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Abstract
There is a high incidence of cardiac arrest and poorer post-resuscitation outcome in the elderly
population. Cardiac arrest and resuscitation results in ischemia/reperfusion injury associated with
oxidative stress, leading to post-resuscitation mortality and delayed selective neuronal cell loss. In
this study we investigated recovery following cardiac arrest and resuscitation in the aged rat brain.
Male Fischer 344 rats (6, 12 and 24 months old) underwent 7 minute cardiac arrest before
resuscitation. Overall survival and hippocampal neuronal counts were determined at 4 days of
recovery. Brainstem function was assessed by hypoxic ventilatory response (HVR). Mitochondria
of brainstem, cortex and hippocampus were isolated and assessed for respiratory function. Effect of
an antioxidant, alpha-phenyl-tert-butyl-nitrone (PBN) was used as a treatment strategy against
oxidative stress in the 6 and 24-month old rats. The time course of mitochondrial function was
established using 3-month old Wistar rats with 12-minute cardiac arrest. In the 24-month old rats,
overall survival rate, hippocampal CA1 neuronal counts, HVR, and brain mitochondrial respiratory
control ratio were significantly reduced following cardiac arrest and resuscitation compared to the
younger rats, and PBN treatment improved outcome. The data suggest that (i) there was increased
susceptibility to ischemia/reperfusion in aged rat brain; (ii) HVR was decreased in the aged rats; (iii)
brain mitochondrial respiratory function related to coupled oxidation was decreased following
cardiac arrest and resuscitation in rats, more so in the aged; and (iv) treatment with an antioxidant,
such as PBN, reduced the oxidative damage following cardiac arrest and resuscitation.

1. Introduction
Cardiac arrest is a leading cause of death in the United States. About 180-250,000 Americans
die as a result of sudden cardiac arrest every year (Chugh et al., 2004). About 50% of short-
term survivors die in permanent coma and 10% to 30% of long-term survivors suffer permanent
brain damage as a result of global brain ischemia (Safar, 1993). Most of the mortality and
morbidity after initially successful resuscitation can be assigned to the immediate and delayed
effects of reperfusion injury in the central nervous system. With aging, there is an increased
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incidence of cardiac arrest and subsequent death or residual neurologic deficit secondary to
reperfusion injury. Elderly patients (≥ 65 years old) account for 84% of patients with cardiac
arrest and, not surprisingly, have the worst outcomes (Zheng et al., 2001). The age-related
changes in the brain could alter the outcome of diseases, as well as the approach to therapeutic
strategies (Toescu, 2005).

Transient global brain ischemia induced by cardiac arrest and resuscitation results in
reperfusion injury associated with oxidative stress (Vereczki et al., 2006). Despite the increased
understanding of ischemic brain damage, the study of brain ischemia/reperfusion injuries in
aged animals is still lacking. Most of current models of brain ischemia use younger animals.
This might explain why many clinical trials that are designed based on animal models have
failed to identify clinically effective drug-based treatments for stroke. Therefore, it is important
to study cardiac arrest and resuscitation in the elderly animals to further understand the
mechanisms of brain ischemia/reperfusion injuries and to provide information for developing
potential treatment strategies.

We have previously reported that in the young adult rats post-resuscitation mortality is
associated with decreased hypoxic ventilatory response (HVR) (Xu and LaManna, 2009). HVR
reflects brainstem regulation of respiration and thus can be used to assess brainstem function
(LaManna et al., 1996). It remains debated whether there is an age-related change in HVR in
rats (Schlenker and Goldman 1985; Wenninger et al., 2009). Thus it is unknown if cardiac
arrest and resuscitation results in a further impairment in brainstem function that is associated
with decreased HVR in the aged.

The poorer outcome following cardiac arrest and resuscitation in the aged may be due to an
increase in free radical production and a decrease in defense mechanisms that exacerbates
reperfusion injury (Floyd and Carney, 1991). Since mitochondria are both a major source and
target of free radicals, oxidative damage is, therefore, likely to play a role in the decline of
mitochondrial function, especially following an ischemic-reperfusion insult by cardiac arrest
and resuscitation. To test this hypothesis, we measured mitochondrial respiratory function in
brains before and following cardiac arrest and resuscitation. A free radical scavenger, alpha-
phenyl-tert-butyl-nitrone (Phillis and Clough-Helfman, 1990), PBN, was used as a treatment
strategy. PBN has been shown to protect the brain from ischemia / reperfusion insult in both
focal global ischemia models (Cao and Phillis 1994; Folbergrova et al., 1995; Pazos et al.,
1999) by scavenging certain specific highly deleterious free radicals and suppressing overall
oxidative stress (Floyd, 1999).

Aging is associated with increased susceptibility to ischemia/reperfusion injury induced by
cardiac arrest and resuscitation; thus, an antioxidant treatment with an agent such as PBN in
aged rats would result in improved brainstem function and mitochondrial function, as well as,
overall recovery following cardiac arrest and resuscitation. In this study, we investigated the
recovery from cardiac arrest and resuscitation in rats of 3 different age groups (6, 12 and 24
months old). Effect of PBN was also tested in 6 and 24-month old rats. Physiological variables,
overall survival rate and hippocampal CA1 neuronal survival were determined in 4-day
recovery rats. HVR was measured daily to assess brainstem function; mitochondrial oxidative
capacity was assessed by measuring respiratory rates (ADP-stimulated state 3 rates and state
4 rates) from freshly isolated brain mitochondria.

2. Results
2.1. Physiological variables

Physiological variables before and after cardiac arrest (7 minutes) and resuscitation were
determined in Fischer 6, 12 and 24- month old untreated rats and 24-month old PBN-treated
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rats (Table 1). These rats were allowed to survive for 4 days after resuscitation for the
determination of survival rate and hippocampal counts. There were no significant differences
in body weights among any of the experimental groups before cardiac arrest. At the end of 4
days of recovery, body weights in all groups were significantly lower compared to the pre-
arrest baseline values. The 24-month untreated rats had the lowest body weights of all groups,
while the 24-month PBN-treated rats showed similar weights compared to the 6-month
untreated rats. Pre-arrest mean arterial blood pressure (MABP) values were similar among all
groups. The post-resuscitation MABP values in all untreated groups were slightly lower than
the pre-arrest values. However, in the PBN-treated 24-month old rats the MABP completely
returned to the pre-arrest baseline values. The rats regained spontaneous respiration 2 to 6 hours
after resuscitation. The aged rats trended toward a longer time before weaning them off the
ventilator. Blood gases (pH, PaO2 and PaCO2) taken pre-arrest and at 1 hour post-resuscitation
were in the normal range in all groups. At 1 hour post-resuscitation, plasma glucose and lactate
concentrations in all groups were significantly higher than their pre-arrest values; the plasma
lactate value was significantly higher in the 24-month old untreated rats compared to the 6 and
12-month old untreated groups and the 24-month old PBN-treated group.

2.2. Overall survival rate
Overall survival rates over the 4-day period following cardiac arrest (7 minutes) and
resuscitation were determined in Fischer 6, 12 and 24- month old untreated rats and 24-month
old PBN-treated rats (Table 2). The overall survival rates decreased with age in the untreated
rats. There was greater mortality during the first 2 days of recovery in all age groups. The
survival rate in the 24-month old untreated rats was significantly less than that of the 6-month
old group (39% vs. 69%, Wilcoxon survival analysis, p < 0.05). However, with PBN treatment,
overall survival rate was significantly improved (67%) in 24-month old, which was similar to
that of the youngest 6-month old group.

2.3. Hippocampal neuronal counts
The hippocampal neuronal cell counts were determined at 4 days of recovery from 7-min
cardiac arrest in Fischer 6, 12 and 24- month old untreated rats and 24-month old PBN-treated
rats (Fig. 1). The hippocampal neuronal counts in non-arrested rats were similar among all age
groups (116 ± 1, 114 ± 2 and 117 ± 5 for 6, 12 and 24-month old groups, respectively, n = 4
each). Hippocampal neuronal loss occurred at 4 days after resuscitation in all age groups with
greater loss in the 24-month old rats. The hippocampal cell counts were 82 ± 19 (n = 7), 58 ±
17 (n = 4) and 20 ± 6 (n = 5) in the 6, 12 and 24 month old groups, respectively; the 24-month
old group had significantly lower hippocampal CA1 counts than that of the 6-month old rats.
In the 24-month old with PBN treatment, the hippocampal CA1 cell counts (59 ± 21, n = 6)
were significantly higher compared to the untreated rats.

2.4. Hypoxic ventilatory response (HVR)
2.4.1. HVR as a function of age—Brainstem function before cardiac arrest in 6, 12 and
24-month old Fischer rats was assessed by measuring the hypoxic ventilatory response (Fig.
2). The pre-arrest HVR values decrease with age, the pre-arrest HVR in 6, 12 and 24-month
were 3.1 ± 0.5, n = 22; 2.7 ± 0.3, n =13; and 2.3 ± 0.3, n = 31, respectively, and there was
significance between any two age groups (ANOVA, p<0.05).

2.4.2. HVR after cardiac arrest and resuscitation—HVR was measured in the Fischer
6 and 24-month old untreated rats before and during the first 4 days of recovery from 7-min
cardiac arrest. The pre-arrest baseline HVR values in the two age groups were consistent with
values shown in previous figure. After day 1, in both 6 and 24-month old groups HVR values
decreased significantly compared to their pre-arrest values. In addition, the 24-month old rats
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had significantly lower HVR values compared to the 6-month old rats at each time point (Fig.
3).

2.4.3. PBN and HVR after cardiac arrest and resuscitation—The values of HVR (pre-
arrest and post resuscitation from 7-min arrest) were compared in the 4-day survivors in the
untreated and the PBN-treated 24-month old Fischer rats (Fig. 4a). The untreated group and
PBN-treated group had similar HVR values before cardiac arrest. Post-resuscitation HVR
values were significantly higher in the PBN-treated group throughout the 4 recovery days (Fig.
4a). We further compared the normoxic and hypoxic ventilation between these two groups and
as expected, there were no differences in either the normoxic baseline or the hypoxic minute
ventilation before cardiac arrest (Fig. 4b). However, following resuscitation, the normoxic
baseline in the untreated group increased significantly by 44-87% during the first 4 days of
recovery compared to the pre-arrest values, however, the normoxic baseline in the PBN-treated
rats remained unchanged (Fig. 4b). The hypoxia-induced minute volume increase (hypoxic
minute volume minus normoxic minute volume) remained similar in both groups following
resuscitation, as there were no group differences at each time points. Since HVR is calculated
by the ratio of hypoxic minute volume (numerator) to normoxic minute volume (denominator),
therefore, compared to the untreated group, the higher post-resuscitation HVR in the PBN-
treated group was due to the attenuated normoxic baseline minute ventilation rather than the
increased hypoxic response.

2.5. Mitochondrial Respiratory Function
2.5.1. Time course of mitochondrial respiratory function—To establish a time course
of mitochondrial function following cardiac arrest and resuscitation, mitochondrial oxidative
capacity was measured using polarographic analysis in the 3 month old adult Wistar rat before
and at 1, 24 and 48 hours of recovery from 12-min cardiac arrest. Oxygen consumption in the
presence of glutamate/malate, pre-arrest and over 48 hours of recovery following resuscitation
in cortex, brain stem and hippocampus was measured (Fig. 5). Mitochondria isolated from
cortex exhibited slightly higher state 3 rates than mitochondria from brainstem and
hippocampus (316 ± 30, 301 ± 25, and 278 ± 22 nA O/mg/min for cortex, brainstem and
hippocampus, respectively; n = 7 each) with no significant differences among the regions. Over
the 48 hour recovery period the state 3 rates trended higher in all regions following
resuscitation, with no significant changes in any of the three regions (Fig 5a). There were no
differences in the state 4 rates in cortex, brainstem and hippocampus pre-arrest (28 ± 6, 27 ±
5, 28 ± 4 for cortex, brainstem and hippocampus, respectively, n = 7 each, Fig. 5b). Compared
to the pre-arrest values the state 4 rates significantly increased at 1 and 24 hours (59-68% and
39-61%, respectively) following resuscitation in all regions. At 48 hours following
resuscitation, the state 4 rates in all regions returned to pre-arrest baseline values (Fig. 5b).
RCR values were significantly decreased at 1 hour (about 35%) and at 24 hour recovery
(28-37%) in all regions compared to their non-arrested control values (Fig. 5c). The respiratory
control ratios (RCR, state 3/ state 4) before cardiac arrest were similar among regions (11.8 ±
1.9, 11.7 ± 2.6 and 9.7 ± 1.1; cortex, brainstem and hippocampus, respectively). At 48 hours
of recovery, RCR values in all regions were completely recovered to the pre-arrest baseline
values (Fig. 5c). RCR is calculated by the ratio of state 3 to state 4 rates and with the state 3
oxidative rates being similar, the lower respiratory control ratios at 1 and 24 hour recovery
were as a result of an increase in state 4 rates. Lower RCR's with unchanged state 3 and higher
state 4 rates suggest that oxidative phosphorylation was not well coupled. The efficiency of
mitochondria were evaluated by the ADP to oxygen ratios, which showed no regional
differences at any time point or between post-resuscitation values compared to pre-arrest values
(Fig. 5d). In the pre-arrest condition the mitochondrial protein yield (MPY, mg protein /g wet
weight) was 6.2 ± 0.5, 5.2 ± 0.5, 7.0 ± 1.4 in the cortex, brainstem and hippocampus,
respectively, and remained unchanged following cardiac arrest and resuscitation.
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2.5.2. PBN and mitochondrial respiratory function in the 6 and 24-month old rats
—To determine the effects of PBN treatment, the mitochondrial respiratory function was
measured in three regions (cortex, brainstem and hippocampus) in 6 and 24 month old Fischer
rats before and 1 hour after resuscitation from 7-min cardiac arrest (Table 3). The 1 hour post-
resuscitation time point was chosen because in our model the greatest changes in mitochondrial
function occurs in the early stage post resuscitation, as shown by the higher state 4 oxidative
rates and thus lower RCR values (Fig. 5b and c). There were age differences between 6 and
24 month old with respect to the mitochondrial protein yields. The MPY was significantly
lower in the 24-month old rats compared to the 6-month old group in all regions (Table 3).
Among the three regions, the highest yield was observed in hippocampus and lowest yield was
in brainstem. Following cardiac arrest and resuscitation the MPY were similar to the pre-arrest
values.

There were no significant age-related changes in the 24 month old rats in state 3 and state 4
before arrest (Table 3). As with the younger rats, the state 3 rates did not change following
cardiac arrest and resuscitation in both age groups (6 and 24 month). Compared to the pre-
arrest control values, the state 4 rates significantly increased in all regions in the untreated
groups. Post-resuscitation the state 3 rates trended lower and the state 4 rates trended higher
in the aged, 24 month compared to 6 month. There was no age-related on RCR before cardiac
arrest, however, RCR values were significantly lower at 1 h recovery compared to the pre-
arrested values in both age groups, with a greater decrease in the 24-month (Fig 6).

In the PBN-treated rats the RCR rates improved (to the pre-arrest values) in both age groups
(Fig 6). This is most likely as a result of the lower state 4 rates observed with PBN treatment
(Table 3). There appeared to be an age-related effect (pre-arrest) with mitochondrial efficiency,
as the ADP/O values were lower in the 24-month old compared to the 6-month in all regions.

3. Discussion
In this study, post-resuscitation outcome was established in 6, 12 and 24 months old rats with
7 minute cardiac arrest. The major aim of this study was to determine brain recovery in the
aged rat following cardiac arrest and resuscitation. In our 3-month old adult rat model of cardiac
arrest resuscitation we have demonstrated a mortality of 50% at day four of recovery with the
12-minute cardiac arrest ischemia time (Xu et al., 2006; Xu and LaManna 2009). To match a
mortality of 50% in the 24-month old rat, as in the 3-month rat, we shortened the ischemia time
to 7 minutes, as the 12-minute cardiac arrest time resulted in no survivors. Our data have shown
that overall survival rate and hippocampal CA1 neuronal survival, hypoxic ventilatory response
and mitochondrial respiratory function (RCR) were significantly decreased in the 24-month
old rats and with PBN treatment, the post-resuscitation recovery was improved. Our findings
are consistent with the survival data in gerbils (3-4 months versus 18 months) following
transient cerebral ischemia (Floyd and Carney, 1991). The increase in mortality and
hippocampal CA1 neuronal death in the 24 month old aged group is likely due to increased
vulnerability to ischemia/reperfusion injury with aging.

The hypoxic ventilatory response (HVR) is mediated by the peripheral chemoreflex, a reflex
arc from the carotid body sensor to brainstem, then to the respiratory muscle effectors such as
diaphragm. Ventilatory response to hypoxia is primarily modulated in brainstem (e.g. nucleus
tractus solitatius in medulla oblongata) (Finley and Katz 1992; Koshiya and Guyenet 1996;
Bianchi et al., 1995). Impairment of brainstem function may result in altered HVR. In a previous
study we used the HVR to assess brainstem function and reported that decreased HVR was
associated with greater long-term mortality (Xu and LaManna, 2009). Nevertheless, a possible
cortical contribution to the HVR differences cannot be ruled out. In this study we found that
HVR significantly decreased with aged. A further decrease was observed after cardiac arrest
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and resuscitation in the aged. These results suggest that the impairment of brainstem function
with respect to respiratory regulation was exacerbated in the aged, which may contribute to
the increased mortality and morbidity following cardiac arrest and resuscitation.

Evidence has shown an age-related alteration in energy metabolism and mitochondrial function
(Roberts, Jr. and Chih 1995; Sastre et al., 2003). The brain requires a continuous delivery of
oxygen to maintain normal function, making it particularly vulnerable to oxidative stress
resulting from ischemia/reperfusion (Nita et al., 2001). Increased production of reactive oxygen
species may also contribute to the greater vulnerability of aged brain to ischemia/reperfusion
damage, as the defense systems are known to be limited. Mitochondria are major sites of free
radical production, as well as targets for free radicals. Mitochondrial respiration in rat brain
has been reported to be reduced during both ischemia and reperfusion in a focal ischemia model
(Anderson and Sims, 1999), there has been show regional difference in recovery of
mitochondrial function following transient ischemia (Sims, 1991). In the present study
mitochondrial respiratory function was measured in rats pre- and post-cardiac arrest and
resuscitation to determine if the aged brain is more susceptible to oxidative stress. The
mitochondria were isolated from whole homogenate of cortex, hipppcampus and brainstem
(portion of medulla obligata), respectively. There were no age-related differences in
mitochondrial function before cardiac arrest. There were no significant changes in state 3
respiration following cardiac arrest and resuscitation irrespective of age. However, state 4 rates
increased post resuscitation in all ages. In the 24 month old compared to the 6 month, during
the early recovery phase (1 h post-resuscitation), a greater decrease in RCR was observed. This
decrease in RCR was as a result of increased state 4 rather than decreased state 3 rates. This
response also appeared to be age related, as the decrease in RCR was significantly lower in the
24 month old compared to the 6 month. Thus, these data suggest that ischemic reperfusion
injury acutely affects mitochondrial oxidative function through uncoupling and that the aged
are more susceptible to oxidative stress following cardiac arrest and resuscitation. With PBN
treatment brain mitochondrial function was improved in the aged rats following cardiac arrest
and resuscitation; this was also observed in the 6 month old. In addition, the overall survival
rates, hippocampal CA1 neuronal survival, as well as, hypoxic ventilatory response were
improved with PBN treatment. 4-hydroxy-2-nonenal (HNE), a major reactive product of lipid
peroxidation, is considered to be cytotoxic and can be used as a marker of oxidative stress
(Hall et al., 1993). HNE reacts with proteins leading to enzyme inactivation and subsequence
cellular dysfunction (Humphries and Szweda, 1998; Lucas and Szweda, 1998). Levels of 4-
hydroxy-2-nonenal (HNE) modified protein adducts, was found to be elevated in freshly
isolated brain mitochondria of after cardiac arrest and resuscitation in both 6 and 24-month-
old rats. However, the increase of HNE production was more evident in the aged group and
was reduced in the PBN- treated group (Xu et al., 2008).

In conclusion, mortality and morbidity following cardiac arrest and resuscitation was increased
in the aged rat. Treatment with the antioxidant PBN improved the outcome following cardiac
arrest and resuscitation in both age groups, suggesting increased susceptibility to oxidative
stress in the aged. The decrease in brainstem response and greater mitochondrial uncoupling
support these findings and point to the protective properties of antioxidants as a therapeutic
approach.

4. Experimental procedures
4.1. Animal preparation

The experimental protocol employed by this study was approved by the Institutional Animal
Care and Use Committee (IACUC) at Case Western Reserve University. Male Fischer 344 rats
(aged 6, 12 and 24 months) were purchased from the National Institute of Aging These animals
were used for studying aging effects in rat model of cardiac arrest and resuscitation. In another
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set of experiment, male Wistar rats (aged 3 months, Charles River) were used for studying the
time courses of mitochondrial respiratory function following cardiac arrest and resuscitation.
Rats were allowed to acclimate in the animal facility at Case Western Reserve University for
one week before being utilized. Surgical procedures were as follows (Xu and LaManna,
2009): anesthesia was induced by isoflurane (2.5% isoflurane in medical air) and maintained
with 1-2% isoflurane through a nasal cone. Cannulae were placed in: (i) Ventral tail artery
using polyethylene tubing (PE-50, 0.023” i.d., 0.038” o.d.) for the purpose of monitoring of
arterial blood pressure and collecting samples. (ii) External jugular vein into the right atrium
using a Silastic catheter (0.025” i.d., 0.047” o.d.) for administration of drug. The rats were
allowed to recover for at least 1 hour after surgery while restrained in plastic cages. The body
temperature was maintained at 37°C by an infrared heat lamp (250W, 45 cm above the body)
regulated by feedback from a rectal probe during the surgery and the following experiment.

4.2. Induction of transient global brain ischemia in rat
Transient global brain ischemia was achieved using a rat model of cardiac arrest and
resuscitation as described previously (Xu et al., 2006; Xu and LaManna 2009). In brief, for the
adult Wistar rats (3-month old), cardiac arrest was induced in the conscious rat by rapid
sequential intra-atrial injection of d-tubocurare (0.3mg) and ice-cold KCl solution (0.5M; 0.12
ml/100g of body weight). Resuscitation was initiated 7 min after arrest. The animal was
intubated orotreacheally with a 14-gauge catheter attached to a rodent ventilator (100% O2;
tidal volume: 10 ml/kg; respiratory rate: 80 breaths / min). Simultaneous chest compressions
and the infusion of normal saline (0.5 ml/min) were given until a spontaneous heartbeat
returned. Epinephrine (4-10 μg) was given to establish a mean blood pressure greater than 80%
of the pre-arrest value, at which point the animal was considered to be resuscitated. Ventilation
was then adjusted to 20-30% O2 in air, depending on the normal range of blood gas, until
spontaneous respiration was regained. Non-arrested rats went through the same surgical
procedures except cardiac arrest. The arterial and venous catheters were removed and the
corresponding vessels were ligated about 3 hours after resuscitation prior to weaning of
artificial ventilation. Rats were sacrificed at 1, 24 and 48 hours after resuscitation with non-
arrested controls for brain mitochondria isolation. For the aging study (Fischer 344 rats, 6, 12
and 24 months old), procedures were slightly modified for the purpose of achieving
approximately 50 % 4-day survival rate in the 24-month old rats. Resuscitation was initiated
5 min after arrest and the total ischemia time were shortened to 7 min. For the PBN-treated
rats, PBN (100 mg/kg) was infused intravenously immediately after resuscitation for 60 min.
The untreated rats were given normal saline for same period of time. For overall survival and
hippocampal neuronal survival determinations, rats were allowed to survive for 4 days after
resuscitation. For mitochondrial study, the untreated rats and PBN-treated rats were sacrificed
at 1 hour post-resuscitation with non-arrested controls.

4.3. Measurement of Hypoxic Ventilatory Response (HVR)
Hypoxic ventilatory response was measured in rats before and daily after resuscitation for 4
days using a plethysmograph system (Buxco Electronics, Troy, NY), as described previously
(Xu and LaManna 2009). In brief, conscious, unrestrained rats were placed individually in a
pre-calibrated 3 L barometric chamber and continuously ventilated with humidified room air
humidified room air or gas mixtures passing through the chamber at a rate of 2 L/min. The
room air and 10% O2 in nitrogen were ventilated for 10 min each to determine the normoxic
baseline and hypoxic ventilation, respectively. Tidal volume, breath frequency, and minute
volume were computed and stored for subsequent analysis. HVR was represented as ratio of
hypoxic minute volume vs. normoxic minute volume baseline; minute volume = tidal volume
× frequency.
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4.4. Hippocampal neuron counts
Rats surviving 4 days and non-arrested controls were deeply anesthetized with isoflurane,
perfused through the heart with about 200 ml 0.1 M PBS, and perfusion fixed with 4%
paraformaldehyde in 0.1 M PBS (pH 7.4). The brains were removed and embedded with
paraffin and sectioned on a microtome. Neuronal cell counts were made from H & E stained
5 μm coronal sections through anterior hippocampus. At the level of atlas plate 30 (Palkovits
M and Brownstein MJ, 1988) the entire length of the pyramidal cell layer in the hippocampus
was viewed under a high-power light microscope (magnification, 400x). Neurons with rounded
cell bodies and clearly visible nucleoli were considered to have survived. The number of
neurons surviving was evaluated in CA1 region of hippocampus (Xu et al., 2006).

4.5. Isolation of brain mitochondria
Brain mitochondria were isolated using a method previously described with slight
modifications (Lesnefsky and Hoppel, 2006). Rats were deeply anesthetized with isoflurane
and decapitated. The brains were quickly removed; the brainstem (portion of medulla obligate),
cortex, and hippocampus were dissected. Brain tissue of each region was rinsed in ice-cold
isolation buffer (200 mM Mannitol, 70 mM Sucrose, and 5.0 mM MOPS, pH 7.4) and blotted
dry, freed of visible blood vessels, then weighed and minced thoroughly. The approximate
weight of brainstem, cortex, and hippocampus were 0.3, 0.8 and 0.1g, respectively. The tissue
was suspended in isolation buffer (10 ml / g tissue) containing defatted bovine albumin (BSA,
0.2%) and EDTA (0.2 mM) and then treated with the protease Subtilisin A (5 mg/g tissue), for
30 second with light shaking. The suspension was then homogenized with a Teflon pestle (4-6
strokes) and the homogenate was centrifuged at 4 °C. The resulting mitochondrial pellet was
washed twice with isolation buffer, centrifuged and resuspended. The final protein
concentration of brainstem, cortex, and hippocampus were approximately 10, 25 and 7 mg/ml,
respectively.

4.6. Measurement of Mitochondrial Respiratory Rates
Oxidative rates were assessed by measuring oxygen consumption using a polarographic system
consisting of a Clark-type electrode in the presence of the substrates glutamate plus malate
(Kerner et al., 2001). The NADH-linked oxidative rates (state 3: ADP-stimulated; state 4:
resting state, ADP-limited) were then calculated (natom oxygen/min/mg protein). The
respiratory control ratio (RCR) was determined by equation: RCR = state 3 / state 4. ADP-to-
oxygen (ADP/O) ratios (nmol ADP per nanoatom O) were calculated as previously described
(Kerner et al., 2001).

4.7. Statistical Methods
All values were presented as mean ± SD. Statistical analyses were performed using SPSS v13.0
for Windows. Group comparisons were made by one-way analysis of variance (ANOVA) using
Tukey's statistic. The comparison between any two groups was analyzed with a t-test for paired
sample, two-tailed. The survival analysis was performed using a Wilcoxon (Gehan) survival
analysis. Significance was considered at the level of p < 0.05.
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Fig.1.
Hippocampal CA1 neuronal counts 4 days after cardiac arrest and resuscitation, in 6, 12 and
24-month old untreated groups and 24-month old PBN treated group. Values are means ± SD;
* indicates significant difference (ANOVA, p < 0.05) from the non-arrested group in the same
age group, ‡ indicates significant difference (ANOVA, p < 0.05) from the 6-month old
untreated group; indicates significant difference (ANOVA, p < 0.05) between the untreated
and the PBN-treated 24-month old groups.
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Fig.2.
Pre-arrest values of hypoxic ventilatory response (HVR) in 6, 12, and 24-month old rats. HVR
is represented by ratio of minute volume, hypoxic (10% oxygen) vs. normoxic baseline. Values
are means ± SD, n = 22, 13, and 31 for 6, 12 and 24 month-old rats, respectively. * indicates
significant difference (ANOVA, p < 0.05) between the two groups.
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Fig.3.
Hypoxic ventilatory response (HVR) in 6 and 24-month old untreated rats before and following
cardiac arrest and resuscitation. HVR is represented by ratio of minute volume, hypoxic (10%
oxygen) vs. normoxic baseline. Values are means ± SD, number on the bar indicates number
of rats survived at each time point. * indicates significant difference (t-test, p < 0.05) from the
pre-arrest value (Pre) in the same age, ‡ indicates significant difference (t-test, p < 0.05) from
the 6-month old untreated group.
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Fig.4.
Hypoxic ventilatory response (HVR) and minute volume in 24-month old rats before and
following cardiac arrest and resuscitation. (a): HVR, represented by ratio of minute volume,
hypoxic (10% oxygen) vs. normoxic baseline. Values are means ± SD; n = 5 each. * indicates
significant difference (t-test, p < 0.05) from the pre-arrest values (Pre). § indicates significant
difference (t-test, p < 0.05) between the untreated and PBN-treated groups. (b): Minute volume,
values are means ± SD; n = 5 each. The normoxic baseline is indicated by light gray bar with
negative error bar. The increase of minute volume (hypoxic minute volume - normoxic minute
volume) is indicated by dark gray bar with positive error bar.
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Fig. 5.
Mitochondrial respiratory function in cortex, brainstem, and hippocampus before and
following cardiac arrest and resuscitation, measured polarographically, in the presence of
glutamate + malate. Values are mean ± SD. Pre: non-arrested control values, n = 7 for each
regions; 1, 24 and 48 h recovery time points: n = 5 for each region. (a) ADP-stimulated state
3 respiratory rates and (b) State 4 respiratory rates, expressed as nA O/mg/min; (c) Respiratory
control ratio (RCR); (d): ADP to oxygen ration (ADP: O). * indicates significant difference
(ANOVA, p < 0.05) compared to the pre-arrest baseline values of respective region.
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Fig. 6.
Respiratory control ratio (RCR) in cortex, brainstem and hippocampus of 6 and 24-month old
rats, before (non-arrested) and 1 h post-resuscitation (Untreated or PBN-treated). Values are
mean ± SD, number of each group is indicated in Table 3. * indicates significant difference (t-
test, p<0.05) from the non-arrested values, ‡ indicates significant difference (t-test, p < 0.05)
between 6 and 24 month old groups, § indicates significant difference (t-test, p < 0.05) between
the untreated group and the PBN-treated group.
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Table 1

Physiological variables of the long-term recovery rats

Untreated groups PBN-treated

Variable 6 month (n = 13) 12 month (n = 9) 24 month (n = 13) 24 month (n = 9)

Body weight (g)

    Pre 391 ± 26 399 ± 46 397 ± 22 398 ± 40

    4 d 362 ± 14 (n = 9)* 348 ± 54 (n = 5)* 327 ± 10 (n = 5)*‡ 352 ± 33 (n = 6)*

MABP (mmHg)

    Pre 111 ± 12 114 ± 8 113 ± 6 118 ± 4

    1 hr 102 ± 17 105 ± 11 104 ± 19 119 ± 7

Arterial pH (unit)

    Pre 7.42 ± 0.03 7.41 ± 0.03 7.43 ± 0.01 7.44 ± 0.04

    1 hr 7.43 ± 0.08 7.38 ± 0.07 7.44 ± 0.03 7.41 ± 0.06

PaO2 (mmHg)

    Pre 91 ± 11 91 ± 5 91 ± 15 96 ± 20

    1 hr 100 ± 14 97 ± 16 96 ± 12 96 ± 11

PaCO2 (mmHg)

    Pre 43 ± 4 42 ± 2 43 ± 4 40 ± 3

    1 hr 36 ± 4* 37 ± 3* 36 ± 3* 38 ± 6

Hematocrit (%)

    Pre 47 ± 3 49 ± 1 48 ± 4 48 ± 2

    1 hr 47 ± 3 49 ± 1 49 ± 3 48 ± 3

Glucoseplasma (mM)

    Pre 7.7 ± 0.8 7.5 ± 1.1 7.9 ± 1.9 7.8 ± 1.6

    1 hr 9.1 ± 1.5* 9.9 ± 2.6* 9.6 ± 2.9* 9.2 ± 1.5*

Lactateplasma (mM)

    Pre 1.6 ± 0.5 1.7 ± 0.3 1.5 ± 0.4 1.6 ± 0.6

    1 hr 2.8 ± 0.9* 2.8 ± 0.7* 4.4 ± 1.4*‡ 2.5 ± 0.7*§

Values are mean ± SD

*
indicates significant difference (t-test, p < 0.05) from the pre-arrest value in the same experimental group.

‡
indicates significant difference (ANOVA, p < 0.05) from the 6 -month old untreated group

§
indicates significance (t-test, p < 0.05) between the untreated and PBN-treated 24 -month old groups.

Brain Res. Author manuscript; available in PMC 2011 April 30.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Xu et al. Page 18

Ta
bl

e 
2

Su
rv

iv
al

 ra
te

s (
4 

da
ys

) a
fte

r c
ar

di
ac

 a
rr

es
t a

nd
 re

su
sc

ita
tio

n

A
ge

 (m
on

th
s)

T
re

at
m

en
t

N
um

be
r 

of
 d

ea
th

s
Su

rv
iv

al
 r

at
e

< 
1 

d
1-

2 
d

2-
3 

d
3-

4 
d

4d
/to

ta
l

6
U

nt
re

at
ed

0
1

1
2

69
%

 (9
/1

3)

12
U

nt
re

at
ed

2
1

1
0

56
%

 (5
/9

)

24
U

nt
re

at
ed

1
5

2
0

39
%

 (5
/1

3)
*

24
PB

N
-tr

ea
te

d
0

0
0

3
67

%
 (6

/9
)§

* in
di

ca
te

s s
ig

ni
fic

an
t d

iff
er

en
ce

 fr
om

 th
e 

6-
m

on
th

 o
ld

 u
nt

re
at

ed
 g

ro
up

, W
ilc

ox
on

 su
rv

iv
al

 a
na

ly
si

s, 
p 

< 
0.

05
.

§ in
di

ca
te

s s
ig

ni
fic

an
t d

iff
er

en
ce

 b
et

w
ee

n 
th

e 
un

tre
at

ed
 a

nd
 P

B
N

-tr
ea

te
d 

24
-m

on
th

 o
ld

 g
ro

up
s, 

W
ilc

ox
on

 su
rv

iv
al

 a
na

ly
si

s, 
p 

< 
0.

05
.

Brain Res. Author manuscript; available in PMC 2011 April 30.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Xu et al. Page 19

Ta
bl

e 
3

M
ito

ch
on

dr
ia

l r
es

pi
ra

to
ry

 fu
nc

tio
n 

in
 is

ol
at

ed
 b

ra
in

 m
ito

ch
on

dr
ia

 o
f 6

 a
nd

 2
4-

m
on

th
 o

ld
 ra

ts

R
eg

io
n

A
ge

 (m
os

)
C

on
di

tio
n

n
M

PY
St

at
e 

3
St

at
e 

4
A

D
P/

O

C
or

te
x

6

N
on

-a
rr

es
te

d
8

5.
9 

± 
0.

4
31

6 
± 

38
30

 ±
 3

2.
6 

± 
0.

6

U
nt

re
at

ed
 1

h
7

5.
7 

± 
0.

3
31

5 
± 

31
40

 ±
 5

*
2.

5 
± 

0.
8

PB
N

 1
h

7
6.

0 
± 

0.
5

30
7 

± 
29

33
 ±

 3
§

2.
8 

± 
0.

8

 

24

N
on

-a
rr

es
te

d
10

4.
5 

± 
0.

8‡
30

7 
± 

12
30

 ±
 3

2.
1 

± 
0.

3

U
nt

re
at

ed
 1

h
10

4.
4 

± 
0.

8‡
29

6 
± 

43
43

 ±
 5

*
2.

4 
± 

0.
7

PB
N

 1
h

8
4.

6 
± 

0.
4‡

30
1 

± 
53

33
 ±

 9
§

2.
5 

± 
0.

6*

 

B
ra

in
st

em

6

N
on

-a
rr

es
te

d
8

5.
0 

± 
0.

8
29

4±
 2

2
32

 ±
 6

2.
6 

± 
0.

6

U
nt

re
at

ed
 1

h
8

5.
0 

± 
0.

8
29

9 
± 

44
44

 ±
 7

*
2.

6 
± 

0.
6

PB
N

 1
h

6
5.

1 
± 

0.
4

30
7 

± 
55

33
 ±

 3
§

2.
6 

± 
0.

3

 

24

N
on

-a
rr

es
te

d
11

3.
9 

± 
0.

8‡
28

5 
± 

28
32

 ±
 7

2.
2 

± 
0.

2‡

U
nt

re
at

ed
 1

h
10

4.
0 

± 
0.

9‡
28

7 
± 

45
48

 ±
 1

1*
2.

3 
± 

0.
3

PB
N

 1
h

7
3.

9 
± 

0.
6‡

28
8 

± 
51

33
 ±

 6
§

2.
4 

± 
0.

4

 

H
ip

po
ca

m
pu

s

6

N
on

-a
rr

es
te

d
5

7.
2 

± 
0.

8
26

3 
± 

48
36

 ±
 6

2.
4 

± 
0.

3

U
nt

re
at

ed
 1

h
4

6.
9 

± 
0.

6
26

3 
± 

38
49

 ±
 7

*
2.

4 
± 

0.
1

PB
N

 1
h

6
7.

2 
± 

0.
6

26
2 

± 
36

37
 ±

 9
§

2.
3 

± 
0.

4

 

24

N
on

-a
rr

es
te

d
6

5.
4 

± 
0.

6‡
26

4 
± 

38
35

 ±
 7

1.
8 

± 
0.

2‡

U
nt

re
at

ed
 1

h
5

5.
2 

± 
0.

4‡
25

7 
± 

53
51

 ±
 1

0*
2.

3 
± 

0.
4

PB
N

 1
h

6
5.

5 
± 

0.
5‡

27
7 

± 
35

39
 ±

 2
§

2.
2 

± 
0.

2*

V
al

ue
s a

re
 m

ea
n 

± 
SD

. M
PY

: m
ito

ch
on

dr
ia

l p
ro

te
in

 y
ie

ld
, m

g/
g 

w
et

 w
ei

gh
t. 

R
es

pi
ra

to
ry

 ra
te

s (
st

at
e 

3 
an

d 
st

at
e 

4)
 a

re
 e

xp
re

ss
ed

 a
s n

A
 O

/m
g/

m
in

; A
D

P/
O

, A
D

P-
to

-o
xy

ge
n 

ra
tio

.

* in
di

ca
te

s s
ig

ni
fic

an
t d

iff
er

en
ce

 fr
om

 th
e 

pr
e-

ar
re

st
 v

al
ue

 in
 th

e 
sa

m
e 

ag
e 

gr
ou

p

Brain Res. Author manuscript; available in PMC 2011 April 30.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Xu et al. Page 20
‡ in

di
ca

te
s s

ig
ni

fic
an

t d
iff

er
en

ce
 (A

N
O

V
A

, p
 <

 0
.0

5)
 fr

om
 th

e 
6-

m
on

th
 o

ld
 ra

ts
 w

ith
 sa

m
e 

co
nd

iti
on

§ in
di

ca
te

s s
ig

ni
fic

an
t d

iff
er

en
ce

 (A
N

O
V

A
, p

 <
 0

.0
5)

 b
et

w
ee

n 
th

e 
un

tre
at

ed
 a

nd
 P

B
N

-tr
ea

te
d 

gr
ou

ps
 w

ith
 sa

m
e 

ag
e.

Brain Res. Author manuscript; available in PMC 2011 April 30.


