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Abstract
Despite advances in cardiopulmonary resuscitation (CPR) methods including therapeutic
hypothermia (TH), long-term neurological outcomes and survival after sudden cardiac arrest (CA)
remains to be dismal. While nitric oxide (NO) prevents organ injury induced by ischemia and
reperfusion (I/R), systemic vasodilation induced by intravenous NO-donor compounds typically
precludes its use in post-CA patients in whom blood pressure is often low and unstable. Although
developed as a selective pulmonary vasodilator, inhaled NO has systemic benefits in a variety of
pre-clinical and clinical studies without causing potentially harmful systemic vasodilation.
Breathing NO after CPR may prevent post-CA brain injury and improve long-term outcomes after
CA and CPR.

Out-of-hospital cardiac arrest (OHCA) claims the lives of an estimated 310,000 Americans
each year (Roger et al., 2012). Despite advances in cardiopulmonary resuscitation (CPR)
methods, including the introduction of the automatic electrical defibrillator (AED) and
therapeutic hypothermia (TH) (Bernard et al., 2002; The Hypothermia after Cardiac Arrest
Study Group, 2002), only about 10% of adults treated for OHCA survive to hospital
discharge, and up to 60% of survivors have moderate to severe cognitive deficits 3 months
after resuscitation (Roine et al., 1993). Although the greatest proportion of in-hospital post-
CA mortality and morbidity is caused by global ischemic brain injury, the severity of both
myocardial dysfunction and systemic inflammation correlates with poor neurological
outcome (Laver et al., 2004). The mechanisms responsible for post-CA brain injury include
excitotoxicity, free radical formation, pathological activation of proteases, and cell death
signalling (Neumar, 2000; Neumar et al., 2008). Many of the injurious pathways are
executed over hours to days following return of spontaneous circulation (ROSC) causing
disruption of blood–brain barrier (BBB), neuroinflammation, and delayed
neurodegeneration (Fujioka et al., 2003; Sharma et al., 2011). While the protracted time-
course of brain injury suggests a broad therapeutic window for neuroprotective strategies
following CA (Neumar et al., 2008), no pharmacological agents have been proven effective
in improving neurological outcomes in post-CA patients. Although TH confers significant
protective effects when applied for 12–24 h after ventricular fibrillation (VF)-induced CA in
adults, TH has been shown to benefit (improvement of neurological outcome), at most, 20%
of victims in whom ROSC is achieved (Bernard et al., 2002; The Hypothermia after Cardiac
Arrest Study Group, 2002). Therefore, additional therapies are urgently needed (Peberdy et
al., 2010).

Nitric oxide (NO) is produced from NO synthases (NOS1, NOS2, and NOS3). One of the
primary targets of NO is soluble guanylate cyclase (sGC) that generates the second
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messenger cGMP upon activation. sGC is a heme-containing heterodimeric enzyme
composed of one α and one β subunit. In most tissues, including heart, lung, and vascular
smooth muscle cells, the sGCα1β1 heterodimer is the predominant isoform. NO binds to the
heme moiety of sGC and stimulates the synthesis of cGMP (Friebe and Koesling, 2003).
cGMP exerts its effects by interacting with cGMP-dependent protein kinases (PKG), cGMP-
regulated phosphodiesterases (PDE), and cGMP-regulated ion channels (Fig. 1). cGMP is
metabolized to the relatively inactive GMP by PDEs. Increasing evidence has demonstrated
the importance of cGMP-independent signaling in the biological effects of NO. NO can
elicit effects by reacting with a variety of molecules, typically via thiol groups (–SH) or
transition metal centers (Stamler, 1994). NO modulates functions of a number of proteins by
S-nitrosylation (Jaffrey et al., 2001).

NO exerts a number of effects that would be expected to be beneficial during I/R injury
(Bloch et al., 2007). For example, NO is a potent vasodilator which inhibits platelet and
leukocyte activation and adhesion, inhibits reactive oxygen species (ROS)-producing
enzymes, and directly scavenge ROS (Kubes et al., 1991). Given the vasodilating effects of
NO, earlier studies in the setting of cardiac arrest examined the effects of pharmacological
NOS inhibition on outcomes after CA/CPR with conflicting results. Chemical inhibitors that
inhibit all NOS have been reported to improve (Krismer et al., 2001), worsen (Adams et al.,
2007), or not change (Zhang et al., 2005) short term outcomes in swine models of CA/CPR.
In contrast, studies using mice genetically deficient for NOS3 have consistently
demonstrated salutary roles of NOS3 in I/R. Deficiency of NOS3 has been shown to
aggravate I/R injury in brain and heart (Huang et al., 1996; Jones et al., 1999). Along these
lines, we reported that deficiency of NOS3 or sGCα1 worsened outcomes of CA/CPR,
whereas cardiomyocyte-specific overexpression of NOS3 rescued NOS3-deficient mice
from myocardial and neurological dysfunction and death after CA/CPR (Nishida et al.,
2009). Beneficial role of NOS3/sGC after CA was further supported by Beiser and
colleagues who reported that poor cardiovascular outcomes and survival in NOS3-deficient
mice after CA/CPR are associated with decreased myocardial cGMP levels (Beiser et al.,
2011).

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 outcome in mice 24 h after CA/CPR by reducing pathological cardiac
mitochondrial oxygen consumption resulting from reactive oxygen species formation
(Dezfulian et al., 2009). Administration of nitrite prevented oxidative enzymatic injury via
reversible specific inhibition of respiratory chain complex I after CA/CPR. Beneficial
effects of nitrite were associated with increased levels of S-nitrosothiols in the heart and
brain (Dezfulian et al., 2012, 2009).

Based on the evidence that support protective effects of NO after I/R injury including CA/
CPR, several treatment strategies that increase NO content in post-ischemic tissues have
been examined with varying degrees of success. Unfortunately, the therapeutic use of NO-
donor compounds after I/R injury appears to be hindered by their systemic vasodilator
effects potentially leading to hypotension and further compromise of tissue perfusion that is
already tenuous after I/R.

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 (Ichinose et
al., 2004). 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 (Griffiths and Evans,
2005). However, breathing NO also has systemic effects (Hogman et al., 1993). For
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example, breathing NO was shown to reduce I/R injury of extrapulmonary organs in a
variety of animal models (Fox-Robichaud et al., 1998; Guery et al., 1999; Hataishi et al.,
2006; Liu et al., 2007; Nagasaka et al., 2008). The ability of inhaled NO to reduce I/R injury
was subsequently reproduced in “proof-of-principle” human studies (Lang et al., 2007;
Mathru et al., 2007). Based on these observations, we hypothesized that NO inhalation could
improve outcomes after CA/CPR.

To examine effects of NO inhalation on the outcome of CA/ CPR in a clinically relevant
manner, we have developed and thoroughly characterized a murine model of CA/CPR, in
which mice exhibit poor neurological outcomes and survival after resuscitation from CA
(Kida et al., 2012; Minamishima et al., 2009, 2011; Nishida et al., 2009). Briefly, after
instrumentation under general anesthesia, CA was induced by an i.v. injection of potassium
chloride (KCl). After 7.5 min of arrest time, CPR was performed with chest compression
(~350/min), mechanical ventilation, and continuous i.v. infusion of epinephrine. Mice were
weaned from mechanical ventilation and extubated at 1 h after successful CPR. Mice were
then randomized to breath air alone or air supplemented with 40 ppm NO for 23 h in
custom-made chambers.

There was no difference between treatment groups in the CPR time to return of spontaneous
circulation (ROSC), the total epinephrine dose, blood pressure, and heart rate 1 h after CPR.
The partial pressure of oxygen (PaO2) and oxygen saturation (SaO2) of arterial blood
samples obtained at 2 h after CPR (1 h after initiation of air or NO breathing) did not differ
between mice that breathed air or air supplemented with NO. There was no difference in
core body temperature between mice that breathed air or air supplemented with NO for the
first 24 h after CA/CPR. While only 4 out of 13 mice that breathed air survived 10 days after
CPR, 11 out of 13 mice that breathed NO for 23 h starting 1 h after CPR survived for 10
days (P=0.003, Fig. 2).

Mice that were successfully resuscitated from 7.5 min of CA and breathed air exhibited a
marked abnormality in water diffusion in the hippocampus, caudoputamen, and cortex 24 h
after CPR (Fig. 3) (Minamishima et al., 2011). The presence of abnormal DWI signals in the
vulnerable regions of the brain 1 day after CA/CPR correlated with worse neurological
function and increased apoptosis of hippocampal neurons 4 days after CPR, as well as
decreased rate of survival at 10 days. 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 abnormalities in DWI are associated with poor outcomes in
patients resuscitated from CA (Wijman et al., 2009). Hyperintense DWI signals indicate the
presence of brain edema presumably due to disruption of ion pump function and membrane
failure. The current observations, therefore, suggest that NO inhalation after successful CPR
can preserve ion pump homeostasis and membrane integrity early after CA/CPR.

Neuroinflammation triggered by the whole-body IR injury associated with CA/CPR hinder
the neurological recovery from prolonged CA. We observed that CA/CPR markedly
upregulated the expression of genes encoding inflammatory cytokines and NADPH oxidase
in the brain of WT mice that breathed air, but not in WT mice that breathed air
supplemented with NO. These observations suggest that NO inhalation prevents
neuroinflammation after CA/CPR. Furthermore, these results demonstrate a correlation
between neuroinflammation, neurological dysfunction, and mortality after CA/CPR.

NO elicits biological effects via sGC-dependent and/or - independent mechanisms. To
determine the role of sGC in the protective effects of inhaled NO on the outcome of CA/
CPR, we studied sGCα1−/− mice. We observed that sGCα1-deficiency increased the early
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mortality rate (in the first 2 h after CPR) when compared to WT mice after CA/CPR,
consistent with our previous report (Nishida et al., 2009). While the cause of these early
deaths is unknown, we previously reported that sGCα1 deficiency markedly exacerbated LV
dysfunction early after CA/CPR (Nishida et al., 2009). After excluding the mice that died
early after CPR, sGCα1−/− mice that breathed air had 10-day survival rate comparable to
that in WT mice that breathed air after CA/CPR. These observations suggest that sGC
activity is critically important for initial recovery after CA/CPR but may not be necessary
for long-term survival after CA/CPR. In contrast, sGCα1-deficiency abolished the ability of
NO inhalation to inhibit the induction of inflammatory cytokines in the brain and to improve
neurological function and 10-day survival rate after CA (Minamishima et al., 2011). These
observations suggest that protective effects of inhaled NO on the outcome of CA/ CPR are
largely mediated via sGC-dependent mechanisms.

Our data does not exclude the possibility that sGC-independent mechanisms could
contribute to the protective effects of inhaled NO on peripheral organs after CA/CPR. It is
conceivable that NO modifies functions of enzymes and ion channels in a sGC-independent
manner (Dezfulian et al., 2009; Kohr et al., 2011). For example, ischemic preconditioning
has been shown to protect cardiomyocytes from subsequent IR injury by preventing Ca2+

overload via S-nitrosylation-mediated inhibition of L-type Ca2+ channel α1 subunit (Sun et
al., 2007).

The mechanisms whereby inhaled NO exerts systemic effects are incompletely defined. It is
conceivable that circulating cells are directly exposed to NO as they pass through the
pulmonary capillaries and may be “pacified” in an sGC-dependent manner before they reach
the reperfused peripheral tissues including brain and heart (Fig. 4). It has been reported that
poor survival after CA/CPR is associated with marked leukocyte infiltration in brain, heart,
lung, liver, and kidney in mice.11 Along these lines, we previously reported that neutrophils
are required for inhaled NO to reduce MI size in WT mice subjected to transient left
coronary artery occlusion (Hataishi et al., 2006). In a recent study, we observed that NO
breathing markedly decreased MI size in WT but not in sGCα1−/− mice (Nagasaka et al.,
2011). Furthermore, breathing NO decreased MI size in chimeric sGCα1−/− mice carrying
WT BM generated by BM transplantation. These results raise the possibility that the
neuroprotective effects of inhaled NO after CA/CPR may be mediated by BM-derived cells
in a sGC-dependent manner.

Alternatively, some NO, once inhaled, may escape scavenging by hemoglobin and be
converted to relatively stable NO metabolites (e.g., nitrite and S-nitrosothiols) that can
regenerate NO in the periphery (Cannon et al., 2001) (Fig. 4). In fact, beneficial effects of
NO inhalation to reduce MI size in mice were associated with marked increase of NO
metabolites (Nagasaka et al., 2008). Similarly, we found that NO inhalation markedly
increased plasma nitrite levels in mice after CA/CPR (Minamishima et al., 2011).
Regenerated NO in the periphery may exert vasodilating effects. For example, a recent study
by Terpolilli et al. (2011) showed that NO inhalation prevented ischemic brain injury in
mice and sheep by selective dilation of collateral arterioles. The cerebral vasodilating effects
of NO inhalation were associated with increased levels of nitrite and S-nitroso-hemoglobin
in arterial blood and were abolished by sGC inhibition.

From the viewpoint of translating our results into clinical benefit, it is of particular
importance that NO inhalation started 1 h after successful CPR and continued for 23 h
markedly improves neurological and myocardial function and survival rate 10 days after
CA/CPR. For example, NO inhalation can be started after patients are transferred to hospital
and informed consent obtained. To date, TH is the only therapeutic approach that is proven
to improve outcomes after CA/CPR when applied hours after successful CPR (Bernard et
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al., 2002; The Hypothermia after Cardiac Arrest Study Group, 2002). Since body
temperature of mice were allowed to decrease to ~30 °C during NO inhalation in the first 24
h after CA/CPR in our recent study, the data suggests that NO breathing may confer
protection in the setting of mild hypothermia. Nonetheless, effects of combination of inhaled
NO with TH, compared to either alone, on outcomes after CA/CPR remains to be formally
determined in future studies.

In summary, our study revealed robust protective effects of NO inhalation on the outcome of
CA/CPR in mice. Breathing NO at 40 ppm for 23 h starting 1 h after successful CPR
markedly improved myocardial and neurological function and survival rate 10 days after
CA/CPR, at least in part, via sGC-dependent mechanisms. The ability of “delayed” NO
breathing to prevent the post-CA brain injury and promote survival in mice, if extrapolated
to human beings, is highly clinically relevant and may serve as the experimental basis for
future clinical trials in which effects of inhaled NO on the outcome after CA/CPR are
examined. We anticipate that the established safety profile of NO inhalation (Ichinose et al.,
2004) will enable the rapid translation of findings in animal models to patients suffering not
only from the cardiac arrest but also from variety of disease states caused by ischemia and
reperfusion.
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Fig. 1.
Nitric oxide signaling pathway. cGMP, cyclic guanosine monophosphate; GTP, guanosine
triphosphate; GMP, guanosine monophosphate.
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Fig. 2.
Survival rate of wild-type mice during the first 10 days after cardiac arrest and CPR. Air,
mice subjected to CA/CPR and breathed air for 23 h starting 1 h after CPR. iNO, mice
subjected to CA/CPR and breathed air supplemented with NO for 23 h starting 1 h after
CPR. *P=0.003 vs. Air by Log-rank test (Minamishima et al., 2011).
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Fig. 3.
(A) Representative diffusion-weighted image (DWI) of mice brain 24 h after CA/CPR that
breathed air (Air) or air supplemented with NO (iNO). White arrows indicate areas of
hyperintense DWI. (B) Representative MR 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 ADC values of the slice
plane for mice that breathed Air after CA/CPR [Air]. Average ADC values of the slice plane
for mice that breathed NO after CA/CPR [iNO]. Color bar on the right side indicates color-
code for ADC values (μm2/ms). (C) Average ADC values of each three-dimensional ROI
(Hipp, ventral lateral hippocampus; CPu, caudoputamen; Cortex, lateral cortex; total, total
brain) across all planes in mice that breathed air (Air, n = 6) or NO (iNO, n = 7) after CA/
CPR. *P<0.05 vs. Air (Minamishima et al., 2011).
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Fig. 4.
Inhaled NO is a selective pulmonary vasodilator with actions on the systemic vasculature. A
schematic of an alveolar-capillary unit is presented highlighting the ability of inhaled NO to
dilate pulmonary arterioles and reduce pulmonary artery pressure (PAP). Although inhaled
NO does not dilate systemic arterioles or alter systemic arterial pressure (SAP) under normal
conditions, inhaled NO does have systemic effects which are described in the text and may
be mediated by circulating cells exposed to NO in the lungs and blood-borne NO
derivatives: SNO-proteins — S-nitroso proteins including SNO-albumin; SNO-Hb — S-
nitroso-hemoglobin (nitrosylated on Cys93 of the β chain); NO-Fe-Hb – nytrosyl-
hemoglobin; and nitrite.
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