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Leptin Acts via Lateral Hypothalamic Area Neurotensin
Neurons to Inhibit Orexin Neurons by Multiple
GABA-Independent Mechanisms

Paulette B. Goforth,' Gina M. Leinninger,>* Christa M. Patterson,’ Leslie S. Satin,' and Martin G. Myers Jr>*

Departments of 'Pharmacology and 2Molecular and Integrative Physiology, and *Division of Metabolism, Endocrinology, and Diabetes, Department of
Internal Medicine, University of Michigan, Ann Arbor, Michigan 48109, and “Department of Physiology, Michigan State University, East Lansing, Michigan
48824

The adipocyte-derived hormone leptin modulates neural systems appropriately for the status of body energy stores. Leptin inhibits
lateral hypothalamic area (LHA) orexin (OX; also known as hypocretin)-producing neurons, which control feeding, activity, and energy
expenditure, among other parameters. Our previous results suggest that GABAergic LHA leptin receptor (LepRb)-containing and neu-
rotensin (Nts)-containing (LepRb ) neurons lie in close apposition with OX neurons and control Ox mRNA expression. Here, we show
that, similar to leptin, activation of LHA Nts neurons by the excitatory hM3Dq DREADD (designer receptor exclusively activated by
designer drugs) hyperpolarizes membrane potential and suppresses action potential firing in OX neurons in mouse hypothalamic slices.
Furthermore, ablation of LepRb from Nts neurons abrogated the leptin-mediated inhibition, demonstrating that LepRb™* neurons
mediate the inhibition of OX neurons by leptin. Leptin did not significantly enhance GABA ,-mediated inhibitory synaptic transmission,
and GABA receptor antagonists did not block leptin-mediated inhibition of OX neuron activity. Rather, leptin diminished the frequency
of spontaneous EPSCs onto OX neurons. Furthermore, leptin indirectly activated an ATP-sensitive potassium (K,1p) channel in 0X
neurons, which was required for the hyperpolarization of 0X neurons by leptin. Although Nts did not alter OX activity, galanin, which is
coexpressed in LepRb ' neurons, inhibited OX neurons, whereas the galanin receptor antagonist M40 (galanin-(1-12)-Pro3-(Ala-Leu)2-
Ala amide) prevented the leptin-induced hyperpolarization of OX cells. These findings demonstrate that leptin indirectly inhibits 0X
neurons by acting on LHA LepRb™* neurons to mediate two distinct GABA-independent mechanisms of inhibition: the presynaptic

inhibition of excitatory neurotransmission and the opening of K, 1, channels.
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Introduction

The lateral hypothalamic area (LHA) receives and integrates
many signals, including metabolic stimuli, to modulate feeding,
activity, and attention/alertness as appropriate for current nutri-
tional and environmental conditions (Morrison et al., 1958). The
LHA contains several groups of neurons that contribute to these
processes, including glutamatergic orexin (OX; also known as
hypocretin)-containing cells that are activated by signals of en-

Received Dec. 10, 2013; revised June 18, 2014; accepted July 15, 2014.

Author contributions: P.B.G., G.M.L, CM.P., LS.S., and M.G.M. designed research; P.B.G., G.M.L., and C.M.P.
performed research; P.B.G. and M.G.M. analyzed data; P.B.G., G.M.L., L.S.S., and M.G.M. wrote the paper.

This work was supported by the Animal Phenotyping Core of the Michigan Diabetes Research Center [National
Institutes of Health (NIH) Grant P30 DK020572], the Michigan Nutrition and Obesity Research Center (NIH Grant P30
DK089503), the American Diabetes Association, the American Heart Association, the Marilyn H. Vincent Foundation
(M.G.M.), and NIH Grants DK078056 (M.G.M.), DK090101 (G.M.L.), and DK46409 (L.S.S.). We thank Amylin Pharma-
ceuticals for the generous gift of leptin, Dr. Yuchio Yanagawa for OX-EGFP mice, Dr. Bryan Roth for CNO, and
members of the Myers laboratory for helpful discussions.

Correspondence should be addressed to either of the following: Dr. Martin G Myers Jr, Departments of Internal
Medicine and Physiology, University of Michigan, 1000 Wall Street, 6317 Brehm Tower, Ann Arbor, M| 48105, E-mail:
mgmyers@umich.edu; or Dr. Leslie Satin, Department of Pharmacology, University of Michigan, 1000 Wall Street,
5128 Brehm Tower, Ann Arbor, MI 48105, E-mail: Isatin@umich.edu.

DOI:10.1523/JNEUR0SCI.5167-13.2014
Copyright © 2014 the authors ~ 0270-6474/14/3411405-11$15.00/0

ergy deficit. OX neurons project widely throughout the brain,
including to monoaminergic targets in which OX-derived neu-
ropeptides act at G-protein-coupled OX receptors 1 and 2 to
inhibit sleep and to promote food seeking and vigilance (Toshi-
nai et al., 2003; Yamanaka et al., 2003; Tsujino and Sakurai,
2009). Acute activation of the OX system, as by OX injection into
the brain, triggers arousal and induces feeding (Lubkin and
Stricker-Krongrad, 1998; Sakurai et al., 1998; Sweet et al., 1999;
Jones et al., 2001; Perez-Leighton et al., 2012).

The hormone leptin, which is produced by adipocytes to sig-
nal the sufficiency of energy reserves, represents a crucial modu-
lator of OX function. Leptin inhibits the firing of OX neurons
(Yamanaka et al., 2003), and the drop in leptin levels during
fasting activates OX neurons (Diano et al., 2003; Leinninger et al.,
2011), increasing food seeking and alertness. Although the leptin-
mediated inhibition of OX neurons is central to the appropriate
control of these neurons and their behavioral outputs (as well as
to the physiologic and behavioral response to fasting), the mech-
anisms by which leptin modulates the activity of OX neurons has
remained unclear.

Intermingled with OX neurons in the LHA is a distinct popu-
lation of neurons that express the leptin receptor (LepRb) and
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that therefore respond to direct leptin ac-
tion. Essentially all of these LHA LepRb A
neurons contain vesicular GABA trans-
porter (VGAT) and GAD1 (Leinninger et
al., 2009; Vong et al., 2011), suggesting
that they may act in part by releasing
GABA; many (~60%) also contain the
neuropeptide neurotensin (Nts) (Lein-
ninger et al., 2011). We demonstrated
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on the Use and Care of Animals in accordance
with Association for Assessment and Accredi-
tation of Laboratory Animal Care and National
Institutes of Health guidelines. Animals were
bred at the University of Michigan and main-
tained in a 12 h light/dark cycle with ad libitum
access to food and water. Transgenic mice ex-
pressing enhanced green fluorescent protein
(EGFP) under the control of the human
prepro-orexin promoter (OX—EGFP mice;
Sakurai et al., 1999; Li et al., 2002) were a gen-
erous gift from Yuchio Yanagawa (Gunma University, Gunma, Japan).
Nts® and Lepr~*KO mice (as described previously; Leinninger et al.,
2011) were bred onto the OX—EGFP background for electrophysiology
experiments.

DREADD activation of LHA Nts neurons. AAV-Flex—-hM3Dq-
mCherry virus (Alexander et al., 2009) was purchased from the UNC
Vector Core (University of North Carolina, Chapel Hill, NC). Virus was
stereotaxically injected bilaterally into the LHA of Nts*; OX—EGFP mice
at 5—- 6 weeks of age. Mice were administered presurgical analgesic, anes-
thetized using isoflurane, and placed in a stereotaxic frame. After expos-
ing the skull, a guide cannula with a stylet (Plastics One) was lowered into
the target regions. Coordinates to the LHA (from bregma) were as fol-
lows: anteroposterior, —1.34 mm; mediolateral, —1.12 mm; and dorso-
ventral, —5.20 mm, in accordance with the atlas of Paxinos and Franklin
(2001). The stylet was removed and replaced by an injector, and 250 nl of
virus was injected to the LHA using a 500 nl Hamilton syringe at a rate of
50 nl/30 s. After 5 min, the injector and cannula were removed from the
skull, and the incision was sutured.

After 1 week recovery, animals were killed for electrophysiological
analysis of OX neuron function. Stereotaxic injection sites were con-
firmed by visualization of mCherry fluorescence in the LHA of slices used
for electrophysiological recording. Mice were only included for study if
DREADD-mCherry-expressing cell bodies were confined to the LHA.

Electrophysiological recordings. Four- to 7-week-old mice of either sex
were killed by decapitation, and 250 wm coronal slices were prepared
using a VT 1200S vibratome (Leica) in oxygenated ice-cold sucrose so-

Figure1.
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Leptin inhibits 0X neuron activity. 4, Current-clamp recording of membrane potential and action potential firing from
an individual OX—EGFP neuron in the LHA of an acute brain slice preparation in response to leptin. Leptin significantly hyperpo-
larized the mean membrane potential (B; n = 31,***p < 0.001) and reduced the mean action potential firing frequency of LHA
0X neurons (C; n = 21, ***p < 0.001). D, Leptin-induced membrane hyperpolarization was reversed in a subset of responders,
with mean membrane potential restored near control values after the washout of leptin (n = 17, ***p < 0.001 control vs leptin,
*p < 0.05 wash vs leptin, p > 0.05 wash vs control). £, Mean firing frequency remained depressed after the washout of leptin
(n = 17,***p < 0.001 leptin vs control and wash vs control).

lution containing the following (in mwm): 220 sucrose, 2.5 KCl, 26
NaHCO;, 1.25 NaH,PO,, 5 glucose, 6 MgCl,, and 1 CaCl,. Slices were
allowed to recover for at least 1 h in a holding chamber containing oxy-
genated artificial CSF (aCSF) solution containing the following (in mm):
130 NaCl, 3 KCl, 1.25 NaH,PO,, NaHCOj;, 5 glucose, 1 MgCl,, and 2.5
CaCl,, pH 7.4, before electrophysiological analysis. Electrophysiological
parameters were measured from individual OX-EGFP neurons in the
LHA visualized using an Olympus BX5IWI upright microscope
equipped with infrared differential interference contrast optics (Olym-
pus). Patch electrodes made from borosilicate glass capillaries (Warner
Instruments) were pulled to a tip resistance of 37 M) using a Brown/
Flaming P-97 micropipette puller (Sutter Instruments) and filled with a
solution containing the following (in mm): 130 K-gluconate, 10 KCI, 1
EGTA, 10 HEPES, 0.6 NaGTP, 2 MgATP, and 8 phosphocreatine, pH 7.2.
In a subset of experiments, intracellular ATP was increased to 5 mm by
the addition of 3 mm K,ATP. Results obtained from neurons dialyzed
with 5 mum intracellular ATP did not differ from those filled with 2 mm
ATP; therefore, both groups were pooled for analysis. Slices were super-
fused with aCSF solution warmed to 34°C using a TC-344 temperature
controller and preheater (Warner Instruments) and continuously bub-
bled with 5% CO, and 95% O,. Drugs were applied via bath perfusion.
Data shown are not adjusted for a liquid junction potential of 14.7 mV.
Whole-cell currents and membrane potentials were measured using
tight-seal whole-cell voltage- or current-clamp (Hamill etal., 1981) using
an Axopatch 200B amplifier (Molecular Devices). Currents were filtered
at 2 kHz, digitized at 5 kHz, and analyzed offline. Neurons selected for
analysis had stable series resistances <25 M() that were not compen-
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Figure2. Selective stimulation of LHA Nts neurons via activation of the excitatory DREADD,
hM3Dg, inhibits OX neuron activity. 4, Current-clamp recording depicting (NO-induced mem-
brane hyperpolarization in an individual OX neuron from a mouse expressing hM3Dq in LHA Nts
neurons. Acute CNO application significantly reduced mean OX neuron membrane potential (B;
n = 12,**p < 0.01) and suppressed mean action potential firing in OX neurons (C; n = 12,
*p < 0.05).

sated. Spontaneous EPSCs (SEPSCs) and sIPSCs were measured from
neurons voltage clamped to —50 mV using standard intracellular and
aCSF solutions. At this voltage, sEPSCs are inward currents and
sIPSCs are outward currents. SIPSCs were also recorded from neurons
voltage clamped to —65 mV in the presence of the glutamate receptor
antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 um)
and p-(—)-2-amino-5-phosphonopentanoic acid (APV; 20 um) and
using an intracellular solution containing the following (in mm): 140
KCl, 1 EGTA, 10 HEPES, 0.6 NaGTP, 2 MgATP, and 8 phosphocre-
atine. Current—voltage (I-V) curves were generated using a voltage
ramp command (—120 to +40 mV) and whole-cell conductance cal-
culated from the slope of the current elicited from —100 to —50 mV.
Leptin-elicited difference currents were plotted versus clamp voltage.

Data analysis and statistics. sSEPSC and sIPSC events were analyzed
using a commercial software package (Synaptosoft). Individual
events were detected using an amplitude threshold value set at 10 pA
and confirmed visually. Event amplitude, interevent interval, 10—
90% rise time, and half-width were determined before and after drug
treatments. Statistical comparisons of cumulative probability distri-
butions were made with MATLAB using the nonparametric Kolm-
ogorov—Smirnov test, and significance was defined as p < 0.001. All
other statistical analyses were performed using GraphPad Prism 5.0
(GraphPad Software), and statistical significance was determined us-
ing Student’s t test for comparison of two groups or ANOVA and
Tukey’s multiple comparison post hoc test for comparison of multiple
groups. Statistical differences were defined as p < 0.05. Error bars
shown depict mean = SEM.

J. Neurosci., August 20, 2014 - 34(34):11405—-11415 « 11407

Chemicals and reagents. Leptin was a generous gift from Amylin
Pharmaceuticals. Galanin (Gal) and Nts were purchased from Amer-
ican Peptide. CNQX, APV, M40 (galanin-(1-12)-Pro3-(Ala-Leu)2-
Ala amide), and CGP52432 (3-[[(3,4-dichlorophenyl)-methyl]
amino]propyl](diethoxymethyl)phosphinic acid) were purchased
from R&D Systems. Bicuculline methiodide (BMI) and tolbutamide
were purchased from Sigma. Clozapine-N-oxide (CNO) was a gener-
ous gift from Dr. Bryan Roth (University of North Carolina, Chapel
Hill, NC). All drugs were made as stock solutions (tolbutamide and
CGP52432 in DMSO) and freshly diluted in aCSF for recording. Drug
treatments were compared with vehicle control.

Results

Leptin inhibits the activity of OX neurons via

LepRb™* neurons

To examine the mechanisms by which leptin modulates OX neu-
rons, we used transgenic mice expressing EGFP under the control
of the human prepro-orexin promoter (Sakurai etal., 1999), per-
mitting the visualization of OX—EGFP neurons in acute slice
preparations for electrophysiological recordings. We assessed the
electrical activity of OX—EGFP neurons in the LHA of hypotha-
lamic slices using whole-cell patch-clamp recordings in current-
clamp mode to measure membrane potential and action
potential firing. As shown previously, acute leptin (10 nm) hyper-
polarized OX neuron membrane potential (Fig. 1 A, B; control,
—51.0 = 1.1 mV; leptin, —58.6 = 1.7 mV; p < 0.0001, t39) =
5.16) and reduced action potential firing (Fig. 1C; control, 5.4 =
0.7 Hz; leptin, 1.3 * 0.4 Hz; p < 0.0001, t,4) = 5.34). Leptin
action progressed over several minutes with the initial response
and maximal hyperpolarization occurring 77 = 10 and 265 = 34 s
after the start of leptin treatment, respectively. Leptin did not
significantly alter action potential amplitude, 10-90% rise time,
half-width, or firing threshold (data not shown).

Leptin hyperpolarized membrane potential by =5 mV in 68%
(21 of 31) of the cells examined, and the effect was reversible in
53% of responders (Fig. 1D; control, —51.3 = 1.9 mV; leptin,
—62.4 = 2.3 mV; wash, —56.9 = 2.8 mV; p < 0.0001, F, 5, =
14.77). However, the reduction in spike frequency only partially
reversed in 29% of neurons during a wash period of 10-30 min
(Fig. 1E; control, 5.9 * 0.8 Hz; leptin, 1.3 = 0.5 Hz; wash, 1.8 *
0.6 Hz; p < 0.0001, F, 5,) = 24.18), consistent with the long-term
effects of leptin and previous observations in other systems. It
should be noted that these percentages are based on recordings
from GFP-identified cells in a transgenic model that labels only a
subset of OX neurons (Sakurai et al., 1999).

Although OX neurons themselves do not express LepRb
(Leinninger et al., 2009; Louis et al., 2010; Laque et al., 2013), our
previous studies reveal that LHA LepRb and LHA Nts neurons lie
in close contact with OX neurons (Louis et al., 2010; Leinninger
et al., 2011). We thus hypothesized that leptin indirectly modu-
lates OX neuron function via action at presynaptic LHA
LepRb™N* neurons (neurons that coexpress LepRb and Nts are
restricted to the LHA). Indeed, deletion of LepRb from LepRb ™"
neurons in Lepr"“*KO mice prevents the accumulation of c-Fos in
OX neurons during fasting, as well as the modulation of Ox
mRNA by leptin (Leinninger et al., 2011). To examine the func-
tional connectivity between LHA Nts neurons and OX neurons,
we used a recombinant adeno-associated virus (AAV) that medi-
ates the cre-dependent expression of DREADDs (designer recep-
tors exclusively activated by designer drugs; expressed as
DREADD-mCherry fusion proteins), which are genetically engi-
neered muscarinic receptor variants that are insensitive to endog-
enous ligands but are activated by the otherwise biologically inert
agonist CNO. CNO activates neurons containing the G -coupled
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DREADD, hM3Dq (Armbruster et al,
2007; Alexander et al., 2009; Krashes et al.,
2011).

Thus, the injection of the cre-inducible
DREADD-mCherry AAV into the LHA of
Nts mice will promote the expression of
hM3Dq specifically in LHA Nts neurons.

We injected the cre-inducible hM3Dq
virus into the LHA of Nts”“ animals on the
OX-EGFP background to permit the elec-
trophysiological examination of OX neu-
rons during the selective activation of
LHA Nts cells. In this system, acute CNO
(5 mM) application to hypothalamic
slices from animals expressing hM3Dq
DREADDs in LHA Nts neurons hyperpo-
larized membrane potential in 50% (6 of
12) of OX neurons (Fig. 2A,B; control,
—49.2 = 1.8, CNO, —56.7 = 2.5; p =
0.003, t,;, = 3.80) and decreased their
action potential firing (Fig. 2C; control,
4.0 = 14 Hz; CNO, 1.0 £ 0.5 Hz; p =
0.04, t(5) = 1.98), similar to the results ob-
served with acute leptin treatment. This
suggests that LHA Nts neurons are func-
tionally afferent to OX neurons, and the
activation of LHA Nts neurons inhibits
OX neurons. Note that, although we
could not confine DREADD expression to
LepRb™" neurons specifically, DREADD
expression in LHA Nts neurons includes
LepRb™" neurons (as well as non-LepRb
Nts cells in the LHA), suggesting that
LepRb™* neurons may mediate the inhibi-
tion of OX neurons by leptin. Importantly,
because leptin (like the hM3Dq DREADD)
presumably activates LepRb™" cells (Lein-
ninger et al., 2011), the inhibition of OX
neurons by activation of LHA Nts cells is
consistent with the potential role for leptin
action on LepRb™* cells in the suppression
of OX neuron activity.

To directly examine leptin regulation
of OX neurons by LepRb™" neurons, we
bred NtsLepr™™* (LeprN“*KO) mice
onto the OX—EGFP background to iden-
tify and record from OX neurons in hypo-
thalamic slices of animals lacking leptin
receptors in LHA Nts neurons. The effects
of leptin that we observed in control ani-
mals was attenuated in Lepr~"KO mice.
Although the basal membrane potential
and action potential frequency of OX
neurons did not differ between Lepr""*KO
mice and littermate controls, leptin failed
to modulate activity in most OX neurons
of Lepr"*KO mice (Fig. 3A). Although
leptin hyperpolarized (=5 mV) 78% of
OX neurons (seven of nine) from control
mice (Fig. 3B; control, —51.6 = 1.1 mV;
leptin, —61.1 = 3.0 mV; p = 0.008, t5, =
3.50), leptin action was significantly di-
minished in Lepr™“KO mice because only

Nts LepRb KO
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Leptin does not enhance GABA-mediated synaptic input to OX neurons. 4, Voltage-clamp recording of sIPSCs (down-

ward deflections) from an individual OX neuron, clamped to — 65 mV with symmetrical intracellular/extracellular I ~, before and
after acute leptin treatment. Time course of average sIPSC interevent interval (B) and sIPSC amplitude in response to leptin (C).
Although subsets of OX neurons displayed either increased or decreased sIPSC frequency and/or sIPSC amplitude in response to
leptin, cumulative probability distributions for control (black line) and leptin (gray line) reveal no overall shift in sIPSC interevent
interval (D; inset mean normalized sIPSC frequency) or sIPSCamplitude (E; inset: mean normalized sIPSCamplitude).n = 7,p > 0.05.
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(n = 3,**p < 0.01 for CGP plus leptin and leptin only vs vehicle control).

20% (2 of 10) of OX neurons exhibited leptin-induced hyperpo-
larization, with no significant decrease in mean membrane po-
tential (control, —53.4 = 1.5 mV; leptin, —54.8 = 2.2 mV; p =
0.45, t(9y = 0.79). Similarly, leptin reduced action potential firing
in OX neurons from control mice (Fig. 3C; control, 4.4 = 1.0 Hz;
leptin, 1.2 = 0.8 Hz; p = 0.0007, t4) = 5.39) but had no signifi-
cant effect on the firing of OX neurons from Lepry, KO mice
(control, 5.0 = 1.6 Hz; leptin, 4.2 * 2.0 Hz; p = 0.32, o, = 1.05).
Thus, LHA-restricted LepRb™* neurons play an important role
in the modulation of OX neuron activity by leptin, consistent
with the blunted activation of OX neurons observed during fast-
ing in Lepr"“KO mice (Leinninger et al., 2011).

GABA-independent inhibition of OX neurons by leptin

LHA LepRb neurons express GAD1 and vGat, consistent with the
GABAergic nature of these cells (Leinninger et al., 2009; Vong et
al., 2011) and suggesting that leptin might inhibit OX neurons by
the direct release of GABA onto OX cells. Indeed, application of
the GABA, receptor agonist muscimol or the GABA receptor
agonist baclofen hyperpolarizes OX neurons (Xie et al., 20065
Matsuki et al., 2009), demonstrating that GABA signaling can
inhibit OX neurons.

Therefore, we assessed the effect of leptin on GABA-mediated
inhibitory synaptic transmission by measuring sIPSCs from OX
neurons voltage clamped to —65 mV in the presence of the glu-
tamate receptor blockers APV (20 um) and CNQX (10 M) and
using symmetrical intracellular and extracellular Cl . These con-
ditions produced inward sIPSCs that were completely abolished
by the GABA, antagonist BMI (30 uM; data not shown), con-
firming their mediation by GABA, receptors. Mean sIPSC fre-
quency was 0.57 * 0.13 Hz (range, 0.09-1.02 Hz). Mean sIPSC

Cc;nt CGP+ Léptin

GABA receptor antagonists do not prevent leptin-induced inhibition of OX neurons. A, Current-clamp recording of
membrane potential in an individual neuron in response to coapplication of BMI (30 m) plus leptin (10 nm). B, Leptin significantly
hyperpolarized mean resting OX membrane potential in the presence of BMI (n = 7, *p < 0.05 for BMI plus leptin and leptin only
vs BMI). €, Current-clamp recording of membrane potential in an individual neuron in response to coapplication of CGP52432 (10
) plus leptin (10 nm). D, Leptin significantly hyperpolarized mean resting 0X membrane potential in the presence of CGP52432

tude (Fig. 4E, inset; 121 = 17% of control,
p =0.28, t4 = 1.19). These findings sug-
gest that, although LepRb ™" neurons may
synthesize and package GABA into vesi-
cles, increased GABA-mediated synaptic
transmission onto OX neurons is unlikely
to underlie leptin-induced OX neuron
inhibition.

Furthermore, leptin-induced OX inhi-
bition persisted in the presence of the
selective GABA, or GABAj receptor an-
tagonists BMI (30 um) and CGP52432 (10 uMm), respectively (Fig.
5). Leptin-induced hyperpolarization of OX membrane potential
persisted in the presence of BMI (BMI, —50.1 £ 0.5; BMI plus
leptin, —55.0 = 1.3;leptin only, —55.8 = 1.5 mV; Fig. 5A,B,p =
0.003, F(; 1, = 9.69), with a subset of neurons displaying inter-
mittent bursts of activity during treatment with BMI plus leptin
(Fig. 5A), likely attributable to changes in excitatory/inhibitory
balance caused by BMI. Similarly, CGP52432, which occludes
baclofen-induced (and GABA;-mediated) inhibition of OX ac-
tivity (Xie et al., 2006), did not prevent leptin-induced hyperpo-
larization of OX neurons (control, —48.3 * 3.8; CGP52432 plus
leptin, —58.8 = 4.7; leptin only, —64.0 = 3.1 mV; Fig. 5C,D, p =
0.006, F, 4, = 25.01).

leptin

Leptin suppresses excitatory synaptic input onto OX neurons
Excitatory input to OX neurons is substantially greater than in-
hibitory input to OX cells, and the excitatory input is modulated
by a variety of stimuli (Li et al., 2002; Acuna-Goycolea and van
den Pol, 2004; Acuna-Goycolea et al., 2004; Fu et al., 2004; Hor-
vath and Gao, 2005; Liu and Gao, 2007; Rao et al., 2007, 2013),
including short-term (24 h) fasting (Horvath and Gao, 2005),
which decreases circulating leptin concentrations. To investigate
whether leptin modulates excitatory input to OX neurons, we
recorded sEPSCs in OX-EGFP neurons, voltage clamped to —50
mV, before and after the application of leptin (10 nm). At —50
mV, sIPSCs and sEPSCs mediate outward and inward currents,
respectively, under our recording conditions (Fig. 6A). sEPSCs
(inward currents) were blocked by APV (20 um) and CNQX (10
uM), confirming their mediation by glutamate receptors (data
not shown). Mean sEPSC frequency was 4.2 * 0.8 Hz (range,
0.9-14.4 Hz), and mean sEPSC amplitude was 22.6 = 1.6 pA
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(range, 12.8—42.3 pA). Acute leptin sig-
nificantly decreased sEPSC frequency (14
of 18 neurons), manifested as a prolonga-
tion (rightward shift) of sSEPSC interevent
interval, but had no effect on the sEPSC
amplitude distribution (Fig. 6B-E). Like-
wise, leptin decreased mean normalized
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Leptin elicits K,1p channel activation in
OX neurons Figure 6.  Leptin suppresses sEPSCinput to OX neurons. 4, Voltage-clamp recording of sSEPSCs (downward deflections) from an

In addition to suppressing excitatory
transmission, leptin decreased the input
resistance of OX neurons measured in
current clamp (data not shown). Indeed,
leptin elicited an outward current in 68%
(13 0f 19) of OX neurons voltage clamped
to —50 mV, with a mean amplitude of
24.7 = 9.2 pA (Fig. 7A). To identify the
channel(s) underlying this current, we used voltage ramp proto-
cols to generate I-V relationships in the presence and absence of
leptin (10 nm) and calculated leptin-elicited difference currents.
As shown in Figure 7, B and C, leptin activated a current that
exhibited a leftward shift in reversal potential and significantly
increased whole-cell conductance compared with controls (Fig.
7D; control, 1.3 = 0.2 nS; leptin, 2.3 + 0.3 nS; p = 0.0003, £, =
4.58). The mean reversal potential of leptin-activated difference
currents, —94.3 = 3.5 mV (adjusted here for liquid junction
potential) was near the calculated K™ equilibrium potential of

individual OX neuron, clamped to —50 mV before and after acute leptin treatment. Time course of average SEPSC interevent
interval (B) and sEPSCamplitude in response to leptin (C). D, Leptin decreased SEPSC frequency, as indicated by a rightward shift
of the cumulative probability distribution of SEPSCinterevent interval (n = 18, **p << 0.001) and a significant reduction of mean
normalized sEPSC frequency (inset: n = 18, p < 0.01). E, Leptin did not significantly alter the distribution of SEPSC event
amplitudes or mean normalized sEPSC amplitude (inset; n = 18, p > 0.05). F, Coapplication of CGP52432 did not reverse
leptin-induced suppression of SEPSC frequency, indicated by a significant reduction in mean normalized sEPSC frequency in the
presence of leptin (n = 6, **p < 0.01) and leptin plus (GP52432 (n = 6, *p << 0.05).

—101 mV for the recording solutions we used, strongly suggest-
ing activation of a K* channel. OX neurons possess a multitude
of potassium channels capable of producing a similar degree of
hyperpolarization to that observed with leptin, including ATP-
sensitive potassium (K,rp) channels, and the opening of OX
K,rp channels generates currents having similar rectification, re-
versal potential, and conductance as observed for leptin-elicited
current (Parsons and Hirasawa, 2010; Liu et al., 2011; Parsons et
al., 2012a,b; Karnani et al., 2011). Therefore, we tested the sensi-
tivity of the leptin-elicited current to the selective K, blocker
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restored OX neuronal activity in the con-
tinued presence of leptin. However, as
shown in Figure 8E, tolbutamide did not
reverse the leptin-induced suppression of
sEPSC frequency (normalized frequency:
leptin, 68% of control; leptin plus tolbut-
amide, 48% of control; p < 0.0001, F(, 14 =
38.66). This implies that the reduced activity
of neighboring OX neurons attributable to
leptin activation of K,p channels does not
underlie the decrease in excitatory input in
response to leptin. Interestingly, sEPSC
frequency decreased further in the presence
of leptin plus tolbutamide versus leptin
alone, suggesting that K, channel block-
ade in as yet undefined neurons may sup-
press excitatory input onto OX neurons.

Gal receptor signaling is required for
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Figure7. Leptinactivatesan outward currentin OX neurons. 4, Voltage-clamp recording from an individual OX neuron clamped

to —50 mV depicting the activation of an outward current in response to acute leptin. B, Representative whole-cell currents
recorded from an individual OX neuron in response to linear voltage ramps from —100 to —40 mV in the presence (gray) and
absence (black) of 10 nw leptin. C, Representative leptin-activated whole-cell current (presence of leptin minus control) plotted
against membrane potential. D, Leptin significantly increased mean whole-cell conductance measured from —100 to —50 mV

(n = 17,%**p < 0.001).

tolbutamide (200 uM). A comparison of I-V curves generated in
the presence of leptin with or without tolbutamide show that
tolbutamide blocked the leptin-activated current (Fig. 84) and
reversed the leptin-induced increase in mean whole-cell conduc-
tance (Fig. 8B; control, 1.4 = 0.3 nS; leptin, 2.3 £ 0.6 nS; leptin/
tolbutamide, 1.3 = 0.3 nS; p = 0.01, F, 1,y = 6.49). In further
support of leptin-induced activation of OX K,p channels, the
coapplication of leptin with tolbutamide also reversed the leptin-
induced hyperpolarization (Fig. 8C). Mean OX membrane po-
tential during leptin treatment (—53.9 * 1.2 mV) was
significantly hyperpolarized compared with vehicle (—47.1 = 2.6
mV) and leptin plus tolbutamide (—48.5 *+ 2.2, p = 0.03, F(, ) =
6.32), whereas membrane potential in the presence of leptin with
tolbutamide did not differ from control (Fig. 8D).

Because OX neurons are proposed to directly and indirectly
excite other LHA OX neurons via glutamatergic transmission
and OX peptide signaling (Li et al., 2002; Yamanaka et al., 2010),
we examined whether the reduction in sEPSC frequency that we
observed with leptin was caused by the opening of K, channels
and consequent suppression of activity in neighboring OX neu-
rons. Thus, we tested whether the leptin-induced inhibition of
sEPSCs was blocked by the application of tolbutamide, which

leptin action

Our findings indicate that leptin does not
regulate OX neurons via GABA signaling
but that other neurotransmitters and/or
neuropeptides are released in response to
leptin and mediate OX inhibition. In ad-
dition to Nts, LepRb™" neurons express
the neuropeptide Gal (Laque et al., 2013).
Thus, we examined whether acute appli-
cation of Nts and/or Gal modulated OX
activity in hypothalamic slices. Although
we observed no significant effect of Nts
(100 nM) on Ox activity overall, Nts
tended to stimulate OX activity by depo-
larizing membrane potential in four of six
OX neurons (control, —56.9 = 3.1 mV;
Nts, —53.8 = 4.0 mV; p = 0.15, f.5, =
1.69) and increasing action potential fir-
ing in three of five OX neurons (mean
normalized frequency, 156% of control;
p = 0.41, 1, = 091, Fig. 94,B). Con-
versely, Gal (100 nm) hyperpolarized
membrane potential in 55% (6 of 11) of OX neurons (Fig. 9C-E;
Vi control, —53.7 = 2.3 mV; Gal, —57.6 = 3.4 mV; p = 0.03,
t10y = 2.47) and decreased action potential firing in seven of eight
OX neurons (mean normalized frequency, 44% of control; p =
0.003, ;) = 4.46). Although these findings demonstrate an abil-
ity for Gal to inhibit OX activity, they are inconsistent with a role
for Nts in the leptin-induced inhibition of OX neurons. Further-
more, coapplication of the Gal receptor antagonist M40 (Bartfai
et al., 1993) prevented leptin-induced hyperpolarization of OX
neurons (Figure 10; V,,,: control, —48.7 = 1.2 mV; M40, —48.0 =
1.1 mV; M40/leptin, —49.2 = 1.1 mV; leptin only, —53.0 = 0.3
mV; p = 0.0005, F; ;5, = 10.85), suggesting a role for Gal release
and receptor activation in the regulation of orexin neurons by
leptin.

Discussion

Fasting activates OX neurons, presumably to increase overall ac-
tivity, alertness, and food-seeking behavior, thereby increasing
feeding in response to negative energy balance. Decreased leptin
levels mediate a crucial component of this effect, because leptin
hyperpolarizes and inhibits OX neurons in hypothalamic slices
and leptin replacement inhibits the activation of OX neurons
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prevents the modulation of Ox mRNA by C
leptin, as well as blocks the accumulation
of c-Fos in OX neurons during fasting,
suggesting a role for LepRb™* neurons in
the control of OX neurons by leptin (Lein-
ninger et al., 2011). Indeed, our present
data reveal that leptin inhibits OX neu-

rons indirectly, by acting on LHA 30s
LepRb™"* cells. Furthermore, we demon- Hkk
strate that two separate GABA-independent D E *% *
mechanisms mediate this inhibition: (1) the 8 0 > 100
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a small percentage of the OX neurons of
LeprN*KO animals. Thus, although leptin
regulation of OX neurons is predomi-
nantly mediated by LHA LepRb™" neu-
rons, other LHA (non-Nts) LepRb
neurons may also contribute, albeit to a
lesser extent.

LHA LepRb neurons contain the
GABA-synthesizing enzyme GADI, as
well as vGAT (which transports GABA
into synaptic vesicles for release; Leinninger et al., 2009; Vong et
al., 2011), suggesting their ability to release inhibitory GABA
onto their synaptic targets. Because the expression of the trans-
synaptic tracer wheat germ agglutinin in LHA LepRb or LHA Nts
neurons accumulates in OX neurons (Louis et al., 2010; Lein-
ninger et al., 2011), we reasoned that LHA LepRb neurons might
mediate the inhibition of OX neuron activity via direct GABA
release onto these cells. However, leptin failed to significantly
potentiate GABA ,-mediated sIPSCs in OX neurons. Further-
more, the inhibition of neither GABA, nor GABAy receptors
altered the ability of leptin to hyperpolarize OX neurons. Al-
though there are inherent limitations when using a pharmacolog-
ical approach to assess the involvement of specific receptor
subtypes in physiological action, our data indicate that GABA
action at the two main GABA receptor subtypes does not underlie
leptin modulation of OX function. Rather, leptin decreased the
frequency, but not amplitude, of sSEPSCs in OX neurons, consis-
tent with a presynaptic effect. GABAy receptor antagonism also
failed to attenuate this leptin-promoted inhibition of sSEPSCs in
OX neurons. Thus, the inhibition of OX neurons by leptin is not
mediated by GABA but is attributable, in part, to the GABA-
independent inhibition of excitatory input to these cells. This

individual OX neuron in response to linear voltage ramps from — 100 to —40 mV in the presence of 10 nw leptin (gray) and 10 nm
leptin plus 200 wum tolbutamide (black). B, The coapplication of leptin plus tolbutamide reversed the leptin-induced increase in
mean whole-cell conductance (n = 7, *p << 0.05 for control vs leptin; *p << 0.05 for leptin vs leptin plus tolbutamide; p > 0.05 for
control vs leptin plus tolbutamide). €, Current-clamp recording of membrane potential from an individual OX neuron in response
to the application of leptin followed by leptin plus tolbutamide. D, The coapplication of leptin plus tolbutamide reversed leptin-
induced hyperpolarization of 0X membrane potential (n = 6, *p << 0.05 for control vs leptin; *p << 0.05 for leptin vs leptin plus
tolbutamide; p > 0.05 for control vs leptin plus tolbutamide). E, The coapplication of leptin plus tolbutamide did not reverse the
leptin-induced decrease in SEPSC frequency. Graph depicts mean normalized sEPSC frequency (n = 9; **p << 0.01 for control vs
leptin; ***p << 0.001 for control vs leptin plus tolbutamide; *p << 0.05 for leptin vs leptin plus tolbutamide).

selective modulation of excitatory synaptic transmission is not
surprising given that the majority of synaptic input that we mea-
sured in OX neurons was glutamate-dependent excitatory trans-
mission, consistent with the predominantly excitatory synaptic
architecture of OX neurons (Horvath and Gao, 2005).

A single 24 h fasting episode in vivo increases the frequency of
mEPSCs and the number of excitatory synapses present on OX
cell bodies (Horvath and Gao, 2005). These data imply that nor-
mal levels of circulating leptin exert a tonic inhibitory effect on
OX neurons, partly because of the suppression of excitatory neu-
rotransmission, and that the removal of this restraining influence
not only enhances OX activity but may induce more long-lasting
plasticity. In this way, leptin levels may set the dynamic range for
the excitation of OX neurons and influence the integration of
other physiological stimuli that modulate glutamatergic synaptic
transmission in OX neurons.

In addition to the effects of leptin on excitatory inputs to OX
neurons, leptin activated a K, p channel in these neurons, which
contributes to the leptin-mediated hyperpolarization of OX neu-
rons. Leptin-induced K, activation is consistent with a reduced
need for OX neuron activity, and therefore foraging behavior,
during times of energy abundance and vice versa. OX K, 1p chan-
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nels, which comprise K;,6.1/SUR1 subunits (Parsons and Hi-
rasawa, 2010), do not directly sense glucose (Gonzalez et al.,
2008), but their activity is linked to multiple indicators of nutri-
tional and energy status (Parsons and Hirasawa, 2010; Karnani et
al., 2011; Liu et al., 2011). Thus, leptin modulation of OX K,p
channels provides an additional mechanism by which OX neu-
rons may integrate signals of energy state.

The effect of Nts and Gal on OX activity. Acute Nts (100 nu) treatment did not significantly alter mean OX neuron
membrane potential (4) or mean action potential firing (B; n = 5—6, p < 0.05). C, Current-clamp recording of membrane
potential and action potential firing from an individual OX—EGFP neuron in response to 100 nm Gal. Gal significantly hyperpolarized
the mean membrane potential (D; n = 11, *p << 0.05) and reduced action potential firing of LHA OX neurons (E; n = 8, **p <

Gal receptor antagonism prevents leptin inhibition of OX neurons. 4, Current-clamp recording of membrane poten-
tial from an OX neuron in response to M40 (100 wum) followed by M40 plus leptin (10 nw) and leptin only. B, Coapplication of M40
plus leptin prevented the hyperpolarization of OX neuron membrane potential versus leptin only (n = 6, **p << 0.01).
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Afferents to OX neurons originate
from diverse neuronal populations that
reside both within and outside the LHA
(Yoshida et al., 2006). Although the iden-
tities of the glutamatergic projections to
OX neurons are not fully resolved, some
evidence supports their regulation by lo-
cal glutamatergic cells in the LHA, includ-
ing other OX neurons (Li et al., 2002; Burt
et al.,, 2011). In fact, OX peptides are au-
toregulatory and have been shown to
stimulate OX neuron activity both di-
rectly (Yamanaka et al., 2010) and indi-
rectly by enhancing excitatory input from
LHA glutamatergic interneurons (Li et al.,
2002). However, a mechanism whereby
reduced sEPSC frequency occurs second-
ary to the silencing of neighboring and af-
ferent OX neurons cannot explain the
leptin-mediated inhibition of sEPSCs
onto OX neurons, because tolbutamide,
ok which restored OX neuron activity, failed
to reverse the decrease in sEPSC fre-
quency in response to leptin. It is possible
that leptin inhibits the activity of other
(non-OX) glutamatergic neurons that
provide excitatory synaptic input to OX
neurons. Alternatively, decreased sEPSC
frequency may reflect presynaptic inhibi-
tion of glutamate release from axon ter-
minals that are in synaptic contact with
the OX neurons.

Despite the GABAergic nature of LHA
LepRb neurons (Leinninger et al., 2009),
leptin-mediated inhibition of OX neu-
rons does not appear to involve the GABA
system. Consistently, the disruption of
GABA signaling in LepRb neurons mini-
mally increases food intake and body
weight, although animals lacking LepRb
in GABA neurons are extremely hy-
perphagic and obese (Vong et al., 2011;
Xu etal., 2012). Thus, although GABAer-
gic LepRb neurons are integral to leptin
action, GABA does not appear to repre-
sent the major neurotransmitter that me-
diates leptin action. Indeed, our results
suggest that leptin regulation of OX neu-
rons requires the involvement of other
neurotransmitters and/or neuropeptides.
Although LHA LepRb ™" neurons contain
Nts, as well as GABA, this peptide tended
to stimulate OX activity and thus seems an
unlikely mediator of leptin-mediated in-
hibitory signaling. In contrast, a recent
publication demonstrates that some LHA
LepRb neurons contain the inhibitory peptide Gal, which also
colocalizes extensively with Nts in the LHA (Laque et al., 2013).
Furthermore, Gal has been shown to activate K,p channels (de
Weille et al., 1988; Dunne etal., 1989; Zini et al., 1993) and inhibit
synaptic glutamate release (Zini et al., 1993; Kinney et al., 1998).
In this study, we further demonstrate that Gal inhibits OX activity
whereas Gal receptor blockade prevents the hyperpolarization of

Gal
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60s
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OX neurons by leptin, suggesting that Gal secretion from
LepRb™" neurons and subsequent Gal receptor activation con-
tributes to leptin regulation of OX function. Here, we demon-
strate the ability for LHA LepRb neurons to inhibit OX neurons
in the LHA. Our results are consistent with a model whereby
leptin exerts a tonic inhibitory effect on OX neurons, and their
disinhibition by decreasing leptin levels stimulates OX neuron
activity to trigger arousal, locomotor activity, and feeding during
periods of acute starvation. Although our studies address the
response of OX neurons to acute changes in leptin levels, it will be
important for future studies to examine how OX neurons inte-
grate signals, including leptin, over the long term to maintain
energy homeostasis.
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