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Abstract Orexin, released from the hypothalamus, has
been implicated in various basic non-somatic functions
including feeding, the sleep-wakefulness cycle, emotion,
and cognition. However, the role of orexin in somatic
motor control is still little known. Here, using whole-cell
patch clamp recording and immunostaining, we investi-
gated the effect and the underlying receptor mechanism of
orexin-A on neurons in the globus pallidus internus (GP1i),
a critical structure in the basal ganglia and an effective
target for deep brain stimulation therapy. Our results
showed that orexin-A induced direct postsynaptic excita-
tion of GPi neurons in a concentration-dependent manner.
The orexin-A-induced excitation was mediated via co-ac-
tivation of both OX1 and OX2 receptors. Furthermore, the
immunostaining results showed that OX1 and 0OX2
receptors were co-localized in the same GPi neurons. These
results suggest that the central orexinergic system actively
modulates the motor functions of the basal ganglia via
direct innervation on GPi neurons and presumably partic-
ipates in somatic-non-somatic integration.

Keywords Orexin - OX1 receptor - OX2 receptor - Globus
pallidus internus - Basal ganglia

He-Ren Gao, Qian-Xing Zhuang, and Yong-Xiao Zhang contributed
equally to this work.

< Jian-Jun Wang
jiwang@nju.edu.cn

< Jing-Ning Zhu
jnzhu@nju.edu.cn
' State Key Laboratory of Pharmaceutical Biotechnology and
Department of Biological Science and Technology, School of
Life Sciences, Nanjing University, Nanjing 210023, China

Introduction

Orexin, also known as hypocretin, is a neuropeptide syn-
thesized only in the lateral hypothalamic and perifornical
areas [1, 2]. The central orexinergic system, though origi-
nating from the hypothalamus, extensively innervates
almost the whole brain, and thus participates in the regu-
lation of many basic non-somatic functions, such as feed-
ing, the sleep/wake cycle, and reward processes [3-6].
Intriguingly, accumulating evidence indicates that orexin
may also be essential for somatic motor control. Orexin
deficiency in rodents, dogs, and humans results in cata-
plexy, a motor deficit characterized by a sudden loss of
muscle tone [4, 7]. During movement, orexinergic neurons
are particularly active and the release of orexin increases
[8-10]. Injection of orexin into the midbrain locomotor
region in cats even induces locomotion [11]. Furthermore,
endogenous orexin plays a critical role when an animal is
facing a motor challenge [12]. However, the neural
mechanisms underlying the role of orexin in somatic motor
control are still largely unknown.

The globus pallidus (GP) is a major component of the
basal ganglia, which is involved in the control of voluntary
movement. It receives a large quantity of GABAergic
innervation from the striatum and is divided into two parts,
the globus pallidus internus (GPi) and the globus pallidus
externus (GPe). Although the GPi is small and immersed in
the fibers of the internal capsule, it integrates information
from both direct pathway and indirect pathway involving the
GPe and subthalamic nucleus [13], and thus constitutes the
output of the basal ganglia [13] and holds a key position in
the circuitry of the basal ganglia. It has been shown that GPi
neurons exhibit increased firing rates and altered firing
patterns in parkinsonian primates [14, 15]. Furthermore, the
GPi is an optimal target of clinical deep brain stimulation for
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the effective alleviation of motor symptoms in Parkinson’s
disease (PD) [16] and is a potential target of fibroblast
transplantation for experimental therapy of levodopa-
induced dyskinesias [17].

Recent morphological and immunostaining studies have
shown that the GP, including the GPi, is densely innervated
by direct hypothalamic orexinergic fibers [18]. An extra-
cellular recording study in vivo revealed that orexin
increases the activity of GP neurons in both normal and
6-hydroxydopamine-lesioned rats, and the orexin-induced
increase in firing rate of pallidal neurons in parkinsonian
rats is stronger than that in normal rats [19]. However, the
exact effect of orexin on the two parts of the GP, which
play different roles in the basal ganglia circuitry, is still
unclear. Moreover, whether the effect of orexin on GP
neuronal activity is a direct postsynaptic action or mediated
by presynaptic elements needs to be clarified. Therefore, in
this study, using whole-cell patch clamp recording and
immunostaining techniques, the direct effects of orexin on
the two types of GPi neuron, Types I and II, as well as the
underlying receptor mechanism, were investigated. Our
results showed that orexin directly excited both types of
GPi neurons via postsynaptic OX1 and OX2 receptors, and
this was confirmed by immunostaining data showing that
both orexin receptors were expressed and co-localized on
the same GPi neurons. These results suggest that the central
orexinergic system actively regulates the motor functions
of the basal ganglia by directly modulating GPi neurons.

Materials and Methods
Animals

The experiments were conducted on Sprague—Dawley rats
of either sex (14-21 days of age), housed under controlled
conditions with a lighting schedule of 12 h light and 12 h
darkness at 22 4+ 2 °C. Standard food and water were
provided ad libitum. All animal experiments were
approved by the Experimental Animal Care and Use
Committee of Nanjing University and were conducted in
accordance with the US National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH Publi-
cation 85-23, revised 2011).

Brain Slice Preparation

Rats were anesthetized with urethane (40 mg/kg) and
coronal brain slices (300 um thick) containing the GPi
were prepared with a vibroslicer (VT 1200 S, Leica,
Wetzlar, Germany) according to the rat brain atlas of
Paxinos and Watson [20]. The slices were incubated in
artificial cerebrospinal fluid (ACSF, composition in mmol/
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L: 124 NaCl, 2.5 KCI, 1.25 NaH,PO,4, 1.3 MgSO,, 26
NaHCOs;, 2 CaCl,, and 10 D-glucose) equilibrated with
95% O, and 5% CO, at 35 £+ 0.5 °C for at least 1 h and
then maintained at room temperature. During recording
sessions, the slices were transferred to a submerged
chamber and continuously superfused with ACSF oxy-
genated with 95% O, and 5% CO, at a rate of 2 mL/min at
room temperature.

Whole-Cell Patch-Clamp Recordings

Whole-cell recordings were performed as we described
previously [12, 21]. Briefly, GPi neurons were visualized
under an Olympus BX51WI microscope (Tokyo, Japan)
and then recorded with borosilicate glass pipettes
(3-6 MQ) filled with internal solution (composition in
mmol/L: 140 K-methylsulfate, 7 KCI, 2 MgCl,, 10
HEPES, 0.1 EGTA, 4 Na,-ATP, and 0.4 GTP-Tris,
adjusted to pH 7.25 with 1 mol/L KOH). Patch-clamp
recordings were acquired with an Axopatch-700B amplifier
(Axon Instruments, Sunnyvale, CA) and the signals were
fed into a computer through a Digidata-1550 interface
(Axon Instruments) for data capture and analysis (pClamp
10.4, Axon Instruments). Neurons were held at a mem-
brane potential of —60 mV and characterized by injection
of a rectangular voltage pulse (5 mV, 50 ms) to monitor
the whole-cell membrane capacitance, series resistance,
and membrane resistance. Neurons were excluded from the
study if the series resistance was not stable or exceeded
20 MQ.

Under current-clamp mode, a series of 1-s negative
current injections (ranging from 0 to —420 pA in 60-pA
steps) was used to identify and categorize the two types of
GPi neuron (Types I and II), according to whether the
recorded neuron exhibited the features of hyperpolariza-
tion-activated cyclic nucleotide-gated (HCN) channels
[22, 23]. Then, we bathed the slices with orexin-A
(0.03-3 umol/L, Tocris, Bristol, UK) to assess its effect
on membrane potential and whole-cell currents of the two
types of GPi neuron recorded under current-clamp and
voltage-clamp modes, respectively. Peri-stimulus time
histograms of the neuronal discharges were generated to
assess the effect of orexin-A on the firing rates of GPi
neurons. Tetrodotoxin (TTX; 0.3 pmol/L, Alomone Labs,
Jerusalem, Israel), NBQX (a potent antagonist of AMPA
receptors; 20 pmol/L, Tocris), AP5 (a potent antagonist of
NMDA receptors; 50 umol/L, Tocris), and SR95531 (an
antagonist of GABA, receptors; 50 pmol/L, Tocris) were
used to determine whether the effect of orexin-A is
postsynaptic. The selective OX1 receptor antagonist
SB334867 (10 pmol/L, Tocris), the selective OX2 recep-
tor antagonist TCS-OX2-29 (10 pumol/L, Tocris), and the
selective OX2 receptor agonist [Ala'!, D-Leu'’]-orexin-B
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(1 pmol/L, Tocris) were used to investigate the underlying
receptor mechanism. Before bath application of each
orexinergic compound at known concentrations, the
membrane potential or whole-cell current was recorded
for at least 20 min to assure stability. Then, orexin-A or
an orexin receptor agonist was added to the perfusing
ACSF to stimulate the neuron for a test period of 1 min.
Antagonists were given at least 15 min before examina-
tion of their antagonistic effects on responses induced by
orexin-A or orexin receptor agonists. After each trial, cells
were given at least 20 min for recovery and to prevent
desensitization.

Immunofluorescence

The experimental procedures for immunostaining followed
our previous reports [12, 21, 24, 25]. Rats (n = 5) were
deeply anesthetized with pentobarbital sodium (40 mg/kg)
and perfused transcardially with 100 mL normal saline,
followed by 450-500 mL 4% paraformaldehyde in
0.1 mol/L phosphate buffer. Subsequently, the brain was
removed, trimmed, postfixed in the same fixative for 12 h
at 4 °C, and then cryoprotected with 20% and 30% sucrose
successively for 24 h. Frozen coronal sections (25 pm
thick) containing the GPi were obtained using a freezing
microtome (CM 3050S, Leica) and mounted on gelatin-
coated slides. The slices were rinsed in phosphate-buffered
saline (PBS) containing 0.2% Triton X-100 (PBST; Sigma,
St. Louis, MO) and then incubated in 10% normal bovine
serum (Millipore, Bedford, MA) in PBST for 30 min.
Sections were incubated overnight at 4 °C with primary
antibodies against the OX1 receptor (a chicken anti-OX1
receptor polyclonal antibody, 1:200; Acris, Herford, Ger-
many) and the OX2 receptor (a rabbit anti-OX2 receptor
polyclonal antibody, 1:100; Abcam, Cambridge, UK).
After a complete wash in PBS, sections were incubated in a
mixture of Alexa 488-conjugated goat anti-chicken
(1:2000; Invitrogen, Carlsbad, CA) and Alexa 594-conju-
gated goat anti-rabbit (1:2000; Invitrogen) for 2 h at room
temperature in the dark. The slides were washed and
mounted in UltraCruz mounting medium (Santa Cruz
Biotechnology, Santa Cruz, CA). All micrographs were
captured with an inverted laser scanning confocal micro-
scope (SP8, Leica).

Statistical Analysis
All data are presented as mean = SEM. Student’s ¢ test

was used for analysis. P < 0.05 was considered statistically
significant.

Results
Orexin Excites Both Types of GPi Neuron

We carried out whole-cell patch clamp recordings on brain
slices containing the GPi (Fig. 1A and B) to determine the
effect of orexin-A on GPi neurons. According to whether a
neuron exhibited spontaneous firing and hyperpolarization-
activated inward rectification [22, 23], characteristic of
HCN channels [26, 27], all the recorded GPi neurons
(n = 76) with a diameter >20 pm were classified into two
subgroups. Type I (n = 68, 89.5%) showed a voltage sag
during injection of a negative current step, whereas Type II
(n = 8, 10.5%) exhibited little or no voltage sag during
negative current injection (Fig. 1C, D). The ratio of the two
types was consistent with previous reports [22].

-1.92mm -2.76mm (Bregma)

2.90 mm (Lateral)

-60 mV n

-60 mV

20mv L
0.1s
Orexin-A 1 pmol/L
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Type |

Orexin-A 1 pymol/L
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50pA
Type ll 2|E1
Fig. 1 Orexin-A excites two types of GPi neurons. A Diagram of rat
brain in sagittal view showing the location of the GPi between 1.92
and 2.76 mm from bregma. B A coronal brain slice containing the
GPi. C, D Electrophysiological identification of Types I and II
neurons in the GPi and the effect of orexin-A. The diameters of both
types were >20 um (arrowheads). Type 1 neurons showed a voltage
sag during injection of a negative current step, whereas Type Il
neurons (n = 8, 10.5%) showed little or none. GPi, internal globus
pallidus; ic, internal capsule.
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Of the 76 GPi neurons recorded, 59 (77.6%) neurons
including both Type I (n = 52) and Type II (n =7)
showed an excitatory response to bath application of
orexin-A (1 pumol/L), whereas the remaining 17 (22.4%;
Type I, n = 16; Type II, n = 1) had no response. Notably,
in voltage-clamp recordings, orexin-A induced a significant
inward current in both types (Fig. 1C, D). Moreover,
orexin-A (0.1, 0.3, and 1 pumol/L) elicited a concentration-
dependent inward current in Type I neurons (Fig. 2A). The
concentration-response curves showed that orexin-A (0.03,
0.1, 0.3, 1, and 3 pmol/L) elicited an inward current in both
types of neuron in a concentration-dependent manner at
104 £ 24, 214 +£34, 38256, 513 £5.1, and
59.0 £ 5.8 pA, respectively, for Type I (n =15), and
9.8 £22, 20.0+43, 394 +£65, 50.0x52, and
56.6 £ 4.7 pA for Type II (n = 5) (Fig. 2B). On the other
hand, in current-clamp recordings, orexin-A (1 pmol/L)
depolarized both types, increasing the firing rate of Type I
from 6.2 4+ 0.9 to 9.8 £ 1.2 spikes/s (n = 5) and of Type
II neurons from 6.5 &+ 1.0 to 9.4 £ 1.3 spikes/s (n = 5)
(Fig. 2C, D). These results indicate that orexin-A excites
both Types I and II neurons in the GPi.

Orexin-Induced Excitation of GPi Neurons is
a Direct Postsynaptic Effect

To clarify whether the effect of orexin-A on GPi neurons is
a direct postsynaptic effect, we assessed the effect of TTX
(0.3 pmol/L), NBQX (20 pmol/L, a potent AMPA receptor
antagonist), AP5 (50 umol/L, a potent NMDA receptor
antagonist) and SR95531 (50 pumol/L, a GABA, receptor
antagonist) on the orexin-induced excitation of GPi

A

Orexin-A 0.1 umol/L Orexin-A 0.3 pymol/L

NN i N

c Control Orexin-A 1 pmol/L

70 mV ™= -

Fig. 2 Excitatory responses of GPi neurons induced by orexin-A.
A Orexin-A elicited inward currents in a GPi neuron in a concen-
tration-dependent manner at a holding potential of —60 mV. B Group
data of the two types of neuron (n = 5/group). C Orexin-A
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neurons. Although TTX blocked the GPi neuronal firing,
TTX, together with NBQX, APS5, and SR95531 did not
block the orexin-A-induced depolarization (Fig. 3A). Fur-
thermore, the inward current elicited by orexin-A
(35.0 = 4.5 pA) was not influenced by co-application of
TTX, NBQX, APS5, and SR95531 (32.0 + 4.9 pA, n = 5,
P > 0.05; Fig. 3B, C). These data demonstrate that the
effect of orexin on GPi neurons is a direct postsynaptic
excitatory action.

0OX1 and OX2 Receptors Co-mediate the Excitatory
Effect of Orexin on GPi Neurons

Two subtypes of orexin receptor have been identified, OX1
and OX2 [28, 29]; it is known that they have distinct dis-
tribution patterns and may mediate different actions of
orexin [5]. Therefore, we used selective agonists and
antagonists for each receptor to determine which sub-
type(s) mediate(s) the orexin-induced excitation of both
types of GPi neuron. Application of 1 pmol/L. orexin-A
elicited an inward current (51.0 £ 13.45 pA, n = 5;
Fig. 4A, E), and [Ala'', D-Leu'®]-orexin-B (1 pmol/L, a
selective OX2 receptor agonist) mimicked the orexin-A-
induced inward current (16.6 + 6.56 pA, n = 5; Fig. 4B,
E), indicating an involvement of OX2 receptors. On the
other hand, TCS-OX2-29 (10 pumol/L), a selective OX2
receptor antagonist, partially attenuated the orexin-A-eli-
cited inward current (19.0 & 4.30 pA, n =5, P < 0.01;
Fig. 4C, E). Furthermore, TCS-0X2-29 (10 pmol/L) com-
bined with SB334867 (10 pmol/L), a selective OX1
receptor antagonist, almost totally blocked the orexin-A-
induced inward current (1.02 + 0.18, n =5, P < 0.01;
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Fig. 3 The excitation of GPi neurons induced by orexin-A is a direct
postsynaptic effect. A In current-clamp recordings, TTX, together
with NBQX, APS5, and SR95531, did not block the depolarization
induced by orexin-A. B In voltage-clamp recordings, TTX, NBQX,
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AP5, and SR95531 did not block the inward current induced by
orexin-A. C Group data from tested neurons (n = 5; n.s. not
significant).
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Fig. 4 OX1 and OX2 receptors co-mediate the inward currents
induced by orexin-A in GPi neurons. A The orexin-A-induced inward
current recorded from a GPi neuron. B [Ala!', D-Leu'’]-orexin B
mimicked the effect of orexin-A. C, D TCS-0X2-29, a selective OX2

Fig. 4D, E), indicating that OX1 receptors also participate in
the orexin-A-induced excitation of GPi neurons. All these
results demonstrate that OX1 and OX2 receptors co-mediate

receptor antagonist, partly blocked the orexin-A-induced inward
current, whereas TCS-OX2-29 combined with SB334867, a selective
OX1 receptor antagonist, almost totally blocked it. E Group data from
tested neurons (n = 5; **P < 0.01).

the excitatory effect of orexin on GPi neurons. In addition,
the receptor mechanisms underlying the orexin-induced
excitation of both types of GPi neurons are the same.
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Fig. 5 Double
immunofluorescence staining
for OX1 and OX2 receptors in
rat GPi neurons. A1-A3 OX1
receptor staining. B1-B3 OX2
receptor staining. C1-C3
Merged images showing co-
localization of OX1 and OX2
receptors in the same GPi
neurons. Scale bars: Al, B1,
C1, 150 um; A2, B2, C2,

60 um; A3, B3, C3, 25 um.
GPi, internal globus pallidus; ic,
internal capsule.
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0OX1 and OX2 Receptors are Co-localized in the GPi

To map the distributions of OX1 and OX2 receptors in the
GPi, we performed double immunofluorescence staining of
rat brain slices containing the GPi. We found that the two
receptors were not only expressed in the GPi (Fig. SA1-A3
and B1-B3), but also co-localized in the same neurons
(Fig. 5C1-C3), consistent with the electrophysiological
results.

Discussion

Previous in vitro and/or in vivo studies have demonstrated
that orexin excites neurons in various brain regions,
including the arcuate nucleus [30], lateral and medial
hypothalamus [31], nucleus accumbens [32], locus coer-
uleus [33], hippocampus [34], and prefrontal cortex [35].
Recently, studies from our and other laboratories have also
revealed that orexin exerts an excitatory effect on neurons
in many subcortical motor structures, such as the cerebel-
lum [36], vestibular nuclei [12, 37], ventral horn of the
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spinal cord [38], and several components in the basal
ganglia [39—41]. In this study, using whole-cell patch-
clamp recording and immunostaining, we demonstrated
that orexin-A postsynaptically depolarized and excited the
two types of neurons in the GPi, an important output
nucleus in the basal ganglia circuitry and a target for the
deep brain stimulation treatment of dyskinesias in PD
[42, 43]. Both OX1 and OX2 receptors were expressed on
the same GPi neurons and co-mediated the orexin-induced
excitatory effect.

The whole-cell patch-clamp recordings allowed us to
identify and classify the two types of GPi neurons based on
their different membrane properties, so that we could
assess the effect of orexin on the different types. However,
orexin had a uniformly excitatory effect on both Type I and
Type II neurons and their underlying receptor mechanisms
were also the same. On both types, TTX combined with
antagonists for glutamate and GABA receptors did not
block the orexin-induced excitation, strongly suggesting
that the excitatory effect of orexin on GPi neurons is a
direct postsynaptic action. Therefore, although the exact
physiological functions of the two types of neurons remain
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enigmatic, orexin may extensively modulate neuronal
activity in the GPi and consequently influence the functions
mediated by these two types of neurons.

Accumulating clinical reports have implied a close
correlation between the central orexinergic system and PD.
PD patients have an increasing loss of orexinergic neurons
in the hypothalamus with disease progression and a sub-
stantial decrease in the concentration of orexin in ventric-
ular cerebrospinal fluid [44, 45]. Since the central
orexinergic system plays a critical role in regulating the
sleep-wakefulness cycle, and orexin deficiency results in
narcolepsy, the loss of orexinergic neurons is hypothesized
to be responsible for sleep disturbances [46], such as
excessive daytime sleepiness, nocturnal insomnia, and
REM sleep behavior disorder, among the non-motor
symptoms of PD. However, our present results that orexin
excites GPi neurons, together with other data that orexin
modulates neurons in various components of the basal
ganglia [39-41, 47] and induces a larger increase in the
firing rates of pallidal neurons in PD than normal rats [19],
suggest that orexin loss may also directly contribute to the
parkinsonian motor pathophysiology.

In fact, the generation and execution of behavioral
responses depend on the coordination and integration of
somatic and non-somatic components. The central orexin-
ergic system, strictly originating from the hypothalamus
but extensively bridging various somatic motor and non-
somatic centers, may constitute the neural substrate
underlying somatic-non-somatic integration. Considering
that the loss of orexin in PD may be linked to both
parkinsonian motor and non-motor symptoms and that
orexin deficiency results in not only narcolepsy but also
cataplexy, which is actually a simultaneous somatic (mo-
tor) and non-somatic (sleep and emotional) dysfunction, we
suggest the central orexinergic system and orexin may play
an essential role in somatic-non-somatic integration.

In conclusion, in the present study we demonstrate that
orexin postsynaptically excites Types I and II GPi neurons
via the co-activation of OX1 and OX2 receptors. The
orexinergic innervation of the GPi may actively participate
in motor control and parkinsonian pathophysiology via
modulation of the final output of the basal ganglia.
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