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Study aims: Cardiac arrest mortality is significantly affected by failure to obtain return of spontaneous
circulation (ROSC) despite cardiopulmonary resuscitation (CPR). Severe myocardial dysfunction and car-
diovascular collapse further affects mortality within hours of initial ROSC. Recent work suggests that
enhancement of nitric oxide (NO) signaling within minutes of CPR can improve myocardial function and
survival. We studied the role of NO signaling on cardiovascular outcomes following cardiac arrest and
resuscitation using endothelial NO synthase knockout (NOS3−/−) mice.
Methods: Adult female wild-type (WT) and NOS3−/− mice were anesthetized, intubated, and instrumented
with left-ventricular pressure-volume catheters. Cardiac arrest was induced with intravenous potassium
chloride. CPR was performed after 8 min of untreated arrest. ROSC rate, cardiac function, whole-blood
nitrosylhemoglobin (HbNO) concentrations, heart NOS3 content and phosphorylation (p-NOS3), cyclic
guanosine monophosphate (cGMP), and phospho-troponin I (p-TnI) were measured.
Results: Despite equal quality CPR, NOS3−/− mice displayed lower rates of ROSC compared to WT (47.6%
[10/21] vs. 82.4% [14/17], p < 0.005). Among ROSC animals, NOS3−/− vs. WT mice exhibited increased
left-ventricular dysfunction and 120 min mortality. Prior to ROSC, myocardial effectors of NO signaling

−/−
including cGMP and p-TnI were decreased in NOS3 vs. WT mice (p < 0.05). Following ROSC in WT mice,
significant NOS3-dependent increases in circulating HbNO were seen by 120 min. Significant increases
in cardiac p-NOS3 occurred between end-arrest and 15 min post-ROSC, while total NOS3 content was
increased by 120 min post-ROSC (p < 0.05).
Conclusions: Genetic deletion of NOS3 decreases ROSC rate and worsens post-ROSC left-ventricular func-
tion. Poor cardiovascular outcomes are associated with differences in NOS3-dependent myocardial cGMP

NO m
signaling and circulating

. Introduction
Despite advances in cardiopulmonary resuscitation (CPR), less
han 30% of out-of-hospital cardiac arrest victims achieve return
f spontaneous circulation (ROSC).1 Profound hemodynamic insta-
ility, characterized by myocardial dysfunction, is a major cause of

� A Spanish translated version of the summary of this article appears as Appendix
n the final online version at doi:10.1016/j.resuscitation.2010.08.038.
�� Financial Support: Supported by grants 5K08HL091184 (DGB), HL68951 (TVH),
L079641 (KJH) HL084643 (KJH), HL61322 (EMM), and HL78926 (EMM) from the
ational Heart, Lung, And Blood Institute.
∗ Corresponding author. Tel.: +1 773 702 0307; fax: +1 773 702 3135.

E-mail addresses: dbeiser@uchicago.edu, dbeiser@medicine.bsd.uchicago.edu
D.G. Beiser).

1 These two authors contributed equally to this work.

300-9572/$ – see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
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etabolites.
© 2010 Elsevier Ireland Ltd. All rights reserved.

early death during the first few hours following initial ROSC.2 Such
severe myocardial dysfunction, which can persist in the absence
of underlying focal coronary artery occlusion,3–5 thus contributes
substantially to overall hospital discharge rates of only 5–7%.1

Recent reports from preclinical cardiac arrest models suggest
that nitric oxide (NO) plays a cardioprotective role following car-
diac arrest.6–8 In the heart, the NO is involved in subcellular
signaling events that regulate calcium handling and myofibrillar
contraction.9–11 Tightly controlled NO signaling occurs through the
oxidation of l-arginine via the constitutive nitric oxide synthase
(NOS) isoforms neuronal NOS (nNOS or NOS1) and endothelial

12
NOS (eNOS or NOS3) localized within the cardiomyocyte. In the
heart, NOS3-derived NO directly binds to soluble guanylyl cyclase
to increase cGMP-mediated second messenger signaling.13 While
cGMP signaling has been found to be cardioprotective in models of
focal ischemia/reperfusion (I/R) injury14 its role has not been stud-
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ed in cardiac arrest. In the current study, we examine the impact
f NOS3 on cGMP signaling, circulating NO production, and post-
ardiac arrest myocardial dysfunction following cardiac arrest.

. Methods

.1. Animal preparation

Animal procedures were approved by the Institutional Animal
are and Use Committee (IACUC) of the University of Chicago in
ccordance with National Institutes of Health guidelines. Adult (age
–8 months) female mice homozygous for the targeted disruption
f the NOS3 gene (NOS3−/−, B6.129P2-Nos3tm1Unc/J, The Jackson
aboratory, Bar Harbor, ME), which were initially generated on a
29SVJ/C57Bl/6J mixed background and subsequently backcrossed
o C57Bl/6J for 12 generations, were matched with wild-type (WT)
emale C57BL/6 (Taconic Farms, Germantown, NY) controls. Mice
ere allowed free access to food and water prior to studies.

Randomized WT (n = 24) and NOS3−/− (n = 24) mice were anes-
hetized, orally intubated, and ventilated as previously described
or this model.15–17 Next, animals were instrumented with a
ressure–volume (P–V) micro-catheter (SPR-839, P/N 840-8111,
illar Instruments, Houston, TX) advanced from the carotid artery

nto the left ventricle and a heparinized micro-catheter (BioTime
nc., Berkeley, CA) placed in the left jugular vein for fluid adminis-
ration. All physiologic signals, including end-tidal CO2 (Columbus
nstruments, Columbus, OH) and 3-lead ECG were acquired using
owerLab Chart (ADInstruments, Colorado Springs, CO).

.2. Cardiac arrest protocol

Following 50 min of mechanical ventilation, the P–V catheter
as withdrawn into the descending aorta for baseline arterial blood
ressure measurement. Mice were excluded for mean arterial pres-
ures (MAP) less than 80 mmHg, PETCO2 less than 35 mmHg, surgical
omplications, or prolonged surgical time (>30 min). Cardiac arrest
as then induced by an intravenous bolus of 0.08 mg/g KCl. After
min of untreated arrest, chest compressions and mechanical ven-

ilation were initiated along with intravenous administration of
0 �l of 0.9% saline at 60 s intervals. CPR was terminated after 5 min
r upon ROSC, which was defined as the return of sinus rhythm
ith a MAP greater than 40 mmHg lasting at least 5 min. Following
OSC, the P–V catheter was advanced back into the left ventricle.
esuscitated animals received intravenous 0.9% saline at a rate of
00 �l/h and were monitored on mechanical ventilation for up to
20 min. The protocol was terminated if an animal exhibited a MAP

ess than 40 mmHg for at least 5 min.

.3. Reagents

Unless otherwise specified, chemicals were purchased from
igma-Aldrich (St Louis, MO, USA). Mouse monoclonal antibodies
o total NOS3 and phosphorylated NOS3 (Ser1177 and Thr495) were
btained from BD Biosciences (San Jose, CA, USA). Rabbit polyclonal
ntibodies to TnI and phospho-TnI (Ser23/24) were purchased from
ell Signaling (Danvers, MA, USA). Mouse monoclonal antibody to
-tubulin was purchased from Lab Vision (Fremont, CA).

.4. Whole blood nitrosylhemoglobin

Nitrosylhemoglobin (HbNO), a product of NO and deoxygenated

emoglobin18 was measured by electron paramagnetic resonance
pectroscopy (EPR). Additional WT (n = 4 per time point) and
OS3−/− (n = 4 per time point) mice underwent surgical instrumen-

ation and were then sacrificed at (i) baseline prior to arrest (BL),
ii) following 8 min of cardiac arrest without resuscitation (CA8), or
on 82 (2011) 115–121

(iii) 120 min after ROSC (R120). Venous blood was aspirated from
the right ventricle into a heparinized 1 ml syringe, centrifuged at
3000 RPM for 5 min at 4 ◦C, flash frozen in liquid nitrogen, and
stored at −80 ◦C. HbNO calibration solutions were created from
deoxygenated naïve mouse erythrocytes re-suspended in a solution
of Krebs-Hepes buffer, sodium dithionate, and graded concentra-
tions (1, 5, and 10 �M) of sodium nitrite (NaNO2). X-band spectra
were acquired under liquid nitrogen conditions (77 K) from cal-
ibration solution and experimental whole blood samples using
a Magnettech MiniScope MS200 bench-top EPR device (Berlin,
Germany). HbNO concentration was linearly correlated to the peak-
to-peak amplitude of the first peak of the characteristic HbNO
triplet.

2.5. Tissue Western blots

In a separate group of WT mice (n = 3 per time point), whole
hearts were collected at BL, CA8, 15 min following ROSC (R15),
60 min following ROSC (R60), and R120 for Western blot analy-
sis. Total NOS3 and phosphorylation at the serine residue in the
reductase domain (Ser1177), which has been shown to increase
NOS3 activity two- to threefold above basal levels,19 were mea-
sured. In addition, phosphorylation at the p-NOS3 (Thr495) site
located within the CaM binding domain, which is associated with
decreased enzyme activity19 was measured. In additional WT and
NOS3−/− animals (n = 5 per strain per time point), whole hearts
were harvested and snap frozen at BL and after 1 min of CPR (prior
to ROSC) for measurement of total TnI and p-TnI (Ser23/24). Frozen
hearts were pulverized under liquid nitrogen into a fine powder,
and proteins were extracted in ice-cold lysis buffer (Cell Signal-
ing, Danvers, MA) on ice for 10 min. Protein concentrations were
determined using the Bradford protein assay (Bio-Rad, Hercules,
CA). Proteins (25 �g) were then separated on 7.5% gels by SDS-
PAGE, transferred to nitrocellulose membranes, and subjected to
immunoblotting with primary antibodies overnight at 4 ◦C. After
washing and incubation with appropriate secondary antibodies,
bands were visualized using the Supersignal chemiluminescent
detection system (Pierce, Rockford, IL). Densitometry was per-
formed using Quantity One Software (Bio-Rad, Richmond, CA).

2.6. Cyclic guanosine monophosphate

Heart cGMP content was measured as a marker of func-
tional NO signaling. Whole hearts were collected and lysed as
described above. Next, lysates were purified by serial extraction
in trichloroacetic acid and water-saturated diethyl ether. Follow-
ing extraction, samples were heated to 70 ◦C for 5 min and then
acetylated. Heart cyclic guanosine monophosphate (cGMP) was
subsequently measured by commercially available competitive
enzyme immunoassay using the recommended technique (Cayman
Chemical, Ann Arbor, MI).

2.7. Statistical methods

Statistical computations were performed with GraphPad Prism
5 (GraphPad Software Inc, La Jolla, CA) with significance levels
of p < 0.05 except where noted. Continuous data were described
by group means and standard error measures. Mann–Whitney U
testing was utilized to compare strain group differences at BL
and during CPR (Table 1). Strain group differences in ROSC rate
were determined by Fisher’s exact testing. Kaplan–Meier survival

analysis was performed using log-rank (Mantel–Cox) testing. Time-
related and between-strain differences were identified by repeated
measures (mixed model) two-way analysis of variance (ANOVA)
with post hoc testing by the Bonferroni method (p < 0.05). For
WT Western blot analysis experiments, time-related changes were
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Table 1
Wild-type (WT) and NOS3 deficient (NOS3−/−) group hemodynamic characteristics
(mean ± S.D.) during baseline and CPR resuscitation periods.

WT (n = 17) NOS3−/− (n = 21)

Baseline
Heart rate, bpm 298 ± 50 265 ± 72
LVPmax, mmHg 90.1 ± 12.8 111.3 ± 14.6a

dP/dtmax, mmHg/ms 5.1 ± 0.83 5.9 ± 1.1a

�, ms 13.7 ± 1.5 14.9 ± 2.76
Stroke volume, �l 11.9 ± 2.2 12.7 ± 3.8
Ejection fraction, % 39.7 ± 14.4 39.6 ± 16.4
PETCO2 , mmHg 39.7 ± 3.7 39.0 ± 3.2

CPR period
ROSC, n (%) 14 (82.4) 10 (47.6)b

Time to ROSCc, s 168 ± 58.8 140 ± 61.8
CC rate, bpm 311 ± 26.1 312 ± 27.4
DBP, mmHg 16.6 ± 7.3 18.0 ± 4.2
PETCO2 , mmHg 26.8 ± 5.0 27.0 ± 4.8
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a p < 0.05 compared to WT group (Mann–Whitney U-test). Values displayed as
ean ± standard deviation.
b p < 0.05 compared to WT group (Fisher’s exact test) Mann–Whitney U-test).
c ROSC animals only.

dentified by Kruskal–Wallis ANOVA by ranks with post hoc Dunn’s
esting for multiple comparisons.

. Results

.1. Survival and hemodynamics

Arrest was induced in 17 of 24 (71%) WT and 21 of 24 (87.5%)
OS3−/− mice. Consistent with previous reports, NOS3−/− mice had

ower body weights (24.8 ± 2.3 g vs. 27.7 ± 2.5 g, p < 0.001), higher
aseline left-ventricular maximum pressure (LVPmax, Table 1), and
igher maximum rate of pressure change dP/dtmax as compared to
T animals (p < 0.05).20 Baseline heart rates, while similar to previ-

us reports in this model17 and others,6 were relatively bradycardic
n both groups due to the cardiovascular effects of anesthesia.21 All
ther baseline P–V indices were statistically similar between strain
roups. CPR metrics including chest compression rate, aortic dias-
olic blood pressure, PETCO2 , and time to ROSC were similar between
train groups (Table 1). NOS3−/− mice also exhibited lower overall

20 min survival rates than the WT comparison group (19.0% [4/21]
s. 70.6% [12/17], p < 0.05).

Comparing the subset of animals achieving ROSC, 120 min sur-
ival rates (Fig. 1) were lower in NOS3−/− vs. WT animals (40.0%
4/10] vs. 85.7% [12/14], p < 0.05), suggesting greater post-ROSC

#

60

80

100

WT
(12/17)
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%
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30 60 90 12010BL

Time from ROSC (min)

ig. 1. Kaplan–Meier plot of WT and NOS3−/− strain 120 min survival following
ardiac arrest and resuscitation. #p < 0.05 ROSC rate vs. WT (Fisher’s exact test).
p < 0.05 vs. WT (Mantel–Cox log-rank). Survival in the subset of NOS3−/− animals
chieving ROSC (data not shown) was also significantly lower than WT (p < 0.05,
antel–Cox log-rank).
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cardiac dysfunction in the former group. As depicted in Fig. 2,
NOS3−/− mice, as compared with WT mice, exhibited higher heart
rates, longer left-ventricular relaxation time constants (tau), and
lower ejection fractions (p < 0.05) by 120 min post-ROSC. In addi-
tion, elevations in LVPmax, noted at baseline in NOS3−/− mice, were
no longer evident by 120 min. Contractility (dP/dtmax) and stroke
volume also tended to be lower in NOS3−/− animals by 120 min.
However, these latter differences were not statistically significant
when adjusted for multiple comparisons.

3.2. Whole blood nitrosylhemoglobin

At baseline, whole blood HbNO concentrations (Fig. 3) were
similar in WT and NOS3−/− (0.75 ± 0.10 �M vs. 0.86 ± 0.11 �M,
p = 0.46). In NOS3−/− animals, HbNO concentration increased
over baseline values after 8 min of untreated cardiac arrest
(1.12 ± 0.08 �M, p < 0.05). A similar trend was noted in WT animals
by CA8 (1.42 ± 0.19 �M, p = 0.071) that did not reach significance.
Following 120 min post-ROSC, HbNO concentrations were elevated
in WT but not NOS3−/− mice relative to baseline (p < 0.05).

3.3. Myocardial NOS3 protein content and phosphorylation

NOS3 protein was constitutively expressed in WT but
not NOS3−/− hearts (Fig. 5). By 120 min following resuscita-
tion, myocardial NOS3 content increased above baseline values
(p < 0.05). As expected, BL animals exhibited phosphorylation of
NOS3 at the Ser1177 site.19 After 8 min of arrest, NOS3 phospho-
rylation at this site dramatically decreased but then returned to
baseline levels following ROSC. By contrast, phosphorylation of
NOS3 at Thr495 was not significantly modulated by arrest or resus-
citation (data not shown). WT and NOS3−/− hearts exhibited similar
amounts of NOS1 and did not express measurable amounts of NOS2
protein at BL or R120 (see online Appendix B for details).

3.4. Myocardial cGMP content and TnI phosphorylation

Given the observed NOS3-dependent differences in ROSC rate
and observed changes in NOS3 phosphorylation during CPR we
measured cyclic guanosine monophosphate (cGMP) and troponin-I
phosphorylation (p-TnI) as mediators of myocardial NO signal-
ing central to cardiac function.22 Baseline cGMP and p-TnI levels
were similar between strains (Fig. 4). However, following 1 min of
CPR, cGMP and p-TnI levels were significantly higher in WT than
NOS3−/− mice (p < 0.05).

4. Discussion

In this study, we report for the first time the detrimental effects
of NOS3 genetic deletion on ROSC rate and cardiac function fol-
lowing normothermic cardiac arrest. This work extends reports of
severe post-ROSC cardiac stunning from our lab and others in mod-
els utilizing WT mice15–17,23 and swine24–28 by demonstrating that
NOS3−/− mice exhibit lower ROSC rates and increased post-ROSC
cardiac dysfunction when compared to WT. Poor outcomes were
associated with lower myocardial cGMP and p-TnI levels during
CPR and lower circulating NO following ROSC, suggesting potential
roles for both subcellular and circulating NO signaling in determin-
ing outcomes following cardiac arrest.
4.1. Nitric oxide synthase 3 and post-arrest cardioprotection

The link between enzyme-mediated NO signaling and post-
ROSC cardioprotection established by the current study is
consistent with results from our laboratory’s in vitro model of
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Our findings conflict with reports from others in porcine models
of VF arrest suggesting that nonselective NOS inhibition has either
no effect,8,33 or positive impact34 on initial ROSC rates. This appar-
ent lack of agreement on the role of NOS following arrest, can be

1.5
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ig. 2. Left-ventricular pressure-volume indices at baseline (BL) and 120 min foll
aximum rate of pressure change (dP/dtmax), isovolumic relaxation time constant

roups (brackets, ) or relative to BL (#) are indicated (p < 0.05, two-way ANOV

imulated I/R29,30 and work by others in cardiac arrest mod-
ls in mouse6 and swine.8 Our results also extend recent work
n this mouse model demonstrating that the ROS-sensitive ser-
ne/threonine kinase Akt (PKB), which closely regulates NOS3 via
hosphorylation of its Ser1177 site,19,31 is essential to post-ROSC
ardiac function.17 Of particular relevance to the current work,
ishida and colleagues demonstrated worse myocardial function

n NOS3−/− vs. WT mice, including higher heart rates, smaller ejec-
ion fractions, and longer post-ROSC diastolic relaxation times,
hich is consistent with our results.6 It is important to note that

he prolongation in diastolic relaxation time (�) that we noted
n NOS3−/− mice likely underestimates the true strain-related
ifference in post-ROSC diastolic dysfunction given the known
ependence of � on heart rate.32 Our data extend Nishida’s findings
y demonstrating that such NOS3-related differences in cardiovas-
ular dysfunction persist under normothermic conditions and lead
o significantly higher rates of cardiovascular collapse and death
ithin the first 120 min following ROSC. Our results are also consis-

ent with work by others in a swine model of electrically induced VF
rrest, which demonstrated that nonselective pharmacologic inhi-
ition of NOS, 30 min prior to arrest induction, significantly reduced
h survival.8 Here, we add to the literature by demonstrating that

elective loss of NOS3 is sufficient to potentiate post-ROSC cardiac

ysfunction.

Our novel finding that NOS3 deletion worsens ROSC rate sug-
ests an important role for NOS3-mediated signaling during CPR.
n the study by Nishida and colleagues, NOS3−/− mice exhibited

trend towards longer CPR time to ROSC, but no difference in
ROSC (R120), including heart rate (HR), peak left-ventricular pressure (LVPmax),
roke volume (SV), and ejection fraction (EF). Significant differences between strain

ROSC rate relative to WT.6 The lack of effect on ROSC rate noted
in the Nishida study can possibly be explained by their use of
profound intra-arrest hypothermia (28 ◦C) in their protocol that
resulted in ROSC rates of greater than 95% in both groups and a
lack of significant post-ROSC cardiac dysfunction in WT animals.6
BL CA8 R120

Fig. 3. Whole blood nitrosylhemoglobin (HbNO) concentration at baseline (BL),
following 8 min of untreated cardiac arrest (CA8), and 120 min post-ROSC (R120).
Significant differences between strain groups (brackets, ) or relative to BL (#)
are indicated (p < 0.05, two-way ANOVA).
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xplained by noting that selective inhibition of inducible NOS (i.e.
OS2) has been shown to improve outcomes following VF arrest in
swine model.8 Thus, their results reflect the net positive effect of

nhibiting both protective (i.e. NOS3) and harmful (i.e. NOS2) NOS
soforms.

.2. cGMP signaling following cardiac arrest

Evidence from a variety of models suggests an important role
or NO signaling in the regulation of cardiac function during
oth normal and pathophysiologic states.11 Within the cardiomy-
cyte, NOS3-derived NO directly binds to soluble guanylyl cyclase
o increase signaling through cGMP-mediated second messenger
athways.13 The elevation in myocardial cGMP levels noted in WT
ice during CPR is consistent with work by others in an isolated rat

eart suggesting that cGMP levels increase during ischemia.35 Fur-
hermore, the association between elevated cGMP and increased
OSC rates in WT vs. NOS3−/− mice, is consistent with the idea that
GMP participates in cardioprotective signaling following I/R.14

While several putative pathways of cGMP cardioprotection have
een suggested, of particular relevance to our study is the role
f cGMP-dependent protein kinase G (PKG) in reducing myofibril
a2+ sensitivity during reperfusion through phosphorylation of TnI,
4,22 which could improve lusitropy and serve to limit myocardial
ontracture during the partial reperfusion state induced by CPR.
he post-translational modification of myofibrillar proteins, such
s TnI, is an important mechanism of cardiac contractile function
egulation36 that has previously been implicated in post-ischemic
yocardial stunning and heart failure.37,38 Thus, the reported

ssociation between increased cardiac cGMP content and TnI phos-
horylation in WT, vs. NOS3−/−, mice suggests a novel link between
GMP-NO signaling and effective CPR.
.3. Circulating HbNO following cardiac arrest

While EPR spectroscopy has been used by others to quantitate
hole blood HbNO concentrations in animal models of cardiac I/R

njury and hemorrhagic shock, 39–41 the present study represents
on 82 (2011) 115–121 119

the first reported attempts to apply to profile this bioavailable NO
metabolite following cardiac arrest and resuscitation. It is worth-
while to note that the reported baseline HbNO concentrations are
similar to basal levels previously measured by others in naïve WT
and NOS3−/− mice.42 Following ROSC, we observed an increase in
circulating NO in WT, but not NOS3−/− mice, suggesting NOS3-
dependent NO production. This finding is consistent with work by
others demonstrating NOS-dependent increases in NO following
reperfusion in the coronary effluent of an isolated heart model of
focal I/R.43 It should be noted that the avidity of NO binding to
hemoglobin increases in the deoxygenated state, which could con-
tribute to the observed increase in HbNO concentrations following
arrest.42 Our results also suggest an association between such ele-
vations in circulating NO and improved post-ROSC cardiovascular
outcomes. This association is consistent with work by Dezfulian et
al. in a mouse model of cardiac arrest demonstrating the benefit of
intravenous nitrite, a putative NO donor, during CPR on improved
post-ROSC cardiac function, long-term survival, and neurologic
outcomes.23 However, while exogenous nitrite therapy shortened
CPR time to ROSC in that study, it did not improve ROSC rate.23

The current study extends this work by suggesting that cardiopro-
tective NO signaling may also be supported by enzyme-mediated
production of NO.

4.4. Cardiac arrest alters myocardial NOS3 content and
phosphorylation

Our results suggest that cardiac arrest and resuscitation signif-
icantly alter myocardial NOS3 protein content and are consistent
with work by others in a swine model of ventricular fibrillation (VF)
arrest showing significant decreases in heart NOS3 expression dur-
ing VF followed by increased expression after ROSC.25 Post-ROSC
elevations in myocardial NOS3 could lead to increased capacity for
NO biosynthesis from L-arginine as well as increased reduction of
cardioprotective nitrite to NO.44 While NOS3 protein content is reg-
ulated by both transcriptional and posttranscriptional mechanisms
triggered by a variety of physiological and pathophysiological
stimuli,45 the relative contribution of these mechanisms follow-
ing cardiac arrest is not known. However, given the long half-life
of NOS3 mRNA (10–35 h) within the cytosol, we hypothesize that
posttranscriptional regulation, which could rapidly impact mRNA
stability and half-life of existing transcripts, may be more rapidly
efficient than transcriptional regulation of protein expression.45

While changes in cardiac NOS3 phosphorylation have been
previously reported following focal coronary artery ischemia, to
our knowledge this is the first study to examine changes in NOS
phosphorylation in the setting of cardiac arrest.46 The decrease
in myocardial p-NOS3 (Ser1177) demonstrated in Fig. 5 suggests a
decrease in NOS3 activity during arrest followed by resumption
of activity following resuscitation.19 However, it should be noted
that, NOS3 mediated NO production is also regulated by a variety
of post-translational factors including the availability of sub-
strate, intracellular Ca2+, and cofactors such as tetrahydrobiopterin
(BH4).47 The dramatic shifts in the cellular micro-environment fol-
lowing cardiac arrest have the potential to deplete and oxidize
l-arginine and BH4 resulting in uncoupling of mitochondrial elec-
tron transfer and ROS (e.g. superoxide) generation instead of NO
signaling.47,48 Whether modulation of NOS3 expression and phos-
phorylation ultimately results in significant differences in tissue NO
or ROS production remains to be determined.
4.5. Limitations

Though the current study establishes a causal link between
NOS3 deletion and cardiac dysfunction following cardiac arrest, the
precise mechanisms of NO cardioprotection remain to be estab-
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ig. 5. Whole heart total NOS3 content, p-NOS(Ser1177) levels in WT at baseline (BL)
20 min (R120) post-ROSC. Densitometry values displayed as a mean percentage of
p < 0.05, Kruskal–Wallis ANOVA).

ished. For example, NOS3-derived NO plays an important role in
aintaining microvascular barrier integrity,49 which may be an

mportant determinant of myocardial contractility following I/R.
n addition to altering cGMP-dependent signaling, NOS3-derived
O has the potential to regulate cardiac function via reversible
odification of cysteine thiol moieties (i.e. nitrosylation) within a

ariety of intracellular protein targets involved in beta-adrenergic
eceptor signaling, excitation-contraction coupling, mitochondrial
espiration, oxidant stress, and apoptosis.11,50–52 The role of nitro-
ylation, which is not addressed in our study, was recently explored
y Dezfulian et al. in a related mouse model of cardiac arrest.
hey suggested an association between nitrite-induced elevations
n heart s-nitrosothiols and improved ROSC and post-ROSC cardiac
utcomes.23 Further work is necessary to better understand how
hese two NO signaling pathways may interact during arrest and
esuscitation. Finally, we utilized retired breeder female mice. Sim-
lar studies are necessary to confirm the role of NOS3-NO signaling
n male mice as estradiol is known to upregulate NOS3 in aortic in
itro preparations.53

. Conclusions

Our results demonstrate that NOS3 plays an important role
n determining short-term outcomes following cardiac arrest,
ossibly via cGMP-dependent signaling pathways within the
yocardium. While circulating NO metabolites increase in a NOS3-

ndependent fashion following arrest, their production following
OSC relies on NOS3. Resuscitation increases myocardial NOS3 con-
ent and restores NOS3 phosphorylation, which may help sustain
O survival signaling following ROSC.
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