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Abstract

Objectives: To demonstrate that nitric oxide (NO) contributes to free radical generation after epicardial shocks and to determine

the effect of a nitric oxide synthase (NOS) inhibitor, NG-nitro-L-arginine (L-NNA), on free radical generation. Background: Free

radicals are generated by direct current shocks for defibrillation. NO reacts with the superoxide (O2
+�) radical to form peroxynitrite

(O�/NOO�), which is toxic and initiates additional free radical generation. The contribution of NO to free radical generation after

defibrillation is not fully defined. Methods and results: Fourteen open chest dogs were studied. In the initial eight dogs, 40 J damped

sinusoidal monophasic epicardial shocks was administered. Using electron paramagnetic resonance, we monitored the coronary

sinus concentration of ascorbate free radical (Asc+�), a measure of free radical generation (total oxidative flux). Epicardial shocks

were repeated after L-NNA, 5 mg/kg IV. In six additional dogs, immunohistochemical staining was done to identify nitrotyrosine, a

marker of reactive nitrogen species-mediated injury, in post-shock myocardial tissue. Three of these dogs received L-NNA pre-

shock. After the initial 40 J shock, Asc+� rose 399/2.5% from baseline. After L-NNA infusion, a similar 40 J shock caused Asc+� to

increase only 29/3% from baseline (P B/0.05, post-L-NNA shock versus initial shock). Nitrotyrosine staining was more prominent in

control animals than dogs receiving L-NNA, suggesting prevention of O�/NOO� formation. Conclusions: NO contributes to free

radical generation and nitrosative injury after epicardial shocks; NOS inhibitors decrease radical generation by inhibiting the

production of O�/NOO�.

# 2002 Elsevier Science Ireland Ltd. All rights reserved.
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Resumo

Objectivos: Demonstrar que o óxido nı́trico (NO) contribui para a formação de radicais livres consequentes a choques epicárdicos

e avaliar o efeito do inibidor da sintetase do óxido nı́trico (NOS), NG-nitro-L-arginina (L-NNA), na produção de radicais livres.

Contexto : Os radicais livres são gerados pelos electrochoques durante a desfibrilhação. O NO reage com o radical superóxido

(O2
+�) para formar peróxidonitrito (O�/NOO�), que sendo tóxico inicia a crescente produção de radicais livres. O contributo do

NO para a produção de radicais livres associados à desfibrilhação é mal compreendido. Métodos e Resultados : Estudaram-se 14 cães

com o torax aberto. Nos primeiros 8 animais, administraram-se choque de 40 Joules do tipo monofásico sinusoidal. Recorrendo a

ressonância paramagnética monitorizou-se a concentração no seio coronário do radical livre de ascorbato (Asc+�), que é um

marcador da produção de radicais livres (fluxo oxidativo total). Os choques epicárdicos foram repetidos depois de L-NNA, 5 mg/kg

IV. Nos 6 animais restantes fez-se marcação imunohistoquı́mica para identificar nitrotirosina, um marcador das lesões mediadas por

compostos de nitrogénio, no miocárdio alvo de eletrochoque recente. Três destes animais receberam L-NNA pré choque. Após o
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choque com 40 Joules, o Asc+� aumentou 399/2.5% relativamente à linha de base. Após administração de L-NNA, o choque de 40

Joules gerou uma elevação de Asc+� em apenas 29/3% relativamente à linha de base. (P B/0.05, post L-NNA vs choque inicial) A

marcação com nitrotirosina foi mais evidente nos animais controlo por comparação com os receberam L-NNA, sugerindo a

capacidade de prevenir a formação de O�/NOO�. Conclusão : O NO contribui para a formação de radicais livres e de lesão

nitrosactiva, no contexto de electrochoque; Os inibidores NOS diminuem a produção de radicais livres ao inibirem a produção de

O�/NOO�.

# 2002 Elsevier Science Ireland Ltd. All rights reserved.
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Resumen

Objetivos : Demostrar que el oxido nı́trico (NO) contribuye a la generación de radicales libres después de las descargas epicárdicas

y determinar el efecto de la NG-nitro-L-arginina (L-NNA), inhibidor de la sintetasa de oxido nı́trico (NOS), sobre la generación de

radicales libres. Antecedentes : Las descargas de corriente directa para desfibrilación generan radicales libres. El NO reacciona con el

radical superóxido (O2
+�) para formar peroxinitrito (O�/NOO�), el cual es tóxico e inicia generación adicional de radicales libres.

La contribución del NO a la generación de radicales libres después de la desfibrilación aun no está completamente definida. Métodos

y resultados : Se estudiaron 14 perros con tórax abierto. En los primeros ocho perros se administraron descargas epicárdicas de 40

Joules con onda monofásica sinusoidal dampeada. Monitoreamos en el seno coronario la concentración de radicales libres de

ascorbato (Asc+�), una medida de generación de radicales libres (flujo oxidativo total), usando resonancia paramagnética de

electrones. Se repitieron las descargas epicárdicas después de la administración endovenosa de 5 mg/kg L-NNA. En 6 perros

adicionales se realizó tinción inmunohistoquı́mica en el tejido miocárdico después de la descarga, para identificar nitrotirosina, un

marcador de lesión mediada por nitrogenados. Tres de estos perros recibieron L-NNA antes de la descarga. Después de la descarga

inicial de 40 J, Asc+� se elevó 399/2.5% de la lı́nea de base. Después de la infusión de L-NNA, una descarga similar de 40 J hizo que

Asc+� se elevara solamente 29/3% sobre la lı́nea de base (P B/0.05, descarga post L-NNA versus shock inicial). La tinción de

nitrotirosina fue más prominente en los animales del grupo control que en los perros que recibieron L-NNA, sugiriendo prevención

de la formación de O�/NOO�. Conclusiones : El NO contribuye a la generación de radicales libres y a la lesión nitrosativa después de

descargas epicárdicas; los inhibidores de NOS disminuyen la formación de radicales inhibiendo la producción de O�/NOO�.

# 2002 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Although defibrillation is a lifesaving intervention,

direct current (DC) shocks themselves cause myocardial

toxicity and injury [1]. The mechanism of DC shock-

induced myocardial injury is not fully understood.

Recent evidence has implicated free radical generation

as a contributing factor. Using electron paramagnetic

resonance (EPR), our laboratory has shown that free

radicals are generated following DC shocks [2]; this does

not require a preceding period of ventricular fibrillation

[2]. Our previous study demonstrated that the genera-

tion of free radicals is energy-dependent; a higher energy

shock produces a greater increase in the generation of

free radicals than a lower energy shock. Repeated

shocks at the same energy generate equivalent rises in

free radical concentration [2].

Nitric oxide (NO), a relatively stable free radical, has

been proposed to contribute to myocardial reperfusion

injury. NO is produced from L-arginine via the enzyme

nitric oxide synthase (NOS); this process can be blocked

with competitive inhibitors of NOS such as NG-nitro-L-

arginine (L-NNA).

NOS is found in endothelial cells where NO has

beneficial effects*/it promotes vasodilation, preserves

endothelial function, and is involved in the regulation of

the coronary circulation. However, NO reacts with

superoxide to produce peroxynitrite (O�/NOO�), a

toxic, highly reactive compound capable of producing

irreversible cellular injury [3]. Previous research has

suggested that superoxide (O2
+�) is formed after DC

shocks to the heart [2].

We hypothesized that by administering an NOS

inhibitor, L-NNA, the amount of NO available to react

with DC shock-induced superoxide would be less, which

in turn would decrease the generation of toxic O�/

NOO�.
The purpose of this study was to demonstrate

that NO contributes to oxidant injury after DC

shocks and that this damage can be diminished by

administering L-NNA. We used EPR to measure the

ascorbate free radical (Asc+�), a real-time marker of

total oxidative stress [4], and performed immunohisto-

chemical staining to identify the presence of nitrotyr-

osine, a byproduct resulting from the presence of O�/

NOO�.
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2. Methods

2.1. Animal preparation

An open chest canine model was used. Fourteen dogs
were anesthetized with ketamine 5 mg/kg and xylazine 2

mg/kg given intramuscularly. The animals were intu-

bated and mechanically ventilated. Tidal volume, re-

spiratory rate, and FiO2 were adjusted according to

results from frequent blood gas measurements to main-

tain physiologic pH (7.35�/7.45), and pO2�/100 Torr.

Anesthesia was maintained throughout the study with

intermittent doses of intravenous pentobarbital 20 mg/
kg. The left femoral artery and vein were cannulated as

were the left and right internal jugular veins. A Dacron

woven 7 French Gensini catheter was inserted under

fluoroscopic guidance into the coronary sinus. A left

lateral thoracotomy was performed, the pericardium

was incised, and a pericardial sling constructed. A 5

French pigtail catheter was inserted through the femoral

artery sheath for arterial blood sampling. The animal
was given 10,000 units of heparin IV to prevent the

coagulation of blood in the spectrometer and catheter.

2.2. Electron paramagnetic resonance

We used a real-time method for the detection of

Asc+�, as previously described in detail [5] to monitor

Asc+� concentration in eight dogs. Asc+� is a reso-
nance-stabilized tricarbonyl species that is readily

formed from the one-electron oxidation of ascorbate,

AscH�. AscH� is the terminal small molecule antiox-

idant. Nearly every oxidative species in a biological

system bring about the oxidation of AscH�. Thus, the

concentration of Asc+� is an excellent measure of the

total oxidative stress in the animal [4,5]. The following is

a brief review of the method.
A Varian E-4 EPR spectrometer with a TM110 cavity

and an aqueous flat cell were used to measure the

Asc+� signal. The lower end of the flat cell was

connected, via Teflon tubing (OD: 0.5 mm), to a

manifold with multiple ports. The coronary sinus

catheter and the femoral artery catheter were connected

to different ports of the manifold. The upper end of the

flat cell was connected to the femoral vein with a
variable speed infusion pump. The total transit time of

blood from coronary sinus to flat cell was approxi-

mately 5 s.

The EPR instrument settings were as follow: nominal

power, 40 mW; modulation amplitude, 1 G; time

constant, 1 s; and scan rate 1 G/24 s. Asc+� concentra-

tion was proportional to signal amplitude, with 1 mm of

signal height corresponding to 0.073 nmol/l Asc+� in
the blood with our instrument settings. 3-Carboxy

proxyl (Aldrich Chemical Co., Milwaukee, WI) was

used as a concentration standard. One gram of bolus

ascorbic acid, followed by constant infusion of ascorbic

acid, was administered to augment the Asc+� signal,

which is normally weakly detectable in arterial blood

but not detectable in coronary sinus blood. The infusion
rate was adjusted to achieve a steady state in the arterial

and coronary sinus Asc+� signals. The arterial Asc+�

signal was usually about 14 nmol/l; the coronary sinus

Asc+� signal was usually about 8 nmol/l.

2.3. Nitrotyrosine immunohistochemistry

In six additional dogs, myocardium subjected to DC

shocks was evaluated by immunohistochemistry. Three
dogs received L-NNA pre-shock while the other three

dogs received no L-NNA to serve as controls. After the

experiment was completed, the heart was removed and

perfused with a 4% formaldehyde buffer (500 ml). Left

ventricular myocardial biopsies were obtained, cut into

2 mm sections, and post-fixed for 2 h in formaldehyde

buffer. Tissue sections were processed through graded

alcohols to paraffin blocks. Sections (4 mm) were cut
from each block and mounted on Superfrost histology

slides (Fisher Scientific, Pittsburgh, PA). Sections were

deparaffined, rehydrated, and then treated with Antigen

Unmasking Solution (Vector Laboratories, Burlingame,

CA). After washing, sections were blocked with horse

serum for 1 h. Immunohistochemical staining for

nitrotyrosine was performed using a Vectastain ABC-

AP kit (Vector Laboratories, Burlingame, CA). Anti-
nitrotyrosine (Upstate Biotechnology, Inc., Lake Placid,

NY) was used at a dilution of 1:1000 and sections were

incubated overnight at 4 8C. After washing, the slides

were incubated with biotinylated anti-mouse antibody

for 30 min, then washed and incubated for 30 min with

Vectastain ABC-AP reagent. The next day, tissue

sections were rinsed with phosphate-buffered saline

and processed for the demonstration of immunoreactive
protein by treating slides with alkaline phosphatase

substrate solution and counterstaining with nuclear fast

red. The presence of immunoreactive protein was

assessed microscopically by an independent reviewer.

2.4. Protocol

Asc+� was continuously measured from the coronary
sinus blood until a stable signal was obtained. This

varied between animals but was approximately 8 nM.

Sampling was then switched to femoral artery blood

until a stable signal was achieved, approximately 14 nM.

Atropine (0.4 mg, IV) was given immediately prior to

the shock to prevent post-shock atrioventricular block,

bradycardia, and hypotension [6]. Hand-held electrode

paddles were used to cradle the heart, with the pressure
of the paddles against the heart kept as constant as

possible. A commercial defibrillator (Codemaster; Hew-

lett-Packard, Andover, MA) delivered a DC 40 J
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monophasic damped sinusoidal waveform shock. Sam-

pling of the coronary sinus blood continued for 9 min

before switching to the femoral artery for approximately

5 min. Following the return of hemodynamics and
Asc+� signals to baseline, 5 mg/kg of L-NNA was

infused intravenously over 8 min. After the L-NNA

infusion was completed, the above sequence was re-

peated. We have previously shown that repeated shocks

of equal energy generate similar Asc+� rises in the

absence of an intervention [2]; thus, any decline in

Asc+� production after the second shock can be

attributed to the intervention, L-NNA, given before
that shock, not to repeated shocks. Based on the above

observation, we administered both no L-NNA (control)

shocks and L-NNA shocks on the same animal in order

to reduce the animal numbers used and to minimize

inter-animal variation.

ECG and arterial pressures were monitored continu-

ously throughout the study. Ventilator settings were

adjusted to maintain arterial pO2, pCO2, and pH within
a physiological range.

2.5. Statistical analysis

A two-way repeated measures analysis, with treat-

ment (L-NNA or control) and study phase (pre-shock or

post-shock), was used to test for the effect of L-NNA at

each study phase and test for mean change over the

study phase within each treatment. The P-value for the
post hoc pair-wise comparisons of means of L-NNA

versus control at each study phase was adjusted using

Bonferroni’s method to account for the number of tests

performed. Bonferroni adjustment was also applied to

the P -values of the tests comparing the mean responses

between the study phases within each treatment group.

A Bonferroni-adjusted P -value B/0.05 was considered

statistically significant.

3. Results

The hemodynamic data showed that there were no

significant differences in systolic and diastolic arterial

pressures in the no L-NNA condition and L-NNA

condition just prior to the shocks and after the shocks
(no L-NNA pre-shock: 929/6/679/4 mmHg, no L-NNA

post-shock: 999/5/729/4 mmHg; L-NNA pre-shock:

919/9/619/6 mmHg, L-NNA post-shock: 889/6/569/3

mmHg).

Changes in coronary sinus Asc+� concentrations are

summarized in Fig. 1 and Table 1. Since the baseline

Asc+� concentration varied slightly for each shock and

each dog, we show the raw Asc+� data in Table 1 and
the normalized data as percent change in Fig. 1. At

baseline (i.e. before shock), there was no significant

difference between the Asc+� levels before the first

shock (i.e. L-NNA not yet administered) and the second

shock (i.e. L-NNA given). Following a 40 J coronary

sinus shock Asc+� levels began to increase at 1 min

after the no L-NNA shocks but did not rise until 4 min

after the L-NNA shocks. The difference between the no

L-NNA and L-NNA shocks reached significance at 6

min post-shock (P�/0.04). The peak coronary sinus

Asc+� concentration rise was 399/3% from baseline

after the no L-NNA shock, while only a 29/3% rise from

baseline was found in the L-NNA group. While the peak

rise in coronary sinus Asc+� reflects myocardial free

radical flux at a given time point, the total integrated

area under the curve for each group represents the total

myocardial oxidative stress during the post-shock per-

iod. The area under the no L-NNA curve was 333

(arbitrary units) versus 79 (arbitrary units) in the L-

NNA curve, with an overall reduction in total myocar-

dial free radical flux of 76%. These changes in peak and

overall Asc+� concentration are not simply due to

repeated shocks, since we have previously shown that

shocks at the same energy without other interventions

generate equal rises in Asc+� concentration [2]. Thus,

the lower Asc+� rise we observed on the post-L-NNA

shock must be due to the intervention, L-NNA. The

arterial concentrations of Asc+� were similar just prior

to the shocks in the no L-NNA (17.19/0.9 nmol/l) and L-

NNA (15.09/1.2 nmol/l) shocks and showed no sig-

nificant change after the shocks (16.39/1.1 nmol/l versus

14.89/1.0 nmol/l).

Immunohistochemical staining for the presence of

nitrotyrosine, a marker of reactive nitrogen species-

mediated injury, including O�/NOO� was performed in

six dogs. Photomicrographs of the immunohistochem-

istry staining are shown in Fig. 2. Nitrotyrosine staining

was much heavier in the control (no L-NNA) (Fig. 2A)

dogs than the dogs receiving L-NNA (Fig. 2B), suggest-

ing that L-NNA blunted the formation of O�/NOO�.

Fig. 1. Coronary sinus Asc+� concentration increases following a 40 J

DC monophasic damped sinusoidal waveform shock. Dogs that

received L-NNA had a significantly lower rise in coronary sinus

Asc+� levels than no L-NNA dogs.
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4. Discussion

4.1. Major findings

The major findings of this study are as follows: (1) the

NO�/O�/NOO� pathway contributes to free radical

generation from DC shocks; and (2) use of the NOS

inhibitor L-NNA decreases the production of free

radicals following DC shocks.

4.2. Defibrillation injury

Myocardial injury following DC shocks has been well

documented. Doherty et al. [7] showed technetium-99M

pyrophosphate uptake consistent with myocardial injury

following transthoracic shocks. Warner et al. [1] de-

scribed pathologic changes of epicardial necrosis that

began 2�/24 h post-shock and evolved over weeks to

become scar. Microscopically, dehiscence of the inter-

calated disks between myocytes occurs accompanied by

Table 1

Ascorbate free radical data (nM)

Dog number Baseline 1 min 2 min 3 min 4 min 5 min 6 min 7 min 8 min 9 min

No L-NNA (control shocks )

1 6.94 8.32 7.88 7.30 7.01 7.45 9.93 9.05 9.64 9.93

2 7.30 8.18 8.76 9.34 9.05 10.2 10.2 10.1 8.61 9.93

3 5.77 7.59 7.59 7.88 8.47 7.01 7.88 7.88 7.88 8.18

4 7.23 9.49 �/ 9.93 9.34 11.1 10.4 8.47 6.72 7.59

5 6.94 6.86 9.64 9.05 10.5 9.78 10.8 11.4 9.49 8.76

6 9.05 9.05 �/ �/ 12.0 11.4 11.7 11.7 11.4 11.7

7 6.72 6.72 8.32 8.47 9.78 9.05 9.64 8.76 9.93 9.93

8 7.88 6.86 �/ �/ �/ 12.0 9.93 9.64 7.59 6.13

Mean 7.22 7.88 8.44 8.66 9.45 9.75 10.1 9.62 8.91 9.02

S.D. 0.95 1.05 0.80 0.97 1.57 1.81 1.10 1.36 1.50 1.72

L-NNA given before shocks

1 7.37 8.03 6.57 5.55 4.96 6.42 6.72 6.72 6.86 6.42

2 8.83 7.15 8.45 9.64 12.1 10.8 10.5 10.8 10.8 10.2

3 7.59 6.72 6.72 6.72 7.01 6.13 7.59 6.42 8.18 7.74

4 9.13 8.91 8.18 7.59 8.18 7.74 8.18 8.45 7.88 7.88

5 7.01 7.01 6.23 6.42 6.57 6.42 6.42 7.15 7.30 7.01

6 7.52 6.57 8.47 8.47 8.18 8.03 8.47 8.47 7.59 7.59

7 8.40 7.88 7.88 9.05 9.34 9.05 8.76 8.18 8.76 9.05

8 8.54 5.40 7.01 9.93 9.93 9.93 9.05 9.64 8.76 8.18

Mean 8.05 7.21 7.45 7.92 8.29 8.07 8.21 8.23 8.27 8.01

S.D. 0.77 1.07 0.90 1.60 2.21 1.74 1.32 1.49 1.22 1.18

Fig. 2. (A) Representative photomicrograph of myocardium subjected to a 40 J shock without receiving L-NNA and incubated with anti-

nitrotyrosine antibody. Heavy nitrotyrosine staining of the cytoplasm (purple stain) is evident. (B) Representative photomicrograph of myocardium

subjected to a 40 J shock and incubated with anti-nitrotyrosine antibody. This dog received L-NNA prior to the shock. Only minimal nitrotyrosine

staining is present. Compare with (A).
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cellular edema and necrosis. Ultrastructural changes

found immediately post-shock include intracellular

edema, vacuole development, and mitochondrial degen-

eration. Over the next 24 h, glycogen depletion occurs
with progressive mitochondrial damage, disruption of

myofibrils, and dilation of sarcoplasmic reticulum and t-

tubules [8].

Functional cardiac abnormalities after shocks have

also been described including regional contractile ab-

normalities after epicardial shocks, atrioventricular

block, ectopy, supraventricular and ventricular tachy-

cardia, pulseless electrical activity, and refractory ven-
tricular fibrillation [8�/11]. Profound but potentially

reversible myocardial failure after resuscitation from

cardiac arrest has been described by Tang et al. [12] and

Gazmuri et al. [13].

4.3. Mechanisms of defibrillation injury

The mechanisms of defibrillation injury are not well

established. Vanvleet and Tacker [8] proposed that

increased intramyocardial temperature caused by re-

peated shocks might contribute to post-shock injury.

Others have suggested that a transient increase in cell

membrane permeability may occur in the presence of

high-intensity electrical fields. Tovar and Tung [14]
demonstrated a steep increase in membrane conduc-

tance (electroporation). The time course of membrane

recovery was highly variable with different defibrillation

waveforms. Such electroporation could result in cellular

edema, loss of cellular enzymes, and electrolyte fluxes

predisposing to arrhythmia.

Myocardial injury can be induced by free radicals, a

mechanism implicated in ischemia�/reperfusion injury
[15]. Our experiments concerned NO and its reaction

product O�/NOO�. NO is generated from L-arginine by

the enzyme NOS in the presence of nicotinamide-

adenine-dinucleotide phosphate (NADPH) and molecu-

lar oxygen by the following reaction:

.
NO is a relatively stable radical but can combine with

superoxide to produce O�/NOO�. The role of NO and

O�/NOO� has been studied in ischemia�/reperfusion

injury. Several authors have found NO to be deleterious

during reperfusion [16�/20]. Wang and Zweier [21]

observed that NG-nitro-L-arginine methyl ester (L-

NAME) inhibited NO generation by 70�/80% and

doubled the recovery of contractile function in isolated
perfused rat hearts subjected to 30 min of global

ischemia. Zhang et al. [22], in an in vivo closed-chest

canine model of ischemia�/reperfusion, used EPR mea-

surements of coronary sinus ascorbate radicals to show

that L-NNA decreased free radical generation and

nitrotyrosine accumulation, and ameliorated post-reper-

fusion myocardial ‘‘stunning’’.
NO is a compound of multiple biologic activities and

may be a ‘‘double-edged sword’’. On one hand, NO

helps maintain endothelial function, prevents leukocyte

adhesion, vasodilates, regulates coronary blood flow,

and inhibits platelet aggregation, and can even serve as a

chain-breaking antioxidant [23]. This may account for

the beneficial effects of NO that many other investiga-

tors have emphasized [24�/28]. On the other hand, O�/

NOO� resulting from the reaction of NO and O2
+� can

be a cellular toxin inducing lipid peroxidation and

protein damage, and promoting cellular dysfunction

and myocardial stunning. Beckman and Koppenol [3]

have proposed that NO may also be a major pathway

for the generation of hydroxyl radical (HO+), an

oxidizing radical implicated in cellular injury:

O�NOO��HXO�NOOH(peroxynitrousacid)

O�NOOHXHO
+
�

+
NO2

It may be that at physiologic levels NO has important

beneficial effects but at higher concentrations, especially

in a state of increased superoxide production such as

ischemia�/reperfusion, high levels of O�/NOO� are

produced and cellular injury occurs.

Does this occur during defibrillation? Free radicals
have been shown to occur after DC shocks in an energy

dose-dependent manner. A preceding period of ventri-

cular fibrillation is not required [2]. Trouton et al. [29]

found that mitochondrial oxygen consumption de-

creased following DC shocks and suggested that mito-

chondrial dysfunction and free radical generation might

contribute to cellular injury. Trouton et al. [30] further

showed that, at voltage gradients great enough to
produce myocardial necrosis, electrical discharges did

not directly depress mitochondrial function, suggesting

other secondary mechanisms for mitochondrial dysfunc-

tion.

Using an electron paramagnetic spin resonance

method to monitor in real-time the production of free

radicals, Caterine et al. [2] previously demonstrated that

free radicals were generated when epicardial DC coun-
tershocks were delivered to heart and there was a

significant linear relation between the shock energy

and percent free radical increase. The free radicals

generated were similar whether the heart was in

ventricular fibrillation or in sinus rhythm, and repeated

shocks generated similar Asc+� rise after each shock [2],

supporting our conclusion in this study that the blunting

of the Asc+� rise after the L-NNA pretreatment may be
attributed to L-NNA, not simply to a repeated shock. In

addition, Ponderoso et al. [31] demonstrated that NO

caused inhibition of mitochondrial enzyme activity. Xie
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and Wolin [32] showed that blocking NOS limited

reoxygenation-induced inhibition of myocyte mitochon-

drial respiration. Thus, it appears that the NO pathway

is involved in cellular dysfunction and injury.
In this study, we have confirmed our earlier work [2]

showing that DC shocks generate free radicals, and have

extended that work by demonstrating that O�/NOO�, a

toxic oxidant, is produced during defibrillation. Inhibit-

ing NOS with L-NNA prior to delivery of the shock

significantly reduces post-shock NO, O�/NOO�, and

subsequent free radical generation.

5. Limitations

While this study showed decreased free radical gen-

eration following open chest shocks, we do not know if

similar results would be obtained following transthor-

acic shocks. Only a relatively small portion of total

transchest current actually traverses the heart when

transthoracic shocks are given [33]; this may result in
much less myocardial free radical generation.

Only a single L-NNA dose was administered based on

experiments published in the literature; it is not known

whether different doses may have different effects on

free radical and NO/O�/NOO� generation or on

myocardial function.

Our shocks were administered without a preceding

period of ventricular fibrillation. It is not known what
effect L-NNA administration would have after pro-

longed fibrillation and hypoxia, a situation commonly

encountered in clinical cardiac arrests.

L-NNA was given before shocks. It is not known if L-

NNA would provide a similar effect if given post-shock,

a property that would be clinically useful.

Nitrotyrosine, a byproduct of O�/NOO�, was de-

monstrated by immunohistochemistry. The method of
nitrotyrosine immunohistochemistry we employed

shows qualitative differences, but it is not quantitative.

No statistical analysis of nitrotyrosine staining was

performed.

Finally, this study used only monophasic damped sine

wave shocks. It is not known what effect alternative

defibrillation waveforms such as biphasic shocks may

have on free radical generation.

6. Conclusions

Free radicals and related oxidants (O�/NOO�) are

generated by DC shocks and are known to be toxic to

the myocardium. NO contributes to this free radical

production. Pre-shock administration of the NOS
inhibitor L-NNA significantly diminishes the coronary

sinus concentrations of oxidants and nitrating species

post-shock. Whether L-NNA may have a clinical value

utility in ameliorating myocardial dysfunction after

defibrillation will require additional studies.
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