc 48 80.3 � 11.1 87.0 � 5.3 87 � 3.0 64 � 8.6
DMHv 48 77.5 � 23.5 71.3 � 8.1 92 � 1.9 58 � 11
PMV 50 77.0 � 1.0 129.8 � 6.7 88 � 2.0 66 � 12

Values represent mean number of cells � SEM (n � 3– 4). Arc, Arcuate nucleus; DMHv, dorsomedial nucleus of the
hypothalamus, ventral part. The atlas level designation corresponds to those described by Paxinos and Franklin
(2001).
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2008b; Al-Qassab et al., 2009), the acute
actions of leptin within the PMV require
PI3K signaling. In addition, we demon-
strated that a putative TRPC channel un-
derlies the stimulatory activity of leptin
within the PMV, while a leptin-induced
activation of a putative Katp channel in-
hibits LepR PMV neurons. These results
further define the acute activity of leptin
within the PMV, and provide a potential
cellular mechanism for a leptin-induced
regulation of reproductive function.

Divergent signaling cascades activated
by leptin: a role for PI3K in the PMV
Similar to a recent report, we found that
�75% of all LepR PMV neurons are de-
polarized in response to leptin (Leshan et
al., 2009). Leshan et al. (2009) had also
suggested that the remaining neurons
were unresponsive to leptin; however, we
found the majority of the remaining neu-
rons were hyperpolarized in response to
leptin. Perhaps the hyperpolarizing effect
of leptin is less surprising given that we
targeted PMV neurons that specifically
express the leptin receptor. As a result,
one would expect leptin to activate multi-
ple signaling cascades specifically in these
neurons, ultimately leading to a change in
cellular activity. Moreover the acute ef-
fects of leptin in LepR PMV neurons mir-
rors previously observed effects of leptin
within arcuate POMC and NPY/AgRP
neurons. The leptin receptor, a member of
the interleukin-6 receptor family of type
I cytokine receptors, is predominately
noted for activating the JAK-STAT signal-
ing pathway in mediating effects on en-
ergy and glucose homeostasis (Williams et
al., 2009, 2011). However, recent studies
have demonstrated that leptin activates
multiple signaling cascades with each arm
contributing to different facets of energy
and glucose homeostasis and fertility and
pubertal development (Hill et al., 2008a;
Williams et al., 2009, 2011). For instance,
Bates et al. (2003) demonstrated that dis-
ruption of leptin-activated STAT3 by a
targeted mutation of the leptin receptor
causes dramatic hyperphagia and de-
creased energy expenditure, resulting in
profound obesity similar to db/db mice.
However, whereas db/db mice are infer-
tile, the s/s mutant mice are fertile, sug-
gesting that another signaling cascade
activated by leptin is responsible for the
effects of leptin on fertility. Similarly, a
neuronal (CaMKII�-Cre)-specific dele-
tion of Shp2, a Src homology 2-containing
tyrosine phosphatase linked to the en-
hancement of the Erk pathway, resulted in
early-onset obesity and several diabesity

Figure 4. Leptin alters the neuronal activity of LepR-PMV neurons via a PI3K-dependent mechanism. A–F, Colocalization of
p110�-mRNA and p110�-mRNA with PMV-LepR-LacZ immunoreactivity. A, D, Clusters of silver grains demonstrate the distribu-
tion of 35S-labeled p110�-mRNA and 33P-labeled p110�-mRNA, respectively. B, E, Same sections from A and D illustrating the
distribution of �Gal immunoreactivity (�Gal-ir) in the PMV of LepR-LacZ mice. C, F, High-powered image depicting the colocal-
ization of 35S-labeled p110�-mRNA and 33P-labeled p110�-mRNA with�Gal-ir in the PMV of LepR-LacZ mice. Single arrows indicate
cells positive for both p110�-ISHH and �Gal-ir (C) and p110�-ISHH and �Gal-ir (F ). G–I, Current-clamp recordings demonstrated that
disruption of PI3K signaling occluded the leptin-induced depolarization and hyperpolarization of LepR-PMV neurons from rest. G, H,
Absence of a leptin-induced change in membrane potential in LepR-PMV neurons that are pretreated with either wortmannin (100 nM) or
LY294002 (10�M), respectively. I, Leptin failed to alter the membrane potential of LepR-PMV neurons from Pik3ca/Pik3cb LepRKO mice. J,
Histogram illustrating the leptin-induced responses of identified LepR-PMV neurons recorded in the presence of either wortmannin or
LY294002 or from Pik3ca/Pik3cb LepRKO mice. Scale bar: A, D, 400 �m; B, E, C, F, 80 �m.
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metabolic profile characteristics similar to that observed in the
db/db and s/s mice (Zhang et al., 2004). Analogous to the s/s mice,
the neuronal Shp2�/� remained fertile, ultimately supporting a
role of Shp2 (Erk pathway) in regulating energy and glucose ho-
meostasis, while Shp2 is not required for the regulation of fertility
or pubertal development in neurons. Although complete loss of
either catalytic or regulatory subunits of PI3K is lethal, recent
studies have begun to investigate the role of PI3K in the regula-
tion of the reproductive function via similar targeted strategies as
described above (Fruman et al., 2000; Bi et al., 2002; Acosta-
Martinez et al., 2009). Future studies will have to further de-
lineate the physiological effects of leptin action within the
PMV; however, the current study supports a role for an acute
leptin-induced regulation of the PMV via a PI3K-dependent
mechanism.

PI3K is required for the acute effects of leptin within the PMV
A recent study described that acute activation of arcuate POMC
neurons results in a reduction in food intake (Aponte et al.,
2011). Interestingly, the acute ability of leptin to reduce food
intake has been directly linked to the PI3K-induced activation of
a mixed cation, putative TRPC, channel in arcuate POMC neu-
rons (Hill et al., 2008b; Qiu et al., 2010). In the current study, we
demonstrated that the leptin-induced depolarization of LepR
PMV neurons was associated with an inward current that had a
calculated reversal potential supporting the activation of a non-
selective (mixed) cation conductance. The leptin-induced depo-
larization/inward current was present when cesium was used in
the intracellular pipette and when slices were pretreated with
potassium, voltage-gated sodium, and calcium channel blockers.
However the leptin-induced depolarization/inward current was
absent in the presence of the PI3K antagonists wortmannin and
LY294002 and when Pik3ca and Pik3cb were selectively ablated in
LepR PMV neurons (Pik3ca/Pik3cb LepRKO). Importantly, the
TRPC channel antagonists SKF96365 and 2APB also prevented
the leptin-induced depolarization/inward current in LepR PMV
neurons. Together, we have now linked a leptin-induced PI3K-
activated putative TRPC conductance in the PMV. Similarly, a
subset of LepR PMV neurons was hyperpolarized in response to
leptin. The hyperpolarization was concomitant with an increased
conductance that had a calculated reversal potential close to EK,
and the leptin-induced hyperpolarization/outward current was
occluded in the presence of tolbutamide or with the use of cesium
in the intracellular pipette. LepR PMV neurons were still hyper-
polarized when pretreated with TRPC antagonists SKF96365 and
2APB. However, the hyperpolarization was absent in the pres-
ence of the PI3K antagonists wortmannin and LY294002, and
selective deletion of the catalytic subunits of PI3K in LepR PMV
neurons prevented the leptin-induced hyperpolarization. To-
gether these data suggest that the leptin-induced hyperpolariza-
tion in LepR PMV neurons requires PI3K and ultimately activates
a Katp channel, which mirrors the activity observed in arcuate
NPY neurons. Although it is unlikely that the activation of a
leptin-induced TRPC or Katp conductance in the PMV results in
a change of feeding behavior, there is growing evidence that the
acute activity of leptin within the PMV may have profound effects
in the coordinated control of the reproductive function (Donato
et al., 2009, 2011; Leshan et al., 2009). However, it is difficult to
understand the effects on physiology without first delineating
which neural circuits and to what extent these circuits are affected
by acute leptin signaling.

Modeling a potential role for leptin and the PMV in
reproductive development
The PMV projects to many areas implicated in reproductive con-
trol (i.e., AVPV, MPO, and directly to GnRH neurons) (Canteras
et al., 1992; Elias et al., 2000; Rondini et al., 2004; Boehm et al.,
2005; Leshan et al., 2009). Leptin administration to leptin-
deficient subjects or ob/ob mice induces gonadotropin release
and restores fertility (Barash et al., 1996; Chehab et al., 1996;
Farooqi et al., 1999, 2002). Importantly, our laboratory recently
demonstrated that the PMV is a key site linking changing levels of
leptin with gonadotropin release and the coordinated control of
reproduction (Donato et al., 2009). Thus, the current study may
reveal a cellular correlate in which leptin, acting as a permissive
factor, directly regulates the reproductive function via the activa-
tion of a PI3K-dependent change in PMV cellular activity result-
ing in the release of gonadotropins.

In conclusion, our results suggest that the PI3K pathway,
through its control of PMV neuronal activity, plays a role in the
detection of short-term alterations in leptin levels as occurs dur-
ing the postnatal “leptin surge” (Mantzoros et al., 1997; Ahima et
al., 1998) or during food deprivation (Ahima et al., 1996). It
remains to be seen whether these data support a role for the
leptin-PI3K pathway within the PMV to directly regulate differ-
ent aspects of the reproductive physiology. Undoubtedly, cre-
mediated deletion of PI3K subunits in targeted neuronal
subtypes will be a powerful tool for formally examining these
possibilities.
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