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Abstract

Males are more susceptible than females to long-term cognitive deficits following neonatal 

hypoxic-ischemic encephalopathy (HIE). Mitochondrial dysfunction is implicated in the 

pathophysiology of cerebral hypoxia–ischemia (HI), but the influence of sex on mitochondrial 

quality control (MQC) after HI is unknown. Therefore, we tested the hypothesis that mitophagy is 

sexually dimorphic and neuroprotective 20–24 h following the Rice–Vannucci model of rat 

neonatal HI at postnatal day 7 (PN7). Mitochondrial and lysosomal morphology and degree of co-

localization were determined by immunofluorescence in the cerebral cortex. No difference in 

mitochondrial abundance was detected in the cortex after HI. However, net mitochondrial fission 

increased in both hemispheres of female brain, but was most extensive in the ipsilateral 

hemisphere of male brain following HI. Basal autophagy, assessed by immunoblot for the 

autophagosome marker LC3BI/II, was greater in males suggesting less intrinsic reserve capacity 

for autophagy following HI. Autophagosome formation, lysosome size, and TOM20/LAMP2 co-

localization were increased in the contralateral hemisphere following HI in female, but not male 

brain. An accumulation of ubiquitinated mitochondrial protein was observed in male, but not 

female brain following HI. Moreover, neuronal cell death with NeuN/TUNEL co-staining occurred 

in both hemispheres of male brain, but only in the ipsilateral hemisphere of female brain after HI. 

In summary, mitophagy induction and neuronal cell death are sex dependent following HI. The 

deficit in elimination of damaged/dysfunctional mitochondria in the male brain following HI may 
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contribute to male vulnerability to neuronal death and long-term neurobehavioral deficits 

following HIE.
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INTRODUCTION

Neonatal hypoxic-ischemic encephalopathy (HIE) is a sexually dimorphic brain disorder 

affecting approximately 1.5–2/1000 live births (Kurinczuk et al., 2010; Davidson et al., 

2015). Males are particularly vulnerable to adverse long-term outcome compared to females 

affected by HIE (Hill and Fitch, 2012; Smith et al., 2014), but sex-dependent 

pathophysiological mechanisms are not well understood. No sex differences in lesion 

volume have been found following HI in rats (Smith et al., 2014), but there is one recent 

report of increased lesion volume in male compared to female mice following HI (Mirza et 

al., 2015). Cell death proclivity in several brain injury models is sexually dimorphic (Du et 

al., 2004; Li et al., 2005, 2009, 2011; Yuan et al., 2009; Siegel et al., 2011; Manwani and 

McCullough, 2011; Hill et al., 2011a; Hill and Fitch, 2012; Siegel and McCullough, 2013) 

and a sex difference in cell death was also recently reported in moderate, but not severe 

hypoxia–ischemia (HI) injury in postnatal day 7 (PN7) rats (Askalan et al., 2015). The large 

body of clinical evidence demonstrating adult females have a better outcome after stroke 

than similarly aged males is commonly attributed to the presence of estrogen (reviewed in 

Turtzo and McCullough, 2010). In contrast, the mechanisms underlying neonatal sex 

differences in neurobehavioral outcome, when brain hormone levels are equivalent (Konkle 

and McCarthy, 2011), are not well understood. While hormone concentrations are similar, 

there is evidence that sex differences in androgen modulation of GABAergic 

neurotransmission may influence the susceptibility to neonatal brain injury (Nunez and 

McCarthy, 2008). Despite this growing evidence, sex differences in clinical studies of 

perinatal brain injury remain largely underrepresented.

It is well established that mitochondrial dysfunction and oxidative stress contribute to cell 

death following neonatal HI injury (Blomgren and Hagberg, 2006; Niatsetskaya et al., 2012; 

Ten and Starkov, 2012). We recently reported a male susceptibility to mitochondrial 

respiratory dysfunction and oxidative damage following HI (Demarest et al., 2016). These 

findings support the hypothesis that a mitochondrial mechanism may underlie the sex 

differences in long-term neurobehavioral outcome observed following HI. Mitochondrial 

fission (or fragmentation) (Pradeep et al., 2014; Zhang et al., 2015; Owens et al., 2015a) and 

autophagy (Weis et al., 2014; Li et al., 2015; Yu et al., 2015) are known to occur following 

cerebral ischemia–reperfusion injury. It is hypothesized that mitochondrial fragmentation 

segregates oxidatively modified mitochondrial proteins for elimination via mitochondrial-

specific autophagy (mitophagy) (Twig et al., 2008; Soubannier et al., 2012; Norton et al., 

2014). Increases in autophagy following ischemia–reperfusion injury are well recognized. 

However, there are conflicting reports that increased autophagy following cerebral ischemia-

reperfusion injury can be detrimental (Baek et al., 2014; Yang et al., 2015; Au et al., 2015; 
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He et al., 2016; Xie et al., 2016) or neuroprotective (Carloni et al., 2012; Qi et al., 2014; Su 

et al., 2014; Wang et al., 2014; Jiang et al., 2015). Sex differences in autophagy both in vitro 
(Du et al., 2009) and in vivo following HI (Weis et al., 2014) have been reported. However, 

the role of mitophagy following neonatal HI is unknown. Thus, in the current study, we 

tested the hypothesis that mitophagy is sexually dimorphic and neuroprotective 20–24 h 

following neonatal HI.

EXPERIMENTAL PROCEDURES

Animals

All animal procedures were approved by the University of Maryland Institutional Animal 

Care and Use Committee in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals. N = 146 total postnatal day 8 (PN8) Sprague–Dawley rat pups from 

timed pregnant females were obtained from Charles River Laboratories (Wilmington, MA) 

for this study. Of these, n = 48 male, and n = 51 females were used for 6–11 individual brain 

mitochondria isolations per group as previously described (Demarest et al., 2016). The 

remaining pups were allocated to the following groups for biochemical measures and 

histology: Sham n = 10 male, n = 11 female; HI: n = 14 male, n = 12 female. Some tissues 

used in this study were derived from the same cohort of animals used in a previous study 

(Demarest et al., 2016).

Western blot

Total brain homogenate (25 μg protein per sample) was subjected to sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS–PAGE) using the BioRad tetra cell system and 

AnyKd® gels (BioRad, Hercules, CA, USA). Gels were transferred to 0.2 μm pore size 

PVDF via the Transblot Turbo semidry transfer system (BioRad). Blots were blocked in 5% 

milk in Tris-buffered saline (TBS) plus 0.1% tween-20 and incubated overnight at 4 °C with 

outer mitochondrial membrane marker TOM20 (1:2000; Santa Cruz, Dallas, TX, USA), 

autophagosome marker LC3BI/II (1:1000; Cell Signaling, Danvers, MA, USA) or β-actin 

(1:2000; Sigma, St. Louis, MO, USA) and washed 3 × 10 min in TBS plus 0.1% tween-20 

(TBST) and incubated in goat anti-rabbit-HRP secondary (1:5000) in 5% milk in TBST. 

Blots were visualized using Amersham (GE healthcare, Little Chalfont, UK) 

chemiluminescent substrate and scanned for densitometry analysis on the Digit imaging 

system (LiCor, Lincoln, NE, USA). Densitometry was normalized to β-actin. n = 4–6/group.

Dot blot

Brain mitochondria were isolated from rat pups as previously described (Demarest et al., 

2016). Isolated brain mitochondria (2.5 μg) were dotted onto nitrocellulose membrane using 

the Bio-Dot® SF Microfiltration Apparatus (BioRad) according to the manufacturer’s 

instructions. Nitrocellulose membranes were blocked for 1 h in TBST+ 5% milk, washed in 

TBST and incubated in TBST+ 5% milk plus anti-ubiquitin antibody (1:1000; Cell 

Signaling) overnight at 4 °C, washed 6 × 10 min in TBS plus 0.1% tween-20 (TBST) and 

incubated in goat anti-rabbit-HRP secondary (1:10,000) in 5% milk in TBST. Blots were 

visualized with SuperSignal™ West Femto (ThermoFisher, Waltham, MA, USA) on BioRad 
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Chemidoc™ MP imaging system. The chemiluminescent signal was calculated in relative 

light units (RLU) per μg of protein. n = 6–11/group.

Fluorescence immunohistochemistry

Forty-micron thick brain sections were cut and mounted as previously described (Demarest 

et al., 2016). Following a thirty-minute permeabilization in TBS+ 0.03% Triton-X (TBSTx), 

sections were co-incubated in TOM20 (SantaCruz) and LAMP2 (SantaCruz) primary 

antibodies in IHC slide holders (Millipore, Billerica, MA, USA) for 72 h at 4 °C. Slides 

were washed in TBSTx 6 times for 10 min prior to a 72-h incubation with secondary 

antibodies; donkey anti-rabbit alexa 488 ReadyProbes® (Invitrogen, Carlsbad, CA, USA) 

and Donkey anti-Goat IgG (H + L), Alexa Fluor® 555 conjugate (ThermoFisher). Slides 

were removed from IHC slide Holders and washed in TBSTx 6 times for 10 min and cover-

slipped using DAPI containing mounting media (DAPI Flouromount-G®; SouthernBiotech, 

Birmingham, AL, USA) prior to imaging. n = 4/group.

TOM20/LAMP2 image acquisition and analysis

Images were acquired at 63.3× oil magnification on a Zeiss Axioimager M2 microscope 

using the apotome. Images of three brain sections containing CA1 hippocampus were 

captured to ensure consistent cortical area between animals. Three images of cortical layers 

II/III per hemisphere, in each section, were imaged to ensure sufficient sampling of the 

cortex and eliminate any potential selection bias. A total of 9 images per hemisphere were 

acquired and analyzed for each animal. Particle size analysis and percent area (thresholds: 

20–255 for TOM20, 30–255 for LAMP2) for each of the stained images were performed in 

Image J Software (National Institutes of Health). Analysis of the nine images per 

hemisphere was averaged per animal, resulting in n = 4 per group for statistical analysis. For 

LAMP2 staining, average particle size (μm2) was calculated since there was a relatively 

small size distribution. For TOM20 size analysis, the large size distribution (from 0.2 to 100 

μm2) was determined by size distribution cumulative frequency analysis in bins of 0.1 μm2 

with a minimum size set at 0.2 μm2. A total of 128,358 ± 10,693 (mean ± SD) TOM20-

immunopositive particles were quantified per hemisphere in each brain assessed.

Mitochondria/lysosome colocalization

Mitochondrial (TOM20) and Lysosome (LAMP2) co-localization was calculated as percent 

of total cells displaying co-labeling (as defined by ⩾2 co-localized perinuclear puncta/cell). 

Fifteen-micrometer thick 3D z-stack images were captured with a 63.3× oil immersion 

objective and uploaded to Volocity software (PerkinElmer, Waltham, MA, USA) to validate 

that green/red co-labeling, signified by yellow fluorescence in the figures, was in fact co-

localization in the 3D plane and not a super-positional artifact by proximity in different z-

planes. A researcher blinded to experimental treatments counted total number of cells and 

cells with significant LAMP2/TOM20 co-labeling in nine 2D 63.3× images per hemisphere 

in each brain using Image J Cell Counter Analysis tool (NIH). DAPI-stained nuclei were 

counted, excluding edges, as a metric for total number of cells. Cells displaying co-labeling 

were counted simultaneously using a distinct marker. Counting was restricted to the 

perinuclear region to avoid false assignment of co-labeling to cells that may be in a different 
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z-plane. Equal numbers of cells were counted in each treatment group; 308 ± 22 cells (mean 

± SD) were counted per hemisphere in each brain. n = 4 animals/group.

TUNEL staining

Following permeabilization in TBSTx, slide-mounted brain sections were placed in IHC 

slide holders (Millipore) and blocked in 2% horse serum (Invitrogen) for 2 h before 

overnight incubation in primary NeuN antibody (1:1000, Millipore). Slides were washed six 

times in TBSTx and incubated in donkey anti-mouse Alexa-594-conjugated secondary 

antibody (Invitrogen) for 2 h in the dark at room temperature. Following washing, TUNEL 

was detected with the Fluorescein In Situ Cell Death Detection (Roche, Basel, Switzerland) 

for 90 min in a humidified incubator at 37 °C. Neuronal cell death was quantified at 63.3 × 

magnification in ten randomly placed (100 μm × 125 μm) fields within the outlined cortex 

using the corpus callosum and perirhinal sulcus as anatomical boundaries. TUNEL/NeuN-

positive cells were counted in three cortical brain sections using the unbiased optical 

fractionator probes in StereoInvestigator software (MBF Bioscience, Williston, VT). 

StereoInvestigator software uses the defined section thickness (z-stack) measured at each 

focal point, combined with the distance between serial sections (480 μm), to calculate total 

number of TUNEL/NeuN-positive neurons within that estimated volume. Coefficient of 

variation was 0.16 ± 0.07 (Mean ± SD) between groups. Cells were counted by an individual 

blinded to the identity of the animal treatment groups. n = 4–5/group.

Statistical analysis

No significant differences were found in any of the parameters studied between hemispheres 

in sham animals; thus sham hemispheres were combined for analysis (n = 4–6/group). 

Mitochondrial cumulative frequency size distribution analysis was performed using a custom 

Excel spreadsheet and nonparametric Kruskal-Wallace test with p-value adjusted for 

multiple comparisons. To determine statistically significant differences within distinct 

TOM20-immunopositive particle sizes, a two-way ANOVA was performed with 

Bonferroni’s correction for multiple comparisons. For all other metrics, a two-way ANOVA 

(Sex × Treatment group; i.e., HI Contra, HI Ipsi, and Sham) was performed with Fisher’s 

posthoc test. p-Values <0.05 were considered significant. All graphs were generated in Excel 

and reflect mean ± SEM.

RESULTS

Mitochondrial fragmentation

Mitochondria present within the brains of normal rats generally exhibit a tubular 

morphology. Under stress and/or pathological conditions, mitochondria can undergo rapid 

fission, which is often referred to as fragmentation (Owens et al., 2015). There were no 

significant differences in total number of TOM20 particles (Fig. 1C; F(2,18) = 0.915, p = 

0.9596) or TOM20 immunoreactivity by western blot (Fig. 1E). However, the average 

TOM20 particle size (Fig. 1A, D; F(2,18) = 9.159, p = 0.0018) and percent mitochondrial 

area (Fig. 1B; F(2, 18) = 6.699, p = 0.0067) were significantly decreased in the ipsilateral 

cortex of both sexes following HI.
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Mitochondrial cumulative size distribution analysis

Mitochondria are dynamic organelles which constantly change size via fusion and fission. 

To better understand the changes in average size, we determined the cumulative size 

distribution in each treatment group. Kruskal–Wallace nonparametric analysis revealed that 

the mitochondrial size distributions following HI were significantly different from sham 

(Fig. 2). Both sexes displayed a left shift in the curve, in both contralateral and ipsilateral 

hemispheres after HI, indicating greater numbers of smaller mitochondria, or increased net 

mitochondrial fragmentation/fission (Fig 2.). Further analysis of the size distributions 

revealed significant changes in distinct size ranges within the entire mitochondrial 

population (Table 1; F (997, 17,964) = 531.1, p < 0.0001). There was a significant increase 

in mitochondria (1.0–4.3 μm2) in the contralateral hemisphere of male brain compared to 

sham (Table 1). There was a dramatic increase in fragmentation in >96% (0.2–18.2 μm2 vs. 

sham) of the mitochondrial population in the ipsilateral hemisphere of the male brain 

following HI (Table 1). The mitochondria in the ipsilateral hemisphere of males had a 

significant increase in the number of smaller mitochondria, ranging in size from 0.2 to 11.1 

μm2 compared to the contralateral hemisphere. In the female brain, there were significantly 

more of the smallest mitochondria, ranging from 0.2 to 5.4 μm2 and 0.2 to 10.5 μm2 in the 

contralateral and ipsilateral hemispheres, respectively, following HI compared to sham 

animals. There was a significantly greater population of smaller mitochondria in the 

ipsilateral hemisphere compared to the contralateral hemisphere (0.2–4.4 μm2) of the female 

brain following HI. More mid-sized mitochondria (1.2–6.2 μm2) were found in the 

ipsilateral hemisphere of the male brain compared to the ipsilateral hemisphere of the female 

brain following HI (Table 1). There was a significant sex × treatment group interaction (F(5, 

17,964) = 1226, p < 0.001). These observations suggest that mitochondrial fission is 

increased following HI, and that the degree of fission events occurring in male and female 

brain after injury differs.

Sex differences in autophagy

Mitochondrial fission is necessary for the targeted degradation of mitochondria by 

autophagy (mitophagy) (Frank et al., 2012; Zuo et al., 2014). To test the hypothesis that the 

degree of mitochondrial fragmentation correlates with increases in autophagy, we assessed 

autophagosome formation by LC3BI/II immunoblot (Fig. 3). There was significantly more 

autophagosome marker LC3BII immunoreactivity in sham males compared to sham females 

(Fig. 3). However, there were no changes in LC3BII levels following HI in males (F (2, 21) 

= 0.2424, p = 0.7869). In contrast, a significant increase in LC3BII levels was observed in 

the contralateral hemisphere of females following HI (Fig. 3; F(2, 21) = 3.052, p = 0.042). 

This observation suggests that autophagosome formation may be at maximal capacity in the 

male PN8 brain, thus limiting the ability of the male brain to upregulate autophagy in 

response to stress/injury.

Sex-dependent changes in lysosome morphology

The completion of autophagy relies on the fusion of autophagosomes with lysosomes, 

forming autolysosomes, for lysosomal degradation of proteins, lipids, and organelles. To 

determine whether increases in autophagosome formation parallel increases in autolysosome 
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formation, we assessed lysosome morphology by lysosome-associated membrane protein 2 

(LAMP2) immunofluorescence. Lysosome particle analysis revealed no significant 

difference in the number of lysosomes in any treatment group (Fig. 4A. F(2,31) = 1.575, p = 

0.226). There were no differences in LAMP2 particle size or percent area in male brain 

following HI. There were no significant differences in either size or percent area in the 

ipsilateral hemisphere of the female brain following HI. In contrast, we found significant 

increases in average LAMP2 particle size (Fig. 4A, C) and percent area (Fig. 4A, D) in the 

contralateral hemisphere of female brain following HI compared to sham females (Fig. 4A, 

C, D; F(2,31) = 3.087, p = 0.017). These increases in female brain were significantly greater 

than the average particle size and percent area observed in the contralateral hemisphere of 

the male brain after HI (Fig. 4A, C, D). These observations indicate that autophagosomes 

may be fusing with lysosomes, forming autolysosomes.

Sex-dependent induction of mitophagy following HI

To determine whether the increase in LAMP2 particle size reflects an increase in mitophagy, 

we determined the degree of colocalization of LAMP2/TOM20 by double-labeling 

immunofluorescence. The percentage of total cells displaying LAMP2/TOM20 co-labeling 

was significantly higher in the contralateral hemisphere of female brains following HI (Fig. 

5A, B; F(2,31) = 6.681, p = 0.011). This increase in LAMP2/TOM20 co-labeling was 

significantly greater than that observed in the contralateral hemisphere of male brains 

following HI (Fig. 5A, B). In contrast, there was a significant decrease in LAMP2/TOM20 

co-labeling in the ipsilateral hemisphere of male brains following HI (Fig. 5A, B, p = 0.042). 

The same statistical outcome was found with the raw number of cells observed in each 

treatment group (Fig. 5D). No difference in the total number of cells counted from equal 

fields of view was observed (Fig. 5E; F(2,31) = 1.679, p = 0.206). Additionally, there was a 

significant increase in ubiquitinated mitochondrial protein in the male brain following HI 

(Fig. 5C; (F(2, 44) = 10.010, p < 0.001). There was no change in mitochondrial protein 

ubiquitination in the female brain following injury. These observations suggest an increase 

in mitophagy in the contralateral hemisphere of females following HI, and an accumulation 

of damaged (ubiquitinated) mitochondrial protein in the male brain after HI.

Sex differences in neuronal cell death

In order to test the hypothesis that the increase in mitophagy is neuroprotective, we 

determined the amount of neuronal cell death by TUNEL/NeuN double-labeling 

immunofluorescence at 24 h following HI. There was no significant cell death in the 

contralateral hemisphere of the female brain following HI, in comparison to shams (F(1,25) 

= 1.691, p = 0.207). However, there was a significant increase in total (Fig. 6A, B) and 

neuronal (Fig. 6A, D) TUNEL-positive cells in the contralateral hemisphere of male brain 

following HI compared to shams (Fig. 6A, B; F(1,25) = 9.235, p = 0.006). The total number 

of TUNEL-positive cells in the contralateral hemisphere of male brain was significantly 

greater than in the contralateral hemisphere of female brain following HI (Fig. 6A, B; F 
(1,25) = 5.319, p = 0.031). A significant increase in total (Fig. 6B; F(1,25) = 26.009, p < 

0.001) and neuronal (Fig. 6D; F(1,25) = 11.445, p = 0.004) cell death was observed in the 

ipsilateral hemisphere of both sexes following HI. Taken together, these data indicate that 

male brains are more sensitive to neuronal loss following injury.
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DISCUSSION

In the current study, we present the first evidence for a sexually dimorphic induction of 

mitophagy (Figs. 4 and 5) and sex differences in neuronal cell death (Fig. 6) in the 

contralateral hemisphere 20–24 h after HI at PN7. We also determined that mitochondrial 

fragmentation occurs in contralateral and ipsilateral hemispheres, to differing degrees, in 

both sexes (Table 1; Figs. 1 and 2). Basal autophagy is higher in male brain compared to 

female brain in shams, (Fig. 3) and mitophagy is increased following HI in female, but not 

male brain (Fig. 5.) Moreover, the induction of mitophagy was associated with less neuronal 

death after HI (Fig. 6). This is the first report of significant cell death in the contralateral 

hemisphere, changes in mitochondria/lysosome morphology, and mitophagy following HI. 

These results support the hypothesis that mitochondrial quality control (MQC) is sexually 

dimorphic following HI, and may play a role in the sexually dimorphic neurobehavioral 

outcome of HI.

Sex differences in mitophagy

We observed more autophagosome marker LC3II in male sham vs. female sham suggesting 

a higher rate of constitutive autophagy in the male brain than female brain in PN8 rat pups 

(Fig. 3). Given that autophagosome formation in female brain increased to a similar degree 

as that observed in male shams, it is possible that the autophagy machinery in male brain is 

working at maximum capacity, and therefore cannot adapt to eliminate damaged cellular 

components following injury. This potential limitation might be the result of greater basal 

oxidative stress in the male PN8 brain, thus necessitating a higher turnover of proteins 

compared to the female brain. This relationship is supported by our previous observation 

that glutathione is 30% higher in PN8 female compared to male brains and may partially 

explain the accumulation of oxidatively damaged proteins in the male, but not female brain 

after HI (Demarest et al., 2016).

The results of the present study indicate a significant sexually dimorphic induction of 

mitophagy (Fig. 5) following HI. The induction of mitophagy is concomitant with 

significant increases in the smallest mitochondria (0.2–5.4 μm2) (Fig. 2, Table 1) and is 

associated with less neuronal cell death (Fig. 6), suggesting a neuroprotective role for 

mitophagy in the female brain following HI. Mitochondrial fission is hypothesized to 

segregate oxidatively damaged mitochondrial components into smaller mitochondrial 

fragments that are targeted to autophagosomes for fusion with lysosomes and degradation 

via mitophagy (Twig et al., 2008;Soubannier et al., 2012; Norton et al., 2014). Mitochondrial 

fragmentation is a common observation following cerebral ischemia–reperfusion injury in 

adult rodents (Pradeep et al., 2014; Zhang et al., 2015; Owens et al., 2015b).

Sex differences in mitochondria/lysosome morphology

Mitochondrial fragmentation is mediated by a family of fission proteins including dynamin-

related protein (Drp1). Drp1 is required for mitochondrial fragmentation such that inhibition 

of Drp1 with siRNA results in accumulation of damaged mitochondria by selectively 

blocking autophagy (Zuo et al., 2014). These results suggest that mitochondrial 

fragmentation is essential to eliminate damaged/dysfunctional mitochondria via mitophagy 
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following ischemic brain injury. Our observations that mitochondria in the contralateral 

hemisphere of the female brain fragment into the smallest sizes (0.2 μm2) (Fig. 2, Table 1), 

together with an increase in lysosome size (Fig. 4C, D); support the idea that 

autophagosome–lysosome fusion occurs to promote mitophagy in the female brain following 

HI. There is also a more extensive accumulation of mid-sized mitochondrial fragments (1.2–

6.2 μm2) (Fig. 2, Table 1) in the ipsilateral hemisphere of male brain compared to the female 

brain following HI. Additionally, there is a significant decrease in TOM20/LAMP2 co-

labeling in the ipsilateral hemisphere of male brain (Fig 6B). While these observations are 

limited to 20–24 h following HI, and we cannot exclude the possibility that mitophagy may 

occur at an earlier time point, the accumulation of ubiquitinated mitochondrial proteins (Fig. 

6C) suggests that autophagy/mitophagy is impaired in the male brain following HI. Indeed, 

inhibition of mitochondrial fission results in increased protein oxidation and increased lesion 

volume following middle cerebral artery occlusion (MCAO) in adult male rats (Zuo et al., 

2014). Therefore, impaired mitophagy may contribute to the increase in oxidatively 

damaged proteins and mitochondrial dysfunction observed in the male brain compared to the 

female brain following HI (Demarest et al., 2016).

We previously reported a male-specific susceptibility to impaired mitochondrial complex I-

mediated respiration in the contralateral hemisphere following HI (Demarest et al., 2016). 

These findings, taken together with our current observations suggest that clearance of 

damaged mitochondria in the contralateral hemisphere of the female brain may contribute to 

the sparing of complex I-mediated respiration after HI. These results are in agreement with 

the previously mentioned studies demonstrating increases in autophagy following cerebral 

ischemia in adult (Qi et al., 2014; Su et al., 2014; Wang et al., 2014; Jiang et al., 2015), and 

in neonatal rats following HI (Weis et al., 2014). However, Weis et al. (2014) speculated that 

accumulation of the autophagosome marker LC3BII following HI in the female brain is due 

to a deficit in autophagosome–lysosome fusion. However, the increase in lysosome size 

observed in the present study is consistent with the fusion of lipid bound vesicles that occurs 

during autolysosome formation. Increased mitochondrial/lysosome co-localization further 

suggests that mitophagy occurs in the female brain after injury. Moreover, our results 

suggest that increased mitophagy is associated with decreased neuronal cell death.

Sex-dependent neuronal death following HI

Cell death following HI is described as a continuum of apoptosis and necrosis (Northington 

et al., 2007). The contralateral hemisphere, exposed to hypoxia, is often used for 

normalization of ipsilateral lesion volume (Nijboer et al., 2007; Fan et al., 2013) and not 

assessed for cell death (Carloni et al., 2012; Thatipamula et al., 2015; Li et al., 2016). 

Studies from our group (Waddell et al., 2016; Demarest et al., 2016; Xu et al., 2015) and 

others (Smith et al., 2016) clearly demonstrate that neuropathology occurs in the 

contralateral side of brain after HI. Until recently, there have been no reported sex 

differences in lesion volume or magnitude of cell death following HI. Thus far, there has 

been one report of decreased lesion volume in female mice compared to males 3 days post-

injury (Mirza et al., 2015), and only one report of increased cell death in the male brain at 7 

days post-injury that is dependent on moderate injury severity (Askalan et al., 2015). The 

lack of consistent sex differences in histopathology is likely due to differences in species, 
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severity of injury, and time point post-injury. These inconsistent findings have led some to 

conclude that the sex difference in neurobehavioral outcome is the result of a sex-dependent 

plasticity or compensatory mechanism (Smith et al., 2014; Cohen and Stonestreet, 2014). 

Results of the current study showing upregulation of mitophagy, coupled with our previous 

results demonstrating the female brain is able to upregulate glutathione peroxidase activity 

following HI are consistent with sex-dependent compensatory mechanisms (Demarest et al., 

2016).

Sex differences in behavioral outcome following HI are most likely due to a combination of 

compensatory mechanisms and sexually dimorphic cell death proclivity (reviewed in Hill 

and Fitch, 2012; Demarest and McCarthy, 2015). In the current study, we observed a slight, 

but significant, increase in neuronal cell death in the contralateral hemisphere of the male, 

but not female, brain following HI (Fig. 6). Our data are consistent with the recent report 

from Waddell et al. (2016) who observed a significant reduction in hippocampal volume in 

the contralateral hemisphere of male brain 33 days after HI at PN10 (Waddell et al., 2016). 

Smith et al. (2016) also observed an increased contralateral hippocampal volume in females 

compared to males after HI (Smith et al., 2016). Taken together, these results suggest that 

the male brain is more susceptible to the hypoxia–reperfusion component of HI injury than 

the female brain. The sexually dimorphic cell death pathways (reviewed in (Hill and Fitch, 

2012; Demarest and McCarthy, 2015) likely play a role in the female resilience to hypoxia–

reperfusion injury. The female cell death proclivity for caspase-dependent cell death, 

combined with their higher levels of intrinsic X-linked Inhibitor of apoptosis (XIAP) protein 

(Hill et al., 2011b), an endogenous caspase inhibitor, may account for the relative resilience 

of the female brain to hypoxia–reperfusion injury. On the other hand, male cell death 

proclivity for PARP-1/AIF-mediated cell death may contribute to mitochondrial dysfunction 

in male brain after HI as PARP-1 activation contributes to mitochondrial dysfunction. 

Further study is needed to parse out the sex-dependent relationship between cell death 

pathway proclivity and MQC. Collectively, our results suggest that deficits in mitophagy, 

mitochondrial dysfunction, and oxidative stress contribute to male susceptibility to hypoxia-

mediated injury.

CONCLUSIONS

In summary, the present study suggests the female brain has an innate ability to upregulate 

mitophagy, which protects the contralateral hemisphere from neuronal cell death. These 

findings, in conjunction with other studies, lead us to hypothesize that the induction of 

autophagy/mitophagy may be another component of sex-specific compensatory mechanisms 

to prevent the accumulation of oxidatively damaged cellular components, protect against 

mitochondrial dysfunction, and attenuate cell death following neonatal HI. These results 

contribute to the understanding of sex-dependent pathophysiological mechanisms of HI 

injury, and subsequent endogenous neuroprotective mechanisms, which will aid in the 

development of new therapeutic targets for infants suffering from HIE.

Abbreviations

HI hypoxia–ischemia
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HIE hypoxic-ischemic encephalopathy

LAMP2 lysosome-associated membrane protein 2

LC3BI/II microtubule-associated proteins 1A/1B light chain 3B

MCAO middle cerebral artery occlusion

MQC mitochondrial quality control

PN postnatal day

TOM20 translocase of outer membrane 20

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling
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Fig. 1. 
Mitochondrial fragmentation following neonatal HI. (A) Representative images of 

mitochondrial morphology in sham (left), HI Contra (HI C; middle) and HI Ipsi (HI I; right) 

of male (top) and female (bottom) cortex. (B) Decreased average percent field of view 

covered by TOM20 + mitochondria following HI in both sexes. (C) No difference in the 

average number of TOM20 + mitochondrial particles per field (D) Significant decrease in 

the average size of TOM20 mitochondrial particles (n = 4/group). (E) No difference in total 

brain homogenate TOM20 immunoreactivity (n = 6/group). *p < 0.05 vs. sham. Bars reflect 

mean ± SEM.
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Fig. 2. 
Mitochondria size distribution cumulative frequency analysis. Cumulative frequency curves 

of cortical brain mitochondria particle size (μm2) of male (A) and female (B) rat pups 

following HI. (C) Sex and treatment size distribution comparison. A total of 128,358 

± 10,693 (mean ± SD) mitochondria were analyzed per hemisphere (n = 4/group). Kruskal–

Wallace nonparametric analysis with p-values adjusted for multiple comparisons indicated 

all curves are significantly left shifted vs. sham (p < 0.01) indicative of an increase in 

mitochondrial fragmentation. Bars reflect mean ± SEM.
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Fig. 3. 
Sex differences in autophagosome formation. Densitometry of LC3II/LC3I revealed a 

significant sex difference (#p < 0.05) in total brain homogenate of sham animals and a 

significant increase (*p < 0.05) in the contralateral hemisphere of female, but not male, brain 

following HI vs. sham (*p < 0.05). n = 6/group. Bars reflect mean ±SEM.
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Fig. 4. 
Sex-dependent changes in lysosome morphology following neonatal HI. (A) Representative 

images of lysosome morphology in sham (left), HI Contra (HI C; middle), and HI Ipsi (HI I; 

right) of male (top) and female (bottom) cortex. (B) No difference in the average number of 

particles per field. Significant increases in average particle size (C) and average percent field 

of view (D) covered by LAMP2 + lysosomes in the contralateral hemisphere of female brain 

following HI. *p < 0.05, **p < 0.01 vs. sham. #p < 0.05, ##p < 0.01 vs. other sex. n = 4/

group. Bars reflect mean ± SEM.
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Fig. 5. 
Sexually dimorphic induction of mitophagy following HI. (A) Representative images of 

mitochondria/lysosome co-labeling in sham (left), HI Contra (HI C; middle), and HI Ipsi (HI 

I; right) of male (top) and female (bottom) cortex. A significant increase in TOM20/LAMP2 

co-labeling occurs in the contralateral hemisphere of the female (B), but not male (D), brain 

after HI (n = 4/group). (C) Ubiquitination of mitochondrial proteins accumulates in the male 

brain following HI (n = 6/group). *p < 0.05, **p < 0.01, ***p < 0.001 vs. sham. p < 0.05, p 
< 0.01 vs. other hemisphere. #p < 0.05, ###p < 0.001 vs. other sex. There is a significant (sex 

× treatment group) interaction p = 0.012, 0.017 for percent cells with co-labeling and 

number of total cells with co-labeling, respectively. Bars reflect mean ± SEM.
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Fig. 6. 
Sex differences in cell death following HI. Representative images of NeuN+ neurons (red) 

and TUNEL+ cells (green) in sham (left), HI Contra (HI C; middle), and HI Ipsi (HI I; right) 

of male (top) and female (bottom) cortex. A significant increase in neuronal cell death 

occurs in the contralateral hemisphere of male, but not female, brain following HI (B, D). 

Significant neuronal cell death is observed in the ipsilateral hemisphere of both sexes 

following HI (C, E). *p < 0.05, **p < 0.01, ***p < 0.001 vs. sham. #p < 0.05 vs. other sex. n 
= 4–5/group. Bars reflect mean ± SEM. (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

Significant fragmentation within specific mitochondrial size ranges. Analysis of the entire mitochondrial size 

distributions by a two-way ANOVA and Bonferroni correction for multiple comparisons determined 

significant differences between groups compared (left column) within a specific size range (middle column) of 

the mitochondrial population at the significance levels depicted (right column). ns = non-significant

Mito size range (μm2) Significance

Male

Sham vs HI C 1.0–4.3 p < 0.01–0.05

Sham vs. HI I 0.2–18.2 p < 0.0001–0.05

HI C vs. HI I 0.2–11.1 p < 0.0001–0.05

Female

Sham vs. HI C 0.2–5.4 p < 0.0001–0.05

Sham vs. HI I 0.2–10.5 p < 0.0001–0.05

HI C vs. HI I 0.2–4.4 p < 0.0001–0.05

Male vs. female

Male Sham vs. female sham ns

Male HI C vs. female HI C ns

Male HI I vs. female HI I 1.2–6.2 p < 0.01–0.05
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