12642 - The Journal of Neuroscience, September 22, 2010 - 30(38):12642—-12652

Behavioral/Systems/Cognitive

Orexin Directly Excites Orexin Neurons through Orexin 2
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Orexin neurons (hypocretin neurons) have a critical role in the regulation of sleep/wakefulness, especially in the maintenance of arousal.
Here, we revealed that orexin neurons are directly and indirectly activated by orexin via the orexin 2 receptor (OX2R). Orexin B (1 um)
induced depolarization in orexin neurons, which was still observed in the presence of TTX (1 um), AP-5 (50 um), and CNQX (20 um). In
addition, orexin B induced inward currents in the presence of TTX, suggesting a direct activation of orexin neurons. Although orexin B
application induced depolarization in orexin neurons of OX1R knock-out mice at comparable levels to wild-type mice, the observation
that orexin B failed to depolarize orexin neurons in the OX2R knock-out mice suggested that OX2R was a primary receptor for this
response. Moreover, immunoelectron microscopic analyses revealed direct contacts among orexin neurons, which exhibited structural
similarities to the glutamatergic synapses. Together, these results suggest that orexin neurons form a positive-feedback circuit through
indirect and direct pathways, which results in the preservation of the orexin neuron network at a high activity level and/or for a longer
period. Therefore, the activation of orexin neurons through OX2R might have an important role in the maintenance of arousal.

Introduction

Orexin A (hypocretin-1) and orexin B (hypocretin-2) are pro-
duced exclusively by a population of neurons in the lateral hypo-
thalamic area (de Lecea et al., 1998; Sakurai et al., 1998). The
actions of the two orexins are mediated via two G-protein-
coupled receptors, namely the orexin 1 receptor (OX1R) and
orexin 2 receptor (OX2R) (Sakurai et al., 1998). OXIR has an
~100-fold higher affinity for orexin A than for orexin B. On the
other hand, OX2R has an almost equal affinity for both peptides.
Animals that lack the prepro-orexin gene, OX2R gene, or orexin
neurons showed narcolepsy-like behavior such as fragmentation
of sleep/wakefulness, direct transitions from wake to rapid eye
movement (REM) sleep, and the sudden loss of muscle tone
while still awake (cataplexy) (Chemelli et al., 1999; Lin et al,,
1999; Hara et al., 2001; Willie et al., 2003). However, OX1R null
mice showed mild or almost no abnormality in the regulation of
sleep/wakefulness, suggesting that the orexin signal through
OX2R has a critical role in the regulation of sleep/wakefulness,
especially in the maintenance of arousal. The expression pattern
of orexin receptors matches the afferent projections of orexin
neurons throughout the brain. OX2R mRNA has been shown to
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be prominent in the cerebral cortex, septal nuclei, hippocampus,
and hypothalamic nuclei, including the histaminergic tube-
romammillary nucleus (TMN) (Marcus et al., 2001). Among
these brain regions, the TMN is thought to be the center for the
site of action of orexin-induced arousal, because histaminergic
TMN neurons are implicated in arousal (Lin et al., 1988; Monti,
1993). The TMN neurons fire tonically during wakefulness
(Steininger et al., 1999) and are activated by orexin via OX2R
(Bayer etal., 2001; Eriksson et al., 2001; Yamanaka et al., 2002). In
addition, the effect of orexin on arousal was not observed in
histamine 1 receptor knock-out (HI 7Y mice (Huang et al.,
2001). However, histidine decarboxylase knock-out (HDC™'7)
mice, HI '~ mice, and OXIR '7;HI '~ double knock-out
mice did not show severe abnormalities in sleep/wakefulness
(Anaclet et al., 2009; Hondo et al., 2010), suggesting that down-
stream pathways of OX2R, other than the histaminergic system,
are critical for sleep/wakefulness regulation.

In this study, we revealed that orexin neurons are directly and
indirectly activated by orexin via the OX2R. We showed by using
an immunoelectron microscope that orexin neurons are directly
innervated by orexin neurons. In addition, orexin indirectly
activates orexin neurons by increasing spontaneous EPSCs
(sEPSCs) in orexin neurons. This indirect activation was also
mediated primarily through the OX2R. Although orexin neurons
in the OXIR ™'~ mice showed comparable activation with wild-
type orexin neurons by orexin B application, the orexin neurons
in the OX2R '~ mice completely failed to respond to orexin B.
These results suggest that orexin neurons form a positive-
feedback circuit between orexin neurons. This circuitry might
have a role in maintaining a high level of activity of orexin neu-
rons while animals are awake.
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rons with EGFP fluorescence were subjected to
electrophysiological recording. The fluorescence
microscope was equipped with an infrared cam-
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Materials and Methods

Animal usage. All experimental procedures involving animals were ap-
proved by the Institutional Animal Care and Use Committee of the Na-
tional Institutes of Natural Sciences and were in accordance with
National Institutes of Health guidelines. All efforts were made to mini-
mize animal suffering or discomfort and reduce the number of animals
used.

Animals. Transgenic mice that express enhanced green fluorescent pro-
tein (EGFP) in orexin neurons (orexin/EGFP mice) under the control of the
human prepro-orexin promoter were used for the experiments (Sakurai et
al., 1999; Yamanaka et al., 2003a,b). Orexin/EGFP mice (BDF1; C57BL/6]:
DBA = 50:50) were bred with OXIR '~ (C57BL/6J) or OX2R ~/~ (C57BL/
6J) mice to generate orexin/EGFP;OX1R" ™ or orexin/EGFP;OX2R™ ~
mice (OXIR '~ mice and OX2R ~'~ mice were kindly provided by Dr. M.
Yanagisawa at the University of Texas Southwestern, Dallas, TX). The mice,
which have the orexin/EGFP transgene and an alternative orexin receptor
gene allele that is hetero, were bred with each other to generate orexin/EGFP;
OXIR ™'~ (OE-OXIR ~'~; C57BL/6]:DBA = 75:25) or orexin/EGFP;
OX2R™'~ (OE-OX2R~'~; C57BL/6]:DBA = 75:25) mice. These mice
express EGFP in orexin neurons and systemically lack the alternative orexin
receptor gene (OX1R or OX2R).

We used transgenic mice whose orexin neurons expressed a light-
activated chloride pump halorhodopsin (haloR) fused with GFP
(orexin/haloR mice) for immunoelectron microscopic analyses. Orexin/
haloR mice were bred with orexin/EGFP mice to obtain orexin/EGFP;
orexin/haloR double transgenic mice. Both EGFP and haloR::GFP were
expressed in the orexin neurons of these transgenic mice.

Electrophysiological recordings. OE-OXIR '~ and OE-OX2R ~/~ mice
(male and female) were used for whole-cell slice patch recordings. The
slices were transferred to a recording chamber (RC-27L, Warner Instru-
ment) on a fluorescence microscope stage (BX51WI; Olympus). Neu-

Orexin neurons are directly activated by orexins. 4, Under current-clamp mode, application of orexin B (1 pm) induced
depolarization and an increase in firing in orexin neurons. B, In the presence of TTX (1 ), orexin B (1 wum) induced depolarization
inorexin neurons. In Aand B, input resistance was monitored by the amplitude of electrotonic potentials generated by the injection
of a rectangular wave current pulse (—20 pA, 500 ms, 0.1 Hz). , Under voltage-clamp mode holding at —60 mV, application of
orexin B (1 wm) induced an inward current in orexin neurons in the presence of TTX (1 wm). D, E, Orexin A (1 um) (D) or
[Ala""-orexin B (1 wm) (E) application induced depolarization in the presence of TTX. F, Responses induced by orexin A (EC;, =
352nm,n = 6-22) and orexin B (EC;, = 101 nm,n = 6 —15) were concentration dependent. G, Bar graph shows orexin B induced
depolarization in the presence of TTX (1 m), APV (50 um), and CNQX (20 jum) (n = 7-15). Orexin A, orexin B, and [Ala "]-orexin
B were locally applied during the period represented by the bars. Values are mean = SEM (n = 6-22).

97; Sutter Instruments) filled with intracellular
solution (4-10 MQQ), consisting of the follow-
ing (in mm): 138 K-gluconate, 8 NaCl, 10
HEPES, 0.2 EGTA-Na;, 2 MgATP, and 0.5
Na,GTP, pH 7.3 with KOH. The osmolarity of
the solutions was checked by a vapor pressure
osmometer (model 5520; Wescor) and found
to be 280-290 and 320-330 mOsm/L for the
internal and external solutions, respectively.
The liquid junction potential of the patch pi-
pette and perfused extracellular solution was
estimated to be 3.9 mV and was applied to the
data. Recording pipettes were under positive
pressure while advancing toward individual
cells in the slice. Tight seals on the order of
1.0-1.5 G{) were made by negative pressure.
The membrane patch was then ruptured by
suction. The series resistance during recording
was 10-25 MQ). The reference electrode was an
Ag-AgCl pellet immersed in bath solution.
During recordings, cells were superfused with
extracellular solution at a rate of 1.6 ml/min
using a peristaltic pump (Dynamax; Rainin).
sEPSCs and spontaneous IPSCs (sIPSCs) were recorded in orexin neu-
rons under whole-cell voltage-clamp mode at holding potentials of —20
and —60 mV, respectively. sEPSCs were recorded by using a
K-gluconate-based pipette solution containing the sodium channel
blocker QX-314 (1 mm) to inhibit action potentials in the recording
neuron and with picrotoxin (400 uMm) in the bath solution. sSIPSCs were
recorded by using a K-gluconate-based pipette solution containing QX-
314 (1 mm) in the presence of bL-2-amino-5-phosphono-pentanoic acid
(AP-5) (50 M) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (20
uM) in the bath solution. The frequency and amplitude of SEPSCs or
sIPSCs were measured by using Minianalysis software (version 6.0.3,
Synaptosoft), and only those events with amplitudes >10 pA were used
in the analysis.

The output signal was low-pass filtered at 5 kHz and digitized at 10
kHz. Data were recorded on a computer through a Digidata 1322A A/D
converter using pClamp software (version 10; Molecular Devices).
Traces were processed for presentation by using Origin 8.1 (OriginLab)
and Canvas X (ACD Systems) software.

Microscopic investigation of associations among orexin neurons. Six-
week-old orexin/EGFP;orexin/HaloR double transgenic mice (male) were
deeply anesthetized with sodium pentobarbital (50 mg/kg body weight,
i.p.). They were perfused with 25 mm PBS for 1 min followed by a fixative
containing 4% paraformaldehyde (TAAB), 0.05% glutaraldehyde (Na-
calai Tesque), and 15% saturated picric acid in 0.1 M phosphate buffer
(PB, pH 7.4) for 12 min. Coronal sections containing the lateral hypo-
thalamic area were cut from the fixed brain by a slicer (VT-1000S; Leica)
at a thickness of 50 wm. These sections were washed twice in PB, cryo-
protected in a solution containing 25% sucrose and 10% glycerol in 20
mM PB, and freeze-thawed with liquid nitrogen. After several washes in
PB and 50 mum Tris-HCl-buffered saline (TBS, pH 7.4), the sections were
incubated with blocking solution containing 20% normal goat serum

TIX(#) TIX (4)
APV (+

CNQX(+)
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(NGS) in TBS for 30 min and then for48 hat A
4°C with an anti-EGFP rabbit polyclonal anti-
body (1:800; Invitrogen) and/or an anti-orexin
rabbit antibody 1:2000 (Nambu et al., 1999) in
50 mm TBS containing 1% NGS. After several
washes in TBS, the sections were incubated
overnight with biotinylated goat anti-rabbit
IgG antibody (1:100; Vector Laboratories) di-
luted in 1% NGS in TBS at 4°C. The sections
were washed with TBS and reacted with avidin-
biotin peroxidase complex (1:100 ABC-Elite;
Vector Laboratories) diluted in TBS for 2 h at
room temperature. After washing three times
in TBS, the sections were washed once in 50
mwm Tris-HCI buffer, pH 7.4, and then incu-
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Digital images were captured by a MegaView

III CCD camera (Olympus) and processed G
with iTEM software (Olympus) and Illustrator
CS3 (Adobe) for image analysis and prepara-
tion of figures, respectively. Three-dimen-
sional reconstructions of the neuronal profiles
were performed with serially sectioned ultrathin
sections by using Reconstruct (freeware) pro-
vided through the synapse web (Fiala, 2005).

Drugs. Orexin A (Bachem), orexin B (Pep-
tide Institute), and [Ala'!, p-Leu'*]-orexin B
([Ala'']-orexin B) (Tocris Bioscience) were
dissolved in extracellular solution and applied
by local application through a fine tube (100
pm diameter) positioned near the recording
neurons. CNQX, AP-5 (Sigma), picrotoxin
(PTX), and tetrodotoxin (TTX) (Wako) were
dissolved in extracellular solution and applied
by bath application. BAPTA (Dojindo) was
dissolved in the pipette solution.

Statistical analyses. Data were analyzed by
one-way ANOVA followed by Fisher’s protected least significant differ-
ence test using the Stat View 4.5 software package (Abacus Concepts).
The Kolmogorov—Smirnov statistical test was used to measure cumulative
probability of synaptic events. Probability ( p) values <0.05 were considered
statistically significant.

Results

Orexin neurons are activated by orexin

We studied the effect of orexin on the activity of orexin neurons
by using transgenic mouse models. Under current-clamp mode,
the local application of orexin B significantly depolarized the
membrane potential and increased firing frequency (Fig. 1A).

1000 4
800 -
600 -
400 4
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sEPSC Frequency (%)

Figure 2.

mean = SEM (n = 7-12).
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Both orexin A and B increased the SEPSCs in orexin neurons. 4, B, SEPSCs were recorded in the presence of PTX (400
) at a holding potential of —60 mV. Orexin Aand B (1 ) increased sEPSCs. €, D, Orexin A and B (1 wum) did not change the
sEPSCamplitude. E, F, Orexin Aand B (1 wum) shortened the interevent interval. G, H, Bar graphs show that orexin A (G) and orexin
B (H) increased sEPSCsin a concentration-dependent manner. Cont, Control. Wash, Washout. *p << 0.05 versus control. Values are

The local application of vehicle (extracellular solution) induced
slight depolarization (0.2 = 0.2 mV, used as a vehicle control, n =
7). Orexin A and B induced depolarization in a concentration-
dependent manner in the presence of TTX, suggesting that orexin
directly activates orexin neurons (Fig. 1 B, D,F). Orexin B (1 uM)-
and orexin A (1 uM)-induced depolarization in the presence of
TTX was 9.3 = 1.5mV (n = 15, p < 0.0001 vs control) and 8.8 =
1.2 mV (n = 22, p = 0.001, vs control), respectively (Fig. 1F).
Orexin B-induced depolarization of orexin neurons in orexin/
EGEP mice was not inhibited by chelating intracellular Ca**
ions. Orexin B (1 um)-induced depolarization in the presence of
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Figure 3.

BAPTA (10 mMm) in the pipette solution was 5.8 = 0.8 mV (n = 6,
p = 0.14, not significantly different vs in the presence of TTX).
Approximately 77% of orexin neurons tested were depolarized by
orexin (112 of 146) in the orexin/EGFP mice. A small number of
orexin neurons showed no response or faint depolarization
(23%, 34 of 146). The EC4, of orexin A- and B-induced depolar-
izations were 352.7 nM (n = 6-22) and 100.9 nm (n = 6-15),
respectively. Under voltage clamp at a holding potential of —60
mV, orexin B induced inward currents in orexin neurons (Fig.
1C). Orexin B (1 um) induced 30.9 * 4.6 pA (n = 6) inward
currents. To further confirm the direct effect induced by orexin
B, we used the glutamate receptor antagonists APV and CNQX.
In the presence of TTX, APV, and CNQX, orexin B (1 um) still
induced significant depolarization (5.8 £ 0.8 mV, n =7, p =
0.017 vs control) (Fig. 1G). These results strongly suggest that
orexin directly activates orexin neurons. The orexin B-induced
depolarization was comparable to orexin A, suggesting the in-
volvement of OX2R in orexin-induced activation of orexin neu-
rons because OX2R has equal affinity for orexin A and B (Sakurai
et al., 1998). In addition, [Ala'']-orexin B, an OX2R-selective
agonist (Asahi et al., 2003), induced depolarization in the pres-
ence of TTX (8.25 = 1.6 mV, n = 6, p = 0.0001 vs control),
suggesting that OX2R is involved in orexin-induced depolariza-
tion in orexin neurons (Fig. 1 E).

Orexin indirectly activates orexin neurons through the
activation of glutamatergic neurons

Li et al. (2002) showed that orexin neurons are indirectly acti-
vated by orexin through the activation of glutamatergic neurons.
To confirm this indirect activation, SEPSCs were recorded from
orexin neurons in the presence of PTX (400 uMm) at a holding
potential of —60 mV. In this recording condition, sEPSCs are
recorded as inward currents. These inward currents were com-
pletely abolished by adding AP5 (50 uM) and CNQX (20 uMm) in

The effect of orexin B on the sIPSCs in orexin neurons. sIPSCs were recorded in the presence of AP5 (50 i) and CNQX
(20 m) at a holding potential of —10 mV. 4, Orexin B (1 m) showed little effect on sIPSCs. B, Bar graph summarizes sIPSC
frequency data from A. Cont, Control. Wash, Washout. *p << 0.05 versus control. Values are mean == SEM (n = 7-8).
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the extracellular solution (data not
shown). Both orexin A and B applica-
tion increased sEPSC frequency in a
concentration-dependent manner (Fig.
2A,G, and B, H, respectively). Although
the interevent interval was shortened by
orexin A (1 um) or orexin B (1 um) appli-
cation, the amplitude was not affected
[Kolmogorov—Smirnov test: amplitude,
orexin A (p = 0.9), orexin B (p = 0.2);
interevent interval, orexin A ( p < 0.001),
orexin B ( p = 0.001) (Fig. 2C,E or D, F)].
Orexin A application of 100, 300, and
1000 nM induced 205.8 * 50.4% (n =7, p
= 0.33), 508 = 157.4% (n = 9, p =
0.0002), and 450.1 = 98.4% (n = 9, p =
0.001) increases in SEPSC frequency, re-
spectively (Fig. 2G). On the other hand,
100, 300, and 1000 nm orexin B applica-
tion increased SEPSC frequency to
219.7 = 66.4% (n = 9,p = 0.35),574.0 =
177.1% (n =9, p = 0.0006), and 728.2 =
161.0% (n =9, p < 0.0001) of the control
value, respectively (Fig. 2H). [Ala'']-
Orexin B, an OX2R-selective agonist, also
significantly increased sEPSCs in orexin
neurons (supplemental Fig. 1, available at
www.jneurosci.org as supplemental ma-
terial). Although the interevent interval
was shortened by application of [Ala'']-orexin B (1 um), the
amplitude was not affected [Kolmogorov—Smirnov test: ampli-
tude, [Ala'']-orexin B (1 um) (p=0.9); interevent interval,
[Ala'']-orexin B (1 um) (p < 0.001) (supplemental Fig. 1B,C,
available at www.jneurosci.org as supplemental material)].
[Ala'']-Orexin B (1 uM) increased sEPSC frequency in orexin
neurons by 253.0 * 38.9% (n = 12, p < 0.0001) (supplemental
Fig. 1D, available at www.jneurosci.org as supplemental mate-
rial). Orexin B induced comparable increases in sSEPSCs to orexin
A. In addition, an OX2R-selective agonist increased sEPSCs.
These results might suggest an involvement of OX2R in orexin-
induced increases in SEPSC frequency in orexin neurons.

]10 pA

1sec

Orexin application had little effect on sIPSC frequency in
orexin neurons

The effect of orexin on sIPSCs in orexin neurons was studied as
well. sSIPSCs were recorded in the presence of AP5 (50 um) and
CNQX (20 uM) at a holding potential of —10 mV. In this record-
ing condition, sIPSCs were recorded as an outward current be-
cause the reversal potential of the chloride ion in this recording
condition is —74 mV. The outward current was completely abol-
ished by adding PTX (400 uMm) in the extracellular solution (data
not shown). Orexin B application did not affect sIPSC in the
orexin neurons (Fig. 3A). sIPSC frequency after application of
orexin B at 100, 300, and 1000 nm was 144.4 *+ 15.9% (n = 8,p =
0.8),93.0 = 18.4% (n = 8, p = 0.9), and 168.4 = 16.9% (n = 8,
p = 0.6) (Fig. 3B), respectively. These results suggest that orexin
had little effect on GABAergic neurons that directly innervate
orexin neurons in the slice preparation.

Orexin-induced activation of orexin neurons is mediated
through OX2R

To determine the receptor subtype involved in orexin-induced
depolarization of orexin neurons, we used OXIR and OX2R
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Table 1. Basic membrane properties of orexin neurons in the orexin/EGFP, OE-OXTR ~/~, and OE-0X2R ~'~ mice

Orexin/EGFP (n = 10-20)

OF-0XTR '~ (n = 10-24) OF-0X2R~'~ (n = 13-35)

Number of orexin-ir neurons 620 * 148 (n = 4)

Capacitance (pF) 240 £ 25
Resting membrane potential (mV) —60.1 1.0
Membrane resistance (M€2) 579.3 = 28.0
Spontaneous firing frequency (Hz) 23*03
Action potential peak 29.0 =24
Action potential amplitude 612 £32
Half-width (ms) 40+ 04
SEPSC frequency (Hz) 45+08
SEPSCamplitude (pA) 289+ 14
sIPSC frequency (Hz) 1.7+03
sIPSCamplitude (pA) 173 £09

682 = 88 (n = 4) 583+ 78(n=4)

276 £ 21 24010
—598 £ 1.1 —59.2 %22
592.5 = 348 546.0 = 27.8
23*03 26+0.2
286 £3.2 293 *£2.2
61.8 =35 62.8 + 29
35204 3303
41x08 35x05
271.1*+12 325 =31
11£03 1.1£0.2
215215 185 = 1.6

All parameters were determined by whole-cell slice patch-clamp recordings from orexin neurons with the exception of the number of orexin-ir neurons and spontaneous firing frequency. The number of orexin-ir neurons was counted in every
fourth coronal brain section (40 .m) throughout the entire brain. The spontaneous firing frequency was determined by loose cell-attached recordings.

knock-out mice. These orexin receptor knock-out mice were
bred with orexin/EGFP mice to obtain orexin/EGFP;OXIR ™'~
(OE-OXIR™'") mice and orexin/EGFP;OX2R ™'~ (OE-OX2R /")
mice in which orexin neurons express EGFP and an alternative
orexin receptor gene (OX1R or OX2R) is knocked out through-
out the whole body. The basic membrane properties of orexin
neurons in OE-OXIR '~ and OE-OX2R "/~ mice were not sig-
nificantly different (Table 1) and corroborated previous reports
(Yamanaka et al., 2003a; Muraki et al., 2004). The input resis-
tance was calculated from the slope of the current—voltage rela-
tionship obtained by step current injection in current-clamp
mode. On the other hand, spontaneous firing was determined by
loose cell-attached recordings. We found that orexin neurons in
OE-OXIR ™'~ mice showed comparable depolarization with
orexin neurons in orexin/EGFP mice by application of orexin B (1
uM) (6.5 = 1.1 mV,n =9, p = 0.11 vs orexin/EGFP mice) (Fig.
4A,B). The percentage of orexin-responsive orexin neurons in
the OE-OXIR '~ mice was not different from that in orexin/
EGFP mice. Twenty-one of twenty-nine orexin neurons in the
OE-OXIR ™'~ mice showed depolarization or inward current by
orexin B application in the presence of TTX (72.4%). However,
orexin neurons in OE-OX2R '~ mice completely failed to depo-
larize with application of orexin B (1 um) (0.27 = 0.6 mV,n =11,
p <0.0001 vs orexin/EGFP mice) (Fig. 4 A, B). We used serotonin
(5-HT) as a positive control because previous results demon-
strated that 5-HT hyperpolarized all orexin neurons by the acti-
vation of G-protein-coupled inwardly rectifying potassium
channel via a 5-HT1A receptor (Muraki et al., 2004). All orexin
neurons hyperpolarized by 5-HT application failed to respond to
orexin B application. These results strongly suggest that OX2R is
the primary receptor that is involved in both orexin A- and
B-induced depolarization in orexin neurons.

An increase in SEPSCs was mediated through the OX2R

To identify which orexin receptor subtype is involved in orexin-
induced increases in SEPSCs in orexin neurons, OE-OXIR '~
and OE-OX2R '~ mice were used. Basal sEPSC frequency and
amplitude in orexin neurons in OE-OXIR ~/~ and OE-OX2R '~
mice were slightly lower than those in orexin/EGFP mice but were
not significantly different (Table 1). Application of orexin B (1
uM) significantly increased sEPSC frequency in the OE-
OXIR '~ mice to 483.2 = 73.0% of the control value (n = 12,
p < 0.0001 vs control) (Fig. 5A,E,G). This value was not signifi-
cantly different from that in orexin/EGFP mice ( p = 0.4 vs orexin/
EGFP) (Fig. 5G). Although interevent interval of sEPSC was
significantly shortened, amplitude was not affected by orexin B
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Figure 4. Orexin-induced depolarization of orexin neurons is mediated through OX2R.

Orexin neurons in the OF-0XTR ~'~ mice were significantly depolarized by the application of
orexin B (1 wum) (A, top). However, orexin B failed to depolarize orexin neurons in the OF-
0X2R '™ mice (A, bottom). Orexin B and 5-HT (10 uu) were locally applied during the period
represented by the bars. B, Bar graph summarizes the results from 4. *p << 0.05 versus orexin/
EGFP. Values are mean == SEM (n = 9-10).

application [Kolmogorov—Smirnov test: amplitude, orexin B
(p = 0.9); interevent interval, orexin B ( p < 0.001) (Fig. 5C,E)].
However, orexin B (1 um) failed to increase sEPSCs in the OE-
OX2R ™'~ mice (129.3 = 17.5%) (Fig. 5B) (n = 13, p = 0.07 vs
control). Amplitude and frequency were not significantly in-
creased in these mice [Kolmogorov—Smirnov test: amplitude,
orexin B ( p = 0.9); interevent interval, orexin B ( p = 0.7) (Fig.
5D,F)]. These results strongly suggest that orexin-induced in-
creases in both sEPSCs were mediated primarily through the
OX2R.

Activation of nonselective cation channel is involved in
orexin-induced activation of orexin neurons

Membrane resistance was decreased after orexin application,
which indicated opening channels downstream of OX2R (Fig.
1A, B). In addition, orexin B induced inward currents in orexin
neurons in the presence of TTX (Fig. 1C). To examine the prop-
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orexin B-induced inward currents in-
creased ~3.2-fold in calcium-free solu-
tion, suggesting that the orexin
B-induced inward currents were sup-
pressed by extracellular calcium ions.
The reversal potential of the orexin
B-induced currents in the calcium-free
extracellular solution (in mm: 140 NaCl, 2

Control

Orexin B (1 yM)

Washout - o0 | MgCl,, 1 EGTA, 10 HEPES, 10
glucose, and 10 tetraethyl ammonium
120 pA 120 pA chloride) was near 0 mV.(0.93 * 1.1% mV,
1 sec 1 sec n = 6) when measured with a CsCl pipette
C D solution (in mm: 145 CsCl, 1 MgCL,, 10
1.0{ OrexinB 1.0 Orexin B HEPES, 1.1 EGTA, and 0.5 NazGTP) (Flg.
E L 5 6C). This reversal potential is consistent
S .8 ontrol 3 0. Control . A . . R
s s with the activation of nonselective cation
o o . . . .
£ o6 &£ 06 channels in orexin B-induced depolariza-
s s tion of orexin neurons. Several recent re-
LR & 28 ports suggest that the transient receptor
§ 0.2] § 0.2] potential (TRP) channels play an important
role in the receptor-operated influx of cat-
0.0 - - - - - . 0.0 - - - - - - . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300 ions (Spassova et al., 2004; Takai et al.,
Amplitude (pA) Amplituda:(pA) 2004). In addition, the current through TRP
E ) F channels has been shown to be suppressed
Orexin B . .
5 107 5, 1:0] Orexing by the presence of extracellular calcium ions
-‘;: e} £ e % - . (Lmtschmger et al., 2000; Hill, 2001). Thus,
2 2 the activation of the TRP channel down-
a 08 & 06] stream of OX2R activation might be
£ o4] £ o4 involved.
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Orexin/EGFP OE-OX1R* OE-OX2R* a contact structure similar to that of other
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Figure5.  Orexin-induced increases in SEPSCs were mediated through OX2R. sEPSCs were recorded in the presence of PTX (400

M) at aholding potential of —60 mV. A, Orexin B (1 wm) increased SEPSC frequency in orexin neurons in the OF-0XTR ~/~ mice.
B, Orexin B (1 ) failed to increase sEPSCs in orexin neurons in the OF-OX2R '~ mice.C,D, Orexin B (1 ) did not change sEPSC
amplitude in OF-0XTR /= and OF-0X2R '~ mice. E, F, Orexin B (1 ) shortened the interevent interval in OF-0XTR '~ mice
butnot OF-0X2R ~'~ mice. G, Bar graph summarizes the results from Aand B. *p << 0.05 versus control. Values are mean = SEM

(n=9-13).

erties of orexin-induced currents in more detail, further electro-
physiological experiments were performed. First, we removed
calcium from the extracellular solution, Because we have previ-
ously reported that cholecystokinin (CCK)-induced, arginine
vasopressin (AVP)-induced, and oxytocin-induced inward cur-
rents in orexin neurons are significantly increased in calcium-free
extracellular solution. The removal of extracellular calcium ions
markedly potentiated the orexin-induced inward currents (Fig.
6A,B). In the presence and absence of calcium ions in the extra-
cellular solution, orexin B (1 um)-induced inward currents were
30.9 = 4.6 pA (n = 6) and 99.0 £ 25.9 pA (n = 8, p < 0.03 vsin
the presence of calcium ion, unpaired t test), respectively. The

feedback circuitry between orexin neurons.
To explore this possibility, we took advan-
tage of orexin/EGFP;orexin/haloR::GFP
double transgenic mice (supplemental
Fig. 2, available at www.jneurosci.org as
supplemental material), in which GFP-
tagged haloR and EGFP are selectively
expressed in orexin neurons; thus, their entire cell morphol-
ogy can be visualized by immunolabeling for GFP. It should be
noted that almost all orexin-immunoreactive (orexin-ir) neu-
rons specifically expressed both haloR::GFP and EGFP and that
there was no ectopic expression of GFP other than orexin-ir neu-
rons (supplemental Fig. 2B, available at www.jneurosci.org as
supplemental material). We found that the immunoreactivity for
orexin (Fig. 7A,B) or EGFP (GFP-ir) (Fig. 7C,D) allowed the
successful visualization of orexin neurons and revealed a close
apposition between immunopositive axons and dendrites or so-
mata in the lateral hypothalamus (Fig. 7A-D, arrows). The visu-
alization of GFP-ir axons was much clearer than orexin-ir axons,
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which might be because of the homoge- A
neous distribution of haloR and EGFP in
the plasma membrane and cytoplasm of
orexin neurons, respectively. For this rea-
son, an anti-GFP antibody was used for
the following electron microscopic obser-
vations. At the electron microscopic level,
GFP-ir was identified by the presence of
electron-dense DAB reaction end prod-
ucts. GFP-ir axon fibers were found to
form synapse-like contacting structures
on GFP-ir cell bodies and dendritic pro-
cesses where the plasma membrane of cell
body/dendrite was accompanied by
electron-dense matrix just beneath the
contact (Fig. 7E-H). At the contacting
site, the GFP-ir axon fibers showed an
enlargement in diameter, making a
varicosity-like structure (Fig. 7F,G,LJ).
We observed a few large vesicles (~100
nm in diameter) and some small clear ves-
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icles (~50 nm in diameter) within the -60
varicosity (Fig. 7F). An example of the
contact between a GFP-ir axon and a
GFP-ir dendrite was illustrated in a three-
dimensional reconstruction obtained
from serial sections including those
shown in Figure 7, G and H (Fig. 7L, ]; see
also supplemental Fig. 3, available at
www.jneurosci.org as supplemental ma-
terial, showing three-dimensional anima-
tion of this profile). These electron
microscopic observations suggest that orexin neurons commu-
nicate with each other, at least in part, at the close apposition site.

Figure 6.

Orexin neurons in OE-OX2R ~/~ mice completely failed to
respond to orexin

To further investigate the physiological role of orexin-induced
activation of orexin neurons, the spontaneous activity of orexin
neurons was recorded by using a loose cell-attached recording in
the brain slice preparation. Loose cell-attached recordings re-
vealed that the spontaneous firing rate of orexin neurons is not
significantly different between orexin/EGFP, OE-OXI1R ~/~ and
OE-OX2R '™ mice (Table 1). Spontaneous firing is not affected
in the presence of PTX (2.64 * 0.40 Hz, n = 8) or AP5, CNQX,
and PTX (2.47 = 0.37 Hz, n = 9). The local application of orexin
B (1 uM) significantly increased the firing rate to 223.2 * 39.3%
(n =10, p = 0.0002) of the control value in the orexin neurons in
orexin/EGFP mice (Fig. 8 A—C). After orexin B local application,
the firing rate gradually increased and reached a maximum re-
sponse ~1 min after application. Furthermore, the increase in
firing lasted for a few minutes (3—6 min) after washout. Orexin-
induced increases in firing rate were not inhibited in the presence
of PTX alone or APV, CNQX, and PTX. In the presence of PTX
alone or APV, CNQX, and PTX, application of orexin B (1 um)
increased the firing rate to 216.4 + 43.0% (n = 8, p = 0.004) or
153.5 £ 14.7% (n = 9, p = 0.006 vs control), respectively (Fig.
8C). Orexin neurons in the OE-OXIR ~’~ mice showed equally
potent increases in firing by the application of orexin B (1 um)
compared with orexin/EGFP mice (257 * 42.4%; n = 21, p <
0.001 vs control). However, orexin neurons in the OE-OX2R ~/~
mice completely failed to respond to orexin B (1 um, 101.3 =
2.3%, n = 21, p = 0.29). These results suggest that orexin signal-

— T
-40

20 0 20
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Orexin activated orexin neurons by opening nonselective cation channels in orexin neurons. 4, The effect of extracel-
lular Ca* on orexin B (1 uu)-induced inward currents. Orexin B induced weak inward currents in the presence of extracellular
calcium (Ca™) (top). This inward current was dramatically increased in the Ca’™ free solution (bottom). B, The Ca®*-free
solution caused threefold increases in inward current. €, The current—voltage relationship obtained by voltage ramp protocol using
a CsCl pipette in the Ca ™ -free extracellular solution is shown. The /~V/ curve shows that the reversal potential of the orexin B (1
um)-induced currents was 0.93 = 1.4mV (n = 6). Neurons were voltage clamped at —60 mV, and the membrane potential was
stepped to 50 mV (1), and then ramped to —80 mV at duration of 10 s (right). Orexin B was locally applied during the period
represented by the bars. *p << 0.05 versus Ca™ (+). Values are mean * SEM (1 = 6-8).

ing through OX2R has a crucial role in the regulation of the
activity of orexin neurons.

Discussion

In the present study, we demonstrated that orexin neurons are
directly and indirectly activated by orexin. Slice patch-clamp re-
cordings from orexin neurons in orexin receptor knock-out mice
revealed that both direct and indirect activations of orexin neu-
rons are mediated through OX2R. Immunoelectron microscopic
analyses showed direct interaction between orexin neurons.

OX2R is involved in both direct and indirect activation of
orexin neurons

Lietal. (2002) reported that orexin A (hypocretin-1; 2 um) indi-
rectly activated orexin neurons through increasing sEPSCs in
orexin neurons, but orexin A failed to activate in the presence of
glutamatergic synaptic transmission blockers (n = 7), AP5 (50
uM) and CNQX (10 um). However, in the present study, orexin B
(1 um)-induced activation was observed not only in the presence
of TTX (1 uM), but also in the presence of TTX (1 um), AP5 (50
M), and CNQX (20 um) (Fig. 1G). In addition, orexin B induced
inward currents in the presence of TTX (Fig. 1C). These results
strongly suggest that orexin directly activates orexin neurons.
The discordance in the studies may be procedural in terms of the
number of experiments conducted and the application of orexin.
We studied large numbers of orexin neurons (149 neurons).
However, some orexin neurons in orexin/EGFP mice failed to
respond to orexin (23%, 34 of 149), and the effect of orexin
was obviously diminished in the second application. For these
reasons, we replaced the brain slice preparation in each
experiment.
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Figure7.

Our results suggest that OX2R is involved in the orexin acti-
vation of orexin neurons: orexin A and B induced comparable
depolarization; an OX2R-specific agonist, [Ala'']-orexin B,
induced depolarization; and orexin neurons in the OE-
OX2R ™'~ mice completely failed to respond to orexin B. This
suggests that orexin neurons express functional OX2Rs, and
orexin activates orexin neurons through the OX2R. Orexin B
(hypocretin-2)-saporin injection into the lateral hypothalamic
area decreased the number of orexin neurons and histaminergic
neurons (Gerashchenko et al., 2001), corroborating our results.
Orexin B-saporin injection ablated orexin neurons via the OX2R
expressed in orexin neurons. The reversal potential of the orexin-
induced current was near 0 mV (0.93 £ 1.4 mV, n = 6). This sug-

Immunoelectron microscopic observation revealed synapse-like close appositions between the axon and the dendrite
of orexin neurons. A-D, Light-microscopic images of DAB-labeled orexin neurons. Orexin neurons were labeled with anti-orexin
antibody (A, B) or anti-GFP antibody (C, D) in orexin/EGFP;orexin/haloR::GFP double transgenic mice in which orexin neurons
specifically express EGFP and haloR::GFP. The axons of orexin neurons were in close apposition with a dendrite or soma from other
orexin neurons in many regions in the hypothalamus (arrows). E=H, Immunoelectron microscopy of the apposition sites between
GFP-ir axons and a GFP-ir soma or dendrite (orexin neuron). F, Magnification of the square region in E. Arrows indicate a contacting
zone of two GFP-ir positive profiles, where two plasma membranes align in parallel (F~H). Note that the plasma membranes of
GFP-ir profiles shows thickening of the plasma membrane selectively at the contacting site. /, J, Three-dimensional reconstruction
of two GFP-ir profiles from serial sections including G and H. A bulge structure appeared at where an axon of an orexin neuron
contacted a dendrite of another orexin neuron. Scale bars: A-D, 20 um; E, 5 um; F~H, 1 um. Scale cube: 1,J, 0.7 um?.
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gests the activation of nonselective cation
channels downstream of OX2R. The activa-
tion of phospholipase C by the vy subunit
of the G-protein might be involved because
OX2R is believed to couple with the Gq and
Gi types of G-proteins (Zhu et al., 2003). We
previously showed that orexin neurons are
activated by CCK and AVP via the
G-protein-coupled receptors (Gq), CCK,
receptor, and the Vla receptor (Tsujino et
al., 2005; Tsunematsu et al., 2008). Both
CCK- and AVP-induced inward currents
were robustly enhanced by removing the
calcium ions from the extracellular solution.
The orexin-induced inward current was
also enhanced in the calcium-free solution
(Fig. 6), suggesting the involvement of the
same type of nonselective cation channels,
which are likely TRP channels, because the
CCK- and AVP-induced currents were in-
hibited by the TRP channel blocker
SKF96365 (Tsujino et al., 2005; Tsunematsu
et al, 2008). It has been reported that
orexin-induced depolarization is mediated
through the Na */Ca*" exchanger in arcu-
ate and TMN neurons (Eriksson et al., 2001;
Burdakov etal., 2003). To study the involve-
ment of this exchanger in orexin-induced
depolarization in orexin neurons, BAPTA
(10 mm) was added to the pipette solution.
However, orexin-induced depolarization of
orexin neurons was not inhibited by adding
BAPTA to the pipette solution, suggesting
that the Na™/Ca*>* exchanger is not in-
volved in orexin-induced depolarization of
orexin neurons via the OX2R.

Physiological significance of orexin-
induced activation of orexin neurons
via OX2R

Prepro-orexin and OX2R knock-out
mice, in addition to OX2R-mutated dogs,
have been shown to display various phe-
notypes: fragmentation of sleep/wakeful-
ness cycle, direct transition from awake to
REM sleep, and suddenly triggered behav-
ioral arrest (cataplexy) (Lin et al., 1999;
Willie et al., 2003). These are strikingly
similar to the symptoms observed in nar-
colepsy. However, OX1R knock-out mice
showed mild or almost no abnormality in sleep/wakefulness,
which suggests that OX2R has a critical role in the regulation of
sleep/wakefulness. Why does this difference in phenotype arise?
The differential expression patterns of OX1R and OX2R might be
a clue to answering this question. OXIR is densely expressed in
the locus ceruleus, dorsomedial nucleus of hypothalamus, and
paraventricular nucleus. On the other hand, OX2R is densely
expressed in the cerebral cortex, septal nuclei, hippocampus, and
hypothalamic nuclei, including the histaminergic tuberomam-
millary nucleus (TMN) (Marcus et al., 2001). Among these brain
regions, the TMN is thought to be the center for the site of action
of orexin-induced arousal. Because histaminergic TMN neurons
are implicated in arousal (Lin et al., 1988; Monti, 1993), they fire
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Figure 8. Loose cell-attached recordings revealed that orexin neurons in the OF-0X2R ~/~ mice completely failed to respond to orexin. A, Representative trace (top) shows that orexin B

application increased firing in orexin neurons in the orexin/EGFP mice. Bar graph (bottom) shows an average firing for every 5 s. B, Application of orexin B (1 ) increased firing in orexin neurons
in the orexin/EGFPand OF-OXTR ~/~ mice. However, application of orexin B (1 i) completely failed to increase the firing rates of orexin neuronsn the OF-OX2R ~/ mice. €, Bar graph summarizes
the results from B. Orexin B was locally applied during the period represented by the bars. The firing increase is indicated as a percentage increase from the basal firing rate (i.e., the average firing
for 3 min before the start of the experiment). Control represents the average firing for 1 min before orexin B application. AP5 (50 ), CNQX (20 wm), and PTX (400 wum) were applied by bath

application. *p << 0.05 versus control. Values are mean = SEM (n = 5-21).

tonically during wakefulness (Steininger et al., 1999) and are ac-
tivated by orexin via the OX2R (Bayer et al., 2001; Eriksson et al.,
2001; Yamanaka et al., 2002). In addition, the effect of orexin on
arousal was not observed in histamine 1 receptor knock-out
(HI™'7) mice (Huang et al., 2001). However, histidine decar-
boxylase knock-out (HDC ') mice, HI '~ mice, and OXIR ~/
—;H1 '~ double knock-out mice did not show severe narcoleptic
phenotypes (Anaclet et al., 2009; Hondo et al., 2010), suggesting
that downstream pathways of OX2R, other than the histaminer-
gic system, are critical for the regulation of sleep/wakefulness.
Here, we revealed that orexin neurons are directly and indi-
rectly activated by orexin through the OX2R. Immunoelectron
microscopic analyses revealed that orexin neurons are directly
innervated by orexin neurons. These results suggest that connec-
tions between orexin neurons form a positive-feedback circuit.
Figure 9 summarizes a schematic model for orexin-induced acti-
vation of orexin neurons via the OX2R. This positive-feedback
circuitry might function to keep the activity of orexin neurons at
a high level while the animals are waking. In current-clamp re-
cording, we found that some orexin neurons showed burst-type
firing, and this type of neuron has been shown to fire in clusters or
episodes of repetitive bursts (Yamanaka et al., 2003a). This rhyth-
mic firing might work as a pacemaker to maintain orexin neural
activity. Orexin-induced increases in sSEPSCs were also mediated

via OX2R. sEPSC increases in orexin neurons might include in-
put from other orexin neurons because orexin neurons are be-
lieved to be glutamatergic. In addition, they are activated by
orexin via OX2R.

Interestingly, PTX, AP5, and CNQX had little effect on the
basal firing rates of orexin neurons; however, these inhibitors
significantly inhibited orexin B-induced increases in firing ( p =
0.014 vs orexin B alone). This result suggests that orexin neurons
have spontaneous firing ability independent from excitatory in-
puts. This does not deny the contribution of sEPSCs and sIPSCs
on the activity of orexin neurons. sEPSCs or sIPSCs additively
modulate the activity of orexin neurons at relatively higher firing
rates. The orexin neurons in the OE-OX2R ~/~ mice that com-
pletely failed to respond to orexin might suggest that the activity
of orexin neurons in vivo is decreased in OX2R '~ mice. This
results in a significant decrease in orexin release because orexin is
stored in dense-core vesicles and released at a higher firing fre-
quency (Torrealba et al., 2003). This might be one reason that the
phenotype of OX2R '~ mice was similar to that of prepro-
orexin ~'~ mice with regard to sleep/wakefulness regulation. In
any case, our results help to clarify how the activity of orexin
neurons is regulated in vivo and how arousal is maintained by
orexin neurons.
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Figure 9.

receptors include AMPA, NMDA, and metabotropic glutamate receptors.

Loss of function of OX2R induces not only fragmentation of
wake episodes, but also fragmentation of non-REM sleep. It is
likely that the OX2R-mediated positive feedback is not directly
involved in the fragmentation of non-REM sleep because orexin
neurons are thought to be almost silent during non-REM sleep
(Mileykovskiy et al., 2005). However, the positive feedback be-
tween orexin neurons might indirectly affect non-REM sleep by
increasing orexin release during wakefulness. An increase in
orexin concentration in the CSF might contribute to consolidat-
ing wakefulness and non-REM sleep because orexin also activates
GABAergic neurons that are implicated in the initiation and
maintenance of non-REM sleep (Korotkova et al., 2002; Burda-
kov et al., 2003; Eriksson et al., 2004). After silencing orexin neu-
rons in non-REM sleep, orexin in the CSF might activate
GABAergic neurons and increase IPSCs in neurons that are re-
sponsible for arousal, such as the TMN neurons (Eriksson et al.,
2004).

Our study suggests that orexin neurons form a positive-
feedback circuit between orexin neurons. This circuitry might
be important for maintaining the activity of orexin neurons at a
high level and/or for lasting a long time. We found that not only
the direct activation of orexin neurons but also indirect activation
through an increase in excitatory input to orexin neurons (by acti-
vating glutamatergic neurons) is mediated through the OX2R. This
synergistic activation of neurons might be important in amplifying
signals for arousal from the brainstem and in the maintenance of
arousal. Future experiments using transgenic mice in which the
OX2R is specifically knocked out in the orexin neurons may reveal

Schematic summarizing the mechanism underlying orexin-induced activation of orexin neurons through OX2R.
Orexin neurons directly innervate orexin neurons and activate orexin neurons through OX2R. This might form a positive feedback
circuit, and the circuitry might function to preserve the activity of orexin neurons and subsequently to maintain arousal. Glutamate
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the physiological importance of orexin-
induced activation of orexin neurons
through the OX2R.
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