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Abstract
Background—Pediatric sudden cardiac arrest (CA) is an unfortunate and devastating condition,
often leading to poor neurologic outcomes. However, little experimental data on the
pathophysiology of pediatric CA is currently available due to the scarcity of animal models.

New Method—We developed a novel experimental model of pediatric cardiac arrest and
cardiopulmonary resuscitation (CA/CPR) using postnatal day 20–25 mice. Adult (8–12 weeks)
and pediatric (P20–25) mice were subjected to 6 min CA/CPR. Hippocampal CA1 and striatal
neuronal injury were quantified 3 days after resuscitation by hematoxylin and eosin (H&E) and
Fluoro-Jade B staining, respectively.

Results—Pediatric mice exhibited less neuronal injury in both CA1 hippocampal and striatal
neurons compared to adult mice. Increasing ischemia time to 8 min CA/CPR resulted in an
increase in hippocampal injury in pediatric mice, resulting in similar damage in adult and pediatric
brains. In contrast, striatal injury in the pediatric brain following 6 or 8 min CA/CPR remained
extremely low. As observed in adult mice, cardiac arrest causes delayed neuronal death in
pediatric mice, with hippocampal CA1 neuronal damage maturing at 72 hours after insult. Finally,
mild therapeutic hypothermia reduced hippocampal CA1 neuronal injury after pediatric CA/CPR.

Comparison with Existing Method—This is the first report of a cardiac arrest and CPR
model of global cerebral ischemia in mice

Conclusions—Therefore, the mouse pediatric CA/CPR model we developed is unique and will
provide an important new tool to the research community for the study of pediatric brain injury.

© 2013 Elsevier B.V. All rights reserved.

Corresponding Author: Richard J. Traystman, PhD, Vice Chancellor for Research, University of Colorado Denver, Anschutz
Medical Campus, 13001 E. 17th P1, Building 500 Stop F520, Aurora, CO 80045, Richard.traystman@ucdenver.edu, Telephone:
(303)724-8155, Fax: (303)724-8154.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Neurosci Methods. Author manuscript; available in PMC 2015 January 30.

Published in final edited form as:
J Neurosci Methods. 2014 January 30; 222: 34–41. doi:10.1016/j.jneumeth.2013.10.015.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
Pediatric; Juvenile; Cardiac Arrest; Global cerebral ischemia; hypothermia

1. Introduction
Cardiac arrest (CA) is an important cause of morbidity and mortality in both the adult and
juvenile populations (Knudson et al., 2012; Roger et al., 2012). It is estimated that
approximately 600,000 adults, primarily due to ventricular fibrillation or tachycardia and
16,000 children, primarily resulting from asystolic arrest, suffer sudden cardiac arrest each
year in the United States. A significant amount of research has focused on improving rates
of return of spontaneous circulation (ROSC), leading to increased survival rates. However,
therapeutic options to improve neurologic outcome after ROSC remain limited. To date,
mild therapeutic hypothermia is the only therapy shown to be effective in increasing survival
and decreasing morbidity in adult cardiac arrest patients (The Hypotherrmia after Cardiac
Arrest Study Group 2002; Arrich et al., 2012; Bernard et al., 2002; Choi et al., 2012). There
are no therapies that have been proven effective in improving outcome after pediatric CA,
although a clinical study evaluating the efficacy of therapeutic hypothermia after pediatric
CA is ongoing (THAPCA, NCT00878644). Emerging clinical evidence is emphasizing the
importance of considering the juvenile cardiac arrest population independently, not treating
them as small adults (Hickey and Painter, 2006; Rice and Barone, 2000). However, little
experimental data exists to directly assess differences in brain injury following injury in the
adult versus juvenile. This is due in large part to scarcity of models of this important
juvenile population; therefore we modified our adult mouse CA/CPR model (Kofler et al.,
2004) to examine injury at this developmental stage.

Improved resuscitation techniques and the widespread use of therapeutic hypothermia has
reduced mortality, however the unfortunate consequence of these improvements is the
increased numbers of people suffering from long-term neurological deficits. The majority of
survivors exhibit significant neurological sequelae, including impaired memory and
executive cognitive function (Bunch et al., 2004; Lim et al., 2004; Mateen et al., 2011;
O'Reilly et al., 2003; Peskine et al., 2010). These deficits are thought to be a result of
neuronal cell death in ischemia-sensitive brain regions such as the hippocampus and basal
ganglia (striatum) (Bottiger et al., 1998; Garcia and Anderson, 1989; Kofler et al., 2004).
Injury to these sensitive neuron populations have been extensively studied in adult animal
models, revealing a multitude of mechanisms, including excitotoxicity, oxidative stress,
apoptosis, neuroinflammation, among others (Iadecola and Anrather, 2011; Moskowitz et
al., 2010; Szydlowska and Tymianski, 2010). In contrast, relatively little is known about
pediatric brain responses to global cerebral ischemia. Neonatal hypoxia-ischemia has been
relatively well studied and indicates a possible window of high vulnerability at this
developmental stage (Ikonomidou et al., 1989; Muramatsu et al., 1997; Towfighi et al.,
1997; Yager et al., 1996). However, differences between the experimental models used in
the neonates and adults makes direct comparisons complicated. In contrast, little is known
regarding the relative vulnerability of the juvenile brain to ischemia. A model of asphyxia
juvenile cardiac arrest has recently been developed using rats (Manole et al., 2012; Shoykhet
et al., 2012; Tang et al., 2010; Walson et al., 2011), however to our knowledge there are no
reports directly comparing ischemic vulnerabilities of juvenile and adult animals following
global cerebral ischemia.

This manuscript describes a new model of cardiac arrest in juvenile mice (postnatal day 20–
25) that is directly amenable for age-dependent comparisons. We utilized the new mouse
model of juvenile cardiac arrest and CPR (CA/CPR) to test the hypothesis that young
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(pediatric) animals are more resistant to global cerebral ischemia than adult animals.
Further, the efficacy of mild therapeutic hypothermia was assessed in this new model. Data
presented here demonstrate the development of a reproducible mouse model of juvenile
cardiac arrest that will provide an important new tool to the neuroscience research
community, allowing the use of genetically engineered mice to begin to unravel the complex
molecular interactions contributing to injury in the juvenile brain.

2. Materials and Methods
2.1 Experimental animals

All experimental protocols were approved by the Institutional Animal Care and Use
Committee and conformed to the National Institutes of Health guidelines for the care and
use of animals in research. Male C57Bl/6 20–25 day (P20–25) pediatric and 8–12 week old
adult mice were used for this study. Pediatric mice were weaned and not with dam at time of
experiment. Mice housed in a standard 12 hr light and 12 hr dark cycle and had free access
to food and water.

2.2 Cardiac arrest and cardiopulmonary resuscitation model
Anesthesia was induced with 3% isoflurane and maintained with 1.5–2% isoflurane in
oxygen enriched air (Fraction of Inspired Oxygen (FiO2) 30%) via face mask. Temperature
probes were placed into the left ear canal and rectum. Rectal temperature was controlled at
near 37 °C during surgery with a heating lamp and heating pad. For drug administration, a
PE-10 catheter was inserted into the right internal jugular vein and flushed with heparinized
0.9% saline solution. Animals were endotracheally intubated using an intravenous catheter
(22G for adult mouse, 24G for pediatric mouse), connected to a mouse ventilator (Minivent,
Hugo Sachs Elektronik, March-Hugstetten, Germany) set to a respiratory rate of 150
breaths/min in adult mice and 160 breaths/min in pediatric mice. Needle electrodes were
placed subcutaneously on the chest for electrocardiogram (EKG) monitoring throughout the
experimental procedures. Cardiac arrest was induced by injection of 50 µL (30 µL for
juvenile mice) 0.5M KCl via the jugular catheter, and confirmed by the appearance of
asystole on the electrocardiography monitor and no spontaneous breathing. Animals gasped
for about 30 seconds after injection of KCl, but the EKG remained a flat line. Spontaneous
breathing was not observed during cardiac arrest and a paralytic agent was not required. The
endotracheal tube was disconnected from the ventilator and anesthesia was stopped. Body
warming was ceased one minute before induction of cardiac arrest. During cardiac arrest, the
pericranial temperature was maintained at 37.5 ± 0.2 °C by using a water-filled coil, which
was placed around the animal’s head and heated to around 40.0 °C by running through a
warm water bath. Body temperature was allowed to fall spontaneously during the arrest to
35 °C. CPR was begun 6 or 8 min after induction of cardiac arrest, by slow injection of 0.5–
1.0 ml (0.2–0.5 ml for juvenile mice) of epinephrine (16 µg epinephrine/ml 0.9% saline),
chest compressions at a rate of approximately 300 min−1, and ventilation with 100% oxygen
at a respiratory rate of 200 breaths/min for adult and 210 breaths/min for pediatric mice. As
soon as ROSC was achieved, defined as electrocardiographic activity with visible cardiac
contractions, chest compressions were stopped. If ROSC could not be achieved within 2 min
of CPR, resuscitation was stopped and the animal was excluded from the study.

After ROSC was achieved, pediatric mice which underwent 8 min cardiac arrest were
randomized into 2 groups: normothermic and hypothermic-30 minutes. In animals of the
hypothermic groups, rapid cooling was started by using a water-filled pad placed underneath
the animal which was chilled by running through an ice-water bath. The body temperature
dropped to 32°C quickly and was maintained at 32 ±0.5°C for 30 minutes. Then the animal
was rewarmed by the heating lamp and pad for about 10–15 min until body temperature
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reached 36°C. In animals of the normothermic group, the body was rewarmed to reach 36
°C by using the heating lamp and pad at a rate of 0.3–0.5 °C/min, and maintained around 36
°C for 30 minutes. Body and ear temperature were monitored closely during the experiment.

Five minutes after resuscitation, FiO2 was decreased to 50%. When spontaneous breathing
rate reached 30 breaths/min, respiratory rate was adjusted to reach 150 breaths/min in adults
and 160 breaths/min in pediatrics. In case of insufficient spontaneous breathing, mechanical
ventilation was continued until the animals breathed at least 60 times/min and then the
endotracheal tube was removed. Temperature probes and catheters were removed, and the
skin wounds were closed. The animal was then placed into its home cage for complete
recovery.

2.3 Health Assessment Score
Mice were weighed daily, and a health assessment score was calculated for each mouse
daily for three days after CA/CPR. The graded scoring systems ranged from 0 to 2, 0 to 3, or
0 to 5 depending on the behavior assessed, with 0 indicating no deficit and the upper limit
indicating the most impaired. The behaviors assessed included consciousness (0–3),
interaction (0–2), ability to grab wire top (0–2), motor function (0–5), and activity (0–2)
(Allen et al., 2011; Kosaka et al., 2012). Scores in each category were summated to generate
an overall health assessment score.

2.4 Hematoxylin & Eosin and Fluoro-Jade B Staining
Twenty-four hours, three days or seven days after CA/ CPR, animals were anesthetized with
3% isoflurane and transcardially perfused with 0.9% saline followed by 4%
paraformaldehyde. Brains were removed, post-fixed with paraformaldehyde and embedded
in paraffin. Coronal sections 6 µm thick were serially cut and stained with hematoxylin and
eosin (H&E). The hippocampal CA1 region was analyzed, three levels (100 µm apart),
beginning from −1.5 mm bregma. Nonviable neurons were determined by the presence of
hypereosinophilic cytoplasm and pyknotic nuclei. The percentage of nonviable neurons was
calculated for each brain region (average of 3 levels per region). The investigator was
blinded to treatment before analyzing neuronal damage. For cell density analysis, images
were captured at 400× from each section and number of dead (dark pyknotic nuclei and pink
cytoplasm) and live cells/area were analyzed using ImageJ software.

Fluoro-Jade B staining was performed to specifically analyze the ischemic neurons in the
rostral and caudal caudoputamen. Briefly, 6µ paraffin sections on Superfrost Plus
Microscope Slides were deparaffinized by immersing in three 5 minute changes of xylene
and rehydrated in absolute and 95% alcohol. The slides were then immersed in a solution
containing 1% Sodium hydroxide in 80% alcohol for 5 minutes. Following a 2 minute
immersion in 70% alcohol and a 2 minute rinse in running distilled water, the slides were
placed in a 0.06% solution of Potassium permanganate for 20 minutes. The staining step
followed using a 0.0004% working solution of Fluoro-Jade B (Millipore, USA) in 0.1%
acetic acid. Following 20 minutes of staining the slides were rinsed in running distilled
water for 2 minutes, drained of water and vertically dried on paper towels while being
protected from light. To complete the drying process, the slides were put on a 50°C slide
warmer for 10 minutes. The dried slides were briefly dipped in xylene and coverslipped with
DPX mountant (Electron Microscopy Sciences, Inc., USA). All staining steps were
conducted using agitation and both the preparation of the Fluoro Jade B staining solution
and the staining steps were carried out in dim light to minimize photo bleaching.
Fluorescence images were obtained by a fluorescence microscopy (Leica DM 2000, USA).
The Fluor-Jade B positive cells which indicated ischemic neurons appeared green
fluorescence. Two random high field areas (317 µM × 237 µM at 400× magnification) were
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picked in each caudoputamen (average of 2 levels per region) and the number of Fluoro-
Jade B positive cells per millimeter was determined. The investigator was blinded to
treatment before analyzing neuronal damage.

2.5 Statistical Analysis
All data are presented as mean±SEM. Histological damage and health assessment scores
were compared using 1-way ANOVA followed by Newman–Keuls multiple comparison
test. Survival comparisons were made using a χ2 test. Probability values <0.05 were
considered statistically significant.

3. Results
3.1 Pediatric mice less sensitive to CA/CPR than adult mice

To compare the vulnerability of the adult and pediatric brain to ischemic insult, hippocampal
and striatal damage was analyzed in both age groups. Adult (8–12 weeks) and pediatric
(P20–25) male mice were subjected to 6 min cardiac arrest followed by CPR and neuronal
injury was analyzed 3 days after resuscitation. Immediate asystolic arrest was observed in all
mice after injection of KCl. Body weight was significantly different between adult and
pediatric mice, CPR duration was not different between groups (except when ischemic
duration was altered), epinephrine dose per body weight was higher in pediatric mice
compared to adults and survival was not different between groups (Table 1 & 2). Health
assessment scores were not different among experimental groups, with the exception of the
adult 8 min CA/CPR group which exhibited significantly greater impairment, consistent
with our histology analyses (see below). These experiments revealed an age-dependent
effect on CA1 injury, such that pediatric mice had less injury than adult mice, exhibiting
hippocampal CA1 injury of 21.7 ± 6.8% (n=6) in the pediatric group and 55.4 ± 4.0% (n=8,
p < 0.01) in the adult group (Figure 1). Similarly, striatal injury was greater in adult (191 ±
62 Fluoro-Jade B positive cells/mm2 (n=9) compared to 0.5 ± 0.2 Fluoro-Jade B positive
cells/mm2 (n=6) in pediatric mice (Figure 2).

To further characterize the age-dependent effect of ischemia, we increased ischemic time to
8 min in both age groups and assessed hippocampal CA1 and striatal neuronal injury 3 days
after resuscitation. In contrast to the observation made using 6 min CA/CPR, adult and
pediatric mice exhibited similar ischemic damage, with hippocampal CA1 injury of 44.0 ±
10.1% (n=7) and 47.5 ± 6.6 (n=8,), respectively (Figure 1). Surprisingly, injury in the
striatum was greater in the adult brain (107 ± 50 Fluoro-Jade B positive cells/mm2 (n=6)
compared to 3.6 ± 1.2 Fluoro-Jade B positive cells/mm2 (n=7) in pediatric mice (Figure 2).
The injury of hippocampus and striatum between 6 min and 8 min cardiac arrest in adults
are not different.

3.2 Cardiac arrest causes delayed neuronal death in pediatric mice
To assess the time course of injury in the pediatric mouse brain (P20–25), 8 min CA/CPR
was performed in P20–25 male mice and hippocampal CA1 neuronal injury analyzed 1, 3
and 7 days after resuscitation. As previously observed in adult mice (Kofler et al., 2004;
Kosaka et al., 2012), global cerebral ischemia in this model exhibited selective, delayed cell
death of hippocampal CA1 neurons. Quantification of CA1 neuronal injury at each time-
point following resuscitation from 8 min cardiac arrest was performed using H&E staining.
The results indicate that ischemic damage of hippocampal CA1 neurons increased with
reperfusion time, with a peak at 3 days after CPR (Figure 3). Specifically, hippocampal
neuronal injury increased from 5.6 ± 1.6% (n=4) at 24 hours to 47.5 ± 6.6% (n=8, p<0.01) at
3 days and appears to decline at 7 days after CPR (22.1 ±4.5%; n=8; P <0.05 compared to 3
day injury). To address the apparent decrease in CA1 injury 7 days after resuscitation,
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density of live and dead cells were analyzed at 3 and 7 days, revealing a decrease in the
number of dead cells at 7 days; 1575 ± 292 dead cells/mm2 at three days (n=8) compared to
686 ± 180 dead cells/mm2 at seven days (n=7; P < 0.05). No further reduction in the number
of viable neurons was observed at 7 compared to 3 days; 2367 ± 411 live cells/mm2 at three
days (n=8) compared to 2893 ± 267 live cells/mm2 at seven days. These data demonstrate
the removal of dead neurons between 3 and 7 days, indicating that analysis of neuronal
injury at 3 days is optimal.

3.3 Hypothermia reduces neuronal injury in pediatric mice
Hypothermic therapy is a promising treatment to improve neurological outcome after
ventricular arrhythmia-induced cardiac arrest in adults and neonatal asphyxia. However, the
effect of hypothermia therapy in infants and children with cardiac arrest remains
understudied. In order to test whether therapeutic hypothermia is neuroprotective in our
novel pediatric CA/CPR model, mild hypothermia (32 ± 0.5°C) was administered for 30
minutes after resuscitation and then rewarmed. Three days after CPR, histological analysis
revealed that hippocampal CA1 neuronal damage was reduced following hypothermia
compared to the nomothermic group (Figure 4). Hypothermic group mice (n=6) had 17.7±
2.0% ischemic neuronal injury compared to 47.5 ± 6.6% in the normothemic group (n=8,
p<0.05).

4. Discussion
Our results demonstrated that hippocampal CA1 pyramidal cells are selectively injured in
the novel mouse model of pediatric global cerebral ischemia induced by cardiac arrest, and
time course analysis showed that the neuronal death is matured at 72 hours after insult. Mild
therapeutic hypothermia provided neuroprotection after pediatric CA/CPR. Most
importantly, the hippocampus and striatum of pediatric mice are less susceptible to ischemia
compared to adult mice, however, pediatric hippocampal neuronal damage proportionately
increased with ischemic time. Therefore, our novel pediatric global cerebral ischemic model
is unique and a valuable new tool to investigate mechanisms of injury and repair following
cardiac arrest in the pediatric population.

Delayed neuronal death was first demonstrated by Ito et al in 1975, and further confirmed in
the gerbil hippocampus following ischemia in the rat four-vessel occlusion model (Ito et al.,
1975; Kirino, 1982; Pulsinelli, 1985; Pulsinelli et al., 1982). It is used to describe a
phenomenon that certain neuronal populations are selectively injured and undergo delayed
cell death at 2–3 days after transient cerebral ischemia. The hippocampus, particularly the
CA1 pyramidal neurons, is well known to be susceptible to ischemia. Consistent with the
literature using adult animals, we also observed that hippocampal neuronal death is a slow
process and showed a mature morphologic outcome at 3 days in our pediatric CA/CPR
model. The mechanisms of delayed neuronal death are not well understood, although there
are several proposed mechanisms. For example, glutamate excitotoxicity, prolonged
inhibition of protein synthesis, lipid metabolism and free radicals, apoptosis and
mitochondrial hypothesis (Abe et al., 1995). Little research has focused on cell death
mechanisms in the pediatric population and our new model provides a new tool to begin to
understand the etiology of brain injury in this age group. Histological studies in adults often
demonstrate that most of the CA1 neurons are still present at the 2nd day after insult, begin
to fade at the 4th day, and are completely gone by the 7th day (Abe et al., 1995; Kirino,
1982). However, data presented here demonstrates that injured neurons in the pediatric
mouse brain begin to fade by the 7th day, but that many are still present. The reason for the
apparent discrepancies among previous findings may be due to different ischemic models,
species or age. One commonly used global cerebral ischemia model is bilateral common
carotid artery occlusion or four-vessel occlusion (Kirino, 1982; Pulsinelli and Buchan,
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1988). In contrast, we utilize cardiac arrest to stimulate global cerebral ischemia and indeed
previous data from our laboratory demonstrates that 7–10 days after CA/CPR in adult mice,
a portion of injured CA1 neurons remain (Allen et al., 2011). Regardless, our analysis of the
novel pediatric mouse model of CA/CPR demonstrates delayed neuronal cell death and
indicates that analysis of injury at 3 days post-resuscitation is optimal for future studies into
mechanisms of injury and protection.

Neuronal vulnerability does not only relate to strain and species differences, but also to the
stage of brain development. Brain development begins during early fetal stages and
continues for at least the first decade of human childhood, during which time there is
increased brain plasticity or capacity to be shaped or molded by experience (Johnston, 2004;
Johnston et al., 2001). Similarly, the rodent brain develops during early embryonic stages
and continues for the first few weeks postnatally. It is believed that developing brain
recovers better from ischemia than mature brain, but this remains controversial (Anderson et
al., 2011; Rice and Barone, 2000). Our findings suggest that pediatric mice have better
histological neuronal outcome compared to adult mice. Interestingly, we observe that the
relative ischemic tolerance in the hippocampus is lost when exposed to more severe
ischemia. In contrast, striatal vulnerability to ischemia remains extremely low in the
pediatric brain, even when exposed to severe ischemia. Similarly, pediatric mice exhibited
undetectable injury in the thalamus following 8 min CA, in contrast to small but detectable
injury in the adult (Supplemental Figure 1). The mechanism underlying this unexpected
regional difference is unclear and warrants further study. Glutamate excitotoxicity is
considered an early and important initiator of ischemic neuronal damage (Moskowitz et al.,
2010; Prass and Dirnagl, 1998) and consistent with this the hippocampal CA1 region has
extremely dense excitatory input, but few inhibitory neurons (Monaghan et al., 1983;
Onodera et al., 1987). Brain development studies in mice have observed that hippocampal
neurons and excitatory synapses are rapidly forming during the second and third postnatal
week, continuously maturing until relatively full maturity is reached by around P28 (Mody
et al., 2001). Furthermore, increasing vulnerability has shown to be correlated with
maturation of excitatory synapses and maximal synaptogenesis (Hickey and Painter, 2006).
Hence, it is likely that the reduced ischemic injury observed in our pediatric mice may in
part be explained by the developmental stage of the brain resulting in relatively immature
excitatory synapses. Further, increased ischemic injury observed in our 8 min CA/CPR
group is likely due to excitotoxicity that overwhelms this relative advantage. In addition to
differences in synaptic development, it is possible that age-dependent differences in
sensitivity to high oxygen during resuscitation or brain oxidative stress mechanisms underlie
differential injury observed across the ages studied. Regardless of mechanism, development
of a mouse model of pediatric CA/CPR has allowed direct comparison of ischemic
sensitivity between pediatric and adult mice and provides an important new research tool to
dissect mechanisms of injury and possible new interventions specifically for the pediatric
population.

Extensive basic and clinical research has shown that mild hypothermia improves neurologic
outcome and long-term survival following cardiac arrest (Choi et al., 2012; Safar and
Kochanek, 2002). Moreover, hypothermia therapy is recommended as an effective treatment
for ventricular arrhythmia-induced cardiac arrest in adults and for hypoxic ischemic
encephalopathy in newborns, and also has been added in the guideline by the American
Heart Association for children who remain comatose after resuscitation (Doherty et al.,
2009; Nolan et al., 2003). However, emerging data from this study and others clearly
demonstrates that unique brain features exist during childhood development that likely alter
the etiology of brain injury in the young compared to adult brain. Hence, supportive data for
therapeutic hypothermia treatment after pediatric CA/CPR is still needed. Here, we
demonstrated that inducing hypothermia treatment after resuscitation in our pediatric CA/
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CPR model significantly reduced hippocampal neuronal damage, consistent with recent
studies in the rat (Fink et al., 2005). Although the mechanisms of neuroprotection following
hypothermia remain poorly understood, several studies have hypothesized that reduced brain
temperature may minimize cerebral metabolic demand (Eisenburger et al., 2001).
Additionally, recent studies have demonstrated that hypothermia can mitigate various other
pathological processes after ischemia, i.e. excitotoxicity, apoptosis, free radical production
and neuroinflammation (Bayir et al., 2009; Ceulemans et al., 2010; Polderman, 2009). Our
finding provides pre-clinical data supporting the use of therapeutic hypothermia in children
who suffer cardiac arrest, although further research is necessary to elucidate the mechanism
and long-term effect of hypothermia after pediatric resuscitation.

5. Conclusions
We have developed a novel experimental model of pediatric CA/CPR in mice which mimics
the clinical situation. This new mouse model differs from the reported rat model in the
method of inducing cardiac arrest. The use of KCl to stop the heart in our mouse model has
the advantage of being extremely reproducible regarding ischemic duration, compared to the
age variability inherent in asphyxial cardiac arrest, which introduced the possibility that
juvenile and adult rats would require different durations of anoxia to cause the heart to stop.
Indeed, reports indicate that asphyxial arrest requires 3–4 minutes to cause loss of
circulation in adult rats (Katz et al., 1995) and 60–90 seconds in pediatric rats (Fink et al.,
2004; Shoykhet et al., 2012). This new model will provide an important and clinically
relevant platform for the study of cardiac arrest in the pediatric brain. Our data demonstrates
that cardiac arrest produces global cerebral ischemia and neuronal injury in selectively
vulnerable brain regions in juvenile mice. However, the injured area and degree of injury is
different from the adult brain. Hypothermia as an effective therapy after adult cardiac arrest,
and our data shows that hypothermic neuroprotection is evident in our pediatric CA/CPR
model.
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Highlights

• New mouse model of pediatric cardiac arrest & CPR to study global cerebral
ischemia

• Pediatric brain less sensitive to global ischemia than adult brain

• Pediatric striatum relatively resistant to ischemia

• Mild hypothermia protects pediatric mouse brain from ischemic damage
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Figure 1. Adult hippocampal neuronal damage greater than pediatric
Representative photomicrographs of hippocampal CA1 neurons in adult mice following 6
min cardiac arrest (A) and 8 min cardiac arrest (B) and pediatric mice following 6 min
cardiac arrest (C) and 8 min cardiac arrest (D) and stained with H & E 3 days later. E)
Quantification of ischemic neurons in the CA1 region of the hippocampus 3 days after CA/
CPR, indicating significantly less injured neurons in pediatric mice that underwent 6 min
cardiac arrest. * P < 0.05
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Figure 2. Adult striatal neuronal damage greater than pediatric
Representative fluorescent photomicrographs of striatal neurons in adult mice following 6
min cardiac arrest (A) and 8 min cardiac arrest (B) and pediatric mice following 6 min
cardiac arrest (C) and 8 min cardiac arrest (D) and stained with FluoroJade B 3 days later. E)
Quantification of ischemic neurons in the striatum 3 days after CA/CPR, indicating
significantly less injured neurons in pediatric mice that underwent 6 min cardiac arrest. * P
< 0.05

Deng et al. Page 14

J Neurosci Methods. Author manuscript; available in PMC 2015 January 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Delayed neuronal death of hippocampal CA1 neurons following 8 min cardiac arrest in
pediatric mice
Representative photomicrographs of hippocampal CA1 neurons from 24 hour (A), 3 days
(B) and 7 days (C) after resuscitation and stained with H & E. D) Quantification of ischemic
neurons in CA1 region of hippocampus at different points after CA/CPR. E) Quantification
of density of ischemic and live neurons in the CA1 region of the hippocampus at 3 and 7
days after resuscitation. * P < 0.01 compared with 3 days.
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Figure 4. Mild therapeutic hypothermia significantly reduces CA1 neuronal injury in pediatric
mice
Representative photomicrophraphs of hippocampal CA1 neurons from pediatric mice
exposed to 8 min normothermic cardiac arrest (A) and 8 min cardiac arrest followed by 30
min mild hypothermia (B). C) Quantification of ischemic CA1 neurons 3 days after CA/
CPR, indicating significant reduction in neuronal injury in mice treated with post-arrest
hypothermia. P < 0.05
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Table 2
Body weight, cardiac arrest parameters, survival rate, and general health assessment
among pediatric 24 hours, 3 days and 7 days groups

Postoperative day (POD) refers to day following CA/CPR.

24 hours 3 days 7 days

N 4 8 5

Body weight (BW, g) 9.9±0.2 9.9 ± 0.4 9.8±0.6

Total ischemia time (sec) 597±21 594 ± 7 586±6

Epinephrine (µg/g BW) 0.62±0.02 0.52 ± 0.05 0.56±0.04

Surviving animals (%) 80(4/5) 89(8/9) 100(8/8)

Health Assessment Score

    POD 1 2.0±0.0 2.1 ± 0.3 3.0±0.5

    POD 2 1.4 ± 0.3 1.6±0.3

    POD 3 0.5 ± 0.2 0.9±0.2

BW, body weight.
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