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The lateral hypothalamus (LH) is a central hub that integrates inputs from, and sends outputs to, many other brain areas. Two groups of
neurons in the LH, expressing hypocretin/orexin or melanin concentrating hormone (MCH), have been shown to participate in sleep
regulation, energy homeostasis, drug addiction, motor regulation, stress response, and social behaviors. The elucidation of crosstalk
between these two systems is essential to understand these behaviors and functions because there is evidence that there are reciprocal
innervations between hypocretin/orexin and MCH neurons. In this study, we used MCH receptor-1 knock-out (MCHR1 KO) and wild-type
(WT) mice expressing green fluorescent protein in hypocretin/orexin-containing neurons to examine the hypothesis that MCH modu-
lates hypocretin/orexin-mediated effects on behavioral state and synaptic transmission in the LH. In MCHR1 KO mice, the efficacy of
glutamatergic synapses on hypocretin/orexin neurons is potentiated and hypocretin-1-induced action potential firing is facilitated,
potentially explaining an increased effect of modafinil observed in MCHR1 KO mice. In wild-type mice with intact MCHR1 signaling, MCH
significantly attenuated the hypocretin-1-induced enhancement of spike frequency in hypocretin/orexin neurons. The MCH effect was
dose dependent, pertussis toxin sensitive, and was abolished in MCHR1 KO mice. Consistent with this effect, MCH attenuated hypocretin-
1-induced enhancement of the frequency of miniature EPSCs in hypocretin/orexin neurons. These data from MCHR1 KO and WT mice
demonstrate a novel interaction between these two systems, implying that MCH may exert a unique inhibitory influence on hypocretin/

orexin signaling as a way to fine-tune the output of the LH.
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Introduction

The lateral hypothalamus (LH) is a brain structure that plays a
pivotal role in various functions critical to animal survival, but
the mechanisms underlying LH function were not easily explored
until two groups of neurons, synthesizing the neuropeptides
hypocretin/orexin or melanin concentrating hormone (MCH),
were identified in this region (Sawchenko, 1998). Neurons ex-
pressing hypocretin/orexin or MCH broadly innervate the CNS,
implying that the LH is likely to participate in a greater variety of
behaviors and functions via these two systems than previously
thought (Bittencourt et al., 1992; Peyron et al., 1998). A growing
body of evidence has demonstrated that the hypocretin/orexin
and MCH systems are necessary for promoting positive energy
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balance (Quetal., 1996; Sakurai et al., 1998; Cai et al., 1999). They
have distinct effects on promoting wakefulness and maintaining
behavioral states (Chemelli et al., 1999; Lin et al., 1999; Nishino et
al., 2000; Verret et al., 2003; Modirrousta et al., 2005; Hanriot et
al., 2007; Ahnaou et al., 2008), locomotor activity critical for food
seeking (Marsh et al., 2002; Segal-Lieberman et al., 2003; Ya-
manaka et al., 2003; Zhou et al., 2005; Zhang et al., 2006), cardio-
vascular regulation (Messina and Overton, 2007; Samson et al.,
2007), drug addiction, stress response, and social behaviors (Shi,
2004; Harris et al., 2005; Smith et al., 2005; Winsky-Sommerer et
al., 2005; Borgland et al., 2006). It is not yet clear how the activity
of hypocretin/orexin- and MCH-containing neurons is coordi-
nated to mediate the output of the LH and provide coordinate
regulation of the functions and behaviors described above.

It is now clear that hypocretin/orexin exerts an excitatory ef-
fect at the cellular level via two subtypes of receptors (hcrtR1/
OXI1R and hcrtR2/OX2R) in the central and peripheral nervous
systems in most cases (de Lecea et al., 1998; Sakurai et al., 1998;
van den Pol et al., 1998; Sutcliffe and de Lecea, 2000). MCH is a
cyclic peptide with 19 amino acids. One receptor type (MCHRI,
also called MCHIR, SLC-1) has been cloned in rodents, whereas
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two subtypes of receptors (SLC-1 and SLT) have been cloned in
humans (Saito and Maruyama, 2006). MCH depresses forskolin-
induced accumulation of cAMP in non-neuronal expression sys-
tems, synaptic transmission, and voltage-dependent calcium
channels in cultured hypothalamic neurons and D, DA receptor-
mediated phosphorylation of GluR1 in striatal neurons (Cham-
bers et al., 1999; Saito et al., 1999; Gao and van den Pol, 2001,
2002; Georgescu et al., 2005). The distinctive functions of hypo-
cretin/orexin and MCH at the cellular level as well as a reciprocal
innervation between the hypocretin/orexin and MCH systems
suggest the possibility of crosstalk between these two systems
(Guan et al., 2002; van den Pol et al., 2004).

To date, it has been shown that hypocretin/orexin depolarizes
MCH neurons and increases synaptic transmission on MCH
neurons (van den Pol et al., 2004); however, it is not yet clear
whether and how MCH regulates the activity in hypocretin/
orexin neurons. In the current study, we found using MCHR1
knock-out (KO) mice and their wild-type (WT) siblings that
MCH is critical in moderating the activity of hypocretin/orexin
neurons identified by transgenic expression of green fluorescent
protein (GFP). MCH appears to serve as a feedback regulator of
the hypocretin/orexin system that can fine-tune the output of the
LH area.

Materials and Methods

Animals

All mice were on the C57BL/6 genetic background and were group
housed and maintained on a 12 h light/dark cycle (lights on at 6:00 A.M.)
with food and water available ad libitum. Homozygous MCHRI /™ mice
on the C57BL/6 genetic background from Merck Research Laboratories
were crossbred with hypocretin-GFP mice (C57BL/6 background) to
obtain heterozygous breeding pairs (hypocretin-GFP/MCHRI™*'™),
which were used to generate hypocretin-GFP/MCHRI*/* and hypocre-
tin-GFP/MCHR1 ™/~ mice for our experiments. PCR analysis was used
to genotype offspring of the heterozygous breeding pairs as shown in
Figure 1A. Genotyping for hypocretin-GFP-positive mice was per-
formed as described previously (Li etal., 2002). For MCHR1 WT and KO
mice, the WT and mutant alleles resulted in bands at ~190 and ~260 bp,
respectively. All studies were approved by the Yale University Animal
Care and Use Committee and followed the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Locomotor activity

Locomotor activity was measured as described previously (Rao et al.,
2007). Behavioral tests were performed during the light phase. Modafinil
(Sigma-Aldrich) was dissolved in 1% dimethylsulfoxide in sterile water.
All animals were habituated to the locomotor apparatus for 3 d. This was
followed by a single modafinil (10 or 20 mg/kg, i.p.) or saline injection on
the fourth day. On each test day, animals were habituated to the testing
room for 30 min before being put into locomotor activity cages and were
further habituated to the test boxes for 15 min; after habituation, animals
received either a modafinil or a saline injection, and locomotor activity
was monitored for 30 min. Locomotor activity was measured in clear
plastic cages (46 X 24 X 20 cm) between two rows of Opto-Max sensors
(Columbus Instruments). Locomotor activity was assessed by measuring
the number of beam breaks recorded during each 5 min block across the
session.

Double immunolabeling

Two hours after treatment with 10 mg/kg modafinil or saline, mice (three
animals per group) were deeply anesthetized and perfused transcardially
with 4% paraformaldehyde. The immunostaining procedures were sim-
ilarly performed as described previously (Liu and Gao, 2007). Brain sec-
tions were incubated overnight in primary antibodies for orexin-B (1:
2500; Santa Cruz Biotechnology) and c-Fos (1:1000; Oncogene) and then
incubated in the secondary antibodies (1:200) conjugated to Alexa Fluor
488 and 594 (Invitrogen) for 2-3 h. The antigen absorption control for
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anti-orexin-B antibody was performed by preincubation of the antibody
with a blocking peptide obtained from the same vendor. Specimens were
examined with an FV 300 confocal laser scanning microscope from
Olympus America. For hypocretin/c-Fos-positive cell counting, three to
four sections from each animal were taken, and the numbers of hypocre-
tin/orexin neurons and c-Fos/hypocretin-positive neurons were counted
and averaged. The percentage of c-Fos/hypocretin dual-labeled cells in
hypocretin-positive cells was determined in each section in WT and KO
mice treated with saline and modafinil (10 mg/kg). n reported refers to
the number of samples examined in each group. An ANOVA test was
used to examine the statistical significance among all groups.

Hypothalamic slice preparation

Coronal hypothalamic slices, 300 wm thick, were cut from mice on post-
natal days 14-21 using a vibratome. Mice expressed GFP exclusively in
hypocretin/orexin neurons (Li et al., 2002; Yamanaka et al.,, 2003).
Briefly, mice were anesthetized with ether and then decapitated. The
brains were rapidly removed and immersed in cold (4°C) oxygenated
bath solution (containing in mm: 220 sucrose, 2.5 KCl, 1 CaCl,, 6 MgCl,,
1.25 NaH,PO,, 26 NaHCOj, and 10 glucose, pH 7.3 with NaOH). After
being trimmed to contain only the hypothalamus, slices were maintained
in a holding chamber with artificial CSF (ACSF) (bubbled with 5% CO,
and 95% O,) containing the following (in mm): 124 NaCl, 3 KCl, 2 CaCl,,
2 MgCl,, 1.23 NaH,PO,, 26 NaHCO,, and 10 glucose, pH 7.4 with
NaOH. Slices were transferred to a recording chamber after at least 1 h
recovery and constantly perfused with bath solution (33°C) at 2 ml/min.

Electrophysiology

Extracellular recording. Extracellular recordings were made from identi-
fied hypocretin—-GFP neurons with a glass electrode filled with ACSF
(resistance, 2—-5 M{)) with a multiclamp 700A amplifier (Molecular De-
vices). The recording electrode was propelled by a motorized microma-
nipulator to approach an identified hypocretin—-GFP neuron. A loose seal
was formed (resistance, 10-20 M()) when the micropipette touched the
surface of a neuron. After a 10 min control was recorded, drugs were
applied to the recording chamber by bath application.

Whole-cell recording. Whole-cell voltage clamp (at —60 or +40 mV)
was performed to observe miniature or evoked postsynaptic currents
with a Multiclamp 700A amplifier. The patch pipettes with a tip resis-
tance of 4—6 M() were made of borosilicate glass (World Precision In-
struments) with a Sutter Instruments pipette puller (P-97) and filled with
a pipette solution containing the following (in mm): 135 K-gluconate (or
Cs-gluconate), 2 MgCl,, 10 HEPES, 1.1 EGTA, 2 Mg-ATP, 10 Na,-
phosphocreatine, and 0.3 Na,-GTP, pH 7.3 with KOH. After a gigaohm
seal and whole-cell access were achieved, the series resistance (between 20
and 40 M()) was partially compensated by the amplifier. Miniature
EPSCs (mEPSCs) were recorded under voltage clamp at —60 mV in the
presence of tetrodotoxin (TTX) (1 um) and bicuculline (30 um). To
monitor evoked EPSCs, the stimulating electrode was placed at least 125
pm laterally from the recorded neurons. Evoked EPSCs recorded in
hypocretin/orexin neurons under voltage clamp at +40 mV in the pres-
ence of picrotoxin (50 um) contained both AMPA and NMDA compo-
nents, and AMPA receptor (AMPAR)-carried EPSC was obtained by
applying DL-2-amino-5-phosphonovaleric acid (AP-5) (50 uMm) to the
recorded neurons. The NMDA receptor (NMDAR)-carried component
of the EPSC was determined by subtracting the AMPA component from
the whole EPSC recorded before the application of AP-5. Both input
resistance and series resistance were monitored throughout the experi-
ments. Only those recordings with stable series resistance and input re-
sistance were accepted. Drugs were applied to the recording chamber via
bath application after at least 10 min of control recording.

All data were sampled at 3—10 kHz and filtered at 1-3 kHz with an
Apple Macintosh computer using Axograph 4.9 (Molecular Devices).
Electrophysiological data were analyzed with Axograph 4.9 and plotted
with Igor Pro software (WaveMetrics). Miniature postsynaptic currents
were detected and measured with an algorithm in Axograph 4.9 (Gao and
van den Pol, 2001; Rao et al., 2007). The frequency of mEPSCs was
normalized by comparing the average mEPSC frequency for a 3 min
plateau after drug application with that for 5 min just before drug
application.



Rao et al. @ MCH Inhibition of Synaptic Transmission in the LH

A

=
)
=

300bp —
200bp —

KO

200043 Saline
B Modafinil (10 mg/kg)
1500 1mm Modafinil (20 mg/kg)
*

Uls
S S
L= o

Beam breaks

=

WT

KO

Saline Modafinil

_ O Saline

404
304
204
104

B Modafinil #

J. Neurosci., September 10, 2008 - 28(37):9101-9110 » 9103

1353 = 225; p < 0.05) but not in WT mice
(saline, 492 = 72.7; modafinil, 618 = 109;
p > 0.05) as reported previously by Simon
et al. (1994). At a dose of 20 mg/kg,
modafinil produced significant increase of
locomotor activity in both WT and KO
mice (WT, 830.88 * 82.48, n = 8, p <
0.05; KO, 1386.4 = 157.05, n = 8, p <
0.05). To determine whether the activa-
tion of hypocretin/orexin neurons was
correlated with the enhanced locomotor
activity by modafinil at 10 mg/kg in
MCHI1R KO mice, we examined the ex-
pression of the immediate early gene pro-
tein c-Fos in hypocretin/orexin neurons
after treatment with modafinil (10 mg/kg)
through double immunolabeling for
hypocretin and c-Fos (Fig. 1C). The per-
centage of c-Fos/hypocretin dual-labeled
cells in hypocretin-positive cells was deter-
mined in WT and KO mice treated with
saline and modafinil (10 mg/kg). The c-
Fos/hypocretin dual-labeled neurons were
23.8 = 2.72% (n = 17, WT) and 28.2 *
3.69% (n = 19, KO) in saline-treated

% c-Fos / Hypocretin positive neurons T

Figure1.

Hypocretin-1/orexin A and MCH were obtained from Phoenix Phar-
maceutical. Bicuculline, b-AP-5, picrotoxin, and pertussis toxin (PTX)
were purchased from Sigma. SKF81297 (6-chloro-2,3,4,5-tetrahydro-1-
phenyl-1H-3-benzazepine hydrobromide) was obtained from Tocris
Cookson. TTX was obtained from Alomone Labs.

Results

Sensitization to hypocretin/orexin-mediated wakefulness-
promoting effects in MCHR1 KO mice

Hypocretin/orexin neurons in the LH have been demonstrated as
one of several systems through which modafinil exerts its
wakefulness-promoting effects (Scammell et al., 2000). Our re-
cent results have shown that modafinil promotes wakefulness by
potentiating synaptic transmission in hypocretin/orexin neurons
(Rao etal., 2007). Therefore, it is conceivable that any manipula-
tion altering the activity of hypocretin/orexin neurons should be
able to modify the behavioral response to modafinil in animals.
We hypothesized that, if MCH could modulate the activity of
hypocretin/orexin neurons, it may interfere with the behavioral
state (wakefulness) of the animal exposed to modafinil. To test
this hypothesis, we examined the effect of modafinil on locomo-
tor activity in MCHR1 KO and WT mice during the light phase,
which is relevant to their sleep—wake states. Consistent with pre-
vious results (Marsh et al., 2002; Smith et al., 2005), MCHR1 KO
mice exhibit elevated basal locomotor activity as measured by the
total beam breaks over 30 min (Fig. 1, open bars). The adminis-
tration of modafinil (10 mg/kg, i.p.) significantly increased the
locomotor activity in KO mice (saline, 832 = 62.5; modafinil,

WT

Sensitization to modafinil-induced increase in locomotor activity during the light phase in MCHR7 ~/~ /hypocretin—
GFP mice. A, DNA bands demonstrate the genotyping of MCHRT "~ /hypocretin—GFP (KO), MCHRT ™ /hypocretin—GFP (WT),
and MCHR1™~ /hypocretin—GFP (HT) mice. B, Pooled data of beam breaks recorded 30 min after administration of saline or
modafinil (10 or 20 mg/kg) from all tested WT and MCHR1 KO mice. *p << 0.05. €, Photomicrographs demonstrate double labeling
(indicated by arrows) of hypocretin/orexin (green) and c-Fos (red) in hypocretin/orexin neurons in saline-treated (left) and
modafinil-treated (right) MCHRT KO mice. Scale bar, 15 um. D, Pooled data showing the percentage of c-Fos-positive hypocretin/
orexin neurons from WT and MCHR1 KO mice treated with modafinil (10 mg/kg). *p << 0.05; **p < 0.01.

mice. After treatment with modafinil,
c-Fos/hypocretin-positive neurons were
41.7 £3.75% (n = 22) and 48.5 = 4.09%
(n = 24) in WT and KO mice. A signifi-
cant increase in the number of c-Fos/
hypocretin-positive neurons was ob-
served in modafinil-treated mice (F =
9.283; p < 0.0001, ANOVA) (Fig. 1D).
In KO mice, modafinil treatment in-
duces a significant increase in c-Fos ex-
pression in hypocretin/orexin neurons
(p <0.01, post test). It should be noted that the percentage of
c-Fos/hypocretin-positive neurons also increased in WT mice
(p < 0.05, post hoc test), although there was not a significant
increase in locomotor activity after treatment with 10 mg/kg
modafinil in these mice. Although modafinil has been shown
to act broadly in the CNS, these data suggest that hypocretin/
orexin neurons participate in the sensitization to modafinil-
induced wake-promoting effects in MCHR1 KO mice.

KO

Decreased threshold of activation in hypocretin/orexin
neurons from MCH1R KO mice

There was no significant difference in resting membrane poten-
tial (WT, —54.79 £ 1.09 mV, n = 14; KO, —53.94 = 1.13 mV,
n = 13), action potential threshold (WT, —30.77 = 1.09 mV,n =
15; KO, —30.12 = 1.19 mV, n = 15), and input resistance (WT,
590.77 *+ 48.77 MQ, n = 30; KO, 560.32 = 35.42 M), n = 37) in
hypocretin/orexin neurons between WT and KO mice. This al-
lowed us to ask what factors might contribute to the excitability
and firing pattern of hypocretin/orexin neurons and therefore to
their ability to promote wakefulness. To keep intracellular con-
tent intact during long-term recording, we used extracellular re-
cording to monitor action potentials in hypocretin/orexin-
containing neurons. We found that hypocretin-1 (300 nm)
increased the frequency of spikes (action currents, the count part
of action potential recorded under voltage clamp held at 0 mV) in
hypocretin/orexin-containing neurons from WT mice as re-
ported by Li et al. (2002). More interestingly, the increment in
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6.27 = 0.65 Hz, n = 23; KO, 6.04 = 0.74
Hz,n = 18; p > 0.05) (Fig. 3A, B), whereas
cumulative probability of the amplitude of
mEPSCs in KO mice was shifted signifi-
cantly to the right ( p < 0.001, Kolmogor-
ov-Smirnov test) (Fig. 3C), suggesting
that postsynaptic glutamate receptors are
likely to be upregulated on hypocretin/
orexin neurons in MCHIR KO mice. We
then examined the relative contributions
of AMPARs and NMDARs to evoked EPSCs in hypocretin/orexin
neurons in slices from WT and KO mice. Evoked EPSCs were
recorded under voltage clamp at +40 mV in the absence and then
the presence of the selective NMDA receptor antagonist AP-5 (50
M) as described previously (Rao et al., 2007). As shown in Figure
3, D and E, the AMPAR/NMDAR ratio from KO mice increased
significantly compared with neurons from WT mice (KO, 3.27 =
0.33, n = 10; WT, 2.5 = 0.27, n = 10; p < 0.05), indicating an
enhancement of AMPAR contribution to EPSCs in hypocretin/
orexin neurons in MCHI1R KO mice. In contrast, both the fre-
quency and amplitude of mIPSCs recorded in hypocretin/orexin
neurons were identical in WT and KO mice (Fig. 3F-H).

It has been shown that dopaminergic pathways play a substan-
tial role in promoting functions mediated by hypocretin/orexin
neurons, particularly in wakefulness promotion (Nakamura et
al., 2000; Narita et al., 2006; Rao et al., 2007). Dopamine D,
receptor activation increases excitatory synaptic transmission
onto hypocretin/orexin neurons presynaptically and participates
in the promotion of prolonged wakefulness in rodents (Alberto et
al., 2006; Rao et al., 2007). We therefore determined whether
dopaminergic excitation of hypocretin/orexin neurons was al-
tered in MCHI1R KO mice. Consistent with a previous report by
Alberto etal. (2006), bath application of the D, agonist SKF81297
(50 um) increased the frequency of mEPSCs in hypocretin/orexin
neuronsin WT mice (127.1 = 4.5%;n = 11; p < 0.001, ANOVA),
and the frequency of mEPSCs was also increased in KO mice
(154 *+ 10.7%; n = 11; p < 0.001, ANOVA) (Fig. 44,B). The
D,-mediated increase in mEPSC frequency was significantly
higher in neurons from KO mice compared with WT mice ( p <
0.05) (Fig. 4C). The amplitude of mEPSCs did not change in the
presence of SKF81297 in hypocretin/orexin neurons from either

Figure 2.

*p < 0.05.

Potentiation of hypocretin-1-induced enhancement of the frequency of spikes in hypocretin/orexin neurons in
MCHR1 KO mice. A, Sample traces of spikes (action currents) recorded in hypocretin/orexin neurons before, during, and after the
application of hypocretin-1in MCHR1 WT and KO mice. B, The time course of a typical experiment shows that the frequency of
spikes recorded in hypocretin/orexin neurons before, during, and after the application of hypocretin-1in WT (open circles) and KO
(filled circles) mice. Time points at which raw traces were taken are indicated by 1-3. The bar below the time course trace indicates
the application of hypocretin-1(300 nw). €, Pooled data from all recorded hypocretin/orexin neurons from MCHRT KO and WT mice
show that the hypocretin-1-mediated effect on the frequency of spikes is significantly higher in KO mice than in WT mice.

KO or WT mice (data not shown), in line with what had been
reported previously (Alberto et al., 2006). These data suggest that
the absence of MCHR1-mediated signaling leads to an upregula-
tion of D, receptor-triggered glutamate release onto hypocretin/
orexin neurons as well as potentiation of AMPA receptor traffick-
ing to the cell surface in MCHR1 KO mice. It also suggests that
MCH may normally exert inhibitory effects on hypocretin/orexin
neuronal activity.

MCH blocks hypocretin-1-mediated enhancement of action
potential generation in hypocretin/orexin neurons

Because hypocretin-1-mediated stimulation of hypocretin/
orexin neurons was enhanced in MCHR1 KO mice (Fig. 2), we
explored the effect of MCH on the frequency of spontaneous
action currents in neurons from WT mice. We found that MCH
alone induced little change in spike frequency in all 17 tested
hypocretin/orexin neurons (MCH at 1 um, 95.2 = 7.1% of con-
trol; washout, 99.4 + 2.7% of control; n = 17; p > 0.05, ANOVA)
(Fig. 5A,B), suggesting that MCH does not exert a significant
inhibition on baseline action potential generation in hypocretin/
orexin neurons in brain slices. However, although MCH by itself
had no obvious effects on spike firing, it inhibited the increase in
spike frequency caused by hypocretin-1 (hypocretin-1 at 300 nM,
192.8 = 27.7% of control; hypocretin-1 at 300 nm plus MCH at 1
uM, 112.7 = 29.1% of control; hypocretin-1 after MCH washout,
238.3 £ 40.5% of control; baseline after final washout, 130.5 *
8.6% of control; n = 9). Statistical analysis suggested that the
frequency of action currents was significantly decreased in the
presence of hypocretin-1 plus MCH compared with hypocretin-1
alone ( p < 0.05, paired ¢ test) (Fig. 5E). MCH at a lower concen-
tration (0.1 uMm) induced little inhibition of the hypocretin-1-
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Figure 3.  Upregulation of glutamatergic synaptic transmission in hypocretin/orexin neurons from MCHRT KO mice. mEPSCs

were recorded in hypocretin/orexin neurons under voltage clamp in the presence of TTX and bicuculline. A, Sample traces of
mEPSCs recorded in hypocretin/orexin neurons from MCHR1 WT and KO mice. B, Pooled data for the frequency of mEPSCs recorded
inhypocretin/orexin neurons from MCHR1 WTand KO mice show no significant difference between WT and KO mice. €, Cumulative
probability of the amplitude of mEPSC events recorded in hypocretin/orexin neurons from MCHRT WT and KO mice indicates a
significant right shift in KO mice, suggesting enhancement of the amplitude of mEPSCs in these mice ( p << 0.05, Kolmogorov—
Smirnov test). D, Sample traces of evoked EPSCs carried by AMPA and NMDA receptors in hypocretin/orexin neurons from MCHR1
WT (left) and KO (right) mice. £, Pooled data for AMPAR/NMDAR ratio in all tested hypocretin/orexin neurons from MCHR1WT and
KO mice. *p << 0.05, ¢ test. F, Sample traces of mIPSCs recorded in hypocretin/orexin neurons from MCHRT WT and KO mice. G,
Pooled data for the frequency of mIPSCs recorded in hypocretin/orexin neurons from MCHR1 WT and KO mice show no significant
difference between WT and KO mice. H, Cumulative probability of the amplitude of mIPSC events recorded in hypocretin/orexin
neurons from MCHR1 WT and KO mice indicates no changes in the amplitude of mIPSCs in KO mice ( p > 0.05, Kolmogorov—
Smirnov test).
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induced increase in the frequency of spikes
(hypocretin-1at 300 nm, 213.4 = 33.6% of
control; hypocretin-1 at 300 nm plus MCH
at0.1 uMm, 188.0 = 31.2% of control; n = 7;
p > 0.05, paired ¢t test) (Fig. 5E). Thus, the
MCH-mediated effect is dose dependent.

To verify the involvement of MCHR1
in MCH-mediated inhibition of spike fre-
quency enhancement by hypocretin-1,
MCH (1 uM) was applied to LH slices pre-
pared from MCHI1R KO mice. The spike
frequency of hypocretin/orexin neurons in
the presence of hypocretin-1 alone
(372.8 = 60.4% of control; n = 6) and in
the presence of hypocretin-1 plus MCH
(369.4 * 64.4% of control; n = 6) was
comparable ( p > 0.05, paired t test) (Fig.
5F), demonstrating that the MCH-
mediated inhibitory effect was abolished
in MCHRI1 KO mice.

MCHRI is thought to couple to Gj,-
proteins (Béchner et al., 1999; Chambers
et al., 1999; Saito et al., 1999; Gao and van
den Pol, 2001), which can activate multi-
ple intracellular and extracellular signaling
pathways (Hawes et al., 2000; Pissios et al.,
2003), whereas hypocretin/orexin recep-
tors couple to the G, pathway (Sakurai et
al,, 1998). To identify the signaling path-
way involved in the effects of MCH on
spike frequency of hypocretin/orexin neu-
rons, we treated slices with PTX, which
inhibits the G;,,-mediated activity.
Hypocretin-1 (300 nm) could still enhance
spike frequency (1.56 = 0.44 Hz, n = 7) in
slices preincubated with PTX (500 ng/ml)
for 3 h in all tested neurons (270.8 *
32.5% of control) (Fig. 6A-C), but the
ability of MCH to block the effect of hypo-
cretin-1 was abolished (hypocretin-1 at
300 nM plus MCH at 1 pM, 295.7 = 43.6%
of control; washout, 154.7 = 20.0% of
control; n = 7), indicating that MCH-
induced inhibition is PTX sensitive and is
likely mediated by the G;,, pathway in
brain slices.

MCH modulates synaptic efficacy of
glutamatergic transmission in
hypocretin/orexin neurons

Previous reports have suggested that glu-
tamatergic transmission onto hypocretin/
orexin neurons makes a major contribu-
tion to the excitation and generation of
action potentials in these neurons (Lietal.,
2002; Horvath and Gao, 2005) and that
hypocretin-1 increases the frequency but
not the amplitude of mEPSCs in hypocre-
tin/orexin neurons via putative glutama-
tergic interneurons in the LH (Li et al,,
2002). MCH was therefore applied to the
recording chamber after a stable recording
of mEPSCs was obtained to determine
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whether MCH could modulate the synaptic
efficacy of glutamatergic transmission onto
hypocretin/orexin neurons. MCH (1 um)
did not inhibit the basal frequency of mEP-
SCs (baseline frequency of mEPSCs, 5.7 *
1.1 Hz; frequency of mEPSCs in the presence
of MCH at 1 uM, 105.7 £ 9.4% of control;
n=7;p>0.05, ttest) (Fig. 7A, inset). How-
ever, the increase in the frequency of mEP-
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SCs by hypocretin-1 over control was signif- 3
icantly reduced by addition of MCH
(baseline frequency of mEPSCs, 4.6 * 0.3
Hz; frequency of mEPSCs in the presence of
hypocretin-1 at 300 nM, 156.1 = 11.7% of
control; hypocretin-1 at 300 nm plus MCH
at 1 M, 112.9.2 * 5.2% of control; n = 7;
p < 0.05, paired ¢ test) (Fig. 7A—C). There
was no significant difference in the ampli-
tude of mEPSCs recorded in slices treated
with hypocretin-1 plus MCH compared
with mEPSC events recorded in the presence
of hypocretin-1 alone (data not shown).
These results indicate that MCH modulates
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Discussion

In this study, we demonstrate for the first
time that MCH exerts an inhibitory effect on
hypocretin/orexin neurons as well as on
modafinil-induced wakefulness, which may
serve as feedback in determining the output
of the LH. The potentiation of the effect of
modafinil on wakefulness in MCHR1 KO
mice may be attributable to increased effi-
cacy of glutamatergic transmission onto hypocretin/orexin neurons
in the absence of MCHR1-mediated signaling. In wild-type animals,
MCH depresses hypocretin/orexin-induced action potential gener-
ation and glutamatergic transmission onto hypocretin/orexin neu-
rons but not the basal activity of these neurons.

Figure 4.

Upregulation of glutamatergic transmission in MCHR1

KO mice

MCHRI KO mice show a number of distinct behavioral phenotypes
when compared with WT littermates, including hyperactivity and
increased sensitivity to the addictive drug b-amphetamine (Marsh et
al., 2002; Smith et al., 2005, 2006, 2008). It was originally suggested
that the hyperactivity and amphetamine phenotypes were attribut-
able to sensitization of the DA system in MCHR1 KO mice (Smith et
al., 2005, 2008), but our new evidence suggests that changes in hypo-
cretin/orexin neurons in the LH area are also likely to contribute to
the increased activity of MCHR1 KO mice. Our results further sug-
gest that MCHR1 KO mice are sensitized to treatments, such as
modafinil administration, leading to wakefulness, possibly through
increased activation of hypocretin/orexin neurons. We demonstrate
here that glutamatergic synapses on hypocretin/orexin neurons are
potentiated in MCHR1 KO mice and that there appears to be both
an upregulation of AMPA-type glutamate receptors to synapses on
hypocretin/orexin neurons and an increased response of presynaptic
terminals innervating hypocretin/orexin neurons to D,-type DA re-
ceptors. These results suggest that upregulated glutamatergic trans-
mission onto hypocretin/orexin neurons may contribute to the sen-
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Upregulation of D, DA receptor-triggered glutamatergic transmission in hypocretin/orexin neurons in MCHR1 KO
mice. A, Sample traces of mEPSCs recorded in hypocretin/orexin neurons from MCHR1 WT and KO mice before, during, and after
the application of SKF81297 (SKF), a selective D, DA receptor agonist. B, A typical time course shows the frequency of mEPSCs
before, during, and after the application of SKF81297 in hypocretin/orexin neurons from MCHR1 WT (open circles) and KO (filled
circles) mice. Time points at which raw traces were taken are indicated by 1-3. The bar below the trace indicates the application
of SKF81297. C, Pooled data for normalized frequency of mEPSCs recorded during the application of SKF81297 in hypocretin/
orexin neurons from WT and KO mice indicates assignificantincrease in the SKF81297-triggered effectin MCHR 1 KO mice compared
with WT littermates. *p << 0.05.

sitization of the DA system reported previously (Smith et al., 2005,
2008), which may be the consequence of the altered output of neu-
rons in the LH. Together, our data suggest that the sensitization of
MCHRI1 KO mice to the wakefulness-promoting agent modafinil
may be attributable, at least in part, to increased glutamatergic trans-
mission onto hypocretin/orexin neurons, raising the intriguing
question of how MCH modulates the function of hypocretin/orexin
neurons in MCHRI1-intact animals.

MCH-mediated inhibition of hypocretin/orexin neurons

MCH has been shown to activate G-protein-coupled receptors in
non-neuronal cell lines and cultured neurons (Bichner et al.,
1999; Saito et al., 1999; Gao and van den Pol, 2001, 2002). Our
knowledge about the function of MCH in the CNS at the cellular
level is still limited, although a role for MCH has been suggested
in a variety of functions (Shi, 2004). We demonstrate here for the
first time that MCH has an inhibitory effect on action potential
generation and glutamatergic synaptic transmission in hypocre-
tin/orexin neurons in LH slices. The MCH-mediated inhibition
was dose dependent, absent in MCHR1 KO mice, and blocked in
slices pretreated with PTX, consistent with reports that the G,
pathway is activated by MCH receptor stimulation in cell lines
(Chambers et al., 1999; Lembo et al., 1999; Saito et al., 1999).
Stimuli originating from both local (hypocretinergic) and affer-
ent (dopaminergic) pathways have been demonstrated to in-
crease synaptic activity and spike frequency of hypocretin/orexin
neurons by enhancing the release of glutamate from neurons
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Figure5.  MCH reverses hypocretin-1-induced enhancement of action potentials in hypocretin/orexin neurons. A, B, The time

course of a typical experiment and pooled data show that MCH (1 ) applied to the recorded neurons did not attenuate the basal
frequency of spikes in hypocretin neurons. €, D, MCH (1 um) applied to the recorded neurons attenuated hypocretin-1-induced
enhancement of spike frequency in hypocretin/orexin neurons. This attenuation was reversible during the removal of MCH.
Sample traces recorded in our experiments are presented in € and the time course of a typical experiment is shown in D. Time
points at which raw traces were taken are indicated by 1-5. E, Pooled data for the frequency of spikes show the dose dependency
of MCH-mediated inhibition of hypocretin-1-induced firing of spikes in hypocretin/orexin neurons. *p << 0.05. F, Pooled data from
experiments with MCHR1 KO mice indicate that the MCH-mediated inhibitory effect was abolished in KO mice.

with synaptic contacts on hypocretin/orexin neurons (Li et al,,
2002; Alberto et al., 2006). We demonstrate in this study that
MCH might reduce glutamate release at presynaptic terminals to
antagonize the excitatory effects on hypocretin/orexin neurons.
We did not detect MCH-mediated inhibition of baseline ac-
tion potential generation or glutamatergic synaptic transmission
in hypocretin/orexin neurons in brain slices in the current study;
rather, we demonstrate that MCH inhibits hypocretin/orexin-
induced action potential generation and glutamatergic transmis-
sion in hypocretin/orexin neurons in brain slices. These results
are consistent with a report in striatal neurons that MCH com-
pletely blocked the phosphorylation of GluR1 induced by activa-
tion of D; DA receptors but not the basal phosphorylation of
GluR1 (Georgescu et al., 2005). Because MCH neurons are usu-
ally silent at the resting state and excited by the application of
hypocretin (Eggermann et al., 2003; van den Pol et al., 2004), our
new data and previous evidence tend to imply that MCH may
exert its functions in a homeostatic manner in intact animals. In
our previous studies, MCH alone inhibited synaptic transmission

for behavioral phenotypes related to wake-
fulness in MCHR1 KO mice, such as in-
creased locomotor activity during the day in
these nocturnal rodents (Marsh et al., 2002;
Smith et al,, 2005). The current data impli-
cate MCH as a feedback regulator modulat-
ing the efficacy of glutamatergic synapses in
hypocretin/orexin neurons in the LH area.

Functional implications of MCH-induced effects on
hypocretin/orexin neurons

It is essential to determine how the hypocretin/orexin and MCH
systems integrate to exert complex functions and behaviors for
which the LH is responsible. Hypocretin/orexin neurons have
been demonstrated to be glutamatergic (Rosin et al., 2003). Our
recent data suggest that cell bodies of hypocretin/orexin neurons
are under intensive glutamatergic innervation, making these
neurons easily activated, which is consistent with the role of
hypocretin/orexin neurons in arousal (Horvath and Gao, 2005).
Hypocretin-1 also initiates a positive feedback loop in neurons
that synthesize this peptide (Li et al., 2002). Therefore, coordi-
nated control of the hypocretin/orexin system is required for the
generation of optimal outputs. Previous data suggest that inhib-
itory metabotropic glutamate receptors provide one route of nega-
tive feedback to the hypocretin/orexin system in the LH (Acuna-
Goycolea et al., 2004); however, this negative feedback depends on
glutamate released from the same presynaptic terminals resulting in
a simple form of autoinhibition. Many other neurotransmitters/
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modulators have been reported to regulate
the activity of hypocretin/orexin neurons
(Muraki et al., 2004; Bayer et al., 2005; Tsu-
jino etal., 2005; Alberto et al., 2006; Xie et al.,
2006; Yamanaka et al., 2006; Liu and Gao,
2007). Here, we demonstrate that MCH pro-
vides a unique mode of negative feedback to
the hypocretin/orexin system in the LH, sug-
gesting that the hypocretin/orexin system is
under the modulation of its targets in the
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tatory factor in the LH because it may in-
crease excitation in both the hypocretin/

100

orexin and MCH neurons (Li et al., 2002;
van den Pol et al., 2004), whereas MCH acts
to inhibit only when the excitation of the
hypocretin/orexin system reaches a certain
level, thus fine-tuning the final output of the
LH. From an evolutionary perspective, such
a system offers “checks and balances” to
maintain the excitability necessary for the
brain to function but prevent overexcitation
that might compromise delicately controlled
behaviors. This balance is particularly im-
portant for promoting positive energy homeostasis. MCH promotes
food intake, whereas hypocretin/orexin promotes sufficient wake-
fulness to support food seeking and intake (Saper, 2006), leading to
increased energy expenditure through increasing locomotor activity,
sympathetic activity, cardiovascular function, and metabolic rates
(Lubkin and Stricker-Krongrad, 1998; Matsumura et al., 2003; Saku-
rai, 2003). A balance or a set point determined by the state of the
hypocretin/orexin and MCH systems is critical for energy intake and
conservation. Any (genetic, environmental, or metabolic) changes
that interfere with the balance could lead to overexcitation and al-
tered behavior in animals, as may be the case in MCHR1 KO mice,
which show increased locomotor activity, food intake, metabolic
rate, and a lean phenotype (Marsh et al., 2002). Administration of
exogenous hypocretin-1 or -2 into the lateral ventricle inducing hy-
perlocomotion, stereotypy, and grooming behavior in rats provides
additional evidence in this direction (Nakamura et al., 2000). In
summary, we have demonstrated a novel interaction between the
hypocretin/orexin and MCH systems in the LH, which may not only
be relevant to the roles of hypocretin/orexin and MCH in sleep/
arousal regulation and energy homeostasis but also to their roles in
stress response and other brain functions.

Figure 6.

compared with control.
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MCH depresses hypocretin-1-induced enhancement of the frequency of mEPSCs in hypocretin/orexin neurons. After the increment in the frequency of mEPSCs induced by hypocretin-1

reaches a plateau, MCH was applied to the recorded neurons in the presence of hypocretin-1. 4, The time course of a typical experiment is presented. Inset, A bar graph indicates that MCH does not
inhibit the basal frequency of mEPSCs in hypocretin/orexin neurons. Time points at which raw traces were taken are indicated by 1— 4. B, Sample traces of mEPSCs recorded in different phases of our
experiments are shown. C, Pooled data from all seven hypocretin/orexin neurons show that the frequency of mEPSCs in the presence of MCH plus hypocretin-1is significantly lower than that in the

presence of hypocretin-1alone. *p << 0.05.
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