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Summary
Aim—Increases in serum cytokines have been reported after successful resuscitation from pro-
longed ventricular fibrillation (VF). Pro-inflammatory cytokines can stimulate inducible nitric oxide
synthase (iNOS) to produce excessive levels of nitric oxide (NO). High levels of both myocardial
inflammatory cytokines and nitric oxide levels can depress myocardial contractile function. We
hypothesized that myocardial pro-inflammatory cytokines and iNOS activity would increase
following successful resuscitation from prolonged ventricular fibrillation cardiac arrest, and that such
increases would parallel the development of post-resuscitation myocardial dysfunction.

Methods—Ventricular fibrillation cardiac arrest was induced in seven domestic swine (25 ± 5 kg).
After 10 min of untreated VF, the animals were defibrillated and resuscitated. Left ventricular (LV)
systolic and diastolic function measurements, serum samples (arterial and coronary sinus) for IL-8
cytokine quantification, and LV myocardial biopsies were collected before, during, and after
resuscitation. Quantification of myocardial endothelial (eNOS) and inducible (iNOS) nitric oxide
synthase protein levels were determined using immunoblot analyses and protein localization was
examined using immunohistochemistry.

Results—Post-resuscitation LV systolic and diastolic functions were depressed while increases in
both coronary sinus IL-8 levels and myocardial iNOS activity were found. Compared to prearrest
baseline, levels of iNOS protein increased during VF (p ≤ 0.05) and continued to increase throughout
the post-resuscitation study period of 6 h (p ≤ 0.05).

Conclusions—Myocardial inflammatory cytokines and iNOS activity increase during and after
prolonged cardiac arrest and successful resuscitation. These increases correspond to the well
described decrease in LV function post-resuscitation.
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Introduction
Initial resuscitation rates from out-of-hospital cardiac arrest can be 40% or better, particularly
if rapid defibrillation is available. Unfortunately, the long-term survival of such patients
remains poor, even after initial successful resuscitation, in part because of post-resuscitation
myocardial dysfunction.1—3 In spite of its importance, our understanding of the etiology of
such systolic and diastolic myocardial dysfunction post-resuscitation remains limited.

Increases in pro-inflammatory cytokines (including IL-1β, IL-8 and TNFα) have been found
prompting Adrie et al. to suggest that successful cardiac resuscitation creates a “Sepsis-Like”
syndrome.4 Myocardial dysfunction during sepsis is well described,5—7 and has been linked
to the presence of a circulating ‘myocardial depressant substance’. The most likely candidates
for such ‘myocardial depressant substances’ are inflammatory cytokines and/or nitric oxide
(NO).8—13 Data during sepsis suggest that inflammatory cytokines and NO may work
synergistically to depress left ventricular function.14,15

Nitric oxide is produced from L-arginine by a group of NO synthases (NOS). In the cardiac
tissue, NO is produced by three isoforms of nitric oxide synthase, endothelial nitric oxide
(eNOS), inducible nitric oxide (iNOS), and neuronal nitric oxide (nNOS). Stimulation of
eNOS, a calcium-dependent enzyme, typically produces small amounts of NO, while
stimulation of iNOS, a calcium-independent enzyme, can produce 10-fold higher levels of NO
compared with eNOS. Pro-inflammatory cytokines have been shown to stimulate myocardial
iNOS protein production.16 Increased iNOS activity and protein expression has been associated
with chronic heart failure.17—19 Excessive increases in myocardial NO levels from stimulated
iNOS may suppress left ventricular function.20

We hypothesized that following successful resuscitation, myocardial production and activity
of the cytokine IL-8 and iNOS would increase and that such increases would parallel the
development of post-resuscitation myocardial dysfunction.

Materials and methods
Animal preparation

This study was conducted with the approval of the University of Arizona Institutional Animal
Care and Use Committee in accordance with the guidelines set forth in the Position of the
American Heart Association on Research Animal Use. Seven healthy, young domestic swine
(25—35 kg) of either sex (five females, two males) were anesthetized with 5% isoflurane
inhalation anesthetic in oxygen delivered by nose cone mask. The animals were intubated and
anesthesia was maintained with 1.5—3% isoflurane in room air, until the induction of
ventricular fibrillation, using a rate- and volume-regulated ventilator/anesthesia machine
(Narkomed 2A ventilator, North American Drager, Inc.). Initially, breaths were given at 12/
min with a tidal volume (TV) of 15 ml/kg. Rate and/or TV was subsequently adjusted to
maintain expired end-tidal carbon dioxide (ETCO2) at 40 ± 3 mmHg (mean ± S.D.), as
monitored by an infrared capnometer (Hewlett Packard 47210A, Palo Alto, CA) and a
pneumotachometer (MP45-871, Validyne Engineering Corp, Northridge, CA) placed in the
airway. Electrocardiographic leads were attached to all limbs to monitor heart rate (HR) and
the electrocardiogram (ECG). Vascular introducer sheaths (5 or 7F, Cordis Corp, Miami, FL)
were placed in the right external and both internal jugular veins, the right carotid artery, and
right femoral artery by standard cut-down procedure. Right atrial and aortic pressures were
measured with solid-state micro-tipped transducers (P-500, Millar Instruments, Houston, TX).
The left ventricular pressure was measured with a solid-state micro-tipped transducer (P-500,
Millar Instruments, Houston, TX) for subsequent calculation of the first derivative of LV
pressure overtime (dP/dt and −dP/dt), and the time course of LV isovolumic relaxation (tau).

Kern et al. Page 2

Resuscitation. Author manuscript; available in PMC 2009 August 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Occasionally, this solid-state micromanometer was replaced with a 7F fluid-filled pig-tail
catheter (Cordis Corp, Miami, FL) to allow injection of contrast into the left ventricle (LV) for
the calculation of left ventricular ejection fraction (EF). Blood was also collected periodically
via this pigtail catheter for laboratory analyses of cytokine content in the arterial system. A
standard myocardial bioptome (Cordis Corp, Miami, FL) was placed retrograde across the
aortic valve into the LV cavity, via the carotid artery sheath, to obtain endomyocardial tissue
samples for later immunohistochemical analyses. Endomyocardial samples (1 mm3) were
obtained and immediately frozen in liquid nitrogen, as previously reported from our laboratory.
21 A balloon-tipped pulmonary artery catheter was placed via an internal jugular vein into the
right pulmonary artery for measuring cardiac output. A fluid-filled catheter was placed, via the
other internal jugular vein, into the coronary sinus to periodically collect blood for analyses of
cytokine content. Catheter/transducer placements were confirmed by fluoroscopy.

Measurements
Hemodynamic measurements—Hemodynamic data, including pressures from the aorta
(AoP), right atrium (RAP), the left ventricular change in pressure overtime (dP/dt), negative
dP/dt, and tau, were displayed and recorded ((D1-220-PGH, Dataq Instruments Inc, Akron,
OH). In addition, ETCO2, ECG and tidal volume were continuously displayed and recorded
using the same commercially available data collection software.

Left ventricular systolic function measurements—Left ventriculograms were
obtained via rapid injection of 12 ml of contrast media into the LV and recorded on DVD for
later determination of left ventricular ejection fraction (EF). Images taken at the peak of systole
and diastole were digitized on an analyzer (Vanguard XR-55 Analyzer, Melville, NY) for
computation of a single plane EF.

The rate of rise of left ventricular pressure during the isovolumic contraction period (dP/dt)
was recorded as a measure of myocardial contractility. A fluid-filled pulmonary artery balloon
catheter was used to measure thermodilution cardiac outputs.

Left ventricular diastolic function measurements—Diastolic left ventricular function
was evaluated using negative dP/dt and the time constant of pressure fall during isovolumic
relaxation (tau).

Interleukin 8 (IL-8) cytokine measurements—Concentrations of serum IL-8 were
assayed from two sources (arterial blood and coronary sinus blood) using three prospectively
determined time periods (pre-arrest baseline, 30 min post-resuscitation, and 5 h post-
resuscitation using a standard ELISA kit from R&D Systems, (Minneapolis, MN). All tests
were performed in triplicate in 96-well micro-liter plates. R&D report an assay sensitivity of
<4 pg/ml, with both intra and inter-assay variabilities less than 10%.

Protein levels of eNOS/iNOS using immunoblot analysis (western blots)—Protein
levels were measured and reported as arbitrary intensity units per mg (II/mg) using immunoblot
techniques as described previously (22—23). Cardiac tissue was homogenized in ice-cold
buffer (Hepes 5 mM, pH 7.9, glycerol 26%, v/v, MgCl2 1.5 mM, EDTA 0.2 mM, DTT 0.5
mM, phenyl-methylsulfonyl fluoride 0.5 mM), with NaCl (300 mM final), and incubated in
ice for 30 min. The mixture was centrifuged at 100,000 × g at 4 °C for 20 min. The supernatant
was then fractionated using 8% SDS PAGE after mixing with an equal volume of 2% SDS/
1% β-mercaptoethanol. Proteins were transferred to nitrocellulose membranes. After blocking
the membranes for 1 h at room temperature with 5% nonfat dry milk, 0.1% Tween-20, they
were incubated with a primary monoclonal mouse anti-eNOS IgG1 antibody (1:1000)
(Transduction Laboratories, BD, San Jose, CA). Endothelial nitric oxide (eNOS) was detected
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with horseradish peroxidase-labeled rabbit anti-mouse IgG secondary antibody (1:2000).
Sections were then visualized using chemiluminescence. For iNOS, the membranes were
incubated with a rabbit polyclonal IgG, NOS2 (Cat#sc-650, Santa Cruz Biotechnology, Santa
Cruz, CA).

Localization of eNOS and iNOS proteins by immunohistochemistry—Protein
localization was performed using standard immunohistochemical staining described
previously.22—23 Serial 5-µm thick frozen sections of myocardium were dried, blocked with
5% horse serum and 0.2% bovine serum albumin, and then incubated with a primary
monoclonal mouse anti-eNOS/anti-iNOS IgG1 antibody (1:50) (Transduction Laboratories,
BD, San Jose, CA). After rinsing for 5 min in physiologically buffered saline (PBS),
biotinylated horse anti-mouse IgG was applied for 30 min. After rinsing with PBS, avidin and
biotinylated horseradish peroxidase complex was applied for 30 min. After rinsing with PBS,
0.05% diaminobenzidine tetrahydrochloride and 0.01% hydrogen peroxide were applied for 5
min and washed with water. Myocardial biopsy specimens were examined for positive eNOS
or iNOS protein staining (brown color) by light microscopy.

Experimental protocol
Following the collection of baseline data, all animals were electrically stimulated into
ventricular fibrillation (VF) via a pacing wire temporarily inserted into the apex of the right
ventricle. Ventricular fibrillation was confirmed by the characteristic ECG waveform and by
the precipitous fall in aortic pressure. Assisted ventilation was discontinued and each animal
remained in untreated VF for 10 min, after which cardiopulmonary resuscitation was performed
following the 2005 ACLS protocol with the exceptions that each animal received immediate
epinephrine (0.02 mg/kg IV) and forceful uninterrupted manual chest compressions (100/min)
for 90 s prior to the first attempt at defibrillation. Previous work in our laboratory showed such
modifications resulted in excellent rates (>90%) of return of spontaneous circulation.24,25

Defibrillation was performed via adhesive defibrillator pads (Quik-Combo, Medtronic
PhysioControl, Redmond, WA) applied to the anterior and lateral chest wall. A single biphasic
defibrillation shock of 150 J was delivered using a LifePak 12 defibrillator (Medtronic
PhysioControl, Redmond, WA). Immediate chest compressions were begun after the
defibrillation shock without analyzing the rhythm. If a perfusing rhythm resulted (evidenced
by a pulsatile aortic pressure greater than a peak of 50 mmHg), the animals were connected to
the mechanical ventilator and given 100% oxygen at an initial rate of 12 breaths per minute
and a tidal volume of 15 ml/kg. Rate and/or tidal volumes were subsequently adjusted as needed
to return PETCO2 to normal values. Isoflurane was added if and when the animals began to
stir. No further chest compressions were administered unless the animals had recurrent VF.
ROSC was defined as a peak aortic pressure of >50 mmHg and pulse pressures of >20 mmHg
sustained for 1 min. If either VF or pulseless electrical activity was present after the
defibrillation shock, an additional 90 s of ACLS and a second dose of epinephrine were given.
This procedure was continued until a perfusing rhythm was attained or five such cycles were
completed without ROSC.

All animals were successfully resuscitated and studied for a total of 6 h post-resuscitation. Left
ventricular endomyocardial biopsies are performed at the following intervals: pre-arrest; at 10
min of ventricular fibrillation; at 30 min, 2 h, and 5 or 6 h post-resuscitation. Following the
final data acquisition all animals were euthanized by intravenous injection of a commercial
euthanasia solution (Fatal+, Vortech Pharmaceuticals, Dearborn, Michigan).

Statistical analysis
All data analysis was performed using commercially available software (Statview 5.0; SAS
Institute, Cary, NC). Baseline hemodynamic, left ventricular function, and eNOS and iNOS
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measurements were compared with those obtained during CPR and at serial time points post-
resuscitation (30 min, 2 h, and 5 or 6 h) using repeated measures analysis of variance and a
Newman—Keuls multiple comparisons procedure to identify specific differences. All results
are reported as mean ± S.D. A significant difference was assumed when a p value ≤0.05 was
achieved.

Results
Hemodynamics and left ventricular function parameters

Aortic pressures were significantly less than pre-arrest baseline levels at 2 and 5 h after
resuscitation (Table 1). Left ventricular systolic function was depressed post-resuscitation as
evidenced by a decline in left ventricular ejection fraction and LV dP/dt (Table 2). Similarly,
left ventricular diastolic function declined as noted by a decrease in −dP/dt, and an increase in
isovolumic relaxation time (tau). Cardiac output also declined significantly in the post-
resuscitation period (Table 2). These post-resuscitation changes are consistent with our
previous reports.24,25

Inflammatory cytokines post-resuscitation
Interleukin-8 (IL-8) was measured in the arterial circulation (from the left ventricle) and in the
myocardial venous circulation (from the coronary sinus). This allowed a comparison of IL-8
levels “across” the myocardium, suggesting the involvement of the myocardium or the
myocardial vasculature in producing any such detectable increases in inflammatory cytokines
following cardiac arrest and resuscitation. We found in the coronary sinus blood a 36% increase
in IL-8 from pre-arrest baseline levels at 30 min post-resuscitation (p = 0.17) and a persistent
22% increase over baseline at 5 h post-resuscitation, while no change in IL-8 concentrations
was found in the arterial blood after resuscitation (Figure 1).

Immunoblot analysis of eNOS/iNOS
Compared to baseline, the eNOS protein levels were markedly decreased during VF (10 ± 2
II/mg at baseline vs. 0.3 ± 0.1 II/mg protein during VF, p < 0.05, Figure 2). Thirty minutes
after resuscitation the eNOS protein levels increased dramatically (0.3 ± 0.1 II/mg vs. 23 ± 3
II/mg protein, p < 0.05) and were double the baseline levels. The level of eNOS remained
relatively stable at 2 h (26 ± 5 II/mg protein) and at 5 h (24 ± 5 II/mg protein), returning to
baseline levels by 6 h post-resuscitation (12 ± 4 II/mg protein). In contrast, levels of iNOS
protein increased during VF from a baseline value of 0.5 ± 0.4 at baseline to 18 ± 3 II/mg
protein (p < 0.05, Figure 3). Inducible NOS levels continued to increase with 30 min, 2 h and
5 h levels of 29 ± 7, 39 ± 7 and 59 ± 10 II/mg protein (p < 0.05). Immunohistochemical analysis
confirmed the findings in immunoblots and demonstrated that both eNOS and iNOS were
expressed by cardiac myocytes and vascular cells.

Immunohistochemical analysis of eNOS/iNOS
To determine the localization of eNOS and iNOS protein within the myocardium,
immunohistochemical analysis was performed on heart biopsies collected and snap frozen in
2-methylbutane-suspended liquid nitrogen (Figure 4). The left panel shows eNOS protein
expression and the right panel shows iNOS protein expression measured at baseline (BL), 10
min of ventricular fibrillation (VF-10 min), thirty minutes after resuscitation (PR-30 min), 2
h after resuscitation (PR-2 h), and 5 h after resuscitation (PR-5 h). Data indicate that eNOS is
expressed at baseline and diminished after 10 min of cardiac arrest. Resuscitation with
restoration of flow appears to induce a rapid and peak eNOS protein expression early, as shown
in the third row, left panel (PR-30 min). In contrast, no iNOS is detected at baseline (first row,
right panel). iNOS protein expression is not seen at baseline, but becomes evident after 10 min
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of VF cardiac arrest (second row, right panel). Similar to eNOS, iNOS protein expression
appears to be induced by resuscitation, but in contrast to eNOS, iNOS expression appears to
continue to increase throughout the 5 h post-resuscitation period. These data suggest that eNOS
and iNOS respond differently to cardiac arrest and resuscitation. Resuscitation and return of
spontaneous circulation induces both nitric oxide synthase isoenzymes with an early robust
upregulation of eNOS, which returned to baseline level by 6 h, as opposed to a slower, more
sustained upregulation of iNOS.

Discussion
Left ventricular dysfunction is common in the immediate post-resuscitation period.24,25 We
demonstrated significant left ventricular systolic and diastolic dysfunction as early as 30 min
post-resuscitation, and persisting throughout the post-resuscitation study period of 5—6 h.
During the same period, the inflammatory cytokine IL-8 was increased in the myocardial
venous effluent (coronary sinus). These data confirm that pro-inflammatory cytokines increase
after resuscitation from prolonged cardiac arrest.26—28 In our study, this increase in IL-8 was
maximal at 30 min post-resuscitation and began to decline, though still present, at 5 h post-
resuscitation (Figure 1). The likely origin of this increased IL-8 cytokine in the coronary sinus
blood is either the myocardium itself or its inherent vasculature.

Quantitative measurements of myocardial eNOS protein expression during and after
resuscitation efforts show that this constitutive isoform, found in the vascular bed within the
myocardium interstitium, had a bimodal response to cardiac arrest and resuscitation (Figure
2). eNOS activity during ventricular fibrillation initially declined from its pre-arrest baseline
level, then temporarily increased during the first few hours post-resuscitation, before returning
to near pre-arrest baseline level by 6 h post-resuscitation.

Protein expression from the inducible isoform iNOS showed a very different pattern (Figure
3). While eNOS was expressed at pre-arrest baseline conditions, iNOS was not. Following 10
min of untreated ventricular fibrillation, eNOS protein expression diminished while the protein
expression of iNOS was increased. Thirty minutes after resuscitation, eNOS expression was
dramatically enhanced, while iNOS levels were only slightly elevated. Five hours after
resuscitation, eNOS expression began to decrease and returned to near pre-arrest baseline levels
by 6 h, while at 5 h post-resuscitation, iNOS expression had continued to steadily increase
(Figure 3).

Previous investigators have shown that tumor necrosis factor-ά and other pro-inflammatory
cytokines can decrease myocardial function .29,12 Some have demonstrated that excessive
nitric oxide can depress myocardial contractility,9,30—33 while others have found that
inhibition of nitric oxide synthase can improve myocardial function following ischemia and
reperfusion.34,35 Myocardial dysfunction often accompanies sepsis and septic shock.5,6 Both
systolic (decrease in left ventricular ejection fraction) and diastolic (loss of left ventricular
compliance) dysfunction occur with sepsis.7 The myocardial dysfunction of sepsis seems to
result from circulating depressant factors rather than hypoperfusion. These myocardial
depressant factors include inflammatory cytokines and tumor necrosis factor-alpha8,10,29,12

and selective inhibition of such substances has ameliorated myocardial dysfunction in sepsis.
36,37 Excessive nitric oxide production is one proposed cellular pathway for septic depression
of myocardial inotropic and lusitropic functions.9,14,15 Our data suggest the same mechanism
may also be functioning post-resuscitation.

We found both localized increases in inflammatory cytokines in the myocardial venous effluent
and substantially activated iNOS protein production in the myocardium during the first 6 h
post-resuscitation. Though ‘cause and effect’ cannot be determined from these data, a possible
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association between increased iNOS activity and concurrently depressed left ventricular
ejection fraction was noted. Our findings suggest that excessive nitric oxide produced by
upregulation of iNOS may be contributing to resuscitation-induced myocardial stunning.
Whether manipulation of selective isoforms of NOS will improve post-resuscitation
myocardial dysfunction is an important but yet unresolved issue.

We showed that cardiac arrest induced by VF has a differential effect on eNOS and iNOS
protein expression. The current study is the first to show that resuscitation from ventricular
fibrillation up-regulates iNOS protein expression. Our data is consistent with a report that
demonstrates differential expression of eNOS and iNOS mRNA in the rat heart after endotoxin
administration.38 Though no data previously existed concerning the potential role of iNOS in
the etiology of myocardial injury and subsequent dysfunction following ventricular fibrillation
cardiac arrest and resuscitation, there is evidence suggesting that following hemorrhagic shock
and resuscitation, injury to non-myocardial organs such as hepatic and lung injuries, result
from enhanced tissue iNOS activity. Experimental studies have shown that inhibition of iNOS,
both by pharmacological inhibition and by gene manipulation, results in a marked reduction
in such hepatic and pulmonary injuries.39—41 Recently, Collins and co-workers have shown
that the upregulation of iNOS during and after hemorrhagic shock can occur within 1 h.42 They
demonstrated that iNOS mRNA is elevated by 60 min of shock, suggesting that hepatic iNOS
expression is an early molecular response to hemorrhagic shock and resuscitation. A few recent
studies have also examined the effect of NOS inhibition on cardiac arrest and resuscitation
dynamics.43—46 Krismer et al. showed an increased coronary perfusion pressure and return
of spontaneous circulation after administration of L-NAME, a non-selective inhibitor of nitric
oxide synthase.43 Zhang et al. found no difference in return of spontaneous circulation after
non-selective NOS inhibition administered prior to the induction of VF cardiac arrest.44 Wu
et al. showed a decrease in left ventricular ejection fraction at 2 h post-resuscitation in subjects
receiving non-selective NOS inhibitors compared to placebo.45 Mean systemic blood pressure
was significantly higher in such animals and the resultant increased systemic vascular
resistance further compromised the post-resuscitation stunned myocardial function. This same
group found that selective iNOS inhibition with aminoguanidine improved post-resuscitation
left ventricular function measured as LVEF, fractional shortening, and wall motion index.46

Hence, it appears that nitric oxide synthase activity may have a role in post-resuscitation
myocardial dysfunction, and that manipulation of the nitric oxide synthase isoforms could
become a potential area of interest in post-resuscitation care.

Limitations
The major limitation to these preliminary observations of NOS activity during and after cardiac
arrest is the lack of a non-arrest control group. The pre-arrest baseline data provides a glimpse
of non-cardiac arrest data, but changes overtime potentially due to other factors than VFCA
and resuscitation cannot be identified. It is possible that certain factors such as supplemental
oxygen provided post-resuscitation could have some effect on NOS isoform activity. These
observations of increasing IL-8 and iNOS activity in the post-resuscitation period parallel the
well-documented development of post-resuscitation myocardial dysfunction. However, a
cause and effect relationship is not yet established and will require further study.

Conclusions
In summary, our study shows that the inflammatory cytokine IL-8 increases in the myocardium
after ventricular fibrillation cardiac arrest and resuscitation, and that myocardial isoforms of
nitric oxide synthase also react to the stimulus of cardiac arrest and resuscitation. Their
respective responses are quite different, with an early increase then decline in eNOS activity
compared to a steady and sustained increase in activity of iNOS for at least 6 h post-
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resuscitation. At the same time as these biochemical changes, post-resuscitation left ventricular
systolic and diastolic function are impaired. Further study is needed to define any cause and
effect relationship.
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Figure 1.
No change in the pro-inflammatory cytokine IL-8 (pg/ml) was seen in the arterial blood
samples, but a 36% increase (p = 0.28) was seen at 30 min post-resuscitation and a 22% increase
was still observed at 5 h post-resuscitation in coronary sinus blood. Mean ± S.D.
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Figure 2.
Compared to baseline, VF decreased eNOS protein levels (10 ± 2 II/mg vs. 0.3 ± 0.1 II/mg
protein, N = 5, (*p < 0.05)). Thirty minutes after resuscitation, eNOS was robustly increased
compared to VF (23 ± 3 II/mg vs. 0.3 ± 0.1 II/mg protein, N = 5, (*p < 0.05)), then peaked at
2 h before returning to baseline levels by 6 h post-resuscitation (2 h: 26 ± 5; 5 h: 24 ± 5; 6 h:
12 ± 4; N = 5, respectively).
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Figure 3.
In contrast to eNOS, iNOS activity was undetected at pre-arrest baseline and then began to
appear during cardiac arrest after just 10 min of VF. [iNOS protein levels = 0.5 ± 0.4 II/mg vs.
18 ± 3 II/mg protein, N = 5, (p < 0.05*)]. iNOS activity incrementally increased post-
resuscitation at 30 min, 2 h, and 5 h (29 ± 7 II/mg vs. 39±7 II/mg vs. 59 ± 10 II/mg vs. II/mg,
N = 5, respectively (p < 0.05*)).
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Figure 4.
The left panel shows eNOS protein expression and the right panel shows iNOS protein
expression measured at baseline (BL), at 10 min of ventricular fibrillation (VF = 10 min), and
serially after resuscitation at 30 min (PR = 30 min), at 2 h (PR = 2 h), and at 5 h (PR = 5 h).
Data indicate that eNOS is expressed at baseline and diminished after just 10 min of cardiac
arrest. Resuscitation appears to induce eNOS protein expression as shown in the third row, left
panel (PR = 30 min). Then, eNOS expression appears to stabilize, then decrease by 5 h
compared to 30 min after resuscitation. In contrast, no iNOS is detected at baseline (first row,
right panel). Likewise, in contrast to eNOS, significant iNOS protein expression is evident
after 10 min of VF cardiac arrest (second row, right panel). Similar to eNOS, iNOS protein
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expression appears to be induced by resuscitation, but iNOS expression appears to increase
incrementally throughout the 5 h post-resuscitation period. Thus, it appears that eNOS and
iNOS respond differently to cardiac arrest, while resuscitation seems to induce both nitric oxide
synthase isoenzymes with an early, robust upregulation of eNOS and a slower, more sustained
upregulation of iNOS.
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