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Original Article

Recovery from Coma Post-Cardiac Arrest
Is Dependent on the Orexin Pathway

Young-Jin Kang,1 Guilian Tian,1 Afsheen Bazrafkan,1 Maryam H. Farahabadi,1 Matine Azadian,1

Hamidreza Abbasi,1 Brittany E. Shamaoun,1 Oswald Steward,2,3 and Yama Akbari1

Abstract

Cardiac arrest (CA) affects >550,000 people annually in the United States whereas 80–90% of survivors suffer from a

comatose state. Arousal from coma is critical for recovery, but mechanisms of arousal are undefined. Orexin-A, a

hypothalamic excitatory neuropeptide, has been linked to arousal deficits in various brain injuries. We investigated the

orexinergic system’s role in recovery from CA-related neurological impairments, including arousal deficits. Using an

asphyxial CA and resuscitation model in rats, we examine neurological recovery post-resuscitation in conjunction with

changes in orexin-A levels in cerebrospinal fluid (CSF) and orexin-expressing neurons. We also conduct pharmacological

inhibition of orexin post-resuscitation. We show that recovery from neurological deficits begins between 4 and 24 h post-

resuscitation, with additional recovery by 72 h post-resuscitation. Orexin-A levels in the CSF are lowest during periods of

poorest arousal post-resuscitation (4 h) and recover to control levels by 24 h. Immunostaining revealed that the number of

orexin-A immunoreactive neurons declined at 4 h post-resuscitation, but increased to near normal levels by 24 h. There

were no significant changes in the number of neurons expressing melanin-concentrating hormone, another neuropeptide

localized in similar hypothalamus regions. Last, administration of the dual orexin receptor antagonist, suvorexant, during

the initial 24 h post-resuscitation, led to sustained neurological deficits. The orexin pathway is critical during early phases

of neurological recovery post-CA. Blocking this early action leads to persistent neurological deficits. This is of consid-

erable clinical interest given that suvorexant recently received U.S. Food and Drug Administration approval for insomnia

treatment.

Keywords: arousal; cardiac arrest; coma; neurological recovery; orexin

Introduction

Cardiac arrest (CA) is a life-threatening condition affecting

over half a million people in the United States with less than

10% survival rate for people who suffer CA out of the hospital.1 A

vast majority (80–90%) of survivors emerge in a state of coma and

suffer severe long-term neurological deficits.1 Arousal from coma

is the number one predictor of post-CA outcome, with quicker

arousal strongly linked to improved long-term outcome.2,3 How-

ever, the mechanisms of post-CA arousal are unclear, and it is

unknown whether faster arousal is a cause or correlate of improved

neurological outcome. If it is a cause, it may be possible to develop

interventions to accelerate arousal. Beyond targeting 36�C core

body temperature and supportive therapy, there is currently no

treatment for post-CA survivors to improve neurological recovery.4

In recent years, a close relationship has been found between

orexin levels and severe brain injury that affect levels of con-

sciousness. Orexin is a neuropeptide that exists as two isoforms,

orexin-A and -B (hypocretin-1 and -2), which can bind the orexin-1

and/or orexin-2 receptor. Orexin is only produced in a restricted

group of neurons in the hypothalamus5 that project widely

throughout the brain to the cortex, thalamus, brainstem, and spinal

cord. This wide projection pattern suggests that the orexinergic

system plays a role in the regulation of multiple brain functions, and

recent studies implicate orexin in arousal.6 Indeed, studies have

revealed that narcolepsy results from the failure of signaling path-

ways that are mediated by orexin neuropeptides7 and that orexin

levels in the cerebrospinal fluid (CSF) are reduced or undetected in

narcolepsy patients.8 Orexin’s critical role in wakefulness has made

it a novel target for the treatment of insomnia, with suvorexant, a

potent dual orexin receptor antagonist, being approved in 2014 by

the U.S. Food and Drug Administration as treatment for insomnia.

Though orexin’s role is well known to be critical in the sleep-

wake cycle, recent studies demonstrate significant changes also
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occurring in the orexin system after various types of acute brain

injury. For example, orexin levels in the CSF are reduced after

traumatic brain injury (TBI), acute ischemic and hemorrhagic stroke,

and subarachnoid hemorrhage, all of which exhibit deficits in arousal,

including coma, the complete lack of arousal, in the severest forms of

brain injury.9–15 In a series of patients who suffered from post-CA

coma, some of the patients exhibited electroencephalography pat-

terns similar to particular stages of sleep,16 raising the possibility that

one reason for arousal deficits post-CA may include deficits in the

orexin pathway. In a rat model of transient global ischemia post-CA,

orexin levels were unchanged at 12 h post-CA, elevated at 24 h, de-

creased at 48 and 72 h, and recovered to baseline at 7 days.17 How-

ever, orexin levels have not been investigated within the first 12 h

post-CA when rats are beginning to arouse from coma. Here, we

induced global ischemia by CA in rats and measured CSF orexin

levels along with the number of neurons expressing orexin at 4 h post-

CA and beyond to determine the relationship between orexin and

post-CA neurological recovery. To test whether the orexinergic

pathway is necessary for neurological recovery post-CA, we tested

whether blocking orexin’s effects in the early stage of post-CA re-

covery would impair long-term outcome.

Methods

Animals

All animal procedures approved by the University of California
Animal Care Committee (Irvine, CA) and conformed to the rec-
ommendations of the American Veterinary Medical Association
Panel on Euthanasia. Male Wistar rats (Charles River Laboratories,
Wilmington, MA) weighing 300–350 (approximately 8–12 weeks),
were maintained in a 12-h light/12-h dark (6:00 am/6:00 pm) cycle
and fed standard rat chow. Animals typically arrive 2 weeks before
experiments and are handled daily for 5 min to allow for habituation
and reduction of stress levels.

Cardiac arrest

After 6:00 pm the night preceding the CA experiment, rats were
fasted with 25% of their normal dietary intake. On the day of CA,
rats were anesthetized with isoflurane, intubated, and connected to
a TOPOTM mechanical ventilator (Kent Scientific, Torrington, CT)
to allow delivery of 2% isoflurane and 50% O2 and 50% N2 gas
during surgical preparation for CA. Operative procedures typically
began by 9:00 am. The femoral artery and vein were cannulated to
monitor blood pressure (BP) and heart rate and to allow for the
intravenous (i.v.) administration of medications. While intubated
and mechanically ventilated, positive end expiratory pressure was
maintained at 3 cmH2O and body temperature was monitored with
a rectal thermometer and maintained at 37�C. The CA experiment
occurs in sequence beginning at ‘‘minute 0’’ when isoflurane level
was reduced to 1.0–1.5% to lighten the level of anesthesia while
inhaled gas was switched to 100% O2. Two minutes later, isoflurane
was stopped to wash out residual anesthesia and a neuromuscular
blocker paralyzer (Vecuronium 2 mg/kg i.v.) was administered. At
this time, the ventilator inlet was disconnected from oxygen gas to
allow room air to be mechanically delivered to the animal. As-
phyxia was initiated at minute 5 of the experiment by turning the
ventilator off and clamping the ventilator tubing, leading to as-
phyxial CA. CA time was defined as systolic BP less than 30 and
pulse pressure of 10 or less. We decided to choose an 8-min du-
ration of asphyxia to induce CA after our preliminary experiments
showed that 7-min asphyxia duration led to milder and more
transient neurological deficits that are less representative of human
CA outcome whereas 9-min asphyxia duration led to significant
mortality in rats (inability to resuscitate). After 8 min of total as-

phyxia time, cardiopulmonary resuscitation (CPR) was performed
(manual sternal compressions at 180–240 per minute), mechanical
ventilation was resumed at 100% O2 (4 liters per minute flow rate),
tidal volume *8 mL/kg (by adjusting peak inspiratory pressures)
with respiratory rate 70–80 per min, and epinephrine (0.01 mg/kg)
was administered with NaHCO3 (1.0 mmol/kg). CPR continued for
1 min or until return of spontaneous circulation (ROSC). No iso-
flurane anesthesia was administered during or after CPR for the
remainder of the experiment. Arterial blood gases were obtained
10 min before asphyxia and 10 min after ROSC to allow optimal
adjustment of the ventilator. Over the next 1–2 h after ROSC,
vessels were decannulated, and when spontaneous respirations
were adequate, rats were extubated. The entire CA procedure from
initial anesthesia to extubation typically took approximately 5 h.

Post–cardiac arrest care

Normal saline (5 mL) and lactated Ringer’s (5 mL) was injected
subcutaneously (s.c.) 5 h after CPR to limit dehydration until the rat
was able to drink water over the subsequent hours. At the same
time, animals received prophylactic cefazolin (45 mg/kg) to limit
risk of infection. One cup of HydroGel (ClearH2O, Portland, ME)
and 10 pellets pre-soaked in water were placed near the rat’s mouth
and throughout the cage until the rat recovered and resumed eating
normal rat chow. The rat was re-examined 12–18 h post-CA and
every 24 h post-CA to ensure proper hydration and food con-
sumption. Rats that were unable to drink water or eat pre-soaked
pellets (e.g., suvorexant-treated rats) were hydrated daily with s.c.
saline and lactated Ringer’s injections.

Neurological evaluation

Arousal and neurological recovery were quantified using the
Neurological Deficit Scale (NDS; Table 1), as described previ-
ously.18 The NDS consists of components that measure arousal,
brainstem function, motor, and sensory activities. The NDS was
determined at 4, 24, and 72 h post-ROSC by at least two well-
trained personnel who were blind to treatments. Table 2 shows the
number rats undergoing NDS evaluations at the various time points
post-ROSC. Sample sizes were determined based on a preliminary
power analysis. All rats were successfully resuscitated and survived
until 72 h post-CA, when euthanasia occurred.

Drug administration

Suvorexant (MK4305, catalog no.: 10352; CAS#: 1030377-33-
3; Advanced ChemBlocks Inc, Burlingame, CA) was dissolved in
vehicle (10% polyethylene glycol 400, 10% Tween-80, and 80%
saline) at a concentration of 10 mg/mL. Rats received intraperito-
neal (i.p.) injections supplemented with suvorexant (30 mg/kg)
immediately (i.e., within 5 min) after resuscitation and 10 and 20 h
post-CA. Control rats were injected with 1 mL of vehicle at the
same time intervals. Personnel were blinded to the treatment.

Because of the complexity of the experimental procedures, only
1 rat can be prepared for CA on a given day. Because of the need for
animal care and behavioral tests on subsequent days, only 1–2 rats
undergoing suvorexant or vehicle treatments were conducted per
week. Accordingly, suvorexant and saline groups were comprised
of rats prepared in the following time sequence. A total of 10 ex-
periments (five drug and five vehicle) were planned from the be-
ginning. A separate group of lab personnel who were not involved
with the animal experiments randomly assigned rats into either drug
or vehicle groups and prepared three syringes for i.p. injection at the
three separate time points: immediately after resuscitation; at 10 h
post-CA; and at 20 h post-CA. Syringes were covered with alumi-
num foil and labeled in a masked fashion to maintain blindness for
staff conducting the injection. Table 3 shows the treatment versus
vehicle animal numbers undergoing NDS testing at the various time
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points. All animals were successfully resuscitated and survived
until 72 h post-CA, when euthanasia occurred.

Cerebrospinal fluid and brain tissue collections

Rats were anesthetized with Euthasal (catalog no.: NDC 66794-
013-25, a dose of 1 mL/kg by i.p. injection; Pramal/Healthcare,
Mumbai, India). After rats lost withdrawal to paw pinch, approxi-
mately 50–100 lL of CSF were collected by puncture into the
cisterna magna using a glass capillary. Rats were then immediately
perfused with phosphate-buffered saline (PBS; 137 mM of NaCl,
2.7 mM of KCl, 10 mM of Na2HPO4, and 1.8 mM of KH2PO4; pH
7.4), and brains were dissected out and fixed in 4% paraformal-
dehyde for 20 h at 4�C. The fixed brain was transferred and main-
tained in 30% sucrose for 4 days and subsequently frozen in optimal
cutting temperature (OCT) embedding medium and kept in -80�C.
CSF and brains from control rats were collected in a similar manner
without undergoing the CA procedure. Table 2 shows all rats
successfully undergoing cisternal tap and CSF isolation. Technical
difficulties prevented successful isolation of CSF from some rats.

Immunofluorescence

Frozen brains in OCT were coronally sectioned at 30 lm using a
cryostat (Microtome HM 505N). Sections were stored in serial
order in a 96-well plate in 1 · PBS with NaN3 at 4�C. For immuno-

histochemistry (IHC), brain sections were blocked with 5% donkey
serum in 0.3% PBST (0.3% Triton X-100 in 1 · PBS) for 1 h at room
temperature, incubated with 1% donkey serum in 0.3% PBST with
primary antibodies for 72 h at 4�C, washed, and then incubated with
secondary antibodies and 4¢,6-diamidino-2-phenylindole for 2 h at
room temperature, followed by final washes and cover-slipped onto
microscope slides using Vectashield Mounting Medium (H-1000;
Vector Laboratories, Burlingame, CA). The following primary and
secondary antibodies were used: goat anti-orexin-A C-19 (OXA, SC-
8070; Santa Cruz Biotechnology, Santa Cruz, CA); rabbit anti-
melanin concentrating hormone (MCH); Alexa Fluor 488 donkey
antirabbit immunoglobulin G (IgG; A21206; Life Technologies,
Carlsbad, CA); and Alexa Fluor 555 donkey antigoat IgG (A21432;
Life Technologies).

Measurement of cerebrospinal fluid
orexin-A concentration

OXA concentration in CSF was analyzed using a radioimmuno-
assay kit (Phoenix Pharmaceuticals, Belmont, CA). For each rat, ap-
proximately 2–10 lL of CSF sample was subjected to measurement,
and the average of duplicated sets was used for statistical analysis.

Cell counting

Quantification of OXA and MCH neurons was performed as
described elsewhere.19–22 Briefly, based on the rat brain atlas (The

Table 1. Neurological Deficit Scale (NDS)

Assessment Component Subscore Total

A] Arousal Consciousness Normal (10) j Lethargic (5) j Comatose (0)
—/19Eyes Open Independently (3) j Open to Pain (1) j Absent (0)

Respiration Normal (6) j Abnormal (3) j Absent (0)

B] Brainstem Olfaction Present (3) j Absent (0)

—/21

Vision Reflex Present (3) j Absent (0)
Pupillary Reflex Present (3) j Absent (0)
Corneal Reflex Present (3) j Absent (0)
Startle Reflex Present (3) j Absent (0)
Whisker Stimulation Present (3) j Absent (0)
Swallowing Present (3) j Absent (0)

C] Motor Limbsa Normal (3) j Weak (1) j No Movement (0) —/6

D] Sensory Pain Responsea Brisk (3) j Weak (1) j No Movement (0) —/6

E] Motor Behavioral Gait Normal (3) j Abnormal (1) j Absent (0) —/6
Balance on Beam Normal (3) j Abnormal (1) j Absent (0)

F] Behavioral Righting Reflex Normal (3) j Abnormal (1) j Absent (0)

—/12Negative Reflex Normal (3) j Abnormal (1) j Absent (0)
Spatial Awareness Normal (3) j Abnormal (1) j Absent (0)
Turning Alley Normal (3) j Abnormal (1) j Absent (0)

G] Seizures Seizures None (10) j Focal (5) j Generalized (0) —/10

Outcome: Best = 80, Worst = 0 Total Score = —/80

atested and scored separately, arms only.

Table 2. Number of Rats Used For NDS, CSF OXA RIA

Assay, and Immunochemistry

Endpoint
measured

Time points measured/no. of ratsa

Control 4 h 24 h 72 h

NDS 8 8 5 5
CSF 5 8 5 5
Histology 6 5 4 5

aAll rats euthanized after endpoint listed; no attrition.
NDS, Neurological Deficit Scale; CSF, cerebrospinal fluid.

Table 3. Number of Rats Used For Suvorexant Treatment

Treatment group

NDS Time points measured/no. of ratsa

Control 4 h 24 h 72 h

Drug (suvorexant) 5 5 5 5
Control (vehicle) 5 5 5 5

aAll experiments terminated at 72 h; no attrition.
NDS, Neurological Deficit Scale.
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Rat Brain in Stereotaxic Coordinates, 6th Edition) from figure 54
(bregma, -2.52 mm) to figure 65 (bregma, -3.84 mm), 12 sections
were chosen at a 90-lm interval (one of every four sections) cov-
ering a total 1350 lm of the hypothalamus area where OXA and
MCH are expressed. Sections were prepared for double immuno-
fluorescence for OXA and MCH as described above. All of the brain
sections were screened under the microscope and five sections (be-
tween Figures 58 and 62), which included the highest number of
OXA and MCH neurons, were selected. Large images (3.0 mm
dorsoventral · 1.8 mm mediolateral) that encompassed the hypotha-
lamic area containing all neurons expressing either OXA or MCH
were obtained using the large scan acquisition tool on a Nikon
Eclipse Ti-E microscope (Nikon Corporation, Tokyo, Japan). For
cell counts, images were imported into ImageJ (NIH, Bethesda,
MD) and the numbers of OXA- and MCH-immunoreactive neurons
were counted by three trained personnel using ImageJ Plugin ‘‘Cell
Counter.’’ Cells with nuclei were included in counts. To avoid cell-
counting errors, brains that were cut in oblique angles were ex-
cluded from the analysis. Total number of rat brains that were
included in histology and cell counting after taking into account
these technical limitations are shown in Table 2.

Semiquantitative image analysis by using CellProfiler

One brain section that contained the highest number of OXA
neurons (typically the area shown in Figure 61, bregma -3.36 mm
of The Rat Brain in Stereotaxic Coordinates, 6th edition) was se-
lected per animal. These selected sections from each rat were si-
multaneously stained according to the IHC protocol described
above. Large scan images of the hypothalamus (*1.5 · 1.2 mm)
were acquired using Nikon Eclipse Ti-E. The same imaging con-
ditions applied to each section, including exposure time, gain,
and resolution. For unbiased, high-throughput computational im-
age analysis, CellProfiler Cell Image Analysis Software (version
2.1.1) was used.23,24 OXA- and MCH-immunoreactive neurons
were identified under the same algorithms of image analysis, image
detection thresholds, parameters, and filter settings. All images
were blindly analyzed to acquire 1) sizes of neurons, 2) immuno-
fluorescent pixel intensities per neuron, and 3) mean pixel inten-
sities of OXA- and MCH-immunoreactive neurons.

Statistical analysis

Data analysis was performed using IBM SPSS Statistics soft-
ware (V21; IBM Corp., Armonk, NY). Statistical pair-wise com-
parisons to determine significance were made either by unpaired
two-tailed t-test or by one-way analysis of variance (ANOVA) with
a post-hoc Tukey test. Data in Figure 4A were analyzed by
repeated-measure ANOVA general linear model; data in Figure 4B
were analyzed by two-way ANOVA and post-hoc t-tests using
Prism software (Version 6.0; GraphPad Software Inc., La Jolla,
CA). Correlation analyses were done using bivariate correlations
and Spearman coefficients were reported. A p value <0.05 was
considered statistically significant.

Results

Post–cardiac arrest rats have severe arousal deficits
at 4 h after return of spontaneous circulation

To evaluate the level of arousal and neurological deficit post-CA

in rats, we measured NDS at 4, 24, and 72 h post-ROSC. As shown

in Table 1, NDS testing assesses arousal, brainstem reflexes, basic

motor strength and sensation, gait, and primitive behaviors. None

of the rats in this study exhibited seizures. Control rats have perfect

NDS scores (mean – standard deviation [SD], 80.0 – 0.0; n = 8),

whereas post-CA all rats exhibited deficits in NDS. At 4 h post-CA,

there were severe deficits in NDS scores, mostly in categories as-

sessing arousal, brainstem function, and sensory/motor behavior

(27.0 – 4.5; n = 8; p < 0.001 in comparison to control rats; Fig. 1).

Neurological deficits recover progressively post-CA with the

greatest recovery in NDS scores occurring between 4 and 24 h post-CA

(27– 4.5 at 4 h [n = 8] vs. 52.0– 12.2 at 24 h [n = 5]; p < 0.001). During

these 20 h, NDS scores recovered to 65% of control (Fig. 1). By 72 h

post-CA, neurological outcomes further improved and reached 87.5%

of control (NDS = 70.2– 13.7 at 72 h [n = 5], compared to control values

of 80– 0.0; p = 0.187). NDS scores at 72 h were significantly higher than

at 4 and 24 h post-CA ( p < 0.001 and p < 0.05, respectively).

Neurological recovery post–cardiac arrest is correlated
with orexin-A levels in cerebrospinal fluid

To examine whether the orexinergic pathway is linked to neu-

rological recovery post-CA, we examined the level of CSF

OXA, which reflects levels secreted from neurons into the CSF. At

4 h post-CA, when NDS scores were lowest, CSF OXA level was

also lowest among the groups tested (74% of the control). Values

were 1316.4 – 195.8 pg/mL (mean – SD) at 4 h (n = 8) versus

1757.1 – 324.5 pg/mL in controls (n = 5; p < 0.05; Fig. 2A). By 24 h,

when NDS scores had recovered, the amount of OXA in CSF had

recovered back to control levels (1822.5 – 348.9 pg/mL at 24 h

[p = 0.980] in comparison to controls). Similar values were ob-

served at 72 h post-CA (1702.5 – 206.2 [p = 0.988] in comparison to

control; Fig. 2A). There was a significant monotonic relationship

between CSF OXA levels and NDS scores (Fig. 2B; Spearman’s

Rho correlation coefficient, 0.555; p < 0.006). The significant

concurrent upregulation of OXA level in CSF between 4 and 24 h

post-CA, and improvement of NDS during the same period, sug-

gests the hypothesis that secreted orexin is linked with neurological

recovery post-CA.

FIG. 1. Neurological recovery of post-CA rats. For those rats
subjected to cardiac arrest, NDS was measured at 4, 24, and 72 h
after resuscitation. Rats without CA were used as control. At 4 h
post-CA, NDS was lowest and gradually went up at 24 and 72 h.
***p < 0.001; *p < 0.05 by one-way analysis of variance. CA,
cardiac arrest; Con, control; NDS, Neurological Deficit Scale;
SEM, standard error of the mean.

4 KANG ET AL.
D

ow
nl

oa
de

d 
by

 U
c 

Ir
vi

ne
 L

ib
ra

ri
es

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
Ir

vi
ne

 f
ro

m
 o

nl
in

e.
lie

be
rt

pu
b.

co
m

 a
t 0

7/
31

/1
7.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



Dynamic changes in the number of orexin-A
immunoreactive neurons are linked to neurological
outcome during post–cardiac arrest recovery

The changes in CSF levels of orexin could occur in two ways that

modify expression and release: 1) Orexin expression may be reg-

ulated in a graded fashion in individual neurons. In this case, de-

creases and then increases in orexin in CSF would be correlated

with decreases and increases in average orexin levels in hypotha-

lamic neurons; 2) orexin levels may be determined by turning or-

exin expression off and then on in individual neurons. In this case,

decreases and then increases in orexin in CSF would be correlated

with decreases and increases in the number of orexin-positive hy-

pothalamic neurons.

To examine whether intracellular OXA levels follow similar

dynamic patterns as OXA levels in CSF, we measured integrated

OXA signal intensity in OXA-IR (immunoreactivity) neurons us-

ing CellProfiler. Images of the region of the hypothalamus that

contain neurons expressing OXA and MCH were captured (as in-

dicated by the red rectangle in Fig. 3A and the representative im-

ages for each time point in Fig. 3B). Unlike CSF OXA levels,

intracellular OXA protein measured by integrated OXA signal

intensity appeared lower in all tested post-CA time points compared

to control. At 4 h post-CA, integrated OXA signal intensity was

87% of control (97.2 – 7.6 [n = 6]; mean – standard error of the mean

[SEM] vs. control values of 111.8 – 10.7 [n = 6]; p = 0.10; Fig. 3C,

OXA). At 24 and 72 h post-CA, integrated OXA signal intensity

was 81.5% and 73.2% of controls, respectively (91.2 – 13.0 at 24 h

[n = 4; p < 0.05] and 81.8 – 10.1 at 72 h [n = 4; p < 0.01). Because CA

can have global effects on gene and protein expression, we com-

pared OXA expression to another protein, MCH, which is also

expressed in similar regions of the hypothalamus. In contrast to

OXA, intracellular integrated MCH signal intensity at all post-CA

time points remained similar to controls (Fig. 3E, MCH).

Next, we assessed whether there were changes in the number of

orexin-positive neurons as detected by OXA-IR that might corre-

late with changes in OXA CSF levels. Consistent with the dynamic

change of CSF OXA level, the number of OXA-IR neurons in 4 h

post-CA rats was the lowest among tested groups, decreasing to

64% of control (443.1 – 48.8 at 4 h [n = 5] vs. 672.4 – 81.6 in control

[n = 6] mean – SEM; p < 0.001; Fig. 3E, OXA). By 24 h post-CA,

the number of OXA-IR neurons increased (595.1 – 44.1 at 24 h [n = 3]

compared with 443.1 – 48.8 at 4 h; p < 0.05); this value was not sig-

nificantly different from control ( p = 0.454). The number of OXA-IR

neurons remained consistent up to 72 h post-CA (604.4 – 88.9 at 72 h

[n = 5] compared with 672.4 – 81.6 of control; p = 0.433). There was a

strong positive correlation between the number of OXA-IR neurons

and NDS (Spearman’s Rho correlation coefficient = 0.813; p < 0.001;

Fig. 3F). There was no significant difference in the number of neurons

expressing MCH among all the tested groups and no correlation be-

tween the number of MCH neurons and NDS (Spearman’s rho cor-

relation coefficient = 0.362; p = 0.128).

An important issue for the cell counts is that we did not use

stereological techniques that correct for possible changes in the size

of the elements being counted. For example, if there were decreases

in cell size at 4 h post-CA, this could account for the decreases

in the number of cells that were counted. To control for this,

we measured the size of OXA- and MCH-positive neurons at the

different time points. As illustrated in Fig. 3D, there were no sig-

nificant changes in the size of orexin-positive neurons that would

account for the decreases in cell number. Taken together, our re-

sults suggest that changes in orexin levels in CSF, and especially

the increases in orexin with recovery, are attributed largely to

changes in the number of neurons that are actively expressing or-

exin at the different time periods.

Blocking orexin function early during post–cardiac
arrest phase impairs neurological recovery and leads
to sustained impairments

Because we found a reduction, followed by a rise, in CSF orexin

levels and the number of orexin-IR cells between 4 and 24 h post-

CA, when recovery of NDS scores occurs, we hypothesized that the

first 24 h of orexin expression may be critical for neurological re-

covery post-CA. To test this, we treated in a separate cohort of rats

with the dual orexin receptor (Orexin-1 and -2) antagonist, suvor-

exant, to block orexinergic function post-CA. Each animal received

i.p. suvorexant at three time points: 1) immediately (within 5 min)

after resuscitation from CA; 2) 8 h post-CA; and 3) 20 h post-CA.

These times were chosen based on the half-life and pharmacolog-

ical profile of suvorexant. Neurological recovery was monitored by

measuring NDS at 12-h intervals until 72 h post-CA.

FIG. 2. Fluctuation of OXA concentration in CSF post-CA. (A) Secreted OXA in CSF was analyzed by radioimmunoassay. At 4 h
post-CA, the level of OXA protein in CSF was significantly lower than that of control and 24 h. (B) Change of OXA concentration in
CSF was correlated to NDS. *p < 0.05 by one-way analysis of variance. CA, cardiac arrest; Con, control; CSF, cerebrospinal fluid; OXA,
orexin-A; SEM, standard error of the mean.
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FIG. 3. Regulation of OXA expression post-CA. (A) Brain atlas. The region within the red rectangle displays the hypothalamic region
where orexin and MCH are expressed as shown in (B). (B) Brain sections were co-labeled with OXA (red) and MCH (green). Images
were cropped and signal intensities were adjusted linearly to be optimal for demonstration. (C) The integrated intensity of OXA and
MCH neurons were obtained by CellProfiller. OXA integrated intensity at 24 hrs and 72 hrs was significantly lower than controls,
whereas MCH neuron integrated intensity was not significantly different than controls. (D) Number of OXA neurons and MCH neurons
were counted from 5 brain sections with the highest number of neurons in each animal. The number of OXA neurons at 4 hrs post-CA
was significantly lower than control rats and rats at 72 hrs post-CA, however, there was no significant difference in MCH neuron number
at different time points. ** p < 0.01, * p < 0.05 by one-way analysis of variance. (E) NDS was correlated to the number of OXA neurons
( p < 0.001). No correlation was found between MCH neurons and NDS. (F) The size of OXA and MCH neurons were obtained by
CellProfiller. There was no difference in the size of either OXA or MCH neurons. CA, cardiac arrest; Con, control; MCH, melanin-
concentrating hormone; NDS, Neurological Deficit Scale; OXA, orexin-A; SEM, standard error of the mean.
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Remarkably, rats treated with suvorexant remained severely

impaired at all post-CA time points compared with rats injected

with vehicle (n = 5 for suvorexant and n = 5 for vehicle [p < 0.01] by

general linear model for repeated measure; Fig. 4A). It is important

to note that suvorexant was not administered beyond 24 h post-CA,

and the sedative effect of suvorexant lasts approximately 6 h,25,26

but the neurological impairments persisted even at 72 h post-CA.

Indeed, suvorexant-treated rats had to be euthanized at 72 h as

an animal welfare issue because of the severe neurological im-

pairments. Analysis of the subscores of the NDS test at 72 h, as

indicated in Table 1, revealed that the overall neurological im-

pairments of suvorexant-treated rats mainly came from dysfunction

in the motor, sensory, and behavior assessments (Fig. 4B, 12.8 – 5.8

for suvorexant, 28.0 – 0.9 for vehicle) and not from arousal scores

(Fig. 4B, 13.0 – 1.2 for suvorexant, 16.8 – 1.6 for vehicle), or brain-

stem function scores (Fig. 4B, 19.2 – 1.2 for suvorexant, 21.0 – 0.0

for vehicle). Analysis by two-way ANOVA revealed an overall

group difference ( p < 0.003), and significant differences between

vehicle and suvorexant groups on the motor, sensory, and behavior

assessments by post-hoc t-test ( p = 0.032). There were no significant

differences for the other subscores, however. These results strongly

support the interpretation that early treatment with suvorexant leads

to persistent severe neurological deficits that are not related to any

residual sedative effect of suvorexant. These results strongly support

an early critical period after survival from CA when a functional

orexinergic pathway is necessary for optimal neurological recovery.

Discussion

In this study, we investigated the role of the orexin pathway in

neurological recovery after asphyxial CA, the second-most com-

mon type of cardiac arrest in adults.27 Our results reveal dynamic

changes in the orexinergic pathway that correlate with neurological

recovery post-CA. Specifically, OXA levels in CSF and the number

of OXA-IR neurons in the hypothalamus are reduced in rats 4 h

after resuscitation from CA, preceding arousal from coma. By 24 h

post-CA, when rats exhibited improvements in neurological func-

tion, we found a significant recovery of CSF OXA levels and in-

creases in the number of OXA-IR neurons in the hypothalamus.

Most important, transiently blocking orexin function during these

24 h post-CA with a dual orexin receptor antagonist led to profound

and sustained deficits in neurological function. Our results suggest

that the orexin system plays a key role in early recovery post-CA,

and that blocking orexin action during the early phase of recovery

causes profoundly impaired long-term recovery.

Post–cardiac arrest regulation of orexin levels

Our results document substantial decreases in orexin levels in

CSF at early time points post-CA and then recovery toward control

levels during the period of neurological recovery. Changes in CSF

levels of orexin could occur as a result of decreases and increases in

expression of orexin by hypothalamic neurons or decreases and

increases in the number of neurons expressing orexin. Our results

indicate that changes in CSF levels of orexin are more closely

related to changes in the number of neurons expressing OXA rather

than average orexin levels in individual neurons.

One caveat of our results is that cell counts were not done using

stereological techniques. Ours are profile counts per section and do

not accurately indicate the total number of orexin-expressing

neurons in the hypothalamus. We did control for one of the primary

errors that can skew profile counts; there were no changes in the

size of orexin-positive neurons that could account for the changes

in cell number. Accordingly, our counts can be taken as reliable

indicators of changes in the number of orexin-positive neurons that

are detected by IHC at the different time points.

FIG. 4. Dual orexin receptor antagonist (suvorexant) impairs neurological recovery post-CA. Rats subjected to CA were admin-
istrated either suvorexant or vehicle three separate times during the initial 24 h post-CA (i.e., immediately after resuscitation and at 8
and 20 h post-CA) and were monitored for NDS at serial intervals post-CA (4, 12, 24, 36, 48, 60, and 72 h). (A) Suvorexant-injected
rats (n = 5) demonstrated persistently lower NDS scores than vehicle-injected rats (n = 5) at all time points ( p < 0.01, determined
by general linear model for repeated measure). (B) Component subscores of NDS at 72 h post-CA. ‘‘Arousal’’ was total score
of assessment A in Table 1, ‘‘brainstem function’’ was the total score of assessment B, and ‘‘motor, sensory and behavior’’ were the
sum of assessment C, D, E, and F. Two-way analysis of variance using Prism software (version 6.0; GraphPad Software Inc., La Jolla,
CA) revealed a significant difference between treatment groups ( p < 0.003); post-hoc comparisons by t-test revealed significant
differences between treatment groups on motor, sensory, and behavior (*p = 0.032) and no significant differences on the other
subscores (arousal, p = 0.094; brainstem function, p = 0.172). CA, cardiac arrest; NDS, Neurological Deficit Scale; SEM, standard
error of the mean.
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Other studies have also reported changes in the number of

orexin-expressing neurons in many different paradigms.28–30 Im-

portantly, there were no changes in the number of neurons ex-

pressing another neuropeptide, MCH, indicating that CA-related

effects may be specific to orexin neurons rather than a global re-

duction in neuropeptide expression. Although orexin and MCH

neurons are known to play reciprocal roles in the sleep-awake cy-

cle,31 reciprocal changes in the number of MCH neurons were not

observed in our study, suggesting a potentially unique role for or-

exin in arousal and neurological recovery post-CA.

Changes in CSF OXA levels are most closely related to changes

in the number of OXA-positive neurons, whereas histochemical

measures of OXA levels were slightly, but not significantly, de-

creased at all time points post-CA. One caveat is that this is, at best,

a semiquantitative measure and, at best, indicates OXA levels in the

neuron. Changes in CSF OXA levels could also be attributed to

altered release or altered degradation or metabolism of the OXA in

CSF, though such mechanisms affecting CSF OXA levels have not

been elucidated.32 Whatever the mechanism of regulation, our re-

sults reveal a close relationship between CSF levels and neuro-

logical function, which could be important for predicting outcome

in patients recovering from CA.

Transient blockade of orexin leads to persistent
neurological deficits

Remarkably, blockade of orexin with a dual orexin receptor

antagonist, suvorexant, during what would otherwise be the re-

covery period post-CA led to sustained neurological deficits that

persisted long after suvorexant action would have terminated.

These neurological deficits cannot be explained by arousal level

given that NDS subscores measuring arousal were not different

between suvorexant- and vehicle-treated rats. These results sug-

gest that orexin action during the early post-CA interval is critical

for neurological recovery. In this regard, a previous study re-

ported that a single injection of OXA into the ventricular space

immediately after resuscitation from CA led to accelerated neu-

rological recovery of rodents.18 It remains to be determined

whether delayed, instead of early, blockade of orexin would also

impair recovery. Defining this time window would help to elu-

cidate the relationships between orexin, arousal, and the final

level of neurological recovery.

Implications for clinical practice

The vast majority of CA survivors emerge in a comatose con-

dition, and arousal from coma (defined as a state of unrespon-

siveness where both arousal and awareness are absent33) remains

the best predictor for outcome.1 Leading causes of coma, including

TBI and nontraumatic conditions, such as strokes, immune disor-

ders, and toxic-metabolic insults, are accompanied by deficits in the

orexin pathway.10,14,15,34–39 The upstream role of orexin in primary

disorders of sleep and arousal, such as narcolepsy, is well estab-

lished.40 However, the role of orexinergic dysfunction after acute

brain injury is unclear. One important question is whether it is

orexin per se or instead orexin-induced arousal that contributes to

recovery. If it is arousal rather than a specific action of orexin,

there may be other ways to intervene to enhance arousal. What-

ever the cause, our results add to the story that manipulations of

orexin during the early period post-CA can profoundly alter re-

covery. This is of considerable clinical relevance because early

acceleration of neurological recovery post-CA can reduce co-

morbidities, such as deep vein thrombosis, ventilator-associated

pneumonia, and critical illness neuromyopathy, ultimately im-

proving outcome.41–43

Another important implication of our findings is the possible

consequence of inadvertent blockade of orexin for people who

suffer cardiac arrest. For example, suvorexant has recently been

approved for treatment of insomnia. Because many people suffer

cardiac arrest during the early morning hours upon awakening,

when suvorexant may still be active in individuals consuming this

medication for insomnia, it may be important to consider risk

factors for coma-inducing insults, such as CA, before prescribing

suvorexant.

Other caveats

Our study has several limitations. First, our measure of neuro-

logical recovery was the NDS test, which predominantly measures

arousal, brainstem reflexes, gross sensory/motor function, and

primitive behavior. Although this may be adequate for assessment

of an arousal-related neuropeptide such as orexin, additional

functional tests need to be done to better understand the role of

orexin in post-CA recovery. Second, we limited our study to OXA;

our data only assessed OXA levels secreted in the CSF and the

number of OXA-IR neurons, leaving the possibility that OXB may

also have an important role for post-CA recovery. Given that su-

vorexant is a dual-receptor antagonist, and OXA (in comparison to

OXB) has higher affinity for OX-1 receptor and equal affinity for

OX-2 receptor,44 it is likely that OXA plays a more important role

in post-CA recovery.

Conclusion

Our results suggest that post-CA recovery is dependent on a

functional orexin system, and that orexin may play a key role in

determining the final extent of neurological recovery post-CA.

These findings motivate future studies to assess the role of orexin as

a therapeutic target for improving post-CA recovery.
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