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Neuroendocrine Proopiomelanocortin Neurons Are Excited
by Hypocretin/Orexin

Claudio Acuna-Goycolea and Anthony N. van den Pol
Department of Neurosurgery, Yale Medical School, New Haven, Connecticut 06520

Hypocretin/orexin, produced by a group of neurons in the lateral hypothalamus/perifornical area, enhances cognitive arousal and also
may play a crucial role in modulating the neuroendocrine system. How hypocretin modulates the endocrine system remains an open
question. Hypocretin cells innervate the mediobasal hypothalamus where they can potentially influence the activity of specific cell
populations within the arcuate nucleus. Here, we examine whether hypocretin modulates the median eminence-projecting proopiomel-
anocortin (POMC) neurons identified by selective green fluorescent protein expression and antidromic stimulation or retrograde Evans
blue dye tracing in transgenic mice. We find that POMC neurons, in general, and, in addition, those that project their axons to the median
eminence, were robustly activated by hypocretin in a dose-dependent manner. These excitatory actions included a threefold increase in
spike frequency and direct membrane depolarization of up to 22 mV (mean, 17.9 = 7.2 mV). Direct postsynaptic depolarization was
decreased at more positive membrane potentials, inhibited by the sodium- calcium exchanger antagonist KB-R7943, and reduced by
lowering the bath temperature, or by buffering the postsynaptic calcium with BAPTA, suggesting that the primary mechanism for
hypocretin-mediated excitation is the activation of the sodium- calcium exchanger. Hypocretin also enhanced excitatory inputs to POMC
cells via a presynaptic mechanism and indirectly increased the release of GABA onto these cells in a spike-dependent manner. However,
these synaptic actions were not necessary to cause postsynaptic membrane depolarization and spiking. Thus, in contrast to previous
suggestions that hypocretin inhibited POMC cells, our results demonstrate robust direct excitation of POMC neurons by hypocretin.
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Introduction

Hypocretin neurons in the lateral hypothalamus/perifornical
area play an important role in enhancing arousal (Chemelli et al.,
1999; Hagan et al., 1999; Lin et al., 1999; Nishino et al., 2000,
Thannickal et al., 2000; Sakurai, 2007), feeding (Sakurai et al.,
1998; Hara et al., 2001; Willie et al., 2001), and neuroendocrine
function (Date et al., 1999; Ida et al., 2000; Jaszberényi et al., 2000;
Al-Barzanji et al., 2001; Russell et al., 2001; Samson et al., 2002;
Ferguson and Samson, 2003; Sakamoto et al., 2004; Spinazzi et
al., 2006). During the last decade, the cellular bases for hypocretin
regulation of sleep and energy homeostasis have been studied
extensively, but the mechanisms underlying its neuroendocrine
actions remain poorly understood.

Central administration of hypocretin can increase the release
of several hormones from endocrine cells in the anterior pituitary
(Ida et al., 2000; Jaszberényi et al., 2000; Al-Barzanji et al., 2001;
Russell et al., 2001; Sakamoto et al., 2004). The secretion of hor-
mones within the pituitary is tightly regulated by factors secreted
by neuroendocrine cells from the basal hypothalamus, including
those in the arcuate nucleus. Here, specialized neuron subtypes
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project axons into the median eminence (ME) where they release
factors that regulate anterior pituitary hormone release. Thus,
one possible explanation for the neuroendocrine actions of hypo-
cretin could be that it modulates neuroendocrine neuron electri-
cal activity within the arcuate nucleus.

Hypocretin cells send prominent projections to the arcuate
nucleus (Peyron et al., 1998; van den Pol et al., 1998; Horvath et
al., 1999) where hypocretin receptors are highly expressed (Lu et
al., 2000; Hervieu et al., 2001; Marcus et al., 2001; Bickberg et al.,
2002). Within the arcuate, a number of chemically distinct cell
populations have been identified, including the proopiomelano-
cortin (POMC) neurons (Schwartz et al., 2000). A number of
independent lines of evidence suggest that hypocretin may modulate
neuroendocrine function via regulation of POMC neuron activity.
First, axon terminals containing hypocretins are found near arcuate
POMC neurons (Horvath et al., 1999; Guan et al., 2001). Second,
both immunohistochemical (Béckberg et al., 2002) and calcium im-
aging (Muroya et al., 2003) experiments suggest that hypocretin re-
ceptors are expressed by POMC neurons. Third, the peptides
a-MSH and cocaine amphetamine regulated transcript (CART),
produced by POMC cells, are expressed in axon terminals in the ME,
are released into the portal blood, and can enhance pituitary hor-
mone release, similar to hypocretins (Conover et al., 1993; Contijoch
et al., 1993; Prasad et al., 1993; Larsen et al., 2003). Thus, neuroen-
docrine POMC neurons in the arcuate nucleus appear to be good
candidates to mediate some of hypocretin’s actions on hormone
release from the anterior pituitary.
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Here, we study whether hypocretin can affect the activity of
neuroendocrine POMC cells in the basal hypothalamus. In con-
trast to a previous report suggesting that hypocretin inhibits
POMC cells (Ma et al., 2007), we found that hypocretin robustly
excites POMC cells, including median-eminence-projecting neu-
rons by both direct and indirect mechanisms. Importantly, al-
though presynaptic mechanisms may play a role in modulating
POMC activity, postsynaptic actions alone were sufficient to de-
polarize these neurons by up to 22 mV and increase their firing
rate by severalfold. Our results suggest that one mechanism
whereby hypocretin peptides may regulate hormone secretions
from the anterior pituitary is by the strong direct excitation of
neuroendocrine POMC neurons.

Materials and Methods

Animals and slice preparation

A few experiments (see Fig. 1) were performed in wild-type mice. For all
the other experiments, POMC-green fluorescent protein (GFP) trans-
genic mice (kindly provided by Dr. M. Low, Vollum Institute, Portland,
OR) were used. These transgenic animals selectively express GFP under
the control of the POMC promoter in POMC neurons, as described and
characterized previously (Cowley et al., 2001; Batterham et al., 2002;
Heisler et al., 2006; Miinzberg et al., 2007). Two- to five-week-old mice
were deeply anesthetized with sodium pentobarbital (100 mg/kg). Their
brains were quickly removed and placed in ice-cold, oxygenated (95%
oxygen/5% CO,) high-sucrose solution containing (in mm) 220 sucrose,
2.5 KCl, 6 MgCl,, 1 CaCl,, 1.25 NaH,PO,, 26 NaHCO;, and 10 glucose
(=315 mOsm). A block of brain tissue containing the basal hypothala-
mus was gently dissected out, transferred to a vibratome, where 250 um
transverse slices were cut, and moved to an equilibrium chamber filled
with oxygenated artificial CSF (ACSF) that contained (in mm) 124 NaCl,
3 KCl, 1 MgCl,, 2 CaCl,, 1.23 NaH,PO,, 26 NaHCO3, and 10 glucose. In
some experiments, as indicated in Results, we used 5 or 2 mm external
glucose. The alterations in ASCF osmolarity associated with changing
external glucose concentration were compensated for by adding osmot-
ically equivalent amounts of sucrose to the external buffer. After 1-2 h of
recovery, brain slices with an intact ME and arcuate nucleus were placed
in the recording chamber mounted on an Olympus BX51WI microscope
equipped with differential interference contrast (DIC) and fluorescence
capabilities. The tissue was constantly perfused with oxygenated ACSF at
~5 ml/min.

Electrophysiological recordings

GFP-expressing cells in the arcuate were identified under fluorescence
and approached under DIC. In some experiments, cell-attached record-
ings were performed by gently placing the recording pipette (filled with
normal ACSF) in the proximity of the target cell, thereby establishing a
low resistance seal (usually ~50 M()) between the pipette and the cell
membrane. In most of the experiments, a high-resistance gigaohm-seal
was first established between the recording pipette (containing the inter-
nal solution described below) and the cell membrane, and then by gentle
application of brief pulses of negative pressure through the recording
pipette, the membrane under the pipette tip was broken, thereby achiev-
ing whole-cell configuration.

Whole-cell voltage- and current-clamp recordings were performed by
using 3-5 M) borosilicate glass pipettes pulled either with a PP-83 ver-
tical puller (Narishige) or with a P-97 Flaming/Brown micropipette
puller (Sutter Instruments). In some experiments, glass micropipettes
were filled with an intracellular solution that contained the following (in
mM): 150 cesium methane-sulfonate (CH;05SCs), 1 MgCl,, 10 HEPES,
0.5 EGTA, 2 Mg-ATP, 0.4 Na,-GTP, and 10 Na,-phosphocreatine, pH
7.3, with CsOH. For current-clamp experiments, we used a pipette solu-
tion containing (in mm) 120 potassium methyl sulfate (KCH;SO,), 1
MgCl,, 10 HEPES, 0.5 EGTA, 2 Mg-ATP, 0.4 Na,-GTP, and 10 Na,-
phosphocreatine, pH 7.3, with KOH. Slow and fast capacitive compo-
nents were automatically compensated for. Access resistance was moni-
tored throughout the experiments, and only those cells with stable access
resistance (changes <<15%) were used for analysis. The recordings were
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performed with an EPC9 amplifier (HEKA) and were controlled with
Pulse software (HEKA). For all the whole-cell current-clamp experi-
ments presented in Figures 1-3, liquid junction potentials were theoret-
ically determined by using the generalized Henderson equation as de-
scribed by Barry and Lynch (1991) and by J. L. Kenyon (University of
Nevada Medical School, Reno, NV) at www.medicine.nevada.edu/
physio/docs/revised_primer_on_junction_potentials_3e.pdf and cor-
rected accordingly in Results and also in the figures. For the voltage-
clamp experiments presented in Figure 7, we tried to mimic the
conditions and values used by Ma et al. (2007). Because their values were
not corrected for the liquid junction potential, we similarly did not cor-
rect ours to facilitate the comparison.

Unless noted otherwise, the experiments were done in normal ACSF at
34 = 2°C, with bath-applied drugs. In initial experiments (see Fig. 2), we
tested the actions of both hypocretin-1 and -2 on the activity of POMC
neurons. We found no difference in the responses to 1 um hypocretin-1
or -2, and therefore, unless noted otherwise, 1 um hypocretin-2 was used
in all the other experiments. In the experiment in which hypocretin
actions on synaptic activity were tested, we used our Cs-based internal
solution only (see above). EPSCs were studied at —60 or —70 mV hold-
ing potentials, with 20 um picrotoxin (or 30 um bicuculline in a few
cases) in the bath to block GABA, receptor-mediated inhibitory trans-
mission (see Fig. 4). Spontaneous GABAergic currents were, in turn,
studied at 0 or +10 mV holding potentials, after blocking ionotropic
glutamate receptors with a mix of 10 um 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX) and 50 um DL-2-amino-5-phosphonopentanoic acid
(AP-5; see Fig. 5). In a few experiments (see Fig. 6 B), the properties of
hypocretin-induced current were studied using voltage ramps. These
protocols consisted of relatively slow (800 ms) voltage ramps from —120
to 10 or 20 mV. Typically, these experiments were done with our Cs-
based internal solution, tetrodotoxin (TTX; 0.5 um), and glutamate/
GABA synaptic blockers. In one set of experiments, we tested whether
hypocretin can modulate whole-cell potassium currents. The cells were
held at =70 mV, and 5-10 depolarizing step pulses were applied through
the recording pipette (5 mV each, 200—-400 ms, 3-5 s intervals). The
effects of hypocretin were evaluated on both the peak and sustained
component of the response. In these experiments, we used the K-based
internal solution in voltage-clamp configuration after blocking voltage-
gated sodium channels and glutamate/ GABA transmission.

Identification of neuroendocrine arcuate cells. The neuroendocrine na-
ture of recorded arcuate cells [either in hypothalamic slices derived from
wild-type mice (see Fig. 1) or from POMC-GFP transgenic mice (see Fig.
2 A, B)] was established by two independent approaches. In some exper-
iments, either a theta glass electrode (World Precision Instruments) or a
custom stainless steel, Teflon-coated bipolar stimulating electrode was
positioned in the ME to antidromically stimulate the axons of neuroen-
docrine arcuate cells. After single-shock electrical stimulation (usually
lower than 100 uA), all or no antidromic spikes (latencies ~1 ms; range,
~0.6-1.7 ms) were readily detected in the soma via whole-cell current-
clamp recordings. In other experiments (see Fig. 2C,D), POMC neuroen-
docrine cells were identified through fluorescent light in slices from mice
that had received intravenous injections of 2% Evans blue (100 ul) in the
tail vein. By using multiple excitation filters, GFP and Evans blue coex-
pressing cells were identified and approached using DIC. For histological
reconstruction of neuroendocrine projecting cells, some animals were
perfused with 4% paraformaldehyde, postfixed overnight in the same
solution, and dehydrated in high-sucrose-containing solutions
(15-30%) for 24—48 h. Hypothalamic sections (20 wm) were cryostat
cut, mounted, and observed in a fluorescence microscope. A Spot digital
camera (Diagnostic Instruments) was used to produce photomicro-
graphs. Contrast and brightness were adjusted with Photoshop 7.0
(Adobe Systems).

Data analysis and reagents. Data analysis was performed with PulseFit
8.54 (HEKA), Axograph 4.7 (Molecular Devices), and Igor Pro 4.07
(Wavemetrics) software. Spontaneous synaptic currents were detected
using Axograph. Briefly, the detection was performed by comparison of
the spontaneous events with a simulated template based on a double
exponential function in which the time course (rise and decay) of a
typical synaptic current was used. The template function was moved
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Figure 1.

Neuroendocrine arcuate cells are activated by hypocretin. A, Left, Schematic of experimental configuration. Arcuate nucleus neurons were recorded in whole-cell mode, whereas ME

axons were antidromically activated with an extracellular electrode. Right, Sodium spikes in a representative neuron triggered by ME stimulation in control conditions (top) and in the presence of
cadmium (bottom) to block conventional calcium-dependent transmitter release. Arrowheads show the timing of axonal stimulation. ARC, Arcuate nucleus; NE, neuroendocrine; 3V, third ventricle;
Rec, recording electrode; Stim, stimulating electrode. B, Left, A representative experiment is shown in which hypocretin increased spike frequency (per 6 s) in a physiologically identified
neuroendocrine cell (top). The changes in spike frequency triggered by hypocretin were accompanied by membrane depolarization as shown for the same neuron (bottom). Right, Traces of control,
hypocretin, and washout conditions from the same experiment. ¢, A summary is shown for averaged hypocretin actions on firing rate (top; in Hz) and membrane potential (bottom) of arcuate—
neuroendocrine neurons. Error bars indicate SEM. Hcrt, Hypocretin; Ctrl, control; MP, membrane potential (in mV). Statistically signifcant (p << 0.05) compared to control condition.

along the recorded trace, and individual events were compared with the
template.

Data in Results are expressed as mean = SEM. Statistical analyses were
performed on all POMC cells recorded for one particular experimental
condition. We used one-way ANOVA followed by a Bonferroni post hoc
procedure for between-group comparison (i.e., control, treatment,
washout). A value of p < 0.05 was considered statistically significant and
is indicated by an asterisk in the figures. Most drugs were prepared as a
1000-fold stock solution. AP-5, CNQX, and bicuculline methiodide
(BIC) were purchased from Sigma, and TTX was obtained from
Alomone Labs. Hypocretin-1 and -2 were purchased from Phoenix
Pharmaceuticals.

Results

Neuroendocrine arcuate neurons are excited by

hypocretin peptides

Several studies have shown that hypocretin plays an important
neuroendocrine role (Ida et al., 2000; Jaszberényi et al., 2000;
Al-Barzanji et al., 2001; Russell et al., 2001; Ferguson and Sam-
son, 2003; Sakamoto et al., 2004; Spinazzi et al., 2006), but the
cellular mechanisms underlying this are not well understood. To
gain insight into the mechanisms that may account for hypocre-
tin neuroendocrine actions, we explored whether hypocretin can
directly affect the activity of arcuate (ARC) cells that send their
axons into the ME.

To identify neuroendocrine ARC cells, we placed a bipolar
extracellular electrode in the ME, stimulated the axons of neu-
roendocrine cells, and recorded antidromic spikes in the cell
body in whole-cell current-clamp configuration (Fig. 1A, left).
Single-shock extracellular stimulation of the ME evoked all or no
sodium action potentials in arcuate neurons (Fig. 14, top right).
A number of independent lines of evidence suggest that they are
likely to represent antidromic spikes triggered by direct axonal
activation. (1) Increasing the stimulus intensity generated all or
no spikes with little passive membrane depolarization because of
subthreshold potentials. (2) The addition of the nonselective cal-
cium channel blocker cadmium chloride (100-200 um), which
would attenuate synaptic events, did not affect the ability of ME
electrical stimulation to evoke somatic sodium spikes (Fig. 1A,
bottom right). This suggests that spikes were triggered by a mech-
anism independent of calcium entry into presynaptic terminals,
consistent with antidromic spikes. (3) Sodium spikes evoked by
stimulation of the ME are unlikely to reflect direct activation of
arcuate neuron somata attributable to current spread from stim-
ulating regions because a delay (~1 ms) between stimulus artifact

and rising phase of the action potentials was commonly observed
(Fig. 1A, right, traces). In addition, we evoked these spikes in
~25% of recorded cells only; if they were caused by direct acti-
vation of the cell body, such a response should have been ob-
served in most of the recordings. (4) Bath application of iono-
tropic glutamate receptor antagonists [AP-5 and NBQX (2,3-
dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfo-
noamide)] did not significantly affect the generation of spikes
after ME stimulation but completely abolished action potentials
evoked by extracellular stimulation (n = 5; data not shown)
within the arcuate nucleus, suggesting that evoked spikes were
not caused by activation of axon collaterals that might send their
axons back into the arcuate nucleus.

Hypocretin strongly increased the firing rate and greatly de-
polarized most of the ME-projecting ARC cells (Fig. 1B). Hypo-
cretin depolarized these responsive cells from —58.4 * 2.4 to
—46.3 = 3.7 mV and significantly increased their firing >10-fold
compared with control values (Fig. 1C) (n = 4; p < 0.05). How-
ever, hypocretin did not excite all neurons tested. In two of six
recorded neurons, hypocretin had no detectable effect on the
activity of ARC-ME-projecting cells. This apparent lack of hypo-
cretin sensitivity in some ARC-ME innervating cells could be
attributable to a lack of hypocretin receptors on subsets of neu-
rons in the arcuate nucleus, a region that contains cells with
numerous phenotypic identities. Neurons in the arcuate can be
segregated into chemically distinct cell populations, each with its
own neurotransmitter/neuropeptide response profile. A particu-
larly interesting cell type in the arcuate nucleus synthesizes
POMC. Similar to hypocretin, peptides secreted by these cells,
including @-MSH and CART, have robust neuroendocrine ef-
fects (Conover et al., 1993; Contijoch et al., 1993; Prasad et al.,
1993; Larsen et al., 2003). We therefore examined the effect of
hypocretin peptides on the activity of identified neuroendocrine
POMC-producing cells in the sections below.

Hypocretin increases the activity of neuroendocrine

POMC cells

POMC neurons in the arcuate nucleus were identified by selective
GFP expression in transgenic mice (Cowley et al., 2001; Batter-
ham et al., 2002; Heisler et al., 2006; Miinzberg et al., 2007) (Fig.
2). In some experiments (Fig. 2 A, B), the neuroendocrine nature
of these cells was determined by the presence of antidromic spikes
triggered by extracellular stimulation of the ME as described
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Hypocretin excites neuroendocrine POMC cells. A, Low-magpnification DIC picture showing the mediobasal hypothalamus, including the arcuate nucleus. In the inset, a montage of a

GFP-expressing POMC cell and its corresponding DIC image are shown (the recording pipette is also evident). The stimulus electrode used to determine the neuroendocrine nature of this
representative POMC neuron is schematically shown in white. ARC, Arcuate nucleus; Rec, recording electrode; Stim, stimulating electrode; VMH, ventromedial nucleus. B, Excitatory actions of
hypocretin on the activity of the same physiologically identified neuroendocrine POMC cell shown in A. C, Histological reconstruction of a representative experiment in which a fluorescent dye was
injected intravenously 3 d before sectioning. The low-magpnification picture on the top left corner (1) shows GFP expression in a hypothalamic section from a POMC transgenic mouse. Higher-
magnification pictures from the region indicated by the white box (1) are shown for GFP expression (2), Evans blue fluorescence (red; 3), or both, shown by the yellow neurons (4). Some POMC cells
that also contain Evans blue are highlighted by the white arrowheads (4). Scale bars: 1, 100 pm; 2, 20 wm. D, Hypocretin-mediated excitation in a representative neuroendocrine POMC cell

identified by intravenous Evans blue injection. Hcrt, Hypocretin.

above. Once an ME-projecting POMC cell was identified, the
effect of hypocretin was determined in current-clamp mode (Fig.
2B). As shown for a representative experiment, hypocretin not
only increased the firing of POMC cells but also robustly depo-
larized them. On average, hypocretin increased the spike fre-
quency of physiologically identified POMC neuroendocrine cells
by 320 * 48% compared with control (n = 4; p < 0.05).

In other experiments, we used an alternative approach to
identify neuroendocrine POMC cells (Fig. 2C,D) that is based on
the fact that the ME has a weak blood—brain barrier. Fluorescent
dyes injected into the bloodstream can be taken up by axon ter-
minals innervating the ME and transported back into their cell
bodies. Thus, injected dyes in the POMC transgenic mice blood-
stream allowed us to readily identify ME-projecting POMC neu-
rons in hypothalamic slices using fluorescent microscopy. We
injected fluorescent dye (Evans blue, 2%, 100 ul) intravenously
in 15 POMC transgenic mice, and, after 1-4 d, brain sections
from those animals were cut for physiological experiments as well
as for histological reconstruction. A representative experiment in
which fixed brain sections were observed under the fluorescent
microscope is shown in Figure 2C. In a typical arcuate section,
several GFP-expressing neurons also contained Evans blue fluo-
rescence, consistent with their neuroendocrine nature (Fig. 2C4,
arrowheads). Other cells were labeled by the dye but showed no
GFP expression. Brain slices containing the hypothalamus from
Evans blue intravenous-injected POMC—-GFP animals were also

used for electrophysiological experiments. Doubly labeled ARC
cells (ME-projecting POMC neurons) were identified with fluo-
rescent microscopy and were approached and patch clamped un-
der DIC. Hypocretin strongly depolarized doubly labeled neu-
roendocrine POMC neurons and increased their spiking activity.
A representative example of these hypocretin excitatory actions is
shown in Figure 2 D. We repeated this experiment in eight cells
from six different animals. In three of these cells, we bath applied
hypocretin-1, whereas in the remaining five cells, we used
hypocretin-2 peptide. We found no significant difference be-
tween these groups and therefore pooled all these data together.
Unless noted otherwise, hypocretin-2 was used in the rest of this
study. Overall, hypocretin application resulted in a significant
275 * 36% increase in the spike frequency of these cells. Thus,
hypocretin greatly increases the activity of neuroendocrine
POMC cells.

Lack of inhibitory responses to hypocretin

Our data show that neuroendocrine POMC cells are robustly
activated by hypocretin. In contrast to this result, a recent study
(Ma et al., 2007) suggested that hypocretin inhibited arcuate
POMC cells, although the neuroendocrine nature of these cells
was not determined. One possible explanation for these two types
of responses is that there is heterogeneity in hypocretin sensitivity
within POMC cells so that this peptide can excite the cells inner-
vating the ME while inhibiting those that send their axons to
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Both cell-attached and whole-cell recordings failed to detect hypocretin-mediated inhibition of POMC firing activity. A, Extracellular recordings in control (left) and hypocretin (right)

conditions for doses of 0.1 um (top) and 1 um (bottom), respectively, in two typical cells. B, Averaged effects of low (left) and high (right) doses of hypocretin on POMCspiking studied in cell-attached
configuration. ¢, Whole-cell recording from two representative POMC neurons in control conditions (left) and in the presence of low (top right) or high (bottom right) doses of hypocretin. D,
Summary displaying the dose-dependent actions of hypocretin on POMC firing detected by whole-cell recording. Hert, Hypocretin; Ctrl, control. *p << 0.05.

either the medial or lateral hypothalamus. In such a scenario, it
would be predicted that both excitatory and inhibitory responses
to hypocretin would be found when a high number POMC cells,
projecting their axons to unknown targets, were recorded.

We tested this possibility by recording the hypocretin re-
sponses of 46 POMC neurons, in which their target (i.e., whether
they send their axons to the ME, other hypothalamic areas, or
both) was not determined (Fig. 3). In 18 of these cells, we per-
formed cell-attached recordings, which allowed us to monitor the
effects of hypocretin on firing rate without perturbing the cell or
the intracellular ion milieu (Fig. 3A). Although some recorded
cells showed relatively small responses to low doses of hypocretin
(0.1 uM), doses of 1 um hypocretin significantly increased spike
frequency of the same cells. The increase in spike frequency for
0.1 uM (n = 9) was more than twofold, whereas for 1 um (n = 14)
the firing rate was increased to 282.6 = 10.7% of control levels
(Fig. 3B) ( p < 0.05). We also performed whole-cell patch-clamp
experiments to determine whether hypocretin activation of
POMC cells was accompanied by changes in membrane poten-
tial. Indeed, we observed that hypocretin not only greatly in-
creased POMC spike frequency (from 0.08 £ 0.02 to 0.45 = 0.12
Hz for 0.1 uMm; from 0.06 = 0.04 to 1.5 * 0.4 Hz for 1 um) (Fig.
3C,D) (p < 0.05) but also significantly depolarized these cells.
Hypocretin (1 uM) depolarized the cells by a mean of ~18 mV
(from —59.9 = 1.2to —41.1 = 6.2 mV; n = 11), whereas 0.1 um
concentrations depolarized the cells by ~7 mV (from —62.3 *
3.7 to —54.3 £ 4.2 mV; n = 12). Thus, in contrast to previously
published results, under our experimental conditions, we failed
to detect any inhibitory action of hypocretin on POMC spike
frequency and consistently found strong excitatory actions.

Presynaptic hypocretin effects and POMC spiking activity
The activation of POMC cells by hypocretin can be explained by
several mechanisms. One is that it can affect synaptic inputs to

POMC cells and thereby regulate activity. To gain insight into
this, we first directly evaluated whether hypocretin can affect
either excitatory or inhibitory synaptic transmission by measur-
ing its effects on spontaneous excitatory and inhibitory synaptic
currents, respectively. EPSCs, measured in the presence of picro-
toxin (20 uMm) in the bath to block GABA-mediated synaptic
activity, were studied before and after hypocretin application.
Overall, in 21 cells, the frequency of EPSCs was reversibly in-
creased from 7.2 £ 1.7 to 16.8 £ 2.3 Hz after hypocretin appli-
cation. Traces from a representative experiment as well as a sum-
mary of the population data are shown in Figure 4, A and B. In
addition, we measured the effect of hypocretin on miniature EP-
SCs (mEPSCs) recorded in the presence of TTX (Fig. 4C-F). The
amplitude of mEPSCs was not significantly altered when the cu-
mulative distribution of mEPSCs for individual experiments was
studied (Fig. 4C,D) or when the mEPSC amplitude was averaged
across the population of recorded cells (Fig. 4 E) (control, 42.2 =
6.2; hypocretin, 30.9 * 6.6 pA; wash, 37.3 = 4.6 pA; n = 18). In
parallel, in the same set of experiments, we measured the effect of
hypocretin on mEPSC frequency and found that it was signifi-
cantly increased from 6.9 = 0.6 to 10.3 = 0.8 Hz as shown in
Figure 4 F (n = 18). This effect was reversible, and the frequency
of mEPSCs returned to 8.1 = 0.9 Hz after peptide washout. These
results suggest that hypocretin peptide can affect the activity of
POMC cells by activating its receptors localized in glutamatergic
axons, which would ultimately enhance glutamate release onto
postsynaptic structures.

Alternatively, the changes in glutamatergic synaptic activity
observed in POMC cells after hypocretin application might be
explained by the release of a postsynaptic retrograde messenger,
which could diffuse to presynaptic axons to modulate transmitter
release. Hypocretin can raise intracellular calcium in hypotha-
lamic neurons (van den Pol et al., 1998). Therefore, a possibility
exists that calcium might initiate release of retrograde messengers
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that could presynaptically modulate syn-
aptic inputs (i.e., through activation of ei- A
ther vanilloid or cannabinoid receptors)
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Hypocretin enhances POMC glutamatergic transmission

(Derbenev et al., 2006). We investigated

this possibility by loading the postsynaptic f
cell with the calcium chelator BAPTA (20

mM) (Beierlein and Regehr, 2006). If

changes in synaptic activity evoked by T
hypocretin were attributable to the
calcium-dependent release of a retrograde
messenger, its effect on EPSCs should be
blocked when BAPTA is loaded in the
postsynaptic cell. However, we found that ~ C
even after preventing postsynaptic cal-
cium rises with BAPTA, there was still an
increase in glutamatergic synaptic activity
that was not significantly different than
under control conditions (Fig. 4G) (con-
trol, 6.9 £ 0.5 Hz; hypocretin, 13.9 * 1.2
Hz; wash, 7.6 = 0.9 Hz; n = 8). Together,
our results suggest that hypocretin actions
on glutamate release are more likely
caused by the activation of its presynaptic
receptors and rule out a major contribu-
tion of retrograde messengers released in a
calcium-dependent manner from POMC
cells activated by hypocretin.

We also examined whether hypocretin crl
can regulate the release of GABA onto ar-
cuate POMC neurons by measuring its ef-
fect on spontaneous GABAergic currents
(with ionotropic glutamate blockers in the
bath; see Materials and Methods). We
found that hypocretin significantly in-
creased IPSC frequency from 6.9 * 1.1 to
11.5 = 1.4 Hz (Figure 54, B) (n = 9), a
result consistent with previous observa-
tions (Ma et al., 2007). In addition, we noticed that hypocretin
also increased the amplitude of GABAergic currents recorded in
POMC cells from 69.9 = 2.1t0 89.4 = 1.2 pA (Fig. 5C,D) (n =9).
Analysis of miniature inhibitory currents in six experiments
showed no significant hypocretin effect on miniature IPSC
(mIPSC) frequency (Fig. 5E) (n = 5; control, 5.6 = 1.9 Hz; hypo-
cretin, 5.4 = 1.8 Hz; wash, 4.9 = 1.9) or their amplitude (Fig. 5F)
(n=>5;41.2 = 12.1 pA; hypocretin, 37.4 * 10.4 Hz; wash, 40.2 =
16.6 Hz). Thus, in contrast to its actions on glutamatergic inputs,
hypocretin effects on IPSCs are spike dependent and likely attrib-
utable to the activation of the cell body/dendrites of nearby
GABAergic cells projecting their axons onto recorded POMC
neurons.

Together, the results presented above show that hypocretin
peptide can modulate both excitatory and inhibitory activity,
raising the possibility that its effect on firing rate could be medi-
ated by presynaptic actions on either glutamate or GABA release.
We evaluated this in cell-attached mode when either glutamater-
gic (Fig. 6A1,BI) or GABAergic (Fig. 6 A2,B2) transmission was
blocked with selective antagonists (see Materials and Methods).
If hypocretin-mediated POMC activation were dependent on
presynaptic actions, blockade of synaptic inputs would be ex-
pected to eliminate such excitation. Pharmacological blockade of
fast glutamatergic transmission did not prevent hypocretin exci-
tation of POMC cells, as shown in a representative experiment in
Figure 6A1. A summary of the mean effects of hypocretin on
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POMC spiking activity under these experimental conditions in
six experiments is shown in Figure 6 BI (control, 2.2 = 0.1 Hz;
hypocretin, 3.4 + 0.2 Hz). In addition, when inhibitory transmis-
sion was eliminated by blocking ionotropic GABA receptors (Fig.
6A2,B2), hypocretin could also significantly increase the firing
rate of POMC neurons (from 1.6 *= 0.1 to 3.2 = 0.3 Hz; n = 5).
Even when both the inhibitory and excitatory inputs to POMC
cells were pharmacologically blocked (Fig. 6 A3,B3), hypocretin
still enhanced the activity of these cells (from 0.6 *= 0.2 to 2.7 =
0.3Hz; n = 5), further substantiating the idea that although hypo-
cretin can affect synaptic inputs to these hypothalamic neurons,
these indirect actions do not appear to be necessary to increase
spiking activity. These findings also suggested that hypocretin
exerts direct postsynaptic actions on POMC cells, thereby in-
creasing their firing rate.

Direct postsynaptic actions of hypocretin on POMC cells

Immunohistochemical and calcium imaging experiments have
previously suggested that POMC cells express hypocretin recep-
tors (Backberg et al., 2002; Muroya et al., 2003). We therefore
tested whether hypocretin activation of these postsynaptic recep-
tors could affect the membrane potential of POMC cells. To elim-
inate indirect hypocretin actions, we blocked both excitatory and
inhibitory transmission with selective antagonists (see Materials
and Methods) as well as network spike-dependent hypocretin
actions with TTX. Under these conditions, bath application of
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Hypocretin potentiates GABAergic transmission in POMC neurons
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hypocretin resulted in a substantial and significant 17.9 = 4.5 mV
depolarization in POMC cells. A summary of population re-
sponses is presented in Figure 7C. Recovery was achieved, be-
tween 5 and 15 min after peptide washout (control, —60.9 * 1.2
mV;hypocretin, —43.0 = 7.2mV; washout, —55.1 = 1.6 mV;n =
8; p < 0.05).

Previous studies have shown that external glucose concentra-
tion can control the activity of POMC neurons (Parton et al.,
2007), suggesting that glucose levels in the bath may affect the
ability of these cells to respond to modulators, including hypo-
cretin. We thus tested the action of hypocretin on POMC mem-
brane potential in the presence of lower external glucose concen-
trations (5 and 2 mM). We found that with either 5 or 2 mm
external glucose, hypocretin still evoked a robust POMC depo-
larization of 12.1 * 4.1 mV (n = 3) and 6.1 = 1.8 mV (n = 5),
respectively. Thus, direct activation of postsynaptic hypocretin

receptors is sufficient to cause membrane depolarization even
under low external glucose concentration. These direct postsyn-
aptic actions of hypocretin likely contribute to its excitatory ac-
tion on POMC cell spiking activity.

We next attempted to determine the postsynaptic mechanism
by which hypocretin depolarized POMC cells. While performing
whole-cell voltage-clamp experiments with synaptic blockers and
TTX in the bath, we noticed that, at negative potentials (—60 to
—70 mV), hypocretin induced a slow inward current in recorded
cells. Recordings from a representative experiment are shown in
Figure 7A. In addition to these changes in the holding current,
hypocretin increased the synaptic noise, represented by an in-
crease in the thickness of the recorded current (Fig. 7A, right),
further suggesting increases in channel activity.

To gain insight into the properties of the conductance acti-
vated by hypocretin in POMC soma/dendrites, we performed
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Figure 7. Mechanisms of postsynaptic hypocretin depolarization. A, Whole-cell voltage-
clamp recording from a representative POMC neuron showing the effect of hypocretin on the
holding potential and channel activity in the presence of TTX and blockers of glutamate and
GABA transmission. B, Top, Effect of hypocretin on current response recorded in voltage clamp
after a slow voltage ramp from —110 to —20 mV. Bottom, Net hypocretin-induced current
obtained by subtracting control from hypocretin condition. €, Summary of current-clamp re-
cordings displaying the actions of hypocretin on POMC membrane potential in control (Ctrl)
conditions, or in the presence of BAPTA in the pipette solution, or KB-R7943 in the bath. *p <
0.05.D, Theimpact of initial membrane potential on hypocretin-evoked POMC depolarizationin
22 cells. These neurons were grouped (10 mV bins) according to their initial membrane poten-
tial. Net depolarization (A V) was plotted against initial membrane potential (init MP), and a
linear function was fitted (thin line; ¥ = 17.2 + 0.4 X). E, Effect of hypocretin on membrane
potential in a representative POMC cell maintained either near —40 mV (top) or around —60
mV (see Materials and Methods). Hert, Hypocretin; MP, membrane potential.

voltage-ramp experiments (see Materials and Methods) in con-
trol conditions and in the presence of hypocretin in the bath. As
displayed in Figure 7B, hypocretin induced an inward current at
negative potentials that decreased in amplitude as the cells be-
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came more depolarized and reversed between —6 and —43 mV
(mean reversal potential, —38.5 = 5.6 mV). One possibility that
may explain such a reversal potential is that hypocretin activates
the sodium-— calcium exchanger (NCX), as reported for GABAer-
gic cells in the arcuate nucleus (Burdakov et al., 2003). Arcuate
POMC neurons appear to synthesize and release GABA (Hentges
et al., 2004), and therefore we tested whether activation of NCX
might contribute to the observed POMC depolarization after
hypocretin application (Fig. 7C). In the presence of the NCX
inhibitor KB-R7943 (50—100 uMm) (Eriksson et al., 2001a; Burda-
kov et al., 2003) in the bath, hypocretin failed to significantly
depolarize POMC cells. In addition, hypocretin also failed to
robustly depolarize hypocretin neurons when BAPTA (10 mm)
was included in the recording pipette, a result consistent with the
involvement of NCX. Postsynaptic actions mediated by activa-
tion of the NCX, but not by ion channels, have been shown to be
highly temperature dependent (Eriksson et al., 2001a). There-
fore, determining whether hypocretin-mediated excitation of
POMC cells is sensitive to changes in bath temperature would
provide additional insight into the involvement of the NCX. We
thus lowered the bath temperature in the recording chamber to
22 £ 2°C and evaluated the actions of hypocretin under this
experimental condition. Hypocretin-mediated depolarization
was then drastically reduced (from 17.9 = 7.2 mV at ~34°C to
44 * 1.5 mV at ~22°C; n = 8 and n = 12, respectively). This
observation is consistent with the reported reduction in the de-
polarization mediated by activation of the NCX at low tempera-
tures (Eriksson et al., 2001a). Thus, similar to GABA neurons in
the arcuate nucleus (Burdakov et al., 2003), our results are con-
sistent with an involvement of NCX in hypocretin-mediated de-
polarization of POMC cells.

Our voltage-ramp experiments suggest that POMC cells
with relatively positive membrane potentials would show less
pronounced depolarization in response to hypocretin. We
therefore plotted the peak amplitude of the hypocretin-
induced depolarization as a function of the initial membrane
potential in 22 POMC neurons. We found, as predicted by
voltage-ramp experiments, that hypocretin was less effective
in activating POMC neurons with more depolarized mem-
brane potentials (Fig. 7D). A representative experiment is
shown in Figure 7E in which the actions of hypocretin are
tested at two different membrane potentials in the same
POMC cell. First, when the cell was maintained near —40 mV
(by constant positive current injection through the recording
pipette), hypocretin exerted little depolarizing action. Switch-
ing the membrane potential to around —60 mV (the normal
resting membrane potential of this particular neuron) un-
masked a hypocretin-mediated depolarization of ~10 mV in
the same cell. Thus, these experiments reveal that direct exci-
tatory actions of hypocretin are less apparent in more depo-
larized POMC cells. This result is also consistent with the lack
of modulation of whole-cell potassium current by hypocretin,
observed in six experiments (n = 6; data not shown).

Discussion

Here, we studied the actions of hypocretin on the activity of
identified POMC cells, including neuroendocrine POMC neu-
rons. Hypocretin not only increased synaptic transmission in
these cells but also dramatically increased their activity via direct
stimulation of postsynaptic receptors. Thus, in contrast to previ-
ous findings (Ma et al., 2007), our results show direct robust
excitatory actions of hypocretin on POMC neurons. These find-
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ings reveal a potential mechanism underlying neurondocrine
regulation by hypocretin peptides.

Mechanisms of hypocretin excitation of POMC neurons

In contrast to previous suggestions that hypocretin inhibits
POMC neurons (Ma et al., 2007), a major finding here is that
hypocretin directly excites these cells, including those POMC
cells that send their axons into the ME. Our result is very different
from hypocretin actions described before in this hypothalamic
neuron subtype. We find that hypocretin peptides strongly in-
crease the firing rate and depolarize POMC cells, whereas the
previous report (Ma et al., 2007) suggested that hypocretin de-
creased spike frequency and hyperpolarized the same neurons.
What might contribute to this seeming discrepancy? Our results
indicate that the experimental conditions used by Ma et al. (2007)
may mask the direct postsynaptic activation of POMC cells by
hypocretin. Here, we demonstrate a potent, reversible,
concentration-dependent, excitatory action of hypocretin that
persisted in the presence of TTX, and that is likely mediated by
direct activation of the NCX. In contrast, the previous study (Ma
et al., 2007) did not detect any direct activation of postsynaptic
receptors in POMC cells, although early reports substantiate the
presence of hypocretin receptors in these cells (Bickberg et al.,
2002; Muroya et al., 2003).

The function of ion exchangers is highly temperature sensi-
tive, and recordings at relatively low temperatures, such as the
22-25°C used by Ma et al. (2007), may block cellular responses
that are present at normal physiological temperatures. Eriksson
etal. (2001a) reported a dramatic reduction in the depolarization
mediated by activation of the NCX at temperatures lower than
physiological. Our experiments show that when the bath temper-
ature was lowered from 34°C to 22°C, the actions of hypocretin
on POMC membrane depolarization were reduced by almost
80%. This observation reveals that direct hypocretin actions can
be masked at nonphysiological temperatures and also provides
one potential explanation for the discrepancy between our results
and those published by Ma et al. (2007).

Second, we find that the most likely mechanism for
hypocretin-mediated excitation is the activation of the NCX that
reverses near —38 mV. In the previous study by Ma et al. (2007),
the resting membrane potential of recorded cells was approxi-
mately —38 mV (Fig. 1D), which is very close to the reversal
potential found here for hypocretin-induced current. Thus, acti-
vation of this current by hypocretin in cells with a resting mem-
brane potential near the reversal potential might mask its excita-
tory effect. In our experiments, the mean resting membrane
potential was approximately —60 mV [20 mV negative to that
suggested by Ma et al. (2007), their Fig. 1], and under our phys-
iological conditions, hypocretin evoked a large depolarization,
sometimes >20 mV; in contrast, when we artificially held the
membrane potential near —40 mV, hypocretin then evoked little
or no depolarization and had little effect on the firing rate. To
avoid concerns about the relative composition of the whole-cell
pipette that might dialyze the normal cytoplasmic milieu, we also
used cell-attached recording that leaves both the resting mem-
brane potential and intracellular milieu unaltered and found that
hypocretin was still very excitatory. Positive resting membrane
potentials are unusual for healthy neurons; cells with such resting
potentials are sometimes excluded from data analysis (Eriksson
etal., 2001a,b). That neurons with relatively positive membrane
potentials may not represent normal POMC neurons is also sub-
stantiated by the lack of recovery found in the majority of neu-
rons after the “inhibition” evoked by hypocretin in the study by

J. Neurosci., February 4, 2009 - 29(5):1503-1515 = 1511

Ma et al. (2007). In some of the neurons illustrated (Ma et al.,
2007, their Fig. 3A, bottom traces), although no depolarization
was noted, each of the traces in the presence of hypocretin
showed more “noise,” suggestive of channel opening.

Functional implications of hypocretin excitation of

POMC neurons

In the anterior pituitary, a number of hormones [ACTH, prolac-
tin (PRL), follicle-stimulating hormone, luteinizing hormone,
etc.] are secreted from endocrine cells into the bloodstream. Pi-
tuitary hormone-producing cells are regulated by pituitary
tropins released by hypothalamic axon terminals into blood ves-
sels in the ME. These vessels carry the hypothalamic factors to the
anterior pituitary gland where they bind to specific receptors on
the surface of the endocrine cells.

Hypothalamic hypocretin cells (de Lecea et al., 1998) appear
to play a significant role in controlling hormone release from the
anterior pituitary. Central injections of hypocretin alter ACTH
and PRL secretions (Ida et al., 2000; Jaszberényi et al., 2000; Al-
Barzanji et al., 2001; Russell et al., 2001; Ferguson and Samson,
2003; Sakamoto et al., 2004; Spinazzi et al., 2006). These neuroen-
docrine actions could be mediated in part by activation of neu-
roendocrine neurons in the hypothalamus (Freeman et al., 2000;
Ferguson and Samson, 2003). Along this line, hypocretin-
containing axonal boutons have been observed near or synapsing
with arcuate nucleus cells (Peyron et al., 1998; Horvath et al,,
1999). These neurons also express pronounced levels of hypocre-
tin receptors (Bickberg et al., 2002; Muroya et al., 2003), further
suggesting that arcuate neuroendocrine cells could be modulated
by hypocretins. Here, we report that neuroendocrine POMC
neurons, identified either by antidromic stimulation or after in-
travenous dye injections, are strongly activated by hypocretin
peptides. Our results support the idea that POMC neurons may
play a pivotal role in mediating hypocretin neuroendocrine ac-
tions. Hypocretin-producing cells probably do not directly con-
trol hormone secretions but participate in neuroendocrine regu-
lation by selectively affecting the firing of POMC neurons that, in
turn, can control pituitary function. Activation of POMC neu-
rons by hypocretin would also tend to increase the release of
POMC peptides and colocalized GABA (Hentges et al., 2004) on
other arcuate neurons that could also modulate pituitary
secretions.

In a current model of central control of feeding, POMC neu-
rons are considered to provide an anorexigenic tone (Cowley et
al., 2001). In an early description of hypocretin (Sakurai et al.,
1998), the suggestion was made that hypocretin (orexin) pro-
moted food intake, and if this were true, then hypocretin-
mediated inhibition of POMC neurons could be an explanation
for that. However, in narcoleptic animals or humans lacking
hypocretin or its receptors, the primary morphotype is one of a
modest increase (not decrease) in body weight (Hara et al., 2001,
2005). This weight gain could in part be attributable to a reduced
level of physical activity in narcoleptic subjects. An additional
mechanism for the increase in body weight in narcolepsy, consis-
tent with the results described here, is that when the hypocretin-
mediated excitatory tone on the POMC cells is reduced as hypo-
cretin cells are lost in narcolepsy, then the POMC neurons may by
less active, leading to a weight gain.
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