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Abstract

Pediatric cardiac arrest (CA) often leads to poor neurologic outcomes, including deficits in 

learning and memory. The only approved treatment for CA is therapeutic hypothermia, although 

its utility in the pediatric population remains unclear. This study analyzed the effect of mild 

therapeutic hypothermia after CA in juvenile mice on hippocampal neuronal injury and the 

cellular model of learning and memory, termed long-term potentiation (LTP). Juvenile mice were 

subjected to cardiac arrest and cardiopulmonary resuscitation (CA/CPR) followed by 

normothermia (37 °C) and hypothermia (30 °C, 32 °C). Histological injury of hippocampal CA1 

neurons was performed 3 days after resuscitation using hematoxylin and eosin (H&E) staining. 

Field excitatory post-synaptic potentials (fEPSPs) were recorded from acute hippocampal slices 7 

days after CA/CPR to determine LTP. Synaptic function was impaired 7 days after CA/CPR. Mice 

exposed to hypothermia showed equivalent neuroprotection, but exhibited sexually dimorphic 

protection against ischemia-induced impairment of LTP. Hypothermia (32 °C) protects synaptic 

plasticity more effectively in females, with males requiring a deeper level of hypothermia (30 °C) 

for equivalent protection. In conclusion, male and female juvenile mice exhibit equivalent 

neuronal injury following CA/CPR and hypothermia protects both males and females. We made 

the surprising finding that juvenile mice have a sexually dimorphic response to mild therapeutic 

hypothermia protection of synaptic function, where males may need a deeper level of hypothermia 

for equivalent synaptic protection.
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Cardiac arrest (CA) is an important and tragic event that has high morbidity across all ages. 

It is estimated that 600,000 adults and 16,000 children per year suffer CA in the United 

States (Sirbaugh et al., 1999; Michiels et al., 2013), leading to significant global ischemia 

and neurologic injury in those who survive. For reasons that are unclear, boys are at greater 

risk of CA than girls (Sirbaugh et al., 1999). The sequelae of pediatric CA result in a 

lifetime of dependency for all aspects of care (Sirbaugh et al., 1999; Moler et al., 2011; 

Michiels et al., 2013). A great deal of research has focused on improving these outcomes 

through efforts such as neuroprotection and improved rates of return of spontaneous 

circulation (ROSC). To date, therapeutic hypothermia is the only therapy shown to be 

effective in increasing survival and improving neurologic outcome and has become the 

standard of care in adults and neonates less than 6 h old (Arrich et al., 2012; Jacobs et al., 

2013). However, a recent study of hypothermia in children with out-of-hospital CA showed 

no effect on survival with good neurobehavioral outcome (Moler et al., 2015). Differences in 

the etiology and pathophysiology may exist among different age groups and neuroprotective 

strategies following CA in neonates and adults may not be generalizable to children. In fact, 

little experimental data exist to assess the differences in brain injury following CA in adults 

versus children. We recently established a juvenile model of cardiac arrest and 

cardiopulmonary resuscitation (CA/CPR) (Deng et al., 2014) to begin addressing these 

differences. We found that there is similar neuronal injury between juvenile and adult male 

mice and that hypothermia decreased neuronal death (Deng et al., 2014). The current study 

is designed to assess the impact of hypothermia on neuronal injury and synaptic functional 

recovery in the young brain following CA/CPR.

Despite much effort, the field of cerebral ischemia has been plagued by lack of translatable 

strategies, even though there has been much promise in the laboratory in delivering 

neuroprotection (Herson and Traystman, 2014). This highlights the importance of moving 

beyond focusing on neuronal protection and, in turn, identifying approaches to improve 

functional recovery following cerebral ischemia. The ability of neurons to undergo synaptic 

plasticity (long-term potentiation; LTP) is recognized as an innate measure of function and is 

a widely accepted cellular model for learning and memory (Bliss and Collingridge, 1993; 

Neves et al., 2008). Hippocampal CA1 pyramidal neurons have been well studied in synaptic 

plasticity and are particularly susceptible to ischemic injury (Schmidt-Kastner and Freund, 

1991), making these neurons useful targets in studying functional injury after ischemia. 

Ischemia-induced impairment of LTP is well established in adult models of ischemia, and 

many have implicated the loss of N-methyl-D-aspartate (NMDA) receptor expression and 

function (Zhang et al., 1997; Liu et al., 2010), though this remains an open question (Orfila 

et al., 2014). Surprisingly, little is known about the effect of ischemia on synaptic plasticity 

in the young brain or the effects of hypothermia on synaptic function following ischemia 

(Miyamoto et al., 2000). Here, we present the first data showing that a hypothermia strategy 

can preserve synaptic function after juvenile CA/CPR with sex-specific efficacy.
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EXPERIMENTAL PROCEDURES

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 care and use of 

animals. Male and female C57Bl/6 20–25-day-old (P20-25) mice (Charles River 

Laboratory) were used for this study. P20-25 mice are prepubertal mice and reported to be 

equivalent to 2–4-year-old children (Semple et al., 2013) and all analysis was completed by 

day 32, equivalent to less than 11-year-old children (Semple et al., 2013). These mice were 

weaned and not with dam at the time of experiment. The mice were housed in a standard 12-

h light and 12-h dark cycle and had free access to food and water. Mice were randomly 

assigned to experimental groups and the investigator was blinded. A total of 66 mice were 

used for this study. The average age at CA/CPR was 23.2±0.2 day old (n=51). The average 

age for mice that were sacrificed for histology was 26.6±0.2 days old (n=26) and the average 

age for mice sacrificed for electrophysiology was 29.5±0.3 days old (n=22). Three mice 

were removed from the study due to premature death after CA/CPR (1 male in 37 °C group, 

1 female in 32 °C group and 1 male in the 32 °C group). One additional mouse was removed 

in the male 32 °C group due to lack of usable signals. Age matched controls for 

electrophysiology averaged 28.8±0.5 days old (n=15).

CA/CPR

CA in juvenile mice was performed as previously described (Deng et al., 2014). Briefly, 

mice were anesthetized using 3% isoflurane and maintained with 1.5–2% isoflurane in 30% 

fraction of inspired oxygen (FiO2) via face mask. Body temperature was maintained at 37 °C 

using a heat lamp and heating pad while being monitored with temperature probes placed 

into the left ear canal and rectum. For drug administration, a PE-10 catheter was inserted 

into the right internal jugular vein and flushed with heparinized 0.9% normal saline solution. 

Animals were endotracheally intubated using a 24G intravenous catheter and connected to a 

mouse ventilator (Minivent, Hugo Sachs Elektronik, March-Hugstetten, Germany) set to a 

respiratory rate of 160 breaths per minute. Cardiac function was monitored throughout the 

experiment with EKG. CA was induced by injection of 30 μL of 0.5 M KCl via the jugular 

catheter and confirmed by asystole on electrocardiography and absence of spontaneous 

breathing. The endotracheal tube was disconnected from the ventilator during CA and no 

spontaneous breathing was observed. During this time anesthesia was not being delivered. 

Body warming was ceased 1 min prior to CA. During CA the pericranial temperature was 

maintained at 37.5±0.5 °C by using a water-filled coil. Body temperature was allowed to fall 

spontaneously to 35 °C. Resuscitation was begun 8 min after the initiation of CA by slow 

injection of 0.2–0.5 mL of epinephrine (16 μg epinephrine/mL 0.9% saline), chest 

compressions at a rate of approximately 300 min−1 and resumption of ventilation with 100% 

FiO2 at a rate of 210 breaths/min. Chest compressions were stopped upon ROSC, defined as 

electrical evidence of cardiac contractions. If ROSC was not achieved within 3 min of CPR 

initiation, resuscitation was stopped and the animal was excluded from the study. Five 

minutes following ROSC, FiO2 was decreased to 50%. When the spontaneous respiratory 

rate was 30 breaths/min, the ventilator was adjusted to 150 breaths/min and when the 

animals had at least 60 spontaneous breaths/min, the endotracheal tube was removed. 
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Temperature probes and intravascular catheters were removed and the surgical wounds were 

closed.

Following ROSC, animals in the normothermia group were rewarmed to reach 37 °C by 

using a heating lamp and pad at a rate of 0.3–0.5 °C per minute and maintained at 37 °C 

throughout the recovery. Animals in the hypothermia groups were allowed to have their 

body temperatures fall spontaneously to 32 °C or 30°C and maintained for 30 min after 

CA/CPR when they were rewarmed to 37 °C as described above.

Mice were weighed and a health assessment score was calculated for each mouse daily for 

three days after CA/CPR by a blinded observer. 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; Deng et al., 2014). Scores in each category were summated to generate 

an overall health assessment score.

Hematoxylin & eosin staining

Three days after CA/CPR, animals were anesthetized with 3% isoflurane and transcardially 

perfused with 0.9% saline followed by 4% paraformaldehyde. Brains were removed and 

post-fixed with paraformaldehyde and embedded in paraffin. 6-μm coronal sections were 

prepared and stained with hematoxylin and eosin (H&E). The CA1 area of the hippocampus 

was analyzed at three different regions (100 μm apart), beginning 1.5 mm posterior to 

Bregma. Nonviable neurons were determined by pyknotic nuclei and hypereosinophilic 

cytoplasm and the percentage of nonviable neurons was calculated for each hippocampal 

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× for each 

section and the number of nonviable and live cells per area was analyzed using ImageJ 

software. For statistical analysis, each n represents an individual mouse.

Acute hippocampal slice preparation

Hippocampal slices were prepared at 7 days after recovery from CA/CPR from juvenile 

mice (P20-25 at time of CA/CPR, P27-32 at time of sacrifice for slice preparation) or age-

matched controls. Animals were anesthetized with 3% isoflurane in an O2-enriched 

chamber. Mice were transcardially perfused with ice-cold (2–5 °C) oxygenated (95% O2/5% 

CO2) artificial cerebral spinal fluid (aCSF) for 2 min prior to decapitation. The brains were 

then extracted and placed in the same aCSF. The aCSF was composed of the following (in 

mmol/L): 126 NaCl, 2.5 KCl, 25 NaHCO3, 1.3 NaH2PO4, 2.5 CaCl2, 1.2 MgCl2 and 12 

glucose (Orfila et al., 2014). Transverse hippocampal slices (300 μm thick) were cut with a 

Vibratome 1200 (Leica) and transferred to a holding chamber containing aCSF for at least 1 

h before recording.

Electrophysiology

Synaptically evoked field potentials were recorded from hippocampal CA1 slices that were 

placed on a temperature controlled (31±0.5 °C) interface chamber perfused with aCSF at a 
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rate of 1.5 ml/min. Field excitatory post-synaptic potentials (fEPSP) were produced by 

stimulating the Schaffer collaterals and recording in the stratum radiatum of the CA1 region. 

The fEPSPs were adjusted to 50% of the maximum slope and test pulses were evoked every 

20 s. Paired-pulse responses were recorded using a 50-ms interpulse interval (20 Hz) and 

expressed as a ratio of the slopes of the second pulse over the first pulse. Maximum slope of 

fEPSP was plotted against stimulus intensity (0–50 mA). Only slices in which the I/O curve 

fell within this range were used for this analysis. A 20-min stable baseline was established 

before delivering a theta burst stimulation (TBS) train of four pulses delivered at 100 Hz in 

30-ms bursts repeated 10 times with 200-ms interburst intervals (Orfila et al., 2014). 

Following TBS, the fEPSP was recorded for 60 min. Analog fEPSPs were amplified (1000×) 

and filtered through a pre-amplifier (Model LP511 AC, Grass Instruments) at 1.0 kHz, 

digitized at 10 kHz and stored on a computer for later off-line analysis (Clampfit 10.4, Axon 

Instruments). The derivative (dV/dT) of the initial fEPSP slope was measured. The averaged 

10-min slope from 50–60 min after TBS was divided by the average of the 10-min baseline 

prior to TBS to determine the amount of potentiation (Orfila et al., 2014). For time course 

graphs, normalized fEPSP slope values were averaged and plotted as the percent change 

from baseline. For statistical analysis, each n represents an individual hippocampal slice and 

no more than 2n were from an individual animal. A minimum of 4 animals was used for 

each electrophysiology experimental group to assure biologic variability.

Decay kinetics of the fEPSP were performed by averaging 10 min of recorded fEPSP prior 

to TBS stimulation and the 10–90% decay slope was fitted by single exponentials to obtain 

tau (τ). To analyze the effect of NMDA blockade on fEPSP decay time, control slices were 

recorded in the presence and absence of D-2-amino-5-phosphonopentanoate (AP5, 50 μM, 

Tocris).

Statistical analysis

All data are presented as mean±SEM. Using Bartlett’s test for equal variance, we found that 

our data had a normal distribution; therefore statistical analysis was performed using 

Student’s t-test for two-group comparisons and a one-way ANOVA with Holm-Sidek post 

hoc test for comparison of multiple groups. The effect of AP5 on kinetics of fEPSP decay 

was analyzed by paired t-test. Differences were considered statistically significant at p<0.05.

RESULTS

Global ischemia impairs synaptic plasticity following juvenile CA/CPR

To determine the effect of global ischemia induced by CA/CPR in juvenile mice on 

synaptically evoked LTP, extracellular field recordings were performed in acute hippocampal 

slices prepared 7 days following CA/CPR and compared with sham-operated control mice. 

Juvenile mice were subjected to 8 min of normothermic (37 °C) CA followed by 

resuscitation. In control slices from juvenile mice, a brief TBS (40 pulse, 100 Hz) resulted in 

LTP that increased fEPSP slope to 153 ±5.5% of baseline (set at 100%) in males (n=8, Fig. 

1) and 154±7.8% of baseline in females (n=7, Fig. 1) after 60 min. In contrast, recordings 

obtained 7 days after CA/CPR demonstrated impairment in LTP in both male (111±8.9%; 
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n=8) and female animals (113±8.2%; n=8; both p<0.05 compared to respective controls; Fig. 

1).

To test whether the impairment of LTP after juvenile CA/CPR was pre- or post-synaptic, we 

examined the paired-pulse ratio (PPR), a measure of the pre-synaptic transmitter release 

probability (Debanne et al., 1996; Sudhof, 2004). Paired-pulse responses were recorded 

from CA1 pyramidal cells in stratum radiatum using a 50-ms (20 Hz) interpulse interval 

applied to the Schaffer collateral pathway. Fig. 2A shows that no differences in PPR were 

observed in control juvenile mice or mice 7 days after CA/CPR in either sex (control male 

1.49 ±0.11 [n=7]; control female 1.72±0.12 [n=7]; 7-day male 1.42±0.11 [n=8]; 7-day 

female 1.48 ±0.11 [n=8]; p=0.08), suggesting that the impairment in LTP seen at this time 

point is likely not due to a decrease in pre-synaptic probability of release.

Input–output functions of fEPSPs versus stimulation amplitude were established at the 

beginning of each recording prior to TBS to examine CA3 axonal intrinsic excitability and 

synaptic transmission. The slope of each recording was measured individually and compared 

to control slices (Fig. 2B). Using linear regression, no difference in the input–output slope 

was observed between controls and mice 7 days after CA/CPR in either sex (control male 

1.80±0.12 [n=5]; control female 2.08±0.07 [n=5]; 7-day male 1.95±0.12 [n=5]; 7-day 

female 2.18±0.12 [n=4], p=0.10).

Hypothermia protects against neuronal injury in juvenile CA/CPR

To compare the vulnerability of juvenile neurons to global ischemia, hippocampal damage 

was analyzed in male and female juvenile mice (P20-25). We have previously described that 

our CA/CPR model results in delayed neuronal death, with ischemic damage of 

hippocampal neurons peaking 3 days after CPR, no additional cell death was observed at the 

7-day time point after CA/CPR (Deng et al., 2014). Based on this previous analysis, we 

quantified CA1 hippocampal injury by H&E staining at 3 days after CA/CPR. These 

experiments revealed equivalent hippocampal CA1 injury in both sexes; 52±8% in male 

mice (n=6) and 58±10% (n=7) in female mice (Fig. 3). We tested whether mild hypothermia 

was neuroprotective in our juvenile CA model. Mild hypothermia (32 ±0.5 °C) was initiated 

immediately after resuscitation and maintained for 30 min. Hippocampal CA1 damage was 

reduced following hypothermia (17±9% in males [n=6] and 7.0±3% in females [n=6], 

p<0.05) and was not different between sexes (p=0.87, Fig. 3).

Mice were observed closely during this time and parameters of CA/CPR and health were 

measured. Body weight was not different between males and females and total time of 

ischemia was not different between groups. Survival and health assessment scores were not 

different between sexes, but overall health assessment did improve temporally (Table 1).

Hypothermia protects against impairment of synaptic plasticity

We next determined whether the neuroprotection provided by hypothermia shown above 

correlated with the rescue of synaptic function as measured by synaptic plasticity. Juvenile 

mice were exposed to mild hypothermia (32±0.5 °C) for 30 min after CA/CPR followed by 

rewarming and hippocampal slices were collected 7 days after resuscitation for recording, 

where we saw impairment in synaptic function as described above. By testing at this time 
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point, we were assured to be beyond the time of maximal hippocampal cell death (3 days, as 

shown above and described previously (Deng et al., 2014)). Hypothermia preserved synaptic 

function in male mice (135±2%, n=8, p<0.05, Fig. 4) and female mice (156±8%, n=7, 

p<0.05), compared to 7-day normothermic mice (baseline set to 100%). Interestingly, the 

preservation in female mice was greater than the preservation in male mice (p<0.05). 

Together, these data demonstrate that CA/CPR-induced impairment of synaptic plasticity is 

prevented by mild hypothermia.

We next tested the hypothesis that a deeper level of hypothermia will provide further 

protection in male mice. Male mice were maintained at 30±0.5 °C for 30 min after 

resuscitation and then rewarmed and allowed to recover. Histology was not performed as 

mild hypothermia (32 °C) provided equivalent neuroprotection (shown above). These mice 

had enhanced LTP compared to the animals at 32 °C (156±5.3%, n=9, p<0.05), but were not 

different from the females at 32 °C (Fig. 4). Females were not tested at 30 °C as synaptic 

function was back to pre-ischemic control levels.

Lack of role of NMDA receptors in impairment and recovery of synaptic function

It has previously been suggested that impairment of synaptic plasticity after ischemia is due 

to changes in NMDA receptor function (Zhang et al., 1997; Liu et al., 2010). To determine 

whether the relative expression of functional NMDA receptors was altered by CA/CPR-

induced ischemia, we analyzed the decay phase of the fEPSP (Stone et al., 2012). Consistent 

with the presence of functional NMDA receptors under control conditions, application of 

NMDA-receptor antagonist D-2-amino-5-phosphonopentanoate (AP5, 50 μM) resulted in an 

increase in the decay, changing the tau from 6.88 ±0.6 ms in aCSF to 6.32±0.6 ms in AP5 

(p<0.05 by paired t-test). We next compared the decay kinetics of sham mice and mice 7 

days after CA/CPR with and without hypothermia and found there were no differences in 

any of the experimental conditions (Table 2), suggesting that the impairment in synaptic 

function after CA/CPR, and preservation of function by hypothermia, is independent of 

NMDA receptor activity.

DISCUSSION

Our results show that global ischemia produced by CA and resuscitation in our novel 

juvenile mouse model produces impaired synaptic plasticity up to a week after injury. Our 

data verify that a therapeutic hypothermia strategy can decrease neuronal death after CA, 

and we provide the first evidence that hypothermia preserves synaptic function after global 

ischemia. We further show a sex difference in functional protection related to the depth of 

hypothermia, with males requiring a deeper level of hypothermia for the same synaptic 

protection provided in females.

Hypothermia is well established to provide neuroprotection in animal models (Drury et al., 

2014) and is the standard of care for clinical therapy following CA in adults and perinatal 

asphyxiation in neonates (Arrich et al., 2012; Jacobs et al., 2013). Our data indicate that 

hypothermia reduces neuronal death and protects against the loss of synaptic plasticity, 

likely indicating protection of function in the ischemia-sensitive regions of the hippocampus, 

in our model of juvenile CA/CPR. Our previous data indicate that maximal hippocampal cell 
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death occurs 3 days after CA (Allen et al., 2011; Nakayama et al., 2013; Deng et al., 2014), 

however it remains possible that hypothermia delays neuronal injury. Nonetheless, we 

observe functional protection (LTP) at time points well beyond this 3-day time point, 

indicating that there is sustained functional preservation due to hypothermia in juvenile 

animals. It has been suggested previously that understanding the physiologic consequences 

of brain injury, rather than only relying on decreased neuronal death, is an important 

measure of damage and recovery potential following injury (Ivanco and Greenough, 2000; 

Carmichael, 2012). The sensitivity of LTP may provide a more subtle measure to identify 

mechanisms of therapeutic recovery over the lower fidelity measures of histology and 

neurobehavior (Ivanco and Greenough, 2000). Indeed, our data showing differences in 

response to therapeutic hypothermia would not have been evident by examining histology 

alone, as our data indicate no differences in neuroprotection between sexes. Thus, by 

investigating synaptic function after hypothermia, our data indicate that the young brain may 

be more sensitive to therapeutic hypothermia at the physiologic level.

The observation that CA/CPR results in the loss of synaptic plasticity (LTP) in CA1 

synapses is consistent with extensive literature that global ischemia causes CA1 injury and 

adds to the literature that LTP is impaired during the first week after global ischemic injury 

(Mori et al., 1998; Dai et al., 2007; Orfila et al., 2014). Likely consistent with the well-

documented protective effects of hypothermia, learning tasks have been shown to be 

preserved in hypothermic animals following global ischemia (Colbourne and Corbett, 1995; 

Wagner et al., 2002). We are the first to examine synaptic plasticity following therapeutic 

hypothermia after global ischemia. Given that learning induces LTP in behavior studies 

(Bliss and Collingridge, 1993; Bliss et al., 2006; Cooke and Bliss, 2006; Pastalkova et al., 

2006; Whitlock et al., 2006), our data are consistent with prior observation that hypothermia 

preserves learning tasks after global ischemia (Colbourne and Corbett, 1995; Wagner et al., 

2002; Smith et al., 2015). The impairment in LTP likely correlates with multiple 

observations that memory deficits are present following human CA (Grubb et al., 1996; 

Drysdale et al., 2000; O’Reilly et al., 2003; Sulzgruber et al., 2014), and animal ischemia 

(Kofler et al., 2004; Allen et al., 2011).

LTP is well known to be post-synaptic (Malenka, 1991; Malenka and Bear, 2004) and our 

findings are consistent with these previous data in showing that there is no effect of CA/CPR 

on paired-pulse stimulation or input–output excitation curves (Fig. 2). Further, LTP at the 

CA1 synapse is induced by influx of Ca2 + through synaptic NMDA receptors, activating the 

calcium-dependent protein kinase CaMKII and ultimately increased synaptic strength (for a 

review see (Malenka and Bear, 2004)). Thus, it is not surprising that the effect of ischemia 

on NMDA receptor function has been the focus of several studies, suggesting that ischemia-

induced loss of LTP is due to changes in NMDA expression and function (Zhang et al., 

1997; Liu et al., 2010). However, we recently observed that global ischemia does not alter 

NMDA receptor expression or function in adult mice (Orfila et al., 2014). The data 

presented here are consistent with these data, suggesting that CA/CPR-induced ischemia in 

the juvenile mouse does not alter the NMDA receptor component of fEPSPs recorded from 

CA1 neurons. We used a relatively novel approach to assess the effect of ischemia on 

NMDA receptor function, analyzing the kinetics of fEPSPs. It is well established that 

NMDA receptors are responsible for a slow phase of synaptic current (Lester et al., 1990) 
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and it was recently established that blocking NMDA receptors with the NMDA-receptor 

antagonist AP5 induces a faster decay time in fEPSPs (Stone et al., 2012). Therefore, we 

demonstrate here that we are able to detect functional NMDA receptors in our fEPSP 

recordings by analyzing fEPSP decay kinetics. As our data suggest that NMDA receptor 

function is unchanged by CA/CPR or post-ischemic hypothermia by this analysis, future 

studies could further elucidate the role of NMDA receptors as well as downstream signaling 

of the NMDA receptor such as increased CaMKII activity, PSD-95 or other synaptic 

molecules implicated in mediating synaptic plasticity.

While it was somewhat surprising that a relatively short duration of hypothermia provided 

such robust protection against neuronal death and loss of function, we believe this can be an 

important tool for future mechanistic studies. This may be particularly important in light of 

recent human studies showing lack of effect of hypothermia after out-of-hospital CA in 

children (Moler et al., 2015), suggesting a need for a better understanding through basic 

science. Further, it was also somewhat unexpected that there was a difference in the response 

to hypothermia in male and female juvenile mice, though questions regarding the depth of 

hypothermia have recently emerged from human trials (Nielsen et al., 2013) and previous 

reports have suggested sexually dimorphic responses in some behavior tasks in neonatal 

hypoxia–ischemia models (Burnsed et al., 2015; Smith et al., 2015). Lee and colleagues 

found that exposing neonatal male rats to 30 °C or 33 °C for varying lengths of time did not 

further reduce the loss of residual brain volume or motor behavior tasks one month after a 

model of neonatal hypoxic injury (Lee et al., 2010). Others have tested different 

hypothermia temperature targets and some have found that there was no further 

neuroprotection (Weinrauch et al., 1992; Colbourne and Corbett, 1995), though some have 

found additional protective effect at 31 °C versus 34 °C in a neonatal rat model (Yager et al., 

1993). Further, hypothermia in a similar neonatal model in mice has been observed to 

provide neuroprotection (as measured by MRI) and improved behavioral testing in males out 

to 20 days after ischemic injury, whereas the effect on females was variable and transient 

(Burnsed et al., 2015). A major difference between our findings and previous studies is the 

age of the rodents at the time of ischemia, as well as the mechanism of injury that is 

incurred. In previous work, a neonatal-equivalent rodent is used following unilateral 

ischemia, whereas our model represents a juvenile animal following global ischemia. With 

these important differences in mind, much work remains in understanding the differences in 

response to hypothermia between males and females in juvenile animals, particularly over 

the long term. In addition, there are likely other protective effects of hypothermia beside 

neuroprotection that account for the preservation of synaptic function including neural, 

vascular or inflammatory events that have been extensively studied (Drury et al., 2014). 

Further, it is possible the cognitive decline in people and animals following an ischemic 

event may be explained by the combination of neuronal cell death commonly observed in 

CA1 neurons as well as impaired synaptic function in surviving neurons.

CONCLUSIONS

The current study provides the first evidence that hypothermia preserves synaptic plasticity 

after global ischemia, but there may be a sex-specific influence on this effect. While it 

remains possible that this is a species-specific finding, recent clinical controversies regarding 
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the role for hypothermia after CA in humans (Arrich et al., 2012; Jacobs et al., 2013; Moler 

et al., 2015) highlight the need for better mechanistic understanding through basic science. 

By demonstrating the increased sensitivity to physiologic changes in studying synaptic 

plasticity, we purport that future studies evaluating therapeutic agents should include this 

technique as a functional outcome and that evaluating treatments between sexes is 

paramount. Our unique model of juvenile CA can be used to evaluate a cellular model of 

learning and memory that may provide a tool to discover new therapeutic approaches in the 

treatment of global ischemia in children.
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AP5 D-2-amino-5- phosphonopentanoate

CA cardiac arrest

CA/CPR cardiac arrest and cardiopulmonary resuscitation

fEPSPs field excitatory post-synaptic potentials

FiO2 fraction of inspired oxygen

H&E hematoxylin and eosin

LTP long-term potentiation

NMDA N-methyl-D-aspartate

PPR paired-pulse ratio

ROSC return of spontaneous circulation

TBS theta burst stimulation
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Fig. 1. 
Ischemia impairs synaptic plasticity in juvenile mice. (A) Example fEPSP traces from 

control mice and mice 7 days after CA where red indicates pre-TBS trace and black 

indicates post-TBS trace. (B) Time course of fEPSP slope (mean±SEM) from control male 

mice (black circle), control female mice (white square), male (blue circle) and female (red 

square) 7 days after CA/CPR. Arrow indicates timing of theta-burst stimulation (40 pulses). 

(C) Quantification of change in fEPSP slope after 60 min following TBS normalized to 

baseline, set to 100%. *p<0.05 compared with control mice. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 2. 
Juvenile CA/CPR does not affect probability of release or intrinsic excitability. (A) 

Quantification of the paired-pulse ratio of the control and 7 days after CA/CPR in each sex. 

(B) Input–output curve showing normalized fEPSP slope plotted against stimulus intensity 

(fEPSP slope is normalized to the maximum of each recording). Data are presented as mean

±SEM.
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Fig. 3. 
Mild therapeutic hypothermia significantly reduces CA1 neuronal injury in juvenile mice. 

Representative photomicrographs of hippocampal CA1 neurons from male (A) and female 

(B) juvenile mice exposed to normothermic cardiac arrest at 37 °C and cardiac arrest 

followed by 30 min of mild hypothermia (32 °C) in male (C) and female (D) mice. (E) 

Quantification of ischemic CA1 neurons 3 days after CA/CPR (mean±SEM), indicating a 

significant reduction in neuronal injury in mice treated with post-arrest 

hypothermia. *p<0.05 compared to normothermia.
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Fig. 4. 
Mild therapeutic hypothermia preserves synaptic plasticity in a sex-specific manner. (A) 

Time course of fEPSP slope (mean±SEM) from juvenile male mice 7 days following 

CA/CPR recovered at normothermia (37 °C, red), 32 °C (light blue) and 30 °C (dark blue). 

Arrow indicates timing of theta-burst stimulation (40 pulses, 100 Hz). (B) Time course of 

fEPSP slope (mean±SEM) from juvenile female mice 7 days following CA/CPR recovered 

at normothermia (37 °C, red) and 32 °C (light blue). Arrow indicates timing of theta-burst 

stimulation (40 pulses, 100 Hz). (C) Quantification of change in fEPSP slope after 60 min 

following TBS normalized to baseline, set to 100%. *p<0.05 compared with control mice. 

(For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.)
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Table 1

Body weight, cardiac arrest parameters, survival rate and general health assessment

CA 37 °C CA 32 °C

Male Female Male Female

N 7 6 7 6

Body Weight (BW, g) 10.7 ± 0.7 9.7 ± 0.7 11.1 ± 0.7 10.8 ± 0.8

Total ischemia time (s) 573 ± 10 577 ± 5 555 ± 12 561 ± 9

Epinephrine (μg/g BW) 0.51 ± 0.06 0.59 ± 0.03 0.44 ± 0.09 0.50 ± 0.08

Epinephrine (mL) 0.34 ± 0.05 0.35 ± 0.02 0.28 ± 0.04 0.32 ± 0.03

Survival (%) 86 100 100 100

Health assessment score

POD 1* 1.3 ± 0.2** 2.1 ± 0.3 0.7 ± 0.2** 1.3 ± 0.3

POD 2* 0.3 ± 0.2 0.4 ± 0.2 0.3 ± 0.2 0.2 ± 0.2

POD 3 0.0 ± 0.0 0.2 ± 0.2 0.0 ± 0.0 0.0 ± 0.0

Total ischemia represents time from induction of cardiac arrest to successful resuscitation. Postoperative day (POD) refers to day following CA/
CPR. BW, body weight.

*
Indicates p<0.05 compared to corresponding sex and temperature group.

**
Indicates p<0.05 male 37 °C group compared to male 32 °C group.
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Table 2

Decay kinetics of fEPSPs indicate that there is no change in NMDA kinetics to account for impairment or 

recovery of synaptic function

Control (τ, ms) 7 day 37 °C (τ, ms) 7 day 32 °C (τ, ms)

Male (n) 7.11 ± 0.9 (6) 7.97 ± 0.8 (5) 6.80 ± 0.5 (6)

Female (n) 7.33 ± 0.4 (6) 7.18 ± 1.0 (6) 6.88 ± 0.7 (7)

p>0.05 for all groups within the same sex by ANOVA, numbers in parentheses indicate N.
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