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Abstract

Therapeutic hypothermia is the standard of clinical care for moderate neonatal hypoxic-ischemic 

encephalopathy. We investigated the independent and interactive effects of hypoxia-ischemia (HI) 

and temperature on neuronal survival and injury in basal ganglia and cerebral cortex in neonatal 

piglets. Male piglets were randomized to receive HI injury or sham procedure followed by 29 h of 

normothermia, sustained hypothermia induced at 2 h, or hypothermia with rewarming during 

fentanyl-nitrous oxide anesthesia. Viable and injured neurons and apoptotic profiles were counted 

in the anterior and posterior putamen and in the motor cortex at 29 h after HI injury or sham 

procedure. Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) identified 

genomic DNA fragmentation to confirm cell death. Though hypothermia after HI preserved viable 

neurons in the anterior and posterior putamen, hypothermia prevented neuronal injury in only the 

anterior putamen. Hypothermia initiated 2 h after injury did not protect against apoptotic cell death 

in either the putamen or motor cortex, and rewarming from hypothermia was associated with 

increased apoptosis in the motor cortex. In non-HI shams, sustained hypothermia during 

anesthesia was associated with neuronal injury and corresponding viable neuron loss in the 

anterior putamen and motor cortex. TUNEL confirmed increased neurodegeneration in the 

putamen of hypothermic shams. Anesthetized, normothermic shams did not show abnormal 

neuronal cytopathology in the putamen or motor cortex, thereby demonstrating minimal 

contribution of the anesthetic regimen to neuronal injury during normothermia. We conclude that 

the efficacy of hypothermic protection after HI is region specific and that hypothermia during 

anesthesia in the absence of HI may be associated with neuronal injury in the developing brain. 
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Studies examining the potential interactions between hypothermia and anesthesia, as well as with 

longer durations of hypothermia, are needed.
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Introduction

Therapeutic hypothermia has been the standard of clinical care for moderate-to-severe 

hypoxic-ischemic encephalopathy (HIE) in newborns for many years [1]. As clinicians 

become more comfortable with delivering hypothermia, considerations for its use have 

expanded to include babies with mild HIE [2–5]. The effects of temperature manipulation 

independent of hypoxia-ischemia (HI) on the developing brain must be studied as 

hypothermia is also considered for more diverse patient populations [6]. In some clinical 

situations, rewarming a neonate who inadvertently becomes hypothermic is essential for 

safety, including very low birthweight newborns [7] and in the perioperative period [8]. 

Therefore, we studied independent and interactive effects of HI and temperature 

management on the developing brain.

We previously demonstrated that hypothermia preserved neuronal viability and reduced 

ischemic necrosis [9, 10] in a swine model of severe hypoxic-asphyxic brain injury 

manifesting in part as 80% loss of viable neurons in the putamen [11–14]. Here, we 

examined the independent and interactive effects of moderate HI and normothermia, 

sustained hypothermia, and hypothermia with rewarming in piglets that had lesser HI injury 

or that underwent sham procedure. We studied the neuropathology in the basal ganglia and 

cerebral cortex because these regions are known to be vulnerable both in our model [13, 15] 

and in human newborns with HIE [16]. Further, injury in these regions is associated with 

poor neurodevelopmental outcome [17, 18].

Materials and Methods

Animal Preparation

All procedures were approved by the Animal Care and Use Committee at Johns Hopkins 

University and complied with the United States Public Health Service Policy on the Humane 

Care and Use of Laboratory Animals and the Guide for the Care and Use of Laboratory 

Animals. Animal care ensured comfort and was in accordance with the National Institutes of 

Health Guidelines. To conserve animals, we analyzed the putamen and motor cortex from 

brains of piglets that we previously reported in studies of cerebral cortical and white matter 

injury and the unfolded protein response [15, 19, 20]. Twenty-four additional piglets were 

used for this study for Western blots. Neonatal male piglets (1–2.5 kg, 2–3 days old) were 

randomized to sham procedure or HI injury followed by 29 h of normothermia, sustained 

hypothermia beginning at 2 h after injury or time equivalent, or hypothermia with 
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rewarming. Age-matched, male, naïve piglets that did not receive anesthesia, surgery, or HI 

were prepared as an additional control group.

We previously published our HI protocol [15, 19]. Briefly, piglets were anesthetized via nose 

cone with 5% isoflurane in a 50/50% nitrous oxide/oxygen mixture. After intubation, 

mechanical ventilation was initiated to maintain normocapnia and normoxia. The inhaled 

oxygen was decreased to 30% in a 70/30% nitrous oxide/oxygen mixture, and the isoflurane 

was decreased to 2%. The femoral vein and artery were cannulated for intravenous (IV) 

administration of 5% dextrose in normal saline (4 mL/kg/h) and fentanyl (20 μg bolus 

followed by 20 μg/kg/h), as well as continuous arterial blood pressure monitoring. The 

isoflurane was discontinued after placement of the femoral cannulae, which takes an average 

of 10–15 min, and initiation of the fentanyl infusion. All piglets received IV vecuronium 

(0.2 mg/kg/h) to prevent shivering during hypothermia and to provide a consistent anesthetic 

to all piglets. This anesthetic regimen does not affect white matter apoptosis [19], cortical 

apoptosis [15], the unfolded protein response [20], or brain proteasomes [21] in our model. 

Phenylephrine or dopamine was initiated when necessary to maintain the mean arterial blood 

pressure above 45 mm Hg, which is the lower limit of autoregulation in neonatal swine [22].

Systemic HI Injury

We induced whole-body hypoxia by decreasing the inhaled oxygen to 10% for 45 min to 

achieve an oxyhemoglobin saturation of 30–35%. The piglets then received room air for 5 

min. This brief reoxygenation period is required for cardiac resuscitation. We occluded the 

endotracheal tube for 7 min to produce asphyxia. Piglets were resuscitated with 50% 

oxygen, manual chest compressions, and IV epinephrine (100 μg/kg) [23]. Piglets that did 

not exhibit return of spontaneous circulation (ROSC) within 3 min were excluded. After 

resuscitation, the inhaled oxygen was decreased to 30% for the remainder of the experiment. 

Sodium bicarbonate and calcium chloride were administered to correct metabolic acidosis 

and hypocalcemia, as necessary. Sham-operated piglets received the same femoral cannulae, 

duration of anesthesia, and 30% inhaled oxygen without HI injury.

Temperature Management

In addition to being randomized to HI or sham procedure, piglets were also randomized to 

one of three temperature treatments: (1) normothermic for swine), (2) hypothermia (34.0°C) 

beginning 2 h after ROSC or time equivalent in sham groups, or (3) hypothermia with 

rewarming at 0.5°C/h, which is the clinical rewarming rate for HIE [1, 24]. We used heating 

lamps and warming blankets to maintain normothermia or cooling blankets and ice packs to 

induce and maintain whole-body hypothermia. We delayed the induction of hypothermia by 

2 h to mimic clinical delays. The 34.0°C target for hypothermia approximates the 4°C 

decrease achieved in clinical therapeutic hypothermia (37°C human normothermia with 

cooling to approximately 33.5 ± 0.5°C) [1, 24, 25]. In our model, rectal temperature 

decreases to 34°C over 30 min, and rectal and brain temperatures correlate within 0.2°C 

[10]. We initiated rewarming at 20 h after ROSC (after 18 h of hypothermia) by 

incrementally increasing the water temperature circulating through the blanket and by the 

use of heating lamps. Temperature management throughout the procedure was carefully 

monitored to avoid overcooling during hypothermia or hyperthermic overshoot during 
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rewarming. The assigned temperature treatment was provided during 29 h of anesthesia, 

after which the animals were euthanized for histologic and biochemical measurements. This 

time point was selected because it correlates with observed maximal putamen injury [13, 

14].

Histology

At 29 h after ROSC or time equivalent after sham procedure, piglets were deeply 

anesthetized with 50 mg/kg pentobarbital and transcardially perfused with cold phosphate-

buffered saline followed by 4–6 L of ice-cold 4% paraformaldehyde for brain fixation. The 

brain was stored overnight at 4°C for in situ fixation. Afterwards, we gently removed the 

brain from the skull, avoiding any instrument and brain handling compression of tissue, cut 

it midsagittally, and immersed the right hemisphere in 4% paraformaldehyde for 

postfixation. The hemisphere was cut into 1 cm slabs that were embedded in paraffin and cut 

into 10-μm coronal sections.

We analyzed anterior putamen at the striatal anatomic level and posterior putamen and motor 

cortex at the hippocampal anatomic level in one hemisphere with hematoxylin and eosin 

(H&E) stain. Two investigators (C.E.O. and J.K.L.) counted viable neurons, injured neurons, 

and apoptotic profiles in putamen by light microscopy at 400× magnification in a total of 

10–12 non-overlapping fields of 196 μm2 per piglet. Cell counts were also conducted in 

cortical layers 2 and 3 of the entire motor gyrus at 400× magnification. These cortical layers 

were reliably identified [14, 26]. Counter reliability was screened for accuracy by a third 

investigator (L.J.M.). In addition, 2 investigators (C.E.O. and J.K.L.) counted viable neurons 

and apoptotic profiles in the putamen in a random sample of piglets to test interrater 

reliability. Different microscope fields were counted within each pig for the interrater 

reliability assessments.

Viable neurons were defined as having a round or oval cell body (generally 8–10 μm in 

diameter); open nucleus with visible chromatin strands within a diffuse nucleoplasmic 

matrix, often with a nucleolus; uninterrupted nuclear and cell membranes; normal thin rim 

of cytoplasm; and no apoptotic or ischemic morphology [15]. Apoptotic profiles were 

identified as cells with a few (<4) crescent-shaped or spherical chromatin clumps in the 

nucleus, cytoplasmic condensation, and shrinkage into a round cell body profile with 

eosinophilic cytoplasm and intact cell membranes [27]. Most apoptotic profiles were at 

definite end-stage or near end-stage, so the specific cell identity could not be determined. 

We did not count apoptotic profiles that were adjacent to or within 1 cell diameter of a blood 

vessel to exclude apoptotic white blood cells, pericytes, or endothelial cells.

We classified injured neurons based on their neuronal morphology as either (1) classical 

ischemic necrotic cytopathology [23] or (2) eosinophilic cytoplasm with cytoplasmic 

vacuoles and darkened nucleoplasm, but without overt loss of the nucleoli or other signs of 

chromatin fragmentation and nuclear disintegration. Classical ischemic necrosis was defined 

by a shrunken, acutely angular cell body with homogeneous glassy, eosinophilic cytoplasm 

that contained microvacuoles, but no perinuclear pallor, and a hematoxylin-stained pyknotic, 

attritional, angular nucleus with dark speckling of the nucleoplasmic matrix and no 

nucleolus [14, 23]. Neurons with necrotic morphology that included nuclear pyknosis and 
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eosinophilic, vacuolated cytoplasm were included in the injured neuron counts [15, 28]. 

Representative images of viable, injured, and apoptotic profiles in the anterior and posterior 

putamen are shown in Figure 1a–e. Figure 2a–c shows examples of cortical pathology and 

neuronal classification.

We verified cell death using nuclear terminal deoxynucleotidyl transferase dUTP nick-end 

labeling (TUNEL) with the In-Situ Cell Death Detection Kit, POD (Roche Applied Science; 

Penzberg, Germany) as previously described [15]. Slides were developed with 3,3′-
diaminobenzidine substrate and counterstained with cresyl violet. Negative controls were not 

exposed to terminal deoxynucleotidyl transferase, and positive controls were treated with 

DNase. One investigator (C.E.O.), who was masked to treatment group, counted TUNEL+ 

profiles. A representative TUNEL+ profile is shown in Figure 1f. We excluded TUNEL+ 

cells within or adjacent to blood vessels to avoid counting TUNEL+ blood-borne or 

endothelial cells.

Immunoblotting

These experiments were done to quantify various proteins involved in cell death, 

inflammation, and the unfolded protein response. All experiments were performed at 29 h 

after ROSC or time equivalent after sham procedure. Piglets were deeply anesthetized with 

50 mg/kg pentobarbital and transcardially perfused with cold phosphate-buffered saline to 

harvest fresh brain tissue. Putamen was dissected from fresh brain slabs on dry ice. To 

conserve animals, we analyzed putamen tissue from piglets that we previously reported in 

studies of cortical [15] and white matter injury [19], as well as the unfolded protein response 

[20].

Brain samples were homogenized in ice-cold RIPA buffer (Cell Signaling Technology; 

Danvers, MA, USA), protease inhibitor cocktail (Invitrogen; Grand Island, NE, USA), and 

phosphatase inhibitor (Roche Applied Science; Mannheim, Germany) at a ratio of 1 mL per 

0.1 g tissue. After the homogenates were centrifuged at 4°C, protein concentrations in the 

supernatant were measured with the Pierce BCA protein assay kit (Thermo Scientific; 

Rockford, IL, USA). Samples were treated with loading buffer, boiled for 5 min, separated 

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 4–12% Tris-glycine gels, 

and transferred to nitrocellulose membranes. Each gel contained a putamen homogenate 

sample from each treatment group. After transfer, the membranes were stained with Ponceau 

S (Sigma Life Science; St. Louis, MO, USA) and imaged for quantification of protein 

loading. After being washed, the membranes were blocked in 5% nonfat milk for 1 h at 

room temperature and then incubated overnight with primary antibody in 2% milk at 4°C 

(Table 1). The membranes were incubated in anti-goat IgG (Jackson ImmunoResearch; West 

Grove, PA, USA), anti-mouse IgG (Jackson ImmunoResearch), or anti-rabbit IgG (GE 

Healthcare; Nottingham, UK) diluted 1:3,000 in 2% milk for 2 h at room temperature. The 

membranes were imaged with enhanced chemiluminescence (Bio-Rad; Hercules, CA, USA) 

and iBright CL1000 Imaging System (Invitrogen). Immunoreactive band densities were 

analyzed with MyImageAnalysis version 2.0 (Thermo Fisher Scientific; Waltham, MA, 

USA). The densities were normalized to Ponceau protein loading control for analysis. The 

sizes of the proteins of interest were determined using a molecular weight reference ladder 
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(Precision Plus Protein Standards, BioRad; Hercules, CA, USA). The following 

immunoreactive bands were measured: neuronal nuclei (NeuN, 46 kD), caspase-3 (25 kD), 

heat shock protein 70 (70 kD), endoplasmic reticulum to nucleus signaling 1 (ERN1, 110 

kD), protein kinase RNA-like endoplasmic reticulum kinase (145 kD), phosphorylated 

ERN1 (100 kD), tumor necrosis factor alpha (35 kD), fas cell surface death receptor (Fas-

CD95, 50 kD), nitrotyrosine (all bands in each lane), and ionized calcium-binding adapter 

molecule 1 (15 kD).

Sample Size Calculations

Because we had no a priori data for this model, we conducted a power estimate for detecting 

an effect of hypothermia on viable neurons in the first third of animals. Viable neuron counts 

in putamen of 3 HI normothermic and 3 HI hypothermic piglets had a difference in means of 

17.4 and a within-group SD of 5.4. A sample size of 4 piglets/group would have a power of 

0.90 at an alpha level of 0.05.

Statistical Analysis

Analyses were conducted and graphs generated with SigmaPlot (version 11.2, Systat 

oftware; Chicago, IL, USA) and GraphPad (version 5.00, GraphPad Software; La Jolla, CA, 

USA). Data are graphed as box plots with interquartile ranges (IQR) and 5–95th percentile 

whiskers. Interrater reliability for viable neuron and apoptotic profile counts was analyzed 

with Pearson correlations and Bland-Altman plots. To examine for possible effects of the 

anesthetic, we compared cell counts from naïve unanesthetized and sham normothermic 

groups with t tests or Mann-Whitney rank sum tests for parametric and nonparametric data, 

respectively. We used Pearson correlation and Bland-Altman plots to test agreement between 

apoptotic profiles, as determined by H&E staining, and TUNEL+ profiles in paired (within 

pig) comparisons. Immunoblot densities were normalized to those of naïve pigs and then 

analyzed by Friedman repeated measures analysis of ranks with data blocked by gel. Cell 

counts between piglets that did or did not receive phenylephrine were compared by Mann-

Whitney rank sum tests.

To evaluate the effects of HI and temperature, we assessed the data distribution using the 

Shapiro-Wilk normality test. We transformed non-normal data by using a log(x+1) function 

to generate normally distributed data. If this method did not generate a normal distribution, 

we used an arctan(x) function to achieve normality. We used 2-way analysis of variance to 

analyze the effects of HI, temperature, and their interactions on viable neuron, apoptotic 

profile, injured neuron, and TUNEL+ profile counts. Post hoc multiple comparisons were 

conducted with Holm-Sidak tests.

Results

Treatment Groups and Sizes

Anatomical level-matched sections from 6 naïve, 8 sham normothermia, 7 sham 

hypothermia, 7 sham rewarming, 6 HI normothermia, 8 HI hypothermia, and 8 HI 

rewarming piglets (50 total) were used for histologic assessment [15, 19]. Motor cortex was 

analyzed in the same anatomic level as the posterior putamen. Several slides were not 
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available for analysis and are described in Appendix 1. We analyzed western blots using 

tissue from 23 piglets that were part of prior studies [15, 19, 20], and we analyzed putamen 

tissue from 24 new piglets.

Physiology

We reported blood gas and physiologic data, including the piglets’ temperature, pH, PaCO2, 

mean arterial blood pressure, hemoglobin, and sodium levels, in our prior studies [15, 19]. 

We provide a summary of select parameters during the HI protocol here for the piglets from 

which we collected histologic data. Hypoxia caused the mean oxyhemoglobin saturation to 

decrease to 26 ± 8% in the normothermic group, 30 ± 9% in the hypothermic group, and 27 

± 6% in the rewarmed group. Asphyxia further decreased the oxyhemoglobin saturation to 3 

± 1% in normothermic, 6 ± 3% in hypothermic, and 5 ± 4% in rewarmed piglets. Mean 

arterial pressure at end-asphyxia ranged from 42 to 52 mm Hg. This blood pressure was 

higher than that in our previous severe HI model, in which mean arterial pressure was 18–25 

mm Hg [10, 29]. Thus, piglets in the current study had less severe HI. Rectal temperatures 

were maintained at approximately 34°C during hypothermia and were achieved by 30 min 

into hypothermia. During rewarming, piglets were successfully rewarmed to 38–39°C 

without exceeding the goal temperature.

Interrater Reliability

In a random sample of 15 piglets, 2 investigators (C.E.O. and J.K.L.) counted 10–12 

different microscopic fields in putamen and had significant correlation in viable neuron and 

apoptotic profile counts (Fig. 3a, c). Identification of apoptotic profiles had low bias between 

the investigators (Fig. 3d). Viable neuron counts had higher bias (Fig. 3b).

Effect of the Anesthetic

The number of viable neurons in anterior putamen was similar in naïve unanesthetized (n = 

5) and sham normothermic (n = 8) piglets (p = 0.693; Fig. 4a). Naïve piglets had more 

apoptosis in anterior putamen than did sham piglets, with a difference in medians of 0.75 

apoptotic profiles per microscope field (196 μm2) between groups (p = 0.019; Fig. 4b). Both 

naïve and sham piglets had median injured neuron counts of 0 (IQR for naïve: 0–0.1; IQR 

for sham: 0–0; p = 0.524).

Naïve (n = 6) and sham normothermic (n = 8) piglets exhibited similar numbers of viable 

neurons (p = 0.311) and apoptotic profiles (p = 1.00) in posterior putamen (Fig. 4c, d). 

Median injured neuron counts were 2.1 (IQR 0.2–3.7) in naïve and 0.6 (IQR 0.2–2.6) in 

sham piglets (p = 0.755).

There were no differences in viable neuron or apoptotic profile counts in the motor cortex in 

naïve (n = 6) or sham normothermic (n = 8) piglets (p = 0.852 for viable and p = 0.651 for 

apoptotic counts; Fig. 4e, f). Median injured neuron counts were 0 (IQR 0–0) in naïve and 0 

(IQR 0–0) in sham piglets (p = 0.955). Therefore, the fentanyl-nitrous oxide anesthetic did 

not increase apoptosis above the normal developmental level observed in naïve 

unanesthetized piglets, and it had minimal effect on the number of viable or injured neurons.
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Effects of HI and Temperature on Cell Death

Anterior Putamen—Absolute cell counts in the putamen for each experimental group are 

presented in Table 2. In the anterior putamen, HI and temperature significantly interacted in 

their effects on the number of viable neurons (p < 0.001; Fig. 5a). HI (p = 0.668) and 

temperature (p = 0.168) did not individually affect viable neuron counts. In post hoc 

pairwise comparisons, HI followed by normothermia decreased the number of viable 

neurons to below that of HI hypothermia (p < 0.001) and HI rewarming (p < 0.001). Among 

sham piglets, both sustained hypothermia (p < 0.001) and hypothermia with rewarming (p = 

0.019) decreased viable neuron counts to below that of sham normothermia. Comparisons 

between the normothermic groups showed a decrease in the number of viable neurons in HI 

pigs to below that of shams (p < 0.001). After sustained hypothermia, shams had fewer 

viable neurons than HI pigs (p < 0.001). Finally, sham rewarmed pigs had fewer viable 

neurons than HI rewarmed pigs (p = 0.038).

HI independently affected the number of apoptotic profiles in the anterior putamen (p = 

0.004) and HI and temperature significantly interacted (p = 0.003; Fig. 5b). Cooling alone 

did not have an independent effect (p = 0.088). Post hoc comparisons among sham piglets 

showed that sustained hypothermia increased apoptosis above that of hypothermia with 

rewarming (p = 0.002) or normothermia (p = 0.002). During normothermia, HI increased 

apoptosis above that of sham procedure (p = 0.010). HI piglets that were rewarmed from 

hypothermia also had more apoptosis than rewarmed shams (p < 0.001).

The majority of injured neurons in the anterior putamen of HI piglets had classical ischemic 

necrotic morphology. HI (p = 0.620) and temperature (p = 0.334) did not independently 

affect neuronal injury but did significantly interact in their effect on the number of injured 

neurons (p < 0.001; Fig. 5c). After HI, normothermic pigs had more injured neurons than did 

pigs with sustained hypothermia (p = 0.003). Sham piglets with sustained hypothermia (p = 

0.017) and hypothermia with rewarming (p = 0.007) had increased neurodegeneration above 

that of normothermic shams. Normothermic HI pigs had more injured neurons than did 

sham pigs (p = 0.001). Finally, when comparing piglets that underwent sustained 

hypothermia, shams had more neuronal degeneration than did HI pigs (p = 0.008).

TUNEL staining in the anterior putamen confirmed some of the trends we observed by H&E 

stain. Temperature and HI interacted in their effect on the number of TUNEL+ cells (p = 

0.035; Fig. 6a). HI (p = 0.161) and temperature (p = 0.845) did not independently affect 

these counts. In post hoc pairwise comparisons, hypothermic shams had more TUNEL+ 

profiles than did normothermic shams (p = 0.033) and rewarmed shams (p = 0.014). Shams 

had more cells with DNA fragmentation than did HI piglets during hypothermia (p = 0.024). 

Among piglets that had both TUNEL+ and H&E apoptotic profile counts, correlation in 

classifying apoptosis was significant (r = 0.65, p < 0.0001), with low bias and high 

agreement (Fig. 6b, c).

Posterior Putamen—In the posterior putamen, HI and cooling significantly interacted in 

their effect on the number of viable neurons (p = 0.003; Fig. 5d). Independently, HI (p = 

0.322) and temperature (p = 0.098) did not affect viable neuron counts. Similar to our 

observations in the anterior putamen, HI hypothermia (p = 0.013) and HI hypothermia with 
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rewarming (p = 0.004) increased the number of viable neurons to exceed that of HI 

normothermia. After rewarming, shams had fewer viable neurons than did HI pigs (p = 

0.003)

HI and temperature interacted in their effect on apoptosis (p = 0.008; Fig. 5e). HI (p = 0.459) 

and temperature (p = 0.655) did not independently affect apoptosis. HI normothermic pigs 

had more apoptosis than did sham normothermic pigs (p = 0.032). By contrast, sham 

hypothermic pigs had more apoptosis than HI hypothermic pigs (p = 0.032). HI and 

temperature did not affect the number of injured neurons in the posterior putamen (p > 0.05 

for all comparisons; Fig. 5f). As in the anterior putamen, the majority of injured neurons in 

the posterior putamen were morphologically ischemic necrotic.

Findings on TUNEL stain were also consistent with some of our observations on H&E stain 

in the posterior putamen. Temperature independently affected the number of TUNEL+ cells 

(p < 0.001), and there was an interactive effect of HI and cooling (p < 0.001). HI did not 

independently affect the number of TUNEL+ cells (p = 0.496). In post hoc pairwise 

analyses, HI normothermic pigs had more TUNEL+ profiles than did sham normothermic 

pigs (p < 0.001; Fig. 6d). Conversely, sham hypothermic pigs had more TUNEL+ profiles 

than did HI hypothermic, sham normothermic, and sham rewarmed pigs (p < 0.001 for all). 

Hypothermia and hypothermia with rewarming after HI was associated with fewer TUNEL+ 

cells than was normothermic recovery (p = 0.003 for both). When both TUNEL and H&E 

were performed, correlation between TUNEL+ cells and apoptotic profiles was significant (r 
= 0.57, p < 0.0001) with low bias and high agreement (Fig. 6e, f).

Motor Cortex—HI injury independently (p = 0.007) and interactively with temperature (p 
< 0.001) affected the number of viable cortical neurons in layers 2–3 (Fig. 7a). Temperature 

alone did not affect the viable neuron count (p = 0.390). In post hoc comparisons, HI 

hypothermic piglets had more viable neurons than did sham hypothermic piglets (p < 0.001). 

Normothermic shams also had more viable neurons than did hypothermic (p = 0.002) and 

rewarmed shams (p = 0.025).

HI (p < 0.001) and temperature (p = 0.009) independently and interactively (p < 0.001) 

affected the number of apoptotic profiles (Fig. 7b). HI hypothermia increased apoptosis 

above that of sham hypothermia (p = 0.020). The combination of HI, hypothermia, and 

rewarming increased apoptosis to exceed that of sham rewarming (p < 0.001), HI 

hypothermia (p < 0.001), and HI normothermia (p < 0.001).

Many injured neurons in the motor cortex showed morphologic signs of classical ischemic 

necrosis, whereas others had cytopathology that was primarily focused in the cytoplasm 

(eosinophilic cytoplasm with vacuoles) without fulminant nuclear degeneration. We 

classified both of these cell types as injured for the analysis. The injured neurons with 

eosinophilic and vacuolated cytoplasm, but without overt nuclear signs of ischemic necrosis, 

were predominately in sham piglets.

HI (p < 0.001) and temperature (p = 0.014) independently and interactively (p < 0.001) 

affected injured neuron counts (Fig. 7c). Normothermic HI piglets had more injured neurons 
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than did normothermic shams (p = 0.015). HI hypothermia reduced the number of injured 

neurons to below that of HI normothermia (p = 0.003). However, sham hypothermia (p < 

0.001) and sham rewarming (p < 0.001) increased the number of injured neurons to exceed 

that of HI piglets with the same temperature treatment. Among the sham groups, sustained 

hypothermia and hypothermia with rewarming increased the injured neuron count to above 

that of normothermia (p < 0.001 for both).

Protein Markers of Cell Death, Inflammation, and the Unfolded Protein Response in the 
Putamen

We performed Western blotting for protein markers of neuronal viability, cell death, 

inflammation, and the unfolded protein response. Among the experimental groups, we found 

no differences in the expression of NeuN or cleaved capase-3 (p > 0.05 for both; online 

suppl. Fig. 1a, b; for all online supplementary material, see www.karger.com/doi/

10.1159/000496602); tumor necrosis factor alpha, CD95, nitrotyrosine, or onized calcium-

binding adapter molecule 1 (p > 0.05 for all; online suppl. Fig. 2a–d); or heat shock protein 

70, ERN1, protein kinase RNAlike endoplasmic reticulum kinase, or phosphorylated ERN1 

(p > 0.05 for all; online suppl. Fig. 3a–d).

Vasopressors

One piglet (sham rewarm) received dopamine. Five piglets received phenylephrine (2 HI 

normothermia, 1 HI hypothermia, and 2 HI rewarm). In the anterior putamen, the number of 

viable neurons (p = 0.813), apoptotic profiles (p = 0.107), and ischemic neurons (p = 0.624) 

did not differ between pigs that received phenylephrine and those that did not receive 

vasopressor. Phenylephrine also did not affect the number of viable neurons (p = 0.927), 

apoptotic profiles (p = 1.000), or ischemic neurons (p = 0.599) in posterior putamen relative 

to those piglets that did not receive vasopressor. Similarly, in motor cortex, administration of 

phenylephrine did not affect the number of viable neurons (p = 0.924), injured neurons (p = 

0.182), or apoptotic profiles (p = 0.507) compared with piglets that did not receive 

phenylephrine.

Discussion

We identified several findings relevant to the effects of hypothermia on the moderately HI-

injured and uninjured developing brain. After HI, sustained hypothermia and hypothermia 

with rewarming preserved viable neurons in putamen to exceed that of normothermia, in part 

by preventing neuronal ischemic necrosis in the anterior putamen. However, hypothermia 

did not prevent neuronal ischemic necrosis in the posterior putamen nor did it protect against 

an HI-induced increase in apoptosis in the anterior putamen, posterior putamen, or motor 

cortex. Cooling and rewarming increased neuronal injury in sham piglets independent of HI 

in both the putamen and motor cortex. The reduction in viable neuron counts in the anterior 

putamen and cerebral cortex after sham hypothermia and rewarming further suggests that the 

degenerating cells were neurons. In these areas, the degree of neuronal degeneration was 

such that hypothermic shams had lower viable neuron counts than the hypothermic HI pigs. 

Indeed, sham hypothermia was associated with more apoptosis than HI hypothermia in the 

posterior putamen. These results were supported by TUNEL assay. Thus, we identify 
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independent and interactive effects between moderate HI and temperature management in 

the developing brain that are region specific after 27 h of hypothermia. The potential for 

regional brain differences suggest that clinical HIE studies should measure injury of specific 

brain regions [30] in addition to using global injury scores [31].

Our study reveals new information on the regional vulnerability to HI and the therapeutic 

efficacy and potential off-target effects of targeted temperature management. We found that 

hypothermia protected the anterior putamen specifically from ischemic necrosis after HI but 

not the posterior putamen. Though the finding that hypothermia protects the piglet striatum 

after HI is not new [10], the finding that hypothermic protection from necrotic cell death can 

vary intra-regionally is new. This outcome is perhaps explained by differences in the 

metabolism and connectivity of these regions. Metabolic mapping of mitochondrial 

cytochrome c oxidase (complex IV) demonstrates higher activity in the posterior putamen 

compared to the anterior putamen [14] (see Fig. 14). Thus, hypothermia might be less 

effective at protecting brain regions with greater metabolic demands possibly because of a 

more rapid commitment to cell death prior to the onset of hypothermia at 2 h [13, 23]. 

Further, an interesting corollary is that the afferent connections of the anterior putamen and 

posterior putamen differ, particularly regarding corticostriatal connectivity in large animals 

and primates, including humans [32]. Generally, the entire cerebral cortex maps 

topographically onto the putamen in a pattern that follows the anterior-posterior axis. Thus, 

the frontal eye fields, supplementary motor area, premotor area, and primary motor cortices 

connect more anteriorly in putamen, while primary somatosensory, parietal, and visual 

cortices connect more with middle and posterior putamen in monkey and human [32]. Tract 

tracing and diffusion tensor imaging tractography studies in pig are uncommon [26], but our 

emerging data using cortical injection of lentivirus with genetically encoded fluorescent 

reporters suggest that piglet corticostriatal and thalamostriatal connectivity is similar to 

primates (L.J.M., P.T.S., J.K.L., unpublished observations). Another similarity to primates is 

the anterior-posterior pattern of dopamine receptor binding sites seen in the striatum of 

living piglets [33], which could also contribute to regional variability. Because the piglet 

model of neonatal HIE elegantly mimics that seen in human HIE [34], we are poised to more 

deeply understand the mechanisms of selective vulnerability and the potential effects of 

targeted temperature management on the immature brain in a clinically relevant animal 

model.

Although the early form of neuronal death after HIE is ischemic necrosis, delayed 

neurodegeneration is more consistent with apoptosis and ongoing neuronal death likely 

contributes to long-term neurologic injury [35, 36]. Though post-ischemic hypothermia 

suppresses apoptosis in rats [37, 38], hypothermia did not protect against apoptosis after HI 

in our swine model. Several possibilities could account for this finding. We delayed the 

induction of hypothermia by 2 h to mimic clinical delays, which may occur during 

resuscitation after birth injury or while transporting the neonate to a neonatal intensive care 

unit. We previously found that the essential molecular cascades for apoptosis can be 

activated within 15 min of excitotoxicity in a neonatal rat model [39]. Delaying hypothermia 

induction by 2–3 h attenuates the neuroprotection in putamen afforded by immediate 

hypothermia after piglet HI [40, 41]. Therefore, it is possible that the 2 h delay after injury 

contributed to the inability to protect against apoptotic cell death. Use of adjuvant therapies 
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that specifically mitigate apoptosis could be one strategy to improve hypothermic 

neuroprotection.

Further, the ideal duration of hypothermia after HI is unknown. We studied up to 27 h of 

hypothermia, which is shorter than clinical hypothermia for treatment of HIE, but similar to 

that of other neonatal swine models [40–43] and longer than that of rodent models. In an 

adult swine model of cardiac arrest, 48 h of hypothermia prevented hippocampal apoptosis 

better than 24 h of hypothermia [44]. Because we did not test different durations of 

hypothermia, we do not know if longer periods would afford greater protection against 

apoptosis. We do not extend the duration of hypothermia in our neonatal piglets owing to 

neurotoxicity from prolonged anesthesia (unpublished data). However, additional studies of 

different durations of hypothermia are needed. Fetal lamb models that maintain placental 

support from the mother may improve the ability to study long durations of hypothermia in 

more depth [45], including in uninjured developing brain. Because HI brain injury can 

evolve over weeks to months [46], long-term recovery studies in large, neonatal animal 

models with gyrencephalic brain and HI are necessary.

Rewarming from hypothermia after HI increased apoptosis in the motor cortex [15] but not 

in the putamen. Rewarming is a high-risk period for complications and ongoing brain injury 

after HIE because it is associated with seizures [47], greater discontinuity on 

electroencephalogram [48], dysfunctional cerebrovascular autoregulation [25], and 

neuroinflammation [43, 45]. Although a fetal sheep model of HIE showed that slow 

rewarming reduced injury measured by EEG relative to rapid rewarming, the actual 

rewarming rates may be less important than the duration of hypothermia for neuronal 

protection [49].

As comfort with delivering therapeutic hypothermia grows, clinical hypothermia has been 

considered for neonatal diseases beyond moderate-to-severe HIE [2–6, 50]. Moreover, 

neonates without known brain injury require rewarming if they become inadvertently 

hypothermic, including low birthweight newborns [7] and neonates who undergo surgery 

[8]. Hypothermia is also used for neonatal cardiopulmonary bypass during repair of 

congenital heart defects. Thus, the independent effects of hypothermia and rewarming on the 

uninjured neonatal brain deserve thorough study.

We identified possible risks to the putamen and motor cortex from hypothermia and 

rewarming in uninjured developing brain. Neuropathology in the striatum is of considerable 

concern because of its key role in motor control, sensory-motor integration, learning and 

cognition, and emotional-social behavior [51]. Sham hypothermia was associated with 

increased apoptosis and a greater number of TUNEL-positive cells compared with those of 

sham normothermia and sham rewarming in the anterior putamen. Because we selected only 

one time point after HI or sham procedure to quantify cell death, the hypothermic piglets 

received 27 h of hypothermia, whereas the rewarmed piglets received 18 h of hypothermia. It 

is possible that the additional 9 h at 34°C contributed to the increased apoptosis and suggests 

that prolonged hypothermia may have detrimental effects. This finding is consistent with our 

prior work in the subcortical white matter [19].
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We also observed cortical neuronal injury in sham piglets that received hypothermia 

including cytoplasmic vacuolization and eosinophilia (Fig. 2). The fate of these injured 

cortical neurons is not known, and electron microscopy needs to be performed. The 

biological basis for the sensitivity of the cerebral cortex to hypothermia merits exploration, 

but one possibility relates to the birthdate and maturation of these neurons. Layers 2 and 3 of 

neocortex are among the latest born neurons in primate brain [52] so this relative 

propinquity to cell cycle exiting and immaturity might impart vulnerability to cooling. 

However, early birthdate would not explain the vulnerability of the anterior putamen to 

hypothermia because these neurons are born much earlier than superficial cortical neurons 

[52, 53]. A surprising aspect of the cortical and anterior putamen vulnerability to 

hypothermia was its mitigation by HI, thus highlighting the potential interactions of their 

molecular physiologies.

The mechanisms by which hypothermia may contribute to neurodegeneration in the 

developing brain are unknown. In the absence of other injury, severe hypothermia is known 

to promote cell death by increasing production of reactive oxygen species [54], contributing 

to derangements in mitochondrial bioenergetics [55], and diminishing production of 

antioxidants [56]. Interestingly, some of these deleterious effects are absent in the presence 

of hypoxia or other brain injury [54, 57].

It is important to consider the potential combined effects of hypothermia and anesthesia on 

neuronal cytopathology. Anesthetized shams that received 29 h of normothermia had similar 

viable, apoptotic, and injured neuronal counts as unanesthetized naïve piglets. Therefore, 

during normothermia our anesthetic regimen alone did not cause apparent neuronal 

cytopathology, consistent with prior assessments of this anesthetic by several parameters 

[15, 19–21]. We chose the combination of fentanyl-nitrous oxide because previous work in 

newborn lambs demonstrated that this regimen provides anesthesia without decreasing the 

cerebral metabolic rate of oxygen [58], in contrast to many other anesthetic regimens. 

Because it is unethical to cool piglets in the absence of anesthesia given the risk of shivering, 

discomfort, and hemodynamic changes, we cannot comment on the effects of hypothermia 

without anesthesia. Hypothermia decreases neuronal metabolism [59], and it is possible that 

the cellular injury we observed is related to a synergistic effect between hypothermia and 

fentanyl-nitrous oxide. For instance, hypothermia during our anesthetic regimen could lower 

spontaneous cerebral electrical activity to below that of anesthesia alone. Whether very low 

electrical activity in these circumstances causes neuronal injury is not known and cannot be 

deciphered in our study.

Nonetheless, further studies on the interactions between hypothermia and sedation or 

anesthesia should be considered in the developing brain. Although 3 days of hypothermia in 

healthy adults rats did not produce adverse neurologic effects [60], experiments must be 

specifically designed in neonatal brain to elucidate the effects of hypothermia, clinically 

relevant sedation and anesthetic regimens, and their potential synergistic effects before a 

similar safety profile can be assumed for neonates. The postnatal developing and adult 

rodent and nonhuman primate brains have many pronounced differences in ion channel 

glutamate receptor expression patterns [61, 62], neurotransmitters [51], and cell death [63, 
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64], including apoptosis. Thus, we recommend additional studies on the independent effects 

of hypothermia and rewarming on the developing brain.

We used Western blotting in an attempt to validate our histologic measurements in putamen, 

but the data did not match the histologic cell counts. Our sample sizes exceeded those from 

our previous study, which showed significant cleaved caspase-3 protein level differences in 

cortex after HI, hypothermia, and rewarming. However, that was in cerebral cortex where 

apoptosis is highly concentrated in a major cell-dense layer [15]. The inability to detect 

differences in levels of proteins involved in cell death, inflammation, or the unfolded protein 

response might relate to our use of a crude homogenate assay, which incorporates proteins 

from intrinsic neurons, white matter axons enriched in striatal bundles, glial cells, vascular 

cells, and blood-borne cells. The cellular resolution that is achieved with microscopy is lost 

with crude homogenate assays, and microscopic counting is a direct one-to-one metric. 

Furthermore, we assessed protein levels at a single time point which might not reflect 

upstream mechanisms activated shortly after HI injury.

Our study had several limitations. Although sufficiently powered for histologic outcomes, 

we used a small sample size and multiple treatment groups. Thus, our results must be 

replicated in other studies for further interpretation. Interrater reliability analyses showed 

higher bias for viable neuron counts than for apoptotic profile counts. The differences in 

viable neuron counts between the 2 investigators who conducted the microscopy are likely 

due to the different microscope fields that were counted in each pig. We could not ensure 

that the same microscope field was counted by each investigator. We examined only male 

piglets. Rodent studies suggest that males may preferentially activate caspase-independent 

cell death, whereas females may activate caspase-dependent cell death and may be more 

resistant to HI [65, 66]. The effects of sex on cell death after hypothermia and rewarming 

with and without HI merits study. Although we believe this model to be a moderate HI 

injury, we did not perform neurologic assessments and cannot comment on the long-term 

ramifications of this degree of neuronal loss. We have shown that although most cell death 

occurs before 24 h in the putamen, it does progress over 96 h in more severe models [13]. 

Whether moderate HI prolongs the delay in cell death in the putamen or cerebral cortex is 

unknown. The current standard of care for neonatal HIE is 72 h of hypothermia [1]. We only 

provided up to 27 h of hypothermia in this study. Longer experiments are necessary to more 

fully describe the effects of hypothermia on the developing brain. Clinically, neonates are 

not exposed to 29 h of general anesthesia with nitrous oxide during hypothermia and 

rewarming as the piglets were in our experiments. We utilize our specific anesthetic regimen 

to ensure animal comfort.

Conclusion

Hypothermia and hypothermia with rewarming after moderate HI preserved viable neurons 

in the putamen and protected against neuronal injury in the anterior putamen in neonatal 

swine. Hypothermia after HI did not prevent neuronal injury in the posterior putamen. 

Moreover, hypothermia initiated 2 h after injury did not protect against apoptotic cell death 

in either the putamen or motor cortex, and rewarming from hypothermia was associated with 

increased apoptosis in motor cortex. After sham procedure, hypothermia was associated with 
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increased neuronal injury in the anterior putamen and motor cortex with a congruent 

decrease in the number of viable neurons. The neuronal injury in the cortex was 

morphologically distinct from that in the putamen. Thus, HI and temperature have 

independent and interactive effects on neuronal pathology in this neonatal swine model. 

These effects may be region specific and likely involve different cell death mechanisms that 

warrant further study.
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Refer to Web version on PubMed Central for supplementary material.
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1: Appendix

Piglets That were Not Analyzed by Histology

We used tissue from our past studies on cortical and white matter injury [15, 19]. For the 

current study, H&E cell counts could not be conducted in the anterior putamen of one naïve 

pig and one HI hypothermia pig, and in the posterior putamen of one sham hypothermia pig 

because tissue at the appropriate anatomic level was unavailable. TUNEL-stained slides 

from the anterior putamen were not available for one sham normothermia, one sham 

hypothermia, and one HI normothermia piglet because of tissue damage or incomplete stain. 

TUNEL-stained slides were not available for two HI normothermia piglets and one HI 

rewarming piglet in the posterior putamen because of tissue damage.
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Fig. 1. 
Representative brain images from pigs that underwent sham surgery or HI injury. a, b 
Macrophotographs show the anterior and posterior levels of the putamen where viable, 

injured, and apoptotic profiles were counted. Photos are grayscale images of hematoxylin 

and eosin (H&E)-stained sections that were taken at 10× magnification. Brain section 

orientation is indicated at the lower right of each image. c H&E-stained putamen in a sham-

operated normothermic pig. Arrows denote morphologically viable neurons. Perineuronal, 

pericapillary, and parenchymal neuropil integrity appears excellent at this resolution. d 
H&E-stained putamen in an HI normothermic pig. The arrows identify morphologically 

ischemic necrotic neurons, which were classified as “injured” for the analysis. Neuropil 

integrity is severely damaged as evidenced by the overt perineuronal, pericapillary, and 

parenchymal vacuoles. e H&E-stained putamen in a sham-operated hypothermic pig. 

Arrows denote apoptotic profiles. The neuropil appears finely vacuolated with some pallor. 

The inset at lower right demonstrates an apoptotic profile at higher magnification (from 

upper right hatched box) for better visualization of spherical chromatin clumps in the 

nucleus. f Representative TUNEL+ profile in a sham-operated hypothermic pig. The 

morphology of the DNA fragmentation and compartmentation seen as round aggregates is 

consistent with apoptosis. The cell size suggests that this apoptotic profile is a neuron. c–d 
were taken at 400× magnification. f was taken at 600× magnification with oil immersion. 

Scale bar is 10 μm.
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Fig. 2. 
Representative hematoxylin and eosin (H&E)-stained sections of motor cortex in pigs that 

underwent sham surgery and normothermic recovery (a), sustained hypothermia (b), or 

hypothermia with rewarming (c). Shown are low magnification panoramic and higher 

resolution (insets) views to appreciate the general anatomic locations and the cellular details. 

a In a sham normothermic piglet, neurons in layers 2 and 3 appear morphologically viable. 

b, c After hypothermia and hypothermia with rewarming, subsets of neurons are 

characterized by vacuolated, eosinophilic cytoplasm and nuclei that are dark and condensed 

but maintain nucleoli (arrows). The neuropil also shows spongiform changes. Photos taken 

at 200× magnification and insets taken at 600× magnification. Scale bar is 50 μm.
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Fig. 3. 
Interrater reliability for counting viable neurons (a, b) and apoptotic profiles (c, d) on 

hematoxylin and eosin (H&E)-stained sections in putamen of 15 random piglets. Two 

investigators counted cells in different microscope fields of the same pig. Viable neuron 

counts (a; r = 0.73, p = 0.002) and apoptotic profile counts (c; r = 0.83, p < 0.001) correlated 

between the investigators. Bland-Altman plots for viable neurons (b) and apoptotic profiles 

(d). Bias is shown by the solid line. The 95% limits of agreement are shown by dotted lines. 

The apoptotic counts had near-zero bias, whereas bias was higher for viable neuron counts.
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Fig. 4. 
Viable neuron and apoptotic profile counts in anterior (a, b) and posterior (c, d) putamen 

and in motor cortex (e, f) of naïve and sham pigs. Counts were made on hematoxylin and 

eosin (H&E)-stained sections. The viable neuron counts were similar in naïve 

unanesthetized and sham normothermic piglets (a, p = 0.693 for anterior putamen; (c), p = 

0.311 for posterior putamen). Naïve piglets had more apoptosis than did sham piglets, with a 

difference in medians of 0.75 apoptotic profiles per microscope field between groups in 

anterior putamen (b, * p < 0.05). Apoptotic profile counts did not differ in posterior putamen 

(d, p = 1.00). e, f Viable neuron and apoptotic profile counts did not differ in the motor 

cortex. Each circle represents 1 piglet. Box plots with IQRs and 5–95th percentile whiskers 

are shown.
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Fig. 5. 
The effects of temperature and HI on viable neuron (a, d), apoptotic profile (b, e), and 

injured neuron (c, f) counts in anterior (a–c) and posterior (d–f) putamen on hematoxylin 

and eosin (H&E)-stained sections. a HI and temperature significantly interacted in their 

effect on the number of viable neurons (p < 0.001). * p < 0.05 and ** p < 0.01. b HI 

independently affected the number of apoptotic profiles (p = 0.004), and HI and temperature 

significantly interacted (p = 0.003). ** p ≤ 0.01. c HI and temperature significantly 

interacted in their effect on injured neurons (p < 0.001). * p < 0.05 and ** p < 0.01. d In the 

O’Brien et al. Page 24

Dev Neurosci. Author manuscript; available in PMC 2019 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



posterior putamen, HI and temperature significantly interacted in their effect on the number 

of viable neurons (p = 0.003). * p < 0.05 and ** p < 0.01. e HI and temperature interacted in 

their effect on apoptosis (p = 0.008) *p < 0.05. f HI and temperature did not affect the 

number of ischemic neurons in the posterior putamen (p > 0.05 for all comparisons). Each 

circle represents 1 piglet. Box plots with IQRs and 5–95th percentile whiskers are shown. 

Analyses were conducted by 2-way analysis of variance and post hoc pairwise comparisons 

with Holm-Sidak tests. NormoT, sustained normothermia; HypoT, sustained hypothermia; 

Rewarm, hypothermia followed by rewarming.
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Fig. 6. 
Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining to 

identify cell death in anterior putamen (a–c) and posterior putamen (d–f). a Temperature and 

HI interacted in their effect on the number of TUNEL+ cells (p = 0.035). * p < 0.05. b 
Interrater reliability analysis showed significant correlation in counting TUNEL+ cells and 

apoptotic profiles by hematoxylin and eosin (H&E) at the anterior level (r = 0.65, p < 

0.0001). c Bland-Altman plot for TUNEL+ cells and apoptotic cells by H&E stain at the 

anterior level. Bias is shown by the solid line. The 95% limits of agreement are shown by 

dotted lines. Bias was near-zero with high agreement. d Temperature independently affected 

the number of TUNEL+ cells (p < 0.001), and HI and cooling had an interactive effect (p < 

0.001) ** p < 0.01. e Interrater reliability analysis showed significant correlation in counting 

TUNEL+ cells and apoptotic profiles by H&E at the posterior level (r = 0.57, p < 0.0001). f 
Bland-Altman plot for TUNEL+ cells and apoptotic cells by H&E stain at the posterior 

level. Bias is shown by the solid line. The 95% limits of agreement are shown by dotted 

lines. Bias was near-zero with high agreement. Each circle represents 1 piglet. Data in (a, b) 

are graphed as box plots with IQRs and 5–95th percentile whiskers. Analyses in (a, b) were 

conducted by 2-way analysis of variance and post hoc pairwise comparisons with Holm-

Sidak tests. NormoT, sustained normothermia; HypoT, sustained hypothermia; Rewarm, 

hypothermia followed by rewarming.
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Fig. 7. 
The effect of temperature and HI on viable neuron (a), apoptotic profile (b), and injured 

neuron (c) counts in the motor cortex. a HI had an independent (p = 0.007) and interactive 

effect with temperature (p < 0.001) on the number of viable neurons. * p < 0.05, ** p < 0.01, 

and *** p < 0.001. b HI (p < 0.001) and temperature (p = 0.009) independently and 

interactively (p < 0.001) affected the number of apoptotic profiles. * p < 0.05 and *** p < 

0.001. c HI (p < 0.001) and temperature (p = 0.014) independently and interactively (p < 

0.001) affected injured neuron counts. * p < 0.05, ** p < 0.01, *** p < 0.001. Each circle 

represents 1 piglet. Box plots with IQRs and 5–95th percentile whiskers are shown. 

Analyses were conducted by 2-way analysis of variance and posthoc pairwise comparisons 

with Holm-Sidak tests. NormoT, sustained normothermia; HypoT, sustained hypothermia; 

Rewarm, hypothermia followed by rewarming.
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