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Orexin (also known as hypocretin) neurons in the hypothalamus
play an essential role in sleep–wake control, feeding, reward, and
energy homeostasis. The likelihood of anesthesia and sleep shar-
ing common pathways notwithstanding, it is important to under-
stand the processes underlying emergence from anesthesia. In this
study, we investigated the role of the orexin system in anesthe-
sia emergence, by specifically activating orexin neurons utilizing
the designer receptors exclusively activated by designer drugs
(DREADD) chemogenetic approach. With injection of adeno-
associated virus into the orexin-Cre transgenic mouse brain, we
expressed the DREADD receptor hM3Dq specifically in orexin neu-
rons and applied the hM3Dq ligand clozapine to activate orexin
neurons. We monitored orexin neuronal activities by c-Fos staining
and whole-cell patch-clamp recording and examined the conse-
quence of orexin neuronal activation via EEG recording. Our re-
sults revealed that the orexin–DREADD mice with activated orexin
neurons emerged from anesthesia with significantly shorter la-
tency than the control mice. As an indication of reduced pain sen-
sitivity, these orexin–DREADD mice took longer to respond to the
55 °C thermal stimuli in the hot plate test and exhibited signifi-
cantly less frequent licking of the formalin-injected paw in the
formalin test. Our study suggests that approaches to activate
the orexin system can be beneficial in postoperative recovery.
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Millions of procedures are performed under general anes-
thesia every year. However, many questions regarding the

mechanism for anesthesia remain to be answered. Both anes-
thesia and sleep involve the orexin/hypocretin system, first
identified in 1998 (1, 2). In addition to sleep–wake control and
feeding, orexin is involved in autonomic regulation, thermoreg-
ulation, neuroendocrine regulation, and memory formation (3–
7). As expected from the broad range of physiological functions,
orexin neurons project widely throughout the brain and the
spinal cord (8–10). Orexin neurons may activate histaminergic
tuberomammillary neurons (11), cholinergic basal forebrain
neurons, ventral tegmental area (VTA) dopaminergic neurons
(12), and noradrenergic locus coeruleus (LC) neurons (13) to
modulate sleep–wake control. Among the neurons involved in
sleep–wake modulation, the orexin system is unique for its use of
peptidergic transmission.
The orexin system has been implicated in sleep and metabolic

disorders. Canine narcolepsy is caused by a mutation in the
orexin receptor-2 gene (14). Orexin knockout mice have narco-
leptic symptoms, whereas mice with their orexin neurons ablated
display additional symptoms like hypophagia and severe obesity.
Some human narcoleptic patients have undetectable levels of
orexin in their cerebrospinal fluid (15), though the plasma levels
of orexin remain normal (16). Suvorexant, a selective dual orexin
receptor antagonist, was approved by the US Food and Drug
Administration for treatment of insomnia in 2014 (17). Although
small molecule agonists of orexin receptor-2 have been reported
to ameliorate narcolepsy–cataplexy symptoms in mouse models
(18), there has been no clinical trial thus far.

Orexin neurons may play a role in the process of general an-
esthesia, especially during the recovery phase and the transition
to wakefulness. With intracerebroventricular (ICV) injection or
direct microinjection of orexin into certain brain regions, pre-
vious studies have shown that local infusion of orexin can shorten
the emergence time from i.v. or inhalational anesthesia (19–23).
In addition, the orexin system is involved in regulating upper
airway patency, autonomic tone, and gastroenteric motility (24).
Orexin-deficient animals show attenuated hypercapnia-induced
ventilator response and frequent sleep apnea (25). ICV injec-
tions of orexin peptides have been shown to increase respiration
rate, heart rate, blood pressure, and gastric motility (3, 4, 26).
The emergence speed, autonomic stability, airway patency, and
gastric motility are all important aspects during the recovery
from anesthesia.
Orexin neurons not only innervate neurons in the hypothal-

amus, but also send projections to remote sites throughout
the brain and the spinal cord. To study how anesthesia may be
affected upon the specific activation of orexin neurons, we uti-
lized designer receptors exclusively activated by designer drugs
(DREADD) as a chemogenetic tool to activate orexin neurons.
DREADD receptors are engineered muscarinic receptors that
are no longer sensitive to any native ligands such as acetylcho-
line, but can be activated by the inert small molecule ligand
clozapine-N-oxide (CNO). A recent study revealed that cloza-
pine, an antipsychotic drug and a metabolite of CNO, has an
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even higher affinity to the DREADD receptor than CNO (27).
Although clozapine is not a true inert drug, only subtherapeutic
doses are needed to activate the DREADD receptors. With this
technology, we investigated the function of orexin neuronal ac-
tivities in two important aspects of anesthesia recovery: emer-
gence speed and pain control.

Results
Expression of the DREADD Receptor hM3Dq in Orexin Neurons. In the
orexin-Cre mouse line generated from a frozen embryo provided
by Akihiro Yamanaka, Nagoya University, Nagoya, Japan (28),
the Cre recombinase was fused with a 2A peptide from the
Thosea asigna virus and EGFP, and the expression was under the
control of the human preproorexin promoter (Fig. 1A). The 2A
peptide is separated from EGFP and the Cre recombinase via
self-cleaving after translation. Our immunohistochemical studies
revealed that EGFP and the Cre recombinase were exclusively
expressed in the perifornical area of lateral hypothalamus (Fig.
1B). We found colocalization of EGFP, Cre, and orexin in orexin
neurons (Fig. 1 C and D).
To express the DREADD receptor hM3Dq in orexin neurons,

we used the Cre-dependent adeno-associated viral (AAV)
vector, pAAV-hSyn-DIO-hM3D(Gq)-mCherry, from Addgene.
This AAV construct contains a FLEX switch, which includes
loxP and lox2272, to ensure stable expression of hM3Dq only
in Cre-expressing cells (Fig. 1A). AAV-hSyn-DIO-hM3D(Gq)-
mCherry was stereotaxically injected into the lateral hypo-
thalamus of 8-wk-old orexin-Cre male mice. The mCherry
fused with hM3Dq allowed identification of orexin neurons
expressing the DREADD receptor hM3Dq, with strong
mCherry fluorescence in the processes and the soma of orexin
neurons (Fig. 1E). A control group of wild-type animals that

also received the AAV injection showed no expression of
DREADD receptors (SI Appendix, Fig. S1).

Activation of Orexin Neurons via the DREADD Receptor hM3Dq.After
confirming the expression of hM3Dq in orexin neurons, we
tested whether activation of hM3Dq led to increased orexin
neuronal activities, both by monitoring orexin neuronal activity
via whole-cell patch-clamp recording and by using c-Fos ex-
pression as a reporter of neuronal activities. After a minimum of
2 wk following viral injection, the mice were intraperitoneally
injected with CNO (1 mg/kg) or clozapine (0.01 mg/kg) and
killed 45 min later. Taking into account the diurnal activities of
orexin neurons, we injected the DREADD ligand at 10:00 AM
(zeitgeber time 4), when the orexin neuronal activities are low, so
as to induce a greater change of neuronal activity.
Given recent studies showing that clozapine is the true high-

affinity ligand of hM3Dq, we compared clozapine with CNO in
their abilities to activate neurons and elevate c-Fos expression. We
found that both can activate c-Fos, but clozapine at 0.01 mg/kg
generated stronger c-Fos signal compared with CNO at 1 mg/kg
(SI Appendix, Fig. S2). Therefore, we chose to use clozapine to
activate the DREADD receptor hM3Dq in our experiments.
We injected the AAV into only the hypothalamus in one

hemisphere, which resulted in unilateral expression of hM3Dq-
mCherry (Fig. 2A), so that the hypothalamus in the other
hemisphere provides an internal control. After clozapine in-
jection to activate hM3Dq, c-Fos expression was higher on the
hemisphere with hM3Dq expression compared with the other
hemisphere without the receptor (Fig. 2A); 84.4 ± 9.1% of orexin
neurons in the injected hemisphere (304 orexin neurons counted
in five mice) were positive for c-Fos and orexin, whereas only
9.3 ± 1.7% of orexin neurons in the uninjected hemisphere
(323 orexin neurons counted in the same five mice) were positive

Fig. 1. hM3Dq DREADD expression in orexin-Cre mice. (A) Transgenic mice expressing EGFP and Cre recombinase under the preproorexin promoter were
stereotaxically injected with AAV containing a flipped hM3Dq DREADD gene fused with mCherry [AAV-hSyn-DIO-hM3D(Gq)-mCherry]. This experimental
setup allowed specific expression of the hM3Dq DREADD in orexin neurons. (B) The cell bodies of orexin neurons are located at the lateral hypothalamic
perifornical area, as revealed by the immunostaining of EGFP. Double labeling of the orexin neuropeptide with EGFP (C), Cre (D), or mCherry (E) indicates
specific expression of the hM3Dq receptor in orexin neurons. The enlarged image is the merge of the two panels on the Left. C and D are images from the
same animal. We found that 93.8 ± 4.3% (n = 5) orexin neurons express the DREADD receptor. The native fluorescence of EGFP or mCherry cannot be
detected after the fixation and staining process. The signals shown here are from fluorescently labeled antibodies recognizing EGFP or mCherry. The
different staining pattern for mCherry reflects the fusion of mCherry with the hM3Dq receptor that is expressed on the cell membrane. (Scale bars: 500 μm
in B, 100 μm in C–E.)
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for c-Fos and orexin (Fig. 2B). The strong c-Fos signal in the
arcuate nuclei likely arose from the dense innervation by orexin
neurons (6). In contrast to the DREADD group of transgenic
mice with Cre expression in orexin neurons, the control group of
wild-type animals also received the AAV injection but yielded
little c-Fos signal (SI Appendix, Fig. S1).
Having examined c-Fos expression to reveal increased neu-

ronal activities in orexin neurons and their downstream neurons
in the DREADD group, we next tested for the specific activation
of orexin neurons, by recording from acute brain slices express-
ing DREADD receptors. We selected neurons that were positive
for the mCherry fluorescence for whole-cell patch-clamp re-
cordings. Application of 5 μM clozapine locally to the orexin
neuron under recording induced rapid and sustained firing of
action potentials (Fig. 2C); 65 ± 14 (n = 5) action potentials were

recorded during the first minute following the clozapine appli-
cation in the hM3Dq-positive cells, whereas 0.2 ± 0.45 were
recorded in the control cells (Fig. 2D). Cells that did not express
the hM3Dq receptors exhibited no change in action potential
firing upon the application of clozapine.

Activation of Orexin Neurons Facilitates Emergence from Anesthesia.
To test whether activation of orexin neurons could change the
speed of emergence from anesthesia, we performed the emer-
gence test of mice under isoflurane anesthesia. Similar to the
timing for the c-Fos staining, the experiment was performed
during the day when the orexin neuronal activity was low. Clo-
zapine or saline was intraperitoneally injected into orexin-Cre
mice that had received bilateral stereotaxic injections of AAV-
hSyn-DIO-hM3D(Gq)-mCherry at least 2 wk before the i.p. in-
jection (Fig. 3A). After 10 min of recovery following the i.p.

Fig. 2. Pharmacogenetic activation of orexin neurons through hM3Dq. (A)
Unilateral expression of hM3Dq tagged with mCherry in animals with AAV-
hSyn-DIO-hM3D(Gq)-mCherry injected into one hemisphere. c-Fos staining
revealed neuronal activation near the injection site after the i.p. adminis-
tration of 0.01 mg/kg of clozapine. The other hemisphere provides internal
control for clozapine activation of hM3Dq receptor specifically expressed in
the hemisphere with AAV injection. This demonstrates that only the orexin
neurons with the DREADD receptor can be activated through the adminis-
tration of clozapine. Five animals were unilaterally injected with the AAV.
Each image is a composite image of 3 × 3 tiles stitched by Leica SP8 confocal
microscope software. (Scale bars: 500 μm.) (B) A total of 84.4 ± 9.1% of
orexin neurons in the injected hemisphere (304 orexin neurons counted in
five mice) were positive for c-Fos and orexin, whereas only 9.3 ± 1.7% of
orexin neurons in the uninjected hemisphere (323 orexin neurons counted in
the same five mice) were positive for c-Fos and orexin. (C) Whole-cell patch-
clamp recordings from cells with positive mCherry fluorescence (hM3Dq) and
negative mCherry flurorescence (control). Local application of 5 μM cloza-
pine in aCSF solution near the cell under recording-induced rapid firing of
action potentials in the hM3Dq-positive cells. (D) A total of 65.6 ± 14.7 (n =
5) action potentials were recorded during the first minute following the
clozapine application, whereas 0.2 ± 0.45 were recorded in the control cells.
All data are expressed as mean ± SD. Significance was analyzed using two-
tailed t test, **P < 0.01.

Fig. 3. Activation of orexin neurons facilitates the emergence from anes-
thesia. Eight-week-old transgenic orexin-Cre mice were injected bilaterally
with AAV-hSyn-DIO-hM3D(Gq)-mCherry and allowed a minimum of 2 wk for
viral expression. Ten minutes before the anesthesia exposure, the mice re-
ceived i.p. injection of clozapine (0.01 mg/kg) or saline. (A) The time it took
for the righting reflex to return after 30 min of 2% isoflurane exposure. Each
mouse was subjected to three repetitions of the test. The emergence time
for the clozapine group (59.1 ± 17.7, 66.5 ± 25.7, 75.8 ± 23.6 s; n = 16) was
shorter than that of the saline group (87.4 ± 23.0, 103.9 ± 22.5, 97.1 ± 17.8 s;
n = 16) at 40, 80, and 120 min following the i.p. injection, respectively. (B)
There was no significant difference in the emergence time between the
clozapine group (66.8 ± 19.5, 93.3 ± 15.4, 75.8 ± 24.3 s; n = 14) and the saline
group (75.0 ± 34.5, 80.9 ± 37.0, 95.6 ± 41.0 s; n = 14) for the control animals
without AAV injection. All data are expressed as mean ± SD. Significance
was analyzed using two-tailed t test, **P < 0.01.
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injection, the animals were exposed to 2% isoflurane for 30 min.
The duration from the end of the isoflurane exposure to the
return of the righting reflex (RoRR) was recorded (emergence
time). This procedure was repeated two more times with 10 min
of recovery in between, so the emergence time was assessed at
40, 80, and 120 min after the i.p. injection. Transgenic orexin-Cre
mice without AAV injections received the same dose of cloza-
pine or saline and served as control, revealing no significant ef-
fect of clozapine on emergence from anesthesia (Fig. 3B).
The clozapine group of DREADD animals that received AAV

injection took significantly less time to emerge from anesthesia
compared with the saline group (59.1 ± 17.7, 66.5 ± 25.7, 75.8 ±
23.6 s vs. 87.4 ± 23.0, 103.9 ± 22.5, 97.1 ± 17.8 s; n = 16) at 40,
80, and 120 min following the i.p. injection, respectively (Fig.
3A). Two-way ANOVA multiple comparisons (Prism 7) did not
show significant difference among the three average emergence
times at 40, 80, and 120 min within the saline group or the
clozapine group.
Faster emergence was also observed for the DREADD mice

injected with CNO. Since a metabolite of CNO is expected to be
the ligand for the DREADD receptor, we initiated the 30 min of
isoflurane exposure at 30, 70, and 110 min after CNO injection.
Of the three time points tested, the emergence was accelerated
100 and 140 min after CNO injection, but not 60 min (SI Ap-
pendix, Fig. S3), likely reflecting the fact that the DREADD li-
gand clozapine is the metabolite of CNO. Taken together, these
results suggest that activation of orexin neurons in mice facili-
tates emergence from isoflurane anesthesia.

Activation of Orexin Neurons Increases Pain Tolerance. Previous
studies have shown that orexin applied via intrathecal injection
has analgesic effects (29). To test for the effect of orexin neu-
ronal activation in analgesia, we subjected DREADD mice to
the hot plate test and the formalin test. In the hot plate test,
10 min after receiving clozapine or saline, transgenic orexin-Cre
mice were placed on the 55 °C hot plate and assessed for the
latency to respond to the heat stimulus. The first time when
animals showed any response (licking, fanning, or jumping) was
recorded as the latency. The same test was repeated three more
times with 10-min intervals in between. Statistical analysis
revealed that there is a significant difference in latency between
the two groups of DREADD mice with bilateral stereotaxic
AAV injections (Fig. 4A). The clozapine group displayed sig-
nificantly longer latencies than the saline group at 10, 20, and
30 min following the injection, respectively.
In the hot plate assay, the clozapine effect lasted for about

30 min. However, clozapine seems to have longer lasting effect
on the emergence assay as shown by the significant difference at
40, 80, and 120 min after clozapine injection. Besides the dif-
ference between the neural circuits involved in emergence and
pain, the different effects of clozapine could be influenced by the
experimental design used in the hot plate test; the animals were
retested in relatively short periods of time (every 10 min) which
may affect the pain perception. Control orexin-Cre mice without
AAV injections demonstrated no difference between the cloza-
pine and saline treatments (Fig. 4A).
Additionally, the formalin test was performed to further

evaluate the effect of activating orexin neurons on inflammatory
pain. Orexin-Cre mice with or without stereotaxic AAV injection
for DREADD expression were injected intraperitoneally with
clozapine or saline 10 min before injection of formalin into the
left hind paw of the mouse. The total paw licking time for the
clozapine group was 27.4% shorter than that of the saline group
(Fig. 4B). Further analysis showed that the significant difference
arose mainly from the chronic phase (10–60 min). Taken to-
gether, the hot plate and formalin tests indicated that activation
of the orexin system increases pain tolerance of the mice.

EEG Change Caused by the Activation of Orexin Neurons. Having
performed behavior tests to reveal enhanced anesthesia recovery
and pain tolerance of mice with elevated orexin neuron activities,
we next explored the impact of orexin neuron activation on the
brain activities of mice under anesthesia, by conducting EEG and
electromyogram (EMG) analysis. EEG/EMG recording headsets
were surgically implanted onto the skull of orexin-Cre mice 1 wk
after the stereotaxic injection of AAV virus for DREADD ex-
pression. On the day of anesthesia test, the animals received i.p.
injection of either clozapine or saline and underwent anesthesia
exposure to 1% isoflurane for 25 min, then 0.5% isoflurane for
25 min, followed by 2% isoflurane for 10 min and subsequent
recovery (Fig. 5A).
The EEG/EMG recordings revealed three different states

under isoflurane anesthesia: nonrapid eye movement (NREM)-
like (low-frequency, high-amplitude EEG with low-amplitude
EMG), rapid eye movement (REM)-like (theta-dominated
EEG and EMG atonia), and wake-like (low-amplitude, mix-
frequency EEG and high-amplitude, active EMG) (Fig. 5B).
Because mice under anesthesia display waveforms that differ
from those waveforms characteristic of natural sleep, we have
focused on analyzing the percentage of wake-like epochs with
active EMG signals. We found that the animals injected with
saline had on average 23% active EMG epochs with saline,
whereas those injected with clozapine had 34% active EMG
epochs while they were exposed to 0.5% isoflurane. During the
2-h recovery period, the saline group had on average 45%,
whereas the clozapine group had 68% active EMG epochs
(Fig. 5C). Thus, the activation of orexin neurons produced
a change in EMG signal even when the mice were still under
0.5% isoflurane, thereby allowing these mice to emerge from
anesthesia sooner with more numerous wake-like epochs of
EEG/EMG activity.
We next analyzed power spectrum densities. There was no

significant difference in the spectrum between the two groups
while they were under anesthesia. We then shifted our focus to
the emergence. Under 0.5% isoflurane, mice were lightly anes-
thetized as shown by the EMG recording so we had to use 2%
isoflurane to resedate the mice to suppress their EEG activities
to a similar basal level to compare the changes during emer-
gence. Power spectrum analysis showed that the percent distri-
butions of the four frequency bands (δ, θ, α, and β) are similar
between the clozapine group and the saline group while the mice
are under 2% isoflurane, except that the clozapine group had
somewhat less β-power (Fig. 5D). Importantly, upon switching
off the anesthesia, the clozapine group showed significantly
greater decrease of δ-power and increase of α- and β-powers in
the first 5 min (Fig. 5E). Vazey and Aston-Jones have shown that
the power spectrum changes involve mainly the δ- and θ-powers
when the locus coeruleus noradrenergic system is activated with
DREADD even under isoflurane anesthesia (30). It appears that
the orexin system and locus coeruleus play different roles in
the emergence of anesthesia (31). Our results revealed that the
faster emergence from the clozapine group is consistent with the
changes of the EEG spectrum.

Discussion
In this study, we investigated whether activation of mouse orexin
neurons has any effect on anesthesia related behavior. Our results
revealed that the specific activation of orexin neurons by hM3Dq
DREADD receptors can facilitate emergence from isoflurane
anesthesia and increase pain tolerance of mice subjected to 55 °C
thermal stimulation and 5% formalin inflammatory stimulation.
We chose the DREADD approach in this study because, un-

like local application of orexin, activation of DREADD recep-
tors in orexin neurons simulates the physiological activation of
the orexin circuits. Because DREADD provides more wide-
spread and long-lasting effects without the need to implant an

Zhou et al. PNAS | vol. 115 | no. 45 | E10743

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
16

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1808622115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1808622115/-/DCSupplemental


www.manaraa.com

optical fiber as in the case of optogenetics, it is a relatively simple
yet powerful tool for studying the role of the orexin system in
anesthesia. However, it does lack the spatial and temporal pre-
cision provided by optogenetics. Therefore, further studies with
optogenetics are desirable for analyzing a spectrum of specific
roles of the arousal circuits.
Recently Gomez et al. (27) reported that clozapine, a me-

tabolite of CNO and a blood–brain barrier permeable drug, has
an even higher affinity than CNO for DREADD activation. Only
subthreshold doses of clozapine (clozapine: 0.01–0.1 mg/kg vs.
CNO: 1–10 mg/kg) are required for receptor activation, because
of the higher affinity of hM3Dq for clozapine (Ki = 7 ± 2 nM)
compared with CNO (Ki = 3.8 ± 0.3 μM). In our study, a com-
parison of the effects by CNO (1 mg/kg) versus clozapine
(0.01 mg/kg) on c-Fos expression and emergence from isoflurane
anesthesia consistently showed that CNO even at a relatively
high dose is slower to generate the effect (SI Appendix, Fig. S3).
The exact mechanisms by which orexin facilitates emergence

from anesthesia can be multifactorial. GABA is the main in-
hibitory neurotransmitter in the central nervous system and
GABAA receptors (GABAARs) have been shown to be a major
target of general anesthetics (32–34). The crosstalk between the
excitatory orexin receptors (OxRs) and the inhibitory GABAAR
remains to be an open question. The subunit composition, the
extrasynaptic tonic inhibition, and the membrane trafficking of
GABAAR are important aspects of their functional modulation
(35, 36). The β-subunit of GABAAR has been known to be a key
element in the receptor membrane trafficking (37) and anes-
thetic binding (38, 39). In HEK293 cells cotransfected with
orexin receptor-1 (OxR1) and GABAAR (α1β1γ2s), Sachida-
nandan et al. (40) showed that activation by orexin peptide-A
(OX-A) can inhibit GABA-induced currents through increased
phosphorylation of β1 subunit of GABAAR. In a separate study
using the human SH-SY5Y cells, Andersson et al. (41) showed
that the activation of OxR1 by OX-A can decrease the surface
expression of GABAAR through phosphorylation of the β2 sub-
unit. These studies suggest that the local modulation of GABAAR
activity level by orexin may play a role in the arousal control and
anesthesia emergence.
Orexin neurons project widely in the central nervous system so

that activation of orexin neurons may change the activity level of
downstream nuclei involved in arousal control, such as the do-
paminergic VTA (12), adrenergic LC (42), histaminergic ventral
tuberomammillary nuclei (VTM) (11), serotonergic raphe nuclei
(43), and cholinergic basal forebrain (44). Anesthesia states are
known to be modulated by activation of VTA and LC (30, 45).
The comparatively milder effect of DREADD activation of the
orexin system on anesthesia states is consistent with the current
understanding of arousal being affected by the orexin system as
the master regulator of VTA, LC, and other downstream nuclei
(46). In addition to these brain regions, orexin neurons also in-
nervate the region in the spinal cord involved in autonomic
regulation and pain sensation (9). Orexin intracerebroventricular
injection induces increase of heart rate, blood pressure, res-
piration rate, and tidal volume (4), which will also indirectly
facilitate the recovery by affecting the pharmacokinetics of
the anesthetics. It will be important to examine the specific
effects generated by anesthetics on the different arousal and

Fig. 4. Activation of orexin neurons improves pain tolerance. (A) Ten mi-
nutes before the hot plate test, orexin-Cre mice with bilateral stereotaxic
AAV injection were injected with clozapine (0.01 mg/kg) or saline in-
traperitoneally. Latency to the first response (licking, fanning, or jumping) to
the 55 °C thermal stimulus was measured. The hot plate test was repeated
three more times with 10-min intervals. The latency was significantly longer
for the clozapine group (10.5 ± 1.7, 10.0 ± 1.0, 8.9 ± 2.0, 7.9 ± 1.9 s; n = 12)
than the saline group (7.1 ± 1.3, 7.1 ± 1.0, 7.0 ± 2.3, 7.6 ± 1.6 s; n = 13) at 10,
20, and 30 min after i.p. injection (Top). The control orexin-Cre mice without
AAV injection for DREADD expression revealed no difference in the latency
between the clozapine (9.4 ± 1.4, 9.8 ± 1.7, 8.3 ± 2.8, 8.3 ± 2.7; n = 11) and
saline treatment (9.6 ± 2.0, 9.3 ± 2.3, 8.9 ± 1.9, 10.0 ± 1.4; n = 11) (Bottom).
(B) Ten minutes after i.p. injection of 0.01 mg/kg of clozapine or saline into
orexin-Cre mice that had received bilateral stereotaxic AAV injection, 10 μL
of 5% formalin was injected into the left hind paw. The total licking time

was recorded for 60 min. No significant difference was observed during the
acute phase (0–10 min). However, during the chronic phase (10–60 min), the
clozapine group spent less time tending to their wounds (154.4 ± 36.8 s, n =
7) than the saline group (212.7 ± 61.2 s, n = 7) (Left). In controls with orexin-
Cre mice without AAV injection for DREADD expression, the licking time was
comparable between the clozapine group (194.7 ± 91.3 s, n = 10) and the
saline group (232.0 ± 67.1 s, n = 10) (Right). All data are expressed as mean ±
SD. Significance was analyzed using two-tailed t test, *P < 0.05, **P < 0.01.
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nociceptive nuclei and how these effects may be modulated by the
orexin system.
We did not investigate the effects of activating orexin neurons

on the rate of anesthesia induction in this study. Whereas a
previous study with intracerebroventricular injection of orexin
peptide did not show any difference in the induction speed (19),
the question regarding the possible modulation of anesthesia
induction by the orexin system awaits future studies employing
more sensitive assays.
Currently, there is no active “wakeup” step in anesthesia

management. After the discontinuation of anesthetics, recovery
from the anesthetic state toward full consciousness simply relies
on the ability of the human body to metabolize and eliminate the
drug. As we have learned from research regarding sleep, waking
up from sleep is an active, highly regulated process. Hopefully,
with better understanding of the arousal control in the brain, we
can design ways for a more active reversal of anesthesia to
minimize the duration of the inactivated state caused by general
anesthetics and to bring the activity levels back to their baselines
as quickly as possible. In addition to the operating room setting,
it will also be helpful to target delirium in the intensive care units.

Besides the reversal from hypnosis, pain management in the re-
covery room after surgery is also a key element of recovery. It is
widely accepted that multimodal pain management is required to
minimize opioid consumption. Our results show that the orexin
neuronal circuit, as part of a stress response system, has potential
in the multimodal pain management besides the facilitation of
emergence from anesthesia. Our findings support the concept that
the orexin system can be a potential drug target for anesthesia
reversal to reduce emergence time and to facilitate pain control.

Materials and Methods
Orexin-Cre Mouse Line. We generated the transgenic C57BL/6 orexin-Cre
mouse line, with EGFP and Cre recombinase under the preproorexin pro-
moter, from frozen embryos provided by Akihiro Yamanaka, Nagoya Uni-
versity, Japan. All experimental procedures involving animals were approved
by the Institutional Animal Care and Use Committee, University of California,
San Francisco. Mice weremaintained in a strictly controlled environmentwith
food and water freely available. The light cycle starts at 6:00 AM and ends at
6:00 PM and dark cycle runs from 6:00 PM to 6:00 AM. The temperature was
controlled between 20 °C to 22 °C. Altogether 134 mice were used in the
experiments for emergence, hot plate, formalin, and EEG/EMG recording.

Fig. 5. EEG/EMG changes upon the activation of orexin neurons. (A) The graphical representation of the timeline for the experiments. Orexin-Cre mice with
bilateral stereotaxic AAV injection for DREADD expression were implanted with a four-channel EEG/EMG tethered system and subjected to 1% isoflurane
for 25 min followed by 0.5% for 25 min. Then these mice were exposed to 2% isoflurane for 10 min before the discontinuation of anesthesia. Clozapine
(0.01 mg/kg) or saline were injected into the mice 10 min before the test. (B) Representative NREM-like, REM-like, and wake-like EEG/EMG traces under
isoflurane anesthesia. (C) The percentage of active EMG increases with decreasing dose of isoflurane. There was no significant difference between the
clozapine group (5.7 ± 5.0%, n = 8) and the saline group (8.2 ± 8.7%, n = 8) under 1% isoflurane. However, the clozapine group had significantly more active
EMG than the saline group (33.8 ± 6.5% vs. 23.1 ± 6.3%) under 0.5% isoflurane and immediately after isoflurane was turned off (67.8 ± 10.6% vs. 45.4 ±
19.5%). (D and E) EEG power spectrum analysis of data from 5-min window before (D) and after (E) turning off isoflurane revealed the significant changes in
relative δ-, α-, and β-powers during emergence. The animals with clozapine treatment showed a significant decrease of δ-power (37.5 ± 6.7% vs. 49.5 ± 9.1%)
and increase of α- (16.1 ± 1.7% vs. 12.4 ± 3.0%) and β-powers (30.5 ± 6.9% vs. 21.6 ± 5.4%) in the first 5 min after turning off isoflurane. All data are expressed
as mean ± SD. Significance was analyzed using two-tailed t test, *P < 0.05, **P < 0.01.
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Adeno-Associated Virus. The AAV was purchased from Addgene. The AAV-
hSyn-DIO-hM3D(Gq)-mCherry (44361-AAV8; Addgene) is a double-floxed
Gq-coupled hM3D DREADD receptor coupled with the mCherry fluores-
cence marker under the control of a human synapsin promoter. We chose
AAV-8 because it was more effective than AAV-2 and AAV-5 at transfecting
orexin neurons. The viral titer was ∼4 × 1012 vg/mL.

Stereotaxic AAV Injection. Surgeries were performed under balanced anes-
thesia using an automated stereotaxic apparatus (Neurostar). Ketamine and
xylazine (80 mg/kg, i.p. injection), carprofen (5 mg/kg, s.c. injection),
buprenorphine (0.1 mg/kg, s.c. injection), and isoflurane were used. Eight-
week-old animals were injected with 500 nL of the AAV-hSyn-DIO-hM3D
(Gq)-mCherry per side using a 5-μL glass syringe with a 33-gauge needle
(syringe: 87943, needle: 7762–06; Hamilton Company). The coordinates were
Bregma −1.46 mm, lateral ± 0.85 mm, and ventral +5.1 mm. All injections
are made bilaterally except the initial experiment to test the c-Fos signal
with a unilateral injection and using the contralateral side as the internal
control. After a period of at least 2 wk following the injection to allow for
expression of the transgene, the mice were subjected to behavior assays.

Immunohistochemistry. The mice were anesthetized with isoflurane (Henry
Schein Animal Health) before transcardial perfusion with cold PBS followed
by cold solution of 4% paraformaldehyde in PBS (Electron Microscopy Ser-
vices). After perfusion, the brain was removed for postfixation in 4% para-
formaldehyde solution at 4 °C overnight and then transferred to 40%
sucrose in PBS solution for a minimum of 2 d. A series of 30-μm coronal brain
slices was generated using a cryostat (Leica CM 3050S; Leica Microsystems).

The coronal brain slices were mounted on microscope slides, then exposed
to blocking solution (5% donkey serum, 3% BSA, and 0.3% Triton-X in PBS)
for 1 h at room temperature. Subsequently, they were incubated with pri-
mary antibodies at 4 °C overnight. The brain slices were then washed three
times with PBS, 5 min each time. After the wash, the slices were incubated
with secondary antibodies for 1 h at room temperature. Finally, the slices
were washed three times with PBS, 5 min each.

The primary antibody solution was diluted in the blocking buffer as fol-
lows: mouse c-Fos antibody (ab208942; Abcam) at 1:300, chicken mCherry
antibody (NBP2-25158; Novus Biologicals) at 1:400, goat orexin-A antibody
(sc-8070; Santa Cruz Biotechnology) at 1:100, rabbit Cre antibody (Poly9080;
BioLegend) at 1:200, and chicken GFP (GFP-1020; Aves Lab) at 1:400.

Similarly, the secondary antibody solution was diluted in the blocking
buffer as follows: donkey anti-mouse conjugated with Cy3 (715–165-151;
Jackson ImmunoReseach) at 1:300, donkey anti-chicken conjugated with
Alexa-647 (703–605-155; Jackson ImmunoReseach) at 1:400, donkey anti-
goat conjugated with Alexa-488 (A-11055; Invitrogen) at 1:250, donkey
anti-rabbit conjugated with Alexa-647 (711–605-152; Jackson Immuno-
Research) at 1:300, and donkey anti-chicken conjugated with Alexa-488
(703–545-155; Jackson ImmunoResearch) at 1:400.

Electrophysiology. The transgenic animals were anesthetized with isoflurane
and transcardially perfused with ice-cold cutting solution containing: 93 mM
NMDG, 2.5 mM KCl, 1.2 mM NaH2PO4, 30 mMNaHCO3, 20 mM Hepes, 25 mM
glucose, 5 mM sodium ascorbate, 2 mM thiourea, 3 mM sodium pyruvate,
10 mM MgSO4, 0.5 mM CaCl2, 300–310 mOsm, and adjusted with HCl to
pH 7.4. The solution was bubbled with carbogen (95% O2/5% CO2). The
mouse was decapitated, and the brain was removed. The brain was then cut
into 300-μm-thick sections with a microtome (Leica Microsystems). The brain
sections were allowed to recover in cutting solution for 15 min at 34 °C and
artificial cerebrospinal fluid (aCSF) recovery solution for 45 min at room
temperature. The aCSF solution contained: 125 mM NaCl, 26 mM NaHCO3,
1.25 mM NaH2PO4, 2.5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 12.4 mM glucose,
300–310 mOsm, and bubbled with carbogen. The final pH was 7.4.

Neurons with mCherry fluorescence were identified and subjected to
electrophysiological recordings. The recordings were performed with a
MultiClamp 700B Amplifier (Molecular Devices), and the electrodes were
prepared with a glass micropipette puller (Sutter Instruments). During the
recordings, the neurons were perfused with the aCSF solution with a peri-
staltic pump. Internal solution contains: 135 mM potassium methanesulfo-
nate, 6.5 mM KCl, 2 mM MgCl2, 4 mM Na-ATP, 0.2 mM EGTA, and 10 mM
Hepes at pH 7.2 with KOH, 304 mOsm. Clozapine solution diluted in aCSF
was administered directly onto the target cell using micropipette with a
100-μm opening placed right above the neuron (Columbus Instruments).
The data were recorded and analyzed with the Axon pClamp software
(Molecular Devices).

Isoflurane Emergence Test. The RoRR, when the animal has all four paws on
the ground, was used as the indicator for the emergence from anesthesia. The
emergence time from turning off the isoflurane to the RoRR was recorded for
analysis. All animals received 5 min of 2% isoflurane (Henry Schein Animal
Health) through an isoflurane vaporizer (Kent Scientific) to facilitate i.p. in-
jections, and they recovered for 10 min in their own cages before the 30-min
anesthesia test. Each animal received an i.p. injection of clozapine (0.01mg/kg),
or CNO (1 mg/kg) (30), or saline. The same animals with DREADD expression
were used for both saline and clozapine treatments, but on different days with
at least 3 d apart between experiments. We always performed the saline
treatments first. After several days recovery, we then finished the clozapine
treatments. Clozapine was dissolved in 100% DMSO to 50 μM stock solution.
The final injectant has 0.001 μg/μL clozapine and 0.006% DMSO. All anesthesia
chambers were placed on a temperature-controlled heatpad. A separate
temperature probe connected to a temperature controller was placed un-
derneath the animal body to automatically regulate the temperature between
35–37 °C. After 30-min exposure to isoflurane, the animals were quickly re-
moved and placed on their backs to test how quickly the righting reflex
returned. The animals were allowed a 10-min recovery period from the an-
esthesia before repeating the experiment. Mice without AAV injections were
used as control and received the same treatment of clozapine, CNO, or saline.
All sets of trials were age matched with similar animals.

Hot Plate Test. The temperature used in the hot plate test was 55 °C. An acrylic
container was used as an enclosure to prevent the animal from escaping.
Animals were injected with either clozapine (0.01 mg/kg) or saline in-
traperitoneally 10 min before the hot plate test. The animal was placed on
the hot plate until the first sign of pain (licking of the hind paw, fanning, or
jumping), at which point the animal was immediately removed from the hot
plate. The latency time is the time it took for the animal to elicit the first
response and it was recorded for analysis. The animal was removed if there
was no response within 45 s. The trials were repeated several times with a
10-min rest in between. Both transgenic and wild-type animals were tested.
All sets of trials were age matched with similar animals.

Formalin Test. With minimum restraint, the animals were injected with 10 μL
of 5% formalin or saline under the skin of the dorsal surface of the left hind
paw. Animals received an injection of clozapine intraperitoneally (0.01 mg/kg)
10 min before the injection of formalin. Immediately following the formalin
injection, the animals were placed onto the recording platform where each
animal was individually placed in an acrylic cylinder with a mirror underneath.
The behavior was videotaped for 60 min. The video was analyzed later and the
licking time of the left hind paw was recorded.

Electroencephalography. Eight-week-old male mice received bilateral ste-
reotaxic injections of AAV-hSyn-DIO-hM3D(Gq)-mCherry. After 1 wk, the
animals were subjected to EEG device placement (Pinnacle Technologies). Four
guide holes were made using a 23-gauge surgical needle epidurally over the
frontal cortical area (1mmanterior to Bregma, 1mm lateral to themidline) and
over the parietal area (3 mm posterior to Bregma, 2.5 mm lateral to midline).
One ground screw and three screws with leads were placed into the skull
through the holes. The screws with leads were then soldered onto a six-pin
connector EEG/EMG headstage. For EMG recordings, EMG leads from the
headstage were placed into the neck muscle. The headstage was then covered
with black dental cement to form a solid cap atop the mouse’s head. The in-
cision was then closed with VetBond (3M; Santa Cruz Biotechnology) and
animals were given a s.c. injection of marcaine (0.05 mg/kg) before recovery on
a heating pad. Behavioral experiments were conducted 2 wk (1 wk of recovery
and another week of acclimation) later to allow for sufficient recovery. Mice
were anesthetized with isoflurane under a nose cone. On day 1, the mice
received i.p. saline injections and the baseline EEG/EMG without hM3Dq ac-
tivation at 1.0%, 0.5% isoflurane were recorded for 25 min at each dose. At
the same time on day 2, the mice received an i.p. clozapine (0.01 mg/kg) in-
jection. After 30 min, the mice were exposed to isoflurane following the same
protocol as day 1 with continuous EEG/EMG recording.

For EEG/EMG recording, mice were singly housed and habituated to the
recording cable for 7 d in light/dark 12:12 conditions. Tethered preamplifiers
were attached to the headstage of the mice. The signals were relayed
through the commutators which allowed the animals to be freely moving.
Data were acquired through the Sirenia software package (Pinnacle Tech-
nologies). EEG signal was sampled at 500 Hz. Data were scored automatically
via the Sirenia Sleep Pro software using the cluster scoring algorithm, and
then subsequently a small number of unscored epochs were hand picked by a
blinded researcher to tag more epochs with active EMG signals. Cluster
scoring utilizes the plot of EEG-delta versus EMG. All of the epochs with active
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EMG signals were used for calculating the percentage of epochs with active
EMG. Four-frequency band power analyses were calculated by Sirenia (δ,
0.4–2.7 Hz; θ, 2.7–8.5 Hz; α, 8.5–13.0 Hz; β, 13–30 Hz, 10-s epochs).

Statistical Significance. Student’s t test (two tailed) and two-way ANOVA
were used to analyze the significance of the data, with P < 0.05 indicating a
significant difference. All means were followed by SDs.
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