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Introduction
Sudden cardiac arrest is a leading cause of death
worldwide [1]. Despite advances in cardiopulmonary
resuscitation (CPR) methods, including the introduction
of the automatic electrical defibrillator (AED) and
therapeutic hypothermia [2], [3], only about 10 % of adult
out-of-hospital cardiac arrest (OHCA) victims survive to
hospital discharge [4], and the majority of survivors have
moderate to severe cognitive deficits 3 months after
resuscitation [5]. Resuscitation from cardiac arrest is the
ultimate whole body ischemia-reperfusion (I/R) injury
affecting multiple organ systems including brain and
heart [6]. No pharmacological agent is available to im-
prove outcome from post-cardiac arrest syndrome.
Inhaled nitric oxide (NO) has been widely used for the
treatment of neonatal hypoxemia with acute pulmonary
hypertension. However, accumulating evidence has
demonstrated that inhaled NO exerts beneficial effects
on I/R injury in extrapulmonary organs without causing
hypotension. Along these lines, we recently reported that
inhaled NO improved outcomes after cardiac arrest/CPR
in mice. This chapter provides insights into the potential
salutary effects of inhaled NO in ischemic brain injury
associated with sudden cardiac arrest.

Importance of sudden cardiac arrest to public
health

Approximately 360,000 Americans experience OHCA
each year [4]. In a recent meta-analysis of more than
140,000 patients with OHCA, survival to hospital admis-
sion was 23.8 %, and survival to hospital discharge was
only 7.6 % [7]. Densely populated urban areas such as
New York, NY, and Chicago, Ill, where a large number of
cardiac arrests occur, report even lower (1.4 % to 2 %)

*Correspondence: fichinose@partners.org
Dept of Anesthesia and Intensive Care, Massachusetts General Hospital,
Charlestown, MA, USA

survival rates [8],[9]. Unlike other areas of cardiovascular
health, such as myocardial infarction (MI) which has
seen a 3-fold decrease in acute mortality [10], improve-
ments in outcome from OHCA have remained modest
over the last 25 years [11]. Although OHCA is obviously
a life-threatening condition, it is a ‘treatable disease’ in
the sense that medical interventions can improve survival
significantly [12]-[14]. A nearly 500 % difference in
survival rates exists across communities in the United
States, suggesting that variability in the quality of resus-
citation care is driving large differences in community
survival rates [15]. Collectively, these data suggest the
potential that a major improvement in survival rates
could save tens of thousands of lives. Moreover, the
financial burden of care of post-arrest patients on society
is enormous. A recent estimate suggests that on average
it costs $ 102,017 to take care of a patient after OHCA
with conventional care (without therapeutic hypother-
mia) [16]. More than $ 33 billion of health care cost is
spent on OHCA annually in US.

Pathophysiology and current treatment for post-
cardiac arrest syndrome

The greatest proportion of post-cardiac arrest mortality
and morbidity is caused by global ischemic brain injury
[17]. The mechanisms responsible for post-cardiac arrest
brain injury include excitotoxicity, free radical formation,
pathological activation of proteases, and cell death
signaling [18],[19]. Many of the injurious pathways are
executed over hours to days following return of spon-
taneous circulation (ROSC) [20],[21]. While the pro-
tracted time-course of brain injury suggests a broad
therapeutic window for neuroprotective strategies
following cardiac arrest [19], no pharmacological agents
have been proven to be effective in improving neuro-
logical outcomes in post-cardiac arrest patients. Two
randomized clinical trials have shown that therapeutic
hypothermia confers significant protective effects when
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applied for 12-24 h after ventricular fibrillation (VF)-
induced cardiac arrest in adults [2], [3]. Based on these
findings, the American Heart Association 2010 ACLS
guidelines gave the highest level of recommendation for
the use of hypothermia in comatose patients after
OHCA. Currently, mortality at six months after cardiac
arrest in patients treated with or without therapeutic
hypothermia is 41 % and 55 %, respectively. At six
months, 55 % and 39 % of the patients treated with or
without therapeutic hypothermia, respectively, have a
favorable neurologic outcome. A meta-analysis con-
cluded that the number needed to treat to achieve one
additional patient with good neurological outcome was 6
[22]. Although therapeutic hypothermia clearly provides
a statistically significant improvement in OHCA patients,
the benefit is clinically quite modest [22]. In 40 %—66 %
of patients treated with therapeutic hypothermia after
cardiac arrest, consciousness never returns [2], [3], [23].
Therefore, additional therapies are urgently needed [6].

Nitric oxide

NO is synthesized from L-arginine by NO synthases
(NOS1, NOS2, and NOS3). One of the primary targets of
NO is soluble guanylate cyclase (sGC), which generates
the second messenger, cGMP, upon activation. sGC is a
heme-containing heterodimeric enzyme composed of
one o and one f subunit. In most tissues, including heart,
lung, and vascular smooth muscle cells, the sGCalf1
heterodimer is the predominant isoform. NO binds to
the heme moiety of sGC and stimulates the synthesis of
cGMP [24]. cGMP exerts its effects by interacting with
c¢GMP-dependent protein kinase (PKG), cGMP-regulated
phosphodiesterases (PDE), and cGMP-regulated ion
channels. Although the biological effects of NO are
mainly mediated via a cGMP-dependent mechanism,
studies have demonstrated that cGMP-independent
signaling plays an important role in diverse aspects of
NO signaling. For example, a number of effects of NO are
mediated by S-nitrosylation, which is the covalent
modification of a protein cysteine thiol (-SH) to generate
an S-nitrosothiol (-SNO) by NO [25].

NO/sGC and ischemia-reperfusion injury

NO exerts a variety of effects that would be expected to
be beneficial during I/R injury [26]. For example, NO is a
potent vasodilator that inhibits platelet and leukocyte
activation and adhesion, inhibits reactive oxygen species
(ROS)-producing enzymes, and directly scavenges ROS
[27]. Deficiency of NOS3 has been shown to aggravate
I/R injury in brain and heart [28], [29]. We reported that
deficiency of NOS3 or sGCal worsened outcomes of
cardiac arrest/CPR, whereas cardiomyocyte-specific
overexpression of NOS3 rescued NOS3-deficient mice
from myocardial and neurological dysfunction and death
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after cardiac arrest/CPR [30]. Along these lines, Beiser
and colleagues reported that poor cardiovascular
outcomes and survival in NOS3-deficient mice after
cardiac arrest/CPR were associated with decreased
myocardial cGMP levels [31].

The salutary effects of NO in I/R appear to be mediated
via multiple mechanisms. Dezfulian and colleagues
showed that systemic administration of nitrite, which is
converted in vivo to NO, improves outcomes in mice 24 h
after cardiac arrest/CPR by reducing pathological cardiac
mitochondrial oxygen consumption resulting from ROS
formation [32]. Systemic administration of nitrite pre-
vented oxidative enzymatic injury via reversible specific
inhibition of mitochondrial respiratory chain complex I
after cardiac arrest/CPR. cGMP may elicit its cyto-
protective effects via protein kinase G (PKG), which, in
turn, activates mitochondrial protein kinase Ce via ERK
signaling [33]. Recent studies showed that activation of
cGMP-PKG-dependent signaling altered the glial inflam-
matory response and decreased oxidative stress and cell
death induced by focal brain injury [34].

Inhaled NO and I/R injury

Inhaled NO is a selective pulmonary vasodilator that
does not produce systemic hypotension when inhaled at
concentrations up to 80 ppm in multiple species,
including man [35]. The absence of systemic vasodilation
during NO inhalation is due to the rapid scavenging of
NO by hemoglobin in the blood. Inhaled NO has been
approved for the treatment of neonatal hypoxemia with
acute pulmonary hypertension [36]. However, breathing
NO also has systemic effects [37]. Breathing NO was
shown to reduce I/R injury of extrapulmonary organs in a
variety of animal models [38]—[42]. For example, Hataishi
and colleagues examined the ability of breathing NO to
decrease cardiac I/R injury in intact mice [40]. They
observed that breathing NO for the final 20 minutes of
ischemia and for 24 h after reperfusion decreased the size
of MI and improved systolic and diastolic function.
Breathing 80 ppm NO decreased MI size similarly after
30, 60, or 120 min of ischemia. Breathing 40 and 80 ppm
NO decreased myocardial I/R injury to a similar degree,
but 20 ppm was not effective. Breathing NO decreased
cardiac neutrophil accumulation, and leukocyte deple-
tion prevented the beneficial effects of NO on MI size.
Observations in rodents have been extended to a
clinically-relevant porcine model of cardiac I/R injury:
Liu and colleagues reported that, in pigs subjected to
50 min of cardiac ischemia and 4 h of reperfusion,
breathing 80 ppm NO decreased MI size and improved
myocardial perfusion [41]. Taken together, these obser-
vations suggest that inhaled NO exerts beneficial effects
on I/R and protects extrapulmonary organs from I/R
injury in small and large mammals.
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The ability of inhaled NO to reduce I/R injury was
subsequently reproduced in ‘proof-of-concept’ human
studies [43]-[45]. Lang and colleagues reported a
prospective, blinded, placebo-controlled study that
demonstrated that 80 ppm NO inhalation during liver
transplantation prevented hepatic I/R injury after
transplantation. The investigators observed significantly
decreased hospital length of stay, serum transaminases,
coagulation times, and hepatic apoptosis after liver
transplantation [43]. Gianetti and colleagues reported
that breathing 20 ppm NO during and after cardio-
pulmonary bypass decreased myocardial injury and left
ventricular dysfunction in patients undergoing aortic
valve replacement via anti-inflammatory properties [44].
Mathru and colleagues reported that breathing 80 ppm
NO reduced I/R induced inflammatory injury in patients
undergoing knee surgery [45]. Based on these obser-
vations, we hypothesized that NO inhalation could
improve outcomes after cardiac arrest/CPR.

Inhaled NO improves outcomes after cardiac arrest
and CPR in mice

To examine the effects of NO inhalation on the outcome
of cardiac arrest/CPR in a clinically relevant manner, we
developed and thoroughly characterized a murine model
of cardiac arrest/CPR, in which mice exhibit poor
neurological outcomes and survival rates after successful
resuscitation from cardiac arrest [30], [46]—[48]. Briefly,
after instrumentation under general anesthesia, cardiac
arrest was induced by an intravenous injection of
potassium chloride (KCI). After 7.5 min of arrest time,
chest compressions were delivered with a finger at a rate
of 300-350 per minute with resumption of mechanical
ventilation (FiO, = 1.0) and continuous intravenous
infusion of epinephrine. Mice were weaned from
mechanical ventilation and extubated at 1 h after CPR.
Mice were then randomized to breath air with or without
40 ppm NO for 23 h in custom-made chambers. Whereas
only 4 out of 13 mice that breathed air alone survived 10
days after CPR, 11 out of 13 mice that breathed air
combined with NO survived for 10 days (p = 0.003,
Figure 1).

It is increasingly recognized that post-cardiac arrest
care after ROSC can improve the likelihood of patient
survival with good neurological function. Clinical trials
showed that therapeutic hypothermia conferred
neuroprotective effects when it was applied for 12-24 h
starting minutes to hours after successful CPR from
cardiac arrest due to ventricular fibrillation [2], [3]. The
apparent presence of a temporal therapeutic window
after successful CPR is consistent with the observations
that many of the pathogenetic mechanisms responsible
for post-cardiac arrest brain injury are executed over
hours to days following ROSC [18]-[21]. The protective
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Figure 1. Survival rate of wild-type mice during the first 10 days
after cardiac arrest and CPR. Air: mice breathed air for 23 hours
starting 1 hour after CPR; iNO: mice breathed air supplemented with
NO for 23 hours starting 1 hour after CPR. * p = 0.003 vs. air.

effects of breathing NO for 23 h beginning 1 h after
successful CPR further support the notion that outcomes
from sudden cardiac arrest can be improved by
implementing innovative therapies in the post-cardiac
arrest ‘golden hours’ after successful CPR.

Mice that breathed air alone exhibited a marked
abnormality in water diffusion in the hippocampus,
caudoputamen, and cortex 24 h after CPR (Figure 2). The
presence of abnormal diffusion-weighted imaging (DW1)
signals in the vulnerable regions of the brain 24 h after
cardiac arrest/CPR correlated with worse neurological
function and increased apoptosis of hippocampal
neurons 4 days after CPR, as well as a poor survival rate.
In contrast, NO breathing markedly attenuated the
development of abnormality in water diffusion in the
brain and improved neurological outcomes and survival
rate. These observations are consistent with a recent
clinical study that showed that diffuse cortical abnor-
malities in DWI were associated with poor outcomes in
patients resuscitated from cardiac arrest [49]. Hyper-
intense DWI signals indicate the presence of brain
edema, presumably due to disruption of ion pump
function and membrane failure. Therefore, these obser-
vations suggest that NO inhalation after successful CPR
can preserve ion pump homeostasis and membrane
integrity early after cardiac arrest/CPR.

Neuroinflammation induced by the whole body I/R
injury associated with cardiac arrest/CPR hinders the
neurological recovery from cardiac arrest. We observed
that cardiac arrest/CPR markedly upregulated the
expression of genes encoding inflammatory cytokines
and NADPH oxidase in the brain of mice that breathed
air alone, but not in mice that breathed air combined
with NO. These observations suggest that NO inhalation
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Figure 2. a Representative diffusion weighted image (DWI) of brain in mice that breathed air (Air) or air supplemented with NO (iNO).
White arrows indicate areas of hyperintense DWI. b Representative magnetic resonance images showing three brain slices containing regions of
interest (ROI). Slice positions are identified in millimeters (+1.5, 0, or =3 mm) with respect to bregma in the coordinate space of the Allen Mouse
Brain Atlas. Colored outlines indicate portions of ROI (blue: caudoputamen; red: lateral cortex; green: ventral lateral hippocampus) that intersect with
these slice planes. Average apparent diffusion coefficient (ADC) values of the slice plane for mice that breathed air (Air) or NO (iNO) after cardiac
arrest and cardiopulmonary resuscitation (CPR). The color bar on the right side indicates the color-code for the ADC values (um?%/ms). ¢ Average
ADC values of each three-dimensional ROI (Hipp: ventral lateral hippocampus; CPu: caudoputamen; Ctx: lateral cortex; Total: total brain) across all
planes in mice that breathed air (Air, n = 6) or NO (iNO, n = 7) after cardiac arrest and CPR. p < 0.05 vs. Air.
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prevents neuroinflammation after cardiac arrest/CPR.
Furthermore, these results demonstrate a correlation
between neuroinflammation, neurological dysfunction,
and mortality after resuscitation.

NO elicits biological effects via sGC-dependent and/or
independent mechanisms. To examine the role of sGC in
the beneficial effects of inhaled NO on outcomes after
resuscitation, sGCal™~ mice were subjected to cardiac
arrest/CPR.  We observed that sGCal-deficiency
abolished the ability of inhaled NO to prevent induction
of inflammatory cytokines in the brain and to improve
neurological function and 10-day survival rate after
resuscitation [48]. These observations suggest that bene-
ficial effects of inhaled NO on outcomes after cardiac
arrest/CPR are largely mediated via sGC-dependent
mechanisms.

Inhaled NO may exert systemic effects via interaction
with circulating bone marrow-derived cells (e. g., leuko-
cytes) as they transit lungs. We previously reported that
neutrophils are required for inhaled NO to reduce MI
size in wild-type (WT) mice subjected to transient left
coronary artery occlusion [40]. Along these lines, we
recently observed that NO breathing markedly decreased
MI size in WT but not in sGCal”~ mice [50].
Furthermore, breathing NO decreased MI size in
chimeric sGCal™~ mice carrying WT bone marrow
generated by bone marrow transplantation. These results
raise the possibility that the neuroprotective effects of
inhaled NO after cardiac arrest/CPR may be mediated by
bone marrow-derived cells in a sGC-dependent manner.

From the viewpoint of translating our results into
clinical benefit, it is of particular importance that NO
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inhalation started 1 h after CPR can improve neurological
and myocardial function and survival rate after cardiac
arrest and CPR. Although the therapeutic window in
humans remains to be determined, our observations
suggest that inhaled NO can be started after patients are
transported to the hospital, and informed consent is
obtained. To date, therapeutic hypothermia is the only
therapeutic approach that has been proved to improve
outcomes after cardiac arrest/CPR when applied hours
after successful CPR [2], [3]. Since the body temperature
of the mice was allowed to decrease to ~ 30 °C in the
early period after CPR in our recent study, these obser-
vations raise the possibility that inhaled NO may confer
additional protective effects in the setting of mild
hypothermia. Nonetheless, whether inhaled NO com-
bined with therapeutic hypothermia further improves
outcomes after cardiac arrest/CPR compared to mice
treated with therapeutic hypothermia alone remains to
be formally determined in future studies.

Conclusions

Although mounting evidence suggests that NO-
dependent signaling exerts multi-faceted protection
against I/R injury, the vasodilating effects of systemically-
administered NO-donor compounds preclude their use
in post-cardiac arrest patients with unstable blood
pressure. Based upon our prior studies of the beneficial
effects of breathing NO on cardiac I/R injury, which were
not associated with systemic hypotension [40], we tested
the hypothesis that breathing NO could improve
outcomes after cardiac arrest/CPR. We observed that
breathing NO beginning 1 h after ROSC markedly
improved neurological and myocardial function, as well
as survival at 10 days without causing hypotension. Of
note, the protective effects of inhaled NO in I/R injury of
remote organs were first demonstrated in small animals
[38], [39] and then later confirmed in patients [43]-[45],
suggesting that the beneficial effects of inhaled NO in
mice subjected to cardiac arrest/CPR are likely to be
readily translated to benefit patients. Moreover, the
established safety profile of NO inhalation (including
FDA approval in 1999 for babies with hypoxic respiratory
failure and pulmonary hypertension) further enhances
the probability that observations in animal models will be
rapidly translatable to patients with post-cardiac arrest
syndrome.
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