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ABSTRACT

Title of Dissertation: Sex dependent Mitochondrial Mechanisms of Neonatal Cerebral
Hypoxic-ischemic Encephalopathy.

Name: Tyler G. Demarest, Doctor of Philosophy, 2016

Dissertation Directed by: Gary M. Fiskum, Ph.D., Professor, Department of

Anesthesiology

Many neurodevelopmental disorders are sex-biased, with males being particularly
susceptible to central nervous system (CNS) abnormalities, but mechanisms underlying
the sex-biased susceptibility are unclear. Neonatal hypoxic-ischemic encephalopathy
(HIE) is one such disorder affecting 1.5-2/1000 live term births that contributes to
lifelong cognitive and motor impairments, with males being at a greater risk for these
adverse outcomes. Moreover, sex differences in neurobehavioral outcome are observed
following the Rice-Vannucci (1981) rodent model of neonatal hypoxic-ischemia (HI).
The unilateral carotid artery ligation in this model of HI results in an ipsilateral infarct,
and a contralateral “hypoxia-only” hemisphere. Mitochondrial dysfunction is a common
feature of CNS injury with increasing evidence suggesting marked sex differences in
mitochondrial metabolism of humans and rodents. Following HI, mitochondrial
bioenergetic dysfunction contributes to an extended secondary energy failure lasting days
or weeks, making it a prime neuroprotective target. Acetyl-L-Carnitine (ALCAR) is
neuroprotective following neurotrauma in juvenile and adult animal models; ALCAR is
hypothesized to function as an alternative biofuel, antioxidant or by promoting

mitochondrial biogenesis but the exact mechanism of neuroprotection is unclear.



Emerging evidence suggests that mechanisms implicated in the pathophysiology of CNS
injury are also sex dependent including oxidative phosphorylation, oxidative stress,
antioxidant defense systems, mitochondrial biogenesis, autophagy and cell death
signaling pathways. Therefore, these studies tested the hypotheses that following HIE:
mitochondrial function, oxidative stress, antioxidant responses, mitochondrial quality
control and cell death are sex dependent, and that ALCAR administration protects against
these pathophysiological mechanisms. We observed that complex | mitochondrial
respiration is impaired significantly more in males than females, which is associated with
increased protein oxidation, impairment of mitochondrial glutathione peroxidase (GPx)
activity, and decreased GPx4 immunoreactivity in male, but not female brain. Females
have a higher level of reduced glutathione (GSH) than males in shams, decreased GSH,
and increased non-mitochondrial GPx activity following HI in both cerebral hemispheres.
There is no increase in protein oxidation in the female brain after HI. Furthermore, we
find that ALCAR reduces protein oxidation in males following HI. Moreover, we
determined mitochondrial fragmentation occurs, to different extents, in both sexes 24
hours after HI. Female mitochondria in the contralateral hemisphere are degraded by
mitophagy while male mitochondrial proteins are tagged for removal but the mitophagy
machinery is impaired, resulting in an accumulation of damaged mitochondria in the
male brain following injury. Finally, we determined that there is significant neuronal cell
death in both hemispheres in the male brain following HI, while neuronal death occurs
exclusively in the ipsilateral hemisphere of the female brain. These sex-dependent
mitochondrial mechanisms further the understanding of a sexually dimorphic neonatal

brain injury and will aid in the advancement of sex-specific therapeutic development.
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Chapter 1: Background

Neonatal hypoxic-ischemic encephalopathy (HIE) is a major cause of lifelong
motor and cognitive impairment, affecting approximately 1.5-2/1000 live births 2. It is
well established that mitochondrial dysfunction and oxidative stress occur following
ischemia/reperfusion injury ® and that these coincide with the majority of cell death,
during secondary injury, over days following HI injury .

Secondary injury is particularly amenable to neuroprotective intervention since
mitochondrial bioenergetic dysfunction may last days or weeks after injury. For example,
Vannucci et. al (2004) reported an acute reduction in brain ATP level during HI, with a
spontaneous recovery from 6-18 hours post-injury that begins to drastically decline at 24
hours following injury®. This drop in ATP provides rationale for examining the 20-24
hours post injury timeframe in order to elucidate the potential underlying mitochondrial
mechanisms which contribute to secondary energy failure®. Secondary energy failure may
be due to the disruption of oxidative phosphorylation by reactive oxygen species (ROS)
mediated damage to the mitochondrial electron transport chain (ETC). The mitochondrial
ETC produces the vast majority of cellular ATP, ROS, and is a vulnerable target to ROS
mediated damage®.

The immature brain is particularly susceptible to oxidative stress-mediated
ischemia/reperfusion injury compared to the mature brain. This age dependent difference
is due, in part, to a reduced antioxidant capacity in the developing brain *’. One of the
most important redox modulating antioxidant systems, the glutathione antioxidant
system, is tightly coupled to synaptic activity, with astrocytes providing much of the

glutathione (GSH) to neurons for protection against oxidative damage °. Moreover, GSH



levels are intricately linked to oxidative stress and neuronal survival following ischemia-
reperfusion injury’.

The developing brain, over the first week of life, is comprised of approximately
90% neurons™. Gliogenesis does not begin until approximately day 10%°. The relative
paucity of astrocytes during the first 10 days of life, combined with their role for

providing GSH to neurons ®

may be an important factor for neural vulnerability to
oxidative stress following HI. Around the first week of life, the neural circuitry is fine-
tuning connections through the process of synaptic pruning. Synaptic pruning involves
the elimination of synapses via apoptotic cell death for the proper development and
organization of brain circuitry. Accordingly, the level of proapoptotic proteins (i.e. Bax,
Bid, Bim, Puma) is high compared to the adult brain **. Release of other proapoptotic
proteins, e.g., cytochrome ¢ and AIF, from mitochondria initiates apoptosis**’. Thus,
mitochondria are widely recognized as the major cellular generators of ROS and the
gatekeepers of cell death initiation. These observations strongly implicate the
involvement of a mitochondrial mechanism in the pathophysiology of HI.

Mitochondrial respiratory impairment is involved in the pathophysiology of

nearly all acute central nervous system (CNS) injuries including neonatal HI #*°.

2 and

Mitochondria are a pivotal hub of injury response in the developing brain
increasingly targeted for neuroprotective drug development. Therapeutic hypothermia is
the only current standard of care for treatment of HIE. However, up to 40% of newborns
with HIE treated with hypothermia have significant cognitive deficits on follow-up®.

Therefore, the development of an adjuvant treatment to augment the therapeutic effect of

hypothermia is necessary.



Acetyl-L-carnitine (ALCAR) is a naturally occurring endogenous compound with
demonstrated antioxidant and neuroprotective properties in the immature and mature
brain, following either ischemic or traumatic brain injury %2, ALCAR has a very low
toxicity and well tolerated, with minimal to no adverse side effects®. Although the exact
mechanism of action is incompletely understood, ALCAR may afford neuroprotection by
acting indirectly as an antioxidant or as an alternative biofuel via donation of acetyl
groups for the synthesis of acetyl-coA and/or by increasing L-carnitine mediated
shuttling of fatty acids into the mitochondria for beta-oxidation **° . During brain injury,
pathological metabolic alterations may prevent normal fuel sources (i.e. glucose) from
being properly metabolized. Alternative biofuels may be able to bypass these damaged
metabolic pathways to prevent loss of ATP and cell death. A similar compound to
ALCAR, L-carnitine, is neuroprotective when administered during, but not after HI *%,
Given previous observations that ALCAR is neuroprotective in canine cardiac arrest”

and pediatric brain injury”>%

, we sought to determine if ALCAR could be a viable
neuroprotective strategy via prevention of mitochondrial respiratory inhibition, oxidative
stress and neuronal cell death following HI.

Developing a therapeutic strategy to combat injury to the developing brain
presents unique challenges. Translating neuroprotective treatments from preclinical
research to the clinic has so far been largely unsuccessful for many types of brain injury.
One reason for the lack of translation into the clinic may be that the majority of
preclinical research is conducted primarily with male animals. The argument for using

male rodents in particular, has been largely one of simplicity. The use of male animals

provides the convenience that there is a consistent hormonal milieu. The concern is that



the changing concentration of estradiol during the estrous cycle in female animals
introduces the generally recognized neuroprotective properties of estradiol as a
confounding variable when evaluating neuroprotective interventions. However, including
female animals in preclinical study designs will enhance the translatability of findings
from bench to bedside. This is particularly important for disorders showing a sexually
dimorphic incidence or outcome.

Neonatal HI is one such sexually dimorphic disorder. Meta-analysis of clinical
data indicates human male infants suffer greater long-term IQ impairment than similarly
injured females following HIE . Preclinical research utilizing the Rice-Vannucci rodent
model of neonatal hypoxic-ischemia (HI) also reveals a male susceptibility to behavioral
deficits in cognitive tasks compared to similarly injured females 4%, Despite this
advance in knowledge, sex differences in pathophysiological processes that precede the
majority of secondary cell death have yet to be identified. Mitochondrial dysfunction, as
previously mentioned, is implicated in the pathophysiology of HI. A growing body of
evidence suggests that mitochondrial metabolism may be sexually dimorphic. Therefore,
the following studies will elucidate a role for sex differences in mitochondrial
mechanisms following HI at a time when neuronal cell death is ongoing. Evidence for
sex differences in mitochondrial metabolism and mechanisms involved in ischemia-

reperfusion injury are discussed in detail in Chapter 2.



1.1 Hypothesis
Mitochondrial mechanisms of brain injury are sex dependent following a rat model of
neonatal hypoxic-ischemic encephalopathy. ALCAR administration protects against these

pathophysiological mechanisms.
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Figure 1.1 Working Model of the Hypothesis:

Hypoxic-ischemic brain injury results in mitochondrial respiratory impairment that is
greater in males (blue) than females (pink) (AIM 1) due to oxidative stress (AIM 1I)
and/or mitochondrial quality control mechanisms (AIM I11l). Male vulnerability to
bioenergetic failure and oxidative stress ultimately results in more neuronal cell death
compared to females (AIM 1V). These pathophysiological mechanisms may be

ameliorated by ALCAR treatment.



1.2 Specific Aims

Aim |: Determine whether mitochondrial dysfunction following neonatal HI is
worse in males compared to females and that ALCAR treatment can mitigate this
dysfunction.
Predictions:
1) Mitochondrial respiration is significantly more inhibited in males than females
following HI.
2) ALCAR administration protects against mitochondrial respiratory inhibition
following HI.
3) Mitochondrial electron transport chain (ETC) oxidative phosphorylation (oxphos)
subunit proteins are differentially affected in males vs. females following HI.

4) ALCAR prevents HI-induced loss of mitochondrial oxphos subunit proteins.

Aim I1: Determine if oxidative stress is sex dependent following neonatal HI.
Predictions:
1) Antioxidant capacity is greater in females than males.
2) Oxidative molecular modifications are greater in males compared to females.
3) ALCAR treated males exhibit less oxidative protein modifications compared to

untreated males.



Aim I11: Determine the contribution of sex dependent mitochondrial quality control
following HI.

Predictions:

1) Females activate mitochondrial biogenesis following HI and males do not.

2) Following injury, HI animals treated with ALCAR have a higher
mitochondrial:nuclear DNA ratio, and markers of mitochondrial biogenesis (e.g.
TFAM and PGCla transcription factors, and citrate synthase activity).

3) Females activate mitophagy greater than males following HI.

Aim 1V: Measure relative contributions of cell death to contralateral and ipsilateral
hemispheres following HI injury in males compared to females.

Predictions:

1) Males are more susceptible to neuronal death in both hemispheres compared to
females.

2) Females have less cell death in both hemispheres (hypoxia and hypoxic-ischemia)
compared to males.

3) ALCAR treatment exerts greater neuroprotection in males compared to females
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Figure 1.2. Experimental timeline. Sprague Dawley rat pups were subjected to
permanent right carotid artery ligation on postnatal day (PND) 7 followed by 75 minutes
of hypoxia at 8% oxygen (O). Sham injury control pups were exposed to a similar
duration of anesthesia and neck incision but no arterial ligation or hypoxia. Following
hypoxia exposure, rat pups were injected subcutaneously (s.c) with 100 mg/kg of acetyl-
L-carnitine (ALCAR) or equal volume saline as a vehicle control. Total brain
mitochondria were isolated and bran homogenate collected at 20 hours post-injury (p.i.).

Similarly treated rat pups were perfused with fixative for histology at 24 hours p.i.



Chapter 2: Sex differences in mitochondrial (dys)function: Implications for
neuroprotection®

2.1 Abstract

Decades of research have revealed numerous differences in brain structure size,
connectivity and metabolism between males and females. Sex differences in
neurobehavioral and cognitive function after various forms of central nervous system
(CNS) injury are observed in clinical practice and animal research studies. Sources of sex
differences include early life exposure to gonadal hormones, chromosome compliment
and adult hormonal modulation. It is becoming increasingly apparent that mitochondrial
metabolism and cell death signaling are also sexually dimorphic. Mitochondrial
metabolic dysfunction is a common feature of CNS injury. Evidence suggests males
predominantly utilize proteins while females predominantly use lipids as a fuel source
within mitochondria and that these differences may significantly affect cellular survival
following injury. These fundamental biochemical differences have a profound impact on
energy production and many cellular processes in health and disease. This review will
focus on the accumulated evidence revealing sex differences in mitochondrial function
and cellular signaling pathways in the context of CNS injury mechanisms and the

potential implications for neuroprotective therapy development.

1 T.G. Demarest and M.M. McCarthy
Journal of Bioenergetics and Biomembranes, April 2015



2.2 Introduction

Mitochondrial dysfunction is a common component of central nervous system
(CNS) injury pathophysiology that has received increasing attention as a putative target
for neuroprotective therapy development **%. Animal and human CNS injury studies
indicate sexually dimorphic behavioral and histopathological outcomes yet animal and in
vitro studies rarely include females for evaluation of injury and/or treatment responses.
The National Institutes of Health of the US mandated the inclusion of women in clinical
trials more than a decade ago, but this balanced approach was not adopted by basic
science researchers. Recently, the NIH issued a statement that new guidelines will be
established requiring the inclusion of both sexes or strong justification for exclusion of
one sex in all future federally funded preclinical studies in an effort to increase the

translational generalizability and replicability of basic scientific research *.

Sex is determined in mammals by chromosome complement and the presence of a
single gene on the Y chromosome, SRY, for sex-determining region of the Y
chromosome, which codes for tdf, the testis determining factor (Figure 2.1). Expression
of this gene during a narrow window of early embryonic development directs the
bipotential gonad to become a testis. In the absence of SRY the gonad will become an
ovary. The testis begins steroidogenesis embryonically, exposing the developing male
fetus to high concentrations of testosterone and its aromatized metabolite, estradiol. The
fetal brain is rich in estrogen (ER) and androgen receptors (AR), as well as the enzyme
aromatase that converts testosterone to estradiol. The ovary remains quiescent at this
time, leaving the female relatively free from androgen and estrogen exposure, particularly

in the brain. Androgens and estrogens program the developing brain by impacting
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numerous parameters including cell death and survival, neural and glial genesis, neuronal
migration, myelination, synaptogenesis and synaptic pruning and neurochemical
phenotype. In adulthood, gonadal and adrenal steroids act on and are influenced by this
differentiated neural substrate in some but not all instances. Some adult brain sex
differences are a byproduct of differences in gonadal steroids, meaning the sex difference
goes away if steroids are either equalized or removed. Thus this is an instance of
hormonal modulation as opposed to a primary sex difference per se. More recently it has
become apparent there is also both a direct and a modulatory role for chromosome
complement, with genes on the X or Y chromosome impacting brain and behavior in
males and females. To-date there have been no clear connections drawn between a
particular sex chromosome gene and a behavioral or phenotypic endpoint, but it is still

early days for this research focus (review in “>*%).
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Figure 2.1: Sources of Sex Differences in the Brain. The bipotential gonad is directed
towards testis development by the SRY gene on the Y chromosome. Testosterone
production begins during fetal life and surges again at birth and then remains low until
puberty. Steroids impact numerous endpoints in the developing brain, many of which will
endure into adulthood. In females the ovary develops due to the lack of SRY and
remains quiescent until puberty at which time estradiol production is cyclical. Genes on
the X and Y chromosome are capable of influencing brain in behavior throughout life in

manners still not well understood.
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2.3 Mitochondrial function and metabolism

Sex differences in metabolism have long been observed in humans (reviewed in
%2 Circumstantial evidence for sex differences comes from cases of severe nutrition
deprivation observed in Germany following World War Il. During the war, all people
were given the same rations regardless of age or sex. In order to qualify for additional
rations, individuals had to be considered severely malnourished and 60% of those
qualified individuals were male. Further studies of orphan children in 1947 indicated
males were more severely malnourished than females. Subsequent studies of nutrition
deprivation in pigs and rats revealed a significantly greater mortality in males, coinciding
with a greater loss of total body protein, while females lost significantly more fat than
males. Accordingly, Widdowson concludes “A large loss of protein from the body is
metabolically a far more serious matter than loss of fat, and the greater catabolism of
protein in males is probably an important reason why they withstand a deficiency of
energy less well than females.” 2. More recently, endurance exercise studies reveal that
males rely almost exclusively on carbohydrates and amino acids (97%) for fuel while
females predominantly use fat (62%) “*. Furthermore, starvation of mice results in
significantly greater survival in females coinciding with increased plasma ketone bodies
and associated estrogen mediated increases in mitochondrial uncoupling protein 1 in
brown fat of females vs. males **. Sex differences in preferred fuel source are also
apparent in cardiac and hepatic cells **. The primary reliance on proteins and fatty acids
for fuel in males and females, respectively, has been confirmed in cultured primary
neurons and fibroblasts following nutrient deprivation “°. Nutrient deprivation activates

autophagy; the targeted degradation of cellular components for fuel. Given the evidence
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for sex differences in human metabolism and preferred cellular biofuels, there may also
be sex differences in autophagy. These fundamental sex differences in metabolism under
stressful conditions may also be influenced by intrinsic differences in genomic

maintenance.

Only 13 of 92 mitochondrial proteins essential for oxidative phosphorylation are
encoded by mitochondrial DNA. As a result, mitochondrial-nuclear communication for
translation and mitochondrial import of respiratory chain subunit proteins is an essential
process for maintaining adequate cellular energy supply. During stressful conditions, the
mitochondrial-nuclear DNA coordination is especially critical for cellular survival.
Therefore, mechanisms to prevent or repair DNA damage under stressful conditions
would be predicted to improve cellular survival. Given the near exclusive maternal
inheritance of mitochondrial DNA, there may be fundamental sex differences in
mitochondrial metabolic regulation such that female mitochondria are better equipped to
cope with stressful conditions and are relatively resilient to DNA damage and mutation to
reduce the probability of producing inheritable metabolic disorders. Indeed, microarray
analysis of embryonic day 10.5 mouse brains (previous to hormonal influence) identified
over 50 differentially expressed transcripts between males and females *’. Of note is the
nearly 2 fold increase in expression of DNA replication and repair DNA polymerase delta
1 and GA binding protein subunit alpha (GABP) in female fetal brain vs. males *'.
Previous studies identify GABP as the nuclear DNA binding motif of the rat and human
homologue nuclear respiratory factor-2 (NRF-2) “®. NRF-2 upregulates the expression of
complex Il and IV electron transport chain subunits, ATP synthase B, mitochondrial

49,50

biogenesis protein mitochondrial transcription activator A (TFAM) and is activated
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by neuronal depolarization *°. These findings highlight the possibility that females are
hardwired for favorable nuclear to mitochondrial coordination of critical mitochondrial
respiratory subunits in response to stress compared to males. Therefore, the focus of these
studies is to determine if sexually dimorphic phenomena relevant to metabolic and
mitochondrial function play distinct roles in the pathophysiology of neonatal hypoxic-

ischemic encephalopathy injury.
2.4 Excitotoxicity and Calcium

Glutamate excitotoxicity is a widely accepted contributor to neurodegeneration
following CNS injury. Under normal physiological conditions, activation of glutamate
receptors increases intracellular sodium, calcium and downstream activation of second
messengers, nitric oxide generation, mitochondrial calcium uptake, increased
mitochondrial membrane potential (AW) and upregulation of rate-limiting TCA cycle
dehydrogenases ***?. Excitotoxic neurodegeneration is predominantly mediated through
extrasynaptic NR2B subunit containing N-Methyl-D-Aspartate receptors (NMDARS),
however the exact receptor mediating excitotoxic cell death may differ with age and
cellular composition of a given brain region >**°. Sex differences have been scarcely
studied with regard to differential susceptibility to excitotoxic neurodegeneration.
However, following severe traumatic brain injury (TBI) in humans, cerebral spinal fluid
(CSF) glutamate content is significantly greater in males vs. females *°. While female
neuroprotection observed following injury is commonly attributed to female hormones,
less attention has been paid to the influence of androgens mediating male susceptibility to

brain injury (for review see °’). For instance, in immature neurons, activation of
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ionotropic y-aminobutyric acid receptors (GABA,) Is excitatory and contributes to male

vulnerability to excitotoxic injury in an androgen dependent manner *°.

Sex differences in vulnerability to excitotoxic injury can also be influenced by
chromosome complement. Sex stratified primary cortical neuronal cultures treated with
exogenous glutamate/glycine, NMDA, AMPA or kainate demonstrate a significant
decrease in cellular viability in male (XY) vs. female (XX) neurons. NMDAR antagonist
MK-801 prevents decreases in cellular viability solely in XY neurons ®° while 17p-
estradiol treatment does not improve XY neuronal viability. Other studies exposing

hippocampal ® and cortical neurons ®

to glutamate demonstrate protection from
excitotoxic cell death with exogenous administration of 17B-estradiol, but not in
cerebellar granular neurons ®. However, these cultures were not sex-specific. Moreover,
cultured mesencephalic dopamine neurons exposed to high concentrations of
extracellular dopamine display male susceptibility to cell death, but only female neurons
are rescued by NMDAR antagonist AP-5 ®. In vivo CNS injury studies show some
efficacy of NMDAR antagonists in preventing cell death but typically only use male
animals or do not report which sex is used ®°. Spinal cord excitotoxicity induced with
high and low doses of kainic/quinolinic acid results in 80% and 40% mortality of male
mice, respectively. Interestingly, all females survive both doses of either drug ™. Further
complicating the interpretation of sex differences in excitotoxic neurodegeneration is the
observation that injection of naive rats with NMDAR antagonist MK-801 results in

significantly more neuronal cell death in females compared to males . However, similar

treatment of several strains of mice does not result in the same severity of cell death nor a
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sex difference 2. These findings highlight sex, brain region and species dependent

susceptibility to excitotoxic injury, which require further investigation.

Regardless of the exact receptor and brain region specificity impacted by

3 Mitochondrial calcium

excitotoxicity, resulting cell death is calcium dependent
buffering is an essential homeostatic process for maintenance of normal cell function.
Mitochondrial calcium uptake in the context of excitotoxicity has been intensively

studied in isolated mitochondria and primary neuronal cultures (for review see ™). |

n
general, a situation in which mitochondrial calcium is lower is associated with decreased
cellular injury and too much calcium is associated with mitochondrial swelling and the
opening of the mitochondrial permeability transition pore (mPTP) "®. Opening of the
mPTP results in diffusion of molecules (<1500 kD) from mitochondria to cytoplasm,

ATP depletion and acute cell death. To our knowledge there have been no studies

assessing putative sex differences in mPTP opening. However, studies of isolated

77 78

mitochondria reveal rat brain and mouse heart ° mitochondria have a sexually
dimorphic capacity for calcium uptake with isolated male mitochondria having greater
calcium uptake capacity than female mitochondria. This may be estrogen dependent as
17p-estradiol decreases calcium retention in brain mitochondria of both sexes ' but
overiectomy has no effect on calcium uptake in cardiac mitochondria ". Furthermore,
brain mitochondria from cyclophilin D knockout mice have enhanced calcium uptake in
both males and females but no sex difference. Cyclophilin D is a key regulator of mPTP
opening where genetic knockout or pharmacological inhibition of cyclophilin D (e.g. by

cyclosporine A) inhibits mPTP opening and cell death. Interestingly, survival analysis

reveals that the increased lifespan normally observed in female vs. male wild-type mice is
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no longer apparent in cyclophiln D knockouts . These results beg the question - What is

the physiological role of enhanced calcium uptake in mitochondria derived from males?

One possible explanation necessitating enhanced mitochondrial calcium uptake
capacity by male mitochondria derives from secondary activation of the calcium-
permeable transient receptor potential M2 (TRPM2) nonselective cation channels.
TRPM2 channels are considered executioners of cell death following oxidative stress.
They are activated by hydrogen peroxide and gated by intracellular adenine dinucleotide
phosphate ribose (ADPr), ° a breakdown product by poly(ADP)-ribose glycohydrolase
(PARG) of poly(ADP-ribose) (PAR) polymers formed by poly(ADP-ribose) polymerase
1 (PARP-1). TRPM2 channels are present in both males and females at similar levels in
cultured hippocampal neurons. However, electrophysiological evidence ® and reductions
in cell death by TRPM2 pharmacological or shRNA inhibition in an in vivo model of
stroke, ® or shRNA knockdown following in vitro oxygen glucose deprivation (OGD), ¥
indicate that TRPM2 channels are only activated in males following injury. Contrarily,
peroxide mediated in vitro toxicity shows no sex difference in cell death and TRPM2
inhibition is neuroprotective in both sexes ® suggesting greater oxidative stress and/or
PAR/ADPr generation in males following injury contributes to sex differences in TRPM2

mediated cell death.

As mentioned above, calcium propagates numerous cellular signaling cascades.
Particularly relevant to CNS injury is the induction of nitric oxide synthase (NOS) and
upregulation of TCA cycle enzymes. The TCA cycle enzyme a-ketoglutarate
dehydrogenase (a-KGDH) is a potent generator and target of oxidative stress in the brain

8283 and regulatory mechanisms may limit ROS/RNS generation during times of cellular
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stress in a sex dependent manner. For example, TCA cycle enzyme regulation in
myocardial ischemia suggests that increasing phosphorylation of a-KGDH and aldehyde
dehydrogenase-2, reduces oxidative stress and confers cardioprotection in female heart as
compared with male heart ®*. These data suggest that female resilience to injury may be

mediated by superior enzyme regulation and decreases in oxidative stress.
2.5 Oxidative/Nitrositive Stress

Calcium induction of oxidative stress is well documented in brain cells (reviewed
in 32748 Oxidative and nitrositive stress (ROS/RNS) refers to the balance between the
generation of free radicals and their detoxification via resident antioxidant systems.
Mitochondria are a major source of cellular ROS/RNS generation. Under pathological
conditions, high levels of ROS/RNS can damage proteins, lipids and nucleic acids that
must be repaired in order to meet cellular energy demands and ensure cell survival. NOS
induction by calcium influx is hypothesized to be a fundamental regulator of cellular
energy demand. Nitric oxide (NO) synthesized by NOS is freely diffusible and competes
with oxygen at complex IV to reversibly inhibit the rate of oxidative phosphorylation %
8 In this manner, slowing the flow of electrons could serve as a feedback mechanism to
regulate the rate of oxidative phosphorylation in response to cellular energy demand
under physiological and pathophysiological conditions. NO can also react with
superoxide forming the highly reactive and damaging RNS, peroxynitrite (ONOO-) *°.
Interestingly, neuronal NOS (nNOS) induction is greater in male animals following
cerebral ischemic injury ***. Pharmacological inhibition or genetic knockout of nNOS is
neuroprotective in male mice but actually increases infarct volume in female mice %.

This suggests NO production following injury has a beneficial role in females but
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whether this is due to vasodilation and restoration of cerebral blood flow or another

mechanism is unclear.

Sex differences in NOS signaling in vitro have also been investigated.
Organotypic hippocampal slices from males are more susceptible to cell death following
NMDA exposure or OGD and produce more nitrate/nitrite vs. females %2, nNOS
inhibition prior to NMDA exposure or OGD prevents cell death in male slices while
having no effect in female slices. Treatment with 17p-estradiol protects both male and
female neurons in culture %2, Treatment of cortical neurons with exogenous ONOO-
results in cellular depletion of reduced glutathione (GSH) in XY neurons after 24 hours,
which is completely rescued by antioxidant N-acetyl-cysteine (NAC) but XX neurons
have no detectible depletion of GSH and NAC treatment has no effect °°. Male specific
GSH depletion also occurs in an in vivo model of cardiac arrest asphyxia in postnatal day
17 rats . Moreover, NAC treatment within 2 hours of rat controlled cortical impact
(CCI) TBI prevents GSH depletion, restores mitochondrial respiratory function and
calcium buffering capacity; only male rats were used in this study *. In human infants
and children suffering from severe TBI, GSH depletion in cerebrospinal fluid (CSF) is
measured 5-7 days post-injury * revealing the clinical importance of considering sex as a

contributing variable to CNS injury.

The cellular origins of NOS may also be an important contributing variable. A
mitochondrial localized NOS (mtNOS) has been proposed *°. While its undeniable
existence is complicated by the lack of specific antibodies, mtNOS has been detected by
immune electron microscopy . As such, it is tempting to speculate it plays an even

larger role than nNOS in sexually dimorphic mitochondrial function. Regardless of
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cytosolic or mitochondrial origin, higher ONOO- generation under conditions of
ROS/RNS damage mitochondrial and nuclear DNA thus activating PARP-1 for DNA
repair (discussed in detail in cell death section). Additionally, protein nitration of critical
antioxidant components may impair antioxidant defense systems. Following TBI in mice
and humans, nitration of manganese superoxide dismutase (MnSOD) impairs

% Inhibition of neuronal NOS, but not

detoxification of mitochondrial superoxide
endothelial or inducible NOS, attenuates MnSOD nitration following TBI. Interestingly,
while total SOD activity remains unchanged over 72 hours following TBI, mitochondrial
MnSOD activity is significantly decreased over the same time period ®. Indeed, over-
expression of MnSOD in cells is associated with an increase in glutathione peroxidase

99,100

(GPx) activity, decreases in lipid peroxidation and ONNO- formation ( as cited by

98).

The antioxidant enzyme GPx is arguably the most important of this category of
enzymes in both neurons and glia - providing the main detoxification pathway for
hydrogen peroxide (H,0,) (*** as cited by ™). H,0, is formed when MnSOD dismutates
superoxide radicals formed by electron ‘leakage’ from the mitochondrial electron
transport chain or by other mitochondrial activities. When catabolism of H,0, by GPx (or
catalase) is impaired, increasing lipid peroxidation can ensue, compromising cellular and
mitochondrial membrane integrity and potentiating bioenergetic failure. Increased
mitochondrial GPx activity in females vs. males was first observed in liver back in the
1960°s *°2 . More recently, Borras et al (2003) demonstrated increases in GPx and
MnSOD activity in female derived liver mitochondria. Female derived mitochondria also

produce about half the amount of H,O, in liver, and perhaps more importantly, in
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synaptic and non-synaptic brain mitochondria vs. males. Mitochondria from
overiectomized females have increased H,0O, production and decreased GSH vs. males,
and these levels can be rescued by estrogen administration. These changes were most
dramatic in synaptic mitochondria. Furthermore, female derived brain mitochondria have

higher GSH content and four-fold less oxidative damage to mitochondrial DNA vs. males

103

Mitochondrial DNA is oxidatively damaged with aging '®* and theorized as a
main determining factor for lifespan 1%>'%. In mammalian species, females generally live
longer than males. Studies conducted as a part of The Biomarker of Aging Program from
the NIH characterized longevity in several rodent strains and identified just two strains of
mice where males live longer than females. Specifically, female C57BL6 mice have a
20% shorter lifespan than males which is associated with decreases in antioxidant
proteins and increases in oxidative stress in the hippocampus of 5 month-old mice. In
older 24 month-old female C57BL6 mice, hippocampus, cortex and substantia nigra all
have higher levels of oxidative stress vs. males. Chronic administration of a superoxide
dismutase mimetic (SOD; from 12-24 months in drinking water) significantly increases

107 Similar

longevity in female mice (p<0.05) compared to male mice (p=0.073)
differences in longevity and associated increases in oxidative stress have been
demonstrated in Drosophila '%. Therefore, decreased ROS/RNS generation and enhanced

detoxification by antioxidant systems in females vs. males may play an intimate part in

sex differences observed across the lifespan.

The production and antioxidant detoxification of ROS/RNS plays a key role in
normal cellular physiology and pathophysiology following CNS injury. Emerging
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evidence suggests ROS/RNS generation and antioxidant defense systems are sexually
dimorphic. In humans, ROS damage measured by lipid peroxidation product F,-
isoprostane is higher in male cord blood from preterm human twins ** and following TBI
in CSF of male adults vs. females *°*°. Another study finds higher F,-isoprostane in CSF
of children and infants following severe TBI independent of sex '*!. Further supporting
the notion of sex dependent oxidative damage are animal studies showing mitochondrial

antioxidant enzymes paraoxynase-2 (PON2) '3 thioredoxin (Trx)

114,115,
peroxiredoxin 6 (Prdx6) °, GPx !® and glutaredoxin (GRx) ™" at higher
levels/activity in the female vs. male brain. Increased antioxidant enzymes in the female
brain may be a result of the generally recognized neuroprotective effects conferred by
female hormones. Accordingly, a rat model of global cerebral ischemia-reperfusion
demonstrates metestrous (when estrogens are low) female susceptibility to lipid
peroxidation, GSH depletion and decreased antioxidant enzyme activity of SOD and
catalase vs. males 8. This evidence suggests females may be relatively resilient to
ROS/RNS mediated injury vs. males due to higher antioxidant enzyme defense systems

and that males may particularly benefit from antioxidant treatments following CNS

injury.

As mentioned previously, specific brain regions appear to be particularly
susceptible to injury. In particular, dopaminergic areas are very sensitive to ROS/RNS
mediated damage. Antioxidant enzyme PONZ2 is highly enriched in astrocytes compared

to neurons and highest in dopaminergic brain regions (e.g. striatum) **3

, possibly playing
a role in the aforementioned female resilience of mesencephalic cultures to excitotoxicity

64119119 In the in vitro and in vivo 6-hydroxydopamine model of Parkinson’s disease
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(PD), male mice have more lactate dehydrogenase release, apoptotic and necrotic cell
death vs. females. XY neurons also display decreases in mRNA and protein levels of
mitochondrial respiratory chain subunits coinciding with decreases in ATP and higher
ROS generation vs. XX neurons '?°. Similar ROS and mitochondrial changes are
observed in sex dependent vulnerability of cultured astrocytes in the 1-methyl-4-
phenylpyridinium (MPTP) model of PD **. These molecular mechanisms of ROS/RNS
production and antioxidant detoxification may underlie the higher incidence of early
onset (age 50-59) PD in human males *# and contribute to their poorer quality of life due
to increased burden of symptoms vs. females *2*. Dopaminergic regions of the brain (i.e
midbrain & striatum) are also susceptible to injury following TBI ***'2" but sex

dependent vulnerability of these regions following TBI is unknown.

Antioxidant defense systems are a necessary vital component for proper
mitochondrial function. For example, the antioxidant enzyme GRXx is essential to
maintenance of mitochondrial complex | activity where reductions in GRx result in loss
of complex | activity. Following ROS/RNS induction by B-N-oxalyl amino-L-alanine
lumbosacral spinal cord injection or MPTP exposure of motor neurons, complex |
activity in males is severely inhibited while activity is unaffected in females **"128130 |
overiectomized and estrogen receptor antagonized (ICI1 182,780) females, complex 1 is
also inhibited. In the context of CNS injury, the higher antioxidant capacity of females
may provide neuroprotection but evaluation of putative sex differences in mitochondrial
function following TBI have yet to be assessed. Therefore, novel approaches to
neuroprotection utilizing antioxidant treatments are most likely to benefit males vs.

131

females (reviewed in ~°7) and should be evaluated in a sex-specific manner.

24



Oxidative stress promotes loss of mitochondrial A¥Y and mitochondrial fission.

This is thought to ‘select” mitochondria for degradation by mitophagy. Indeed, oxidative

132 133

stress is sufficient to induce autophagy/mitophagy (*°“ as cited by =) and is necessary for

134 133

the normal progression of autophagic recycling (" as cited by ~°). The following section

reviews autophagy in the context of brain injury and sex differences.
2.6 Autophagy/Mitophagy

Autophagy/mitophagy generally refers to the cellular process of targeted
lysosomal degradation of macromolecules for metabolic recycling into amino acid and
fatty acid constituents **. This process is necessary for normal cellular protein and lipid
turnover and augmented following excitotoxic, ischemic and traumatic CNS injury ¢4,
Recent studies reveal that during starvation induced autophagy, mitochondria supply
membranes for autophagasome formation via association with autophagy mediating
protein Atg5 and subsequent association with autophagasome protein microtubule-

associated-protein-1 light chain 3 (LC3) '*

thus suggesting a critical role for
mitochondria in the induction of autophagy. While mitochondrial degradation via
mitophagy is a focus of this section, the term autophagy by definition includes mitophagy

and will be used interchangeably hereafter as it is the most commonly used terminology.

There is a significant signaling role for the mitochondrial specific
diphosphatylglycerol lipid cardiolipin in coordination of mitophagy progression ***%°,
Cardiolipin peroxidation causes a conformational flip from the normal position on the

inner mitochondrial membrane to the outer mitochondrial membrane in a phospholipid

scrambalase-3 dependent manner. This promotes oxidized cardiolipin association with
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the lapidated form of autophagasome protein microtubule-associated-protein-1 light chain
3 (LC3-11) ¥4, LC3-11 is considered a reliable biochemical marker for preautophagasomal

membrane formation and is widely used to detect changes in autophagy.

Sex differences in autophagy are observed using in vitro and in vivo models of

146 147

cardiac ischemia, cerebral neonatal hypoxia-ischemia, and iron-induced brain

injury 8. In one of the most informative studies pertaining to sex differences in
autophagy, Du et. al (2009) demonstrates fundamental differences following nutrient
deprivation of neuronal cultures. They observe a decrease in XY cellular viability and
associated increases in LC3-Il protein levels compared to XX cells, an observation
supported by time-lapsed microscopy confirmation of lysosomal fusion *°.
Pharmacological or siRNA mediated inhibition of autophagy initiating protein Atg7
attenuates loss of cell viability and cell death of XY neurons to levels of XX neurons.
Furthermore, XX neurons display phospholipase A2 mediated increases in lipid droplet
formation following nutrient deprivation which is not apparent in XY neurons. Treatment
of cultures with L-carnitine, a necessary co-factor for import of free fatty acids into the
mitochondrial matrix for B-oxidation, improves XY neuronal viability and attenuates cell
death after nutrient deprivation but has no effect in XX neurons **°. Thus, autophagy may
play a detrimental role in XY cells under stressful conditions and the relative resistance
of XX cells to nutrient deprivation may be attributed to an enhanced capacity to
synthesize and utilize free fatty acids as alternative biofuels. Related to these results, we
observe a male susceptibility to brain mitochondrial respiratory impairment following

cerebral neonatal hypoxic-ischemia and in vivo administration of acetyl-L-carnitine post-

injury partially prevents respiratory impairment in male mitochondria while having no
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effect on female mitochondrial respiration **°. These data support the aforementioned
hypothesis that human females preferentially utilize lipids while males utilize proteins as
primary biofuels at the subcellular level and imply that under stressful conditions, males
may need to cannibalize cellular components via autophagy to obtain the requisite protein

fuel.

In support of the notion that too much autophagy is detrimental following
stressful conditions, Atg7 deficient mice subjected to the Rice-Vanucci model of cerebral
neonatal hypoxia ischemia have less hippocampal pyramidal neuron death vs. wild-type
131 "On the contrary, neuroprotection is not observed in older Atg7 deficient mice ™.
Notably, sex was not specified in this study and may be a contributing factor to the
discrepancies between ages. In another study using male animals subject to closed head
TBI, rapamycin, an activator of mMTOR mediated autophagy induction, is neuroprotective
both histologically and behaviorally vs. vehicle treated controls **2. Further clouding our
sex-specific understanding of the involvement of autophagy following injury, female
mice subjected to cerebral neonatal hypoxia ischemia have increased cortical LC3B-II
levels compared to males **’. The authors interpret this increase as a marker of failed
autophagy progression. Autophagy is undoubtedly involved in response to various CNS
injuries and evidence suggests it may be sex dependent but the exact
beneficial/detrimental role is incompletely understood. Similarly unresolved in functional
significance in response to a CNS injury is the observed synthesis of new mitochondria or

mitochondrial biogenesis.
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2.7 Mitochondrial Quality Control

Mitochondrial quality control (MQC) is essential for maintaining adequate
cellular energy supply. Main processes contributing to MQC maintenance include
mitochondrial biogenesis, dynamics (fission and fusion balance) and the aforementioned
recycling of damaged/aged organelles via autophagy (reviewed in **%). Targeting MQC
processes in CNS injury where mitochondrial dysfunction plays a role in pathogenesis

has been advocated (for review see *%).

In animal models of neonatal > and adult ischemic stroke mitochondrial
biogenesis is increased in the ischemic hemisphere *°. It is hypothesized that this is an
endogenous compensatory response attempting to restore ATP levels by increasing
mitochondrial number. In vitro OGD of sex specific cerebral granule neurons (CGNSs)
shows sex dependent responses with XY cells maintaining cellular ATP, mitochondrial
AY and less cell death vs. XX CGNs. These results are attributed to mitochondrial
biogenesis shown by increases in mtDNA, mitochondrial biogenesis proteins peroxisome
proliferator-activated receptor-y coactivator lalpha (PGCla), TFAM, nuclear respiratory
factor 1 (NRF-1), mitochondrial heath shock protein 60 (HSP60) and cytochrome c

oxidase (COXIV) in XY while XX CGNs lack or have suppressed responses **'.

The functional consequences of enhanced mitochondrial biogenesis following
brain injury are unknown. Nonetheless, promoters of mitochondrial biogenesis as
therapeutics have been investigated. Gemfibrozil (an activator of mitochondrial
biogenesis) treatment of rats following global cerebral ischemia induces TFAM and

NRF-1 in pre-treated metestrous females but suppresses levels in males %
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Correspondingly, treatment with gemfibrozil inhibits caspase-dependent apoptosis in
females by upregulating antioxidant defenses but promotes caspase-dependent and

caspase-independent cell death in male hippocampus 8

(cell death signaling discussed in
the next section). Selenium pretreatment of murine hippocampal neurons or mice is
neuroprotective in models of ischemic stroke by reducing oxidative damage and
promoting mitochondrial biogenesis via PGC-1a and NRF-1 induction but was not tested
in female cells/animals **°. On the opposing side of mitochondrial biogenesis, enhanced
rates of mitochondrial fragmentation or fission have been reported to contribute to cell

damage following CNS injury %262,

Mitochondrial fission and fusion processes are generally thought to segregate
functional and dysfunctional mitochondria in order to maintain a healthy population of

efficient energy producing organelles within a given cell (for review see **

). The overall
concept is that dysfunctional mitochondria tend toward fission while healthy functional
mitochondria undergo fusion and maintain an elongated tubular morphology thereby
protecting mitochondria from autophagic degradation ***. During injury, upregulation of
fission proteins (e.g. FIS1, DRP-1) is associated with damage while fusion proteins
(Mitofusins 1 and 2, OPAL1) are considered beneficial ***. DRP-1 is upregulated in
disease processes and inhibition by siRNA preserves mitochondrial function and
attenuates cell death in a hippocampal cell model of excitotoxicity ‘°®. Moreover, DRP-1
levels are decreased or cleared by induction of autophagy in primary rat striatal neurons
187 \ery few studies have investigated the role of mitochondrial dynamics in a sex-

specific manner. One study of cultured astrocytes indicates sex differences in

mitochondrial dynamics and cell survival in response to estradiol or progesterone
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treatment. Specifically, treatment with progesterone or estradiol increases cell number,
fusion and fission protein expression in female astrocytes and decreases cell number by
inducing apoptotic cell death in male astrocytes '°®. Expression of apoptotic proteins
BCL-2 and BAX are upregulated after progesterone treatment in female astrocytes but
decreased in male astrocytes indicating opposing effects of progesterone on critical
apoptosis mediating proteins 8. The detrimental effect of progesterone on male derived
astrocytes may be a contributing factor to the recent discontinuation of the progesterone
phase Il clinical trial for treatment of TBI based on lack of evidence for neuroprotection
in 875 enrolled participants (www.ninds.nih.gov/research/tbi). Indeed, at least one
preclinical TBI study reported a reduction of anti-apoptotic proteins (BCL-2, AKT) and
the astrocyte marker GFAP in male rats administered progesterone **°. Given the putative
clinical implications of furthering our understanding of sex-specific regulation and
functional consequences of mitochondrial biogenesis and dynamics, enhancing future

research efforts in this area is warranted.
2.8 Cell death pathways

We now know cell death is not simply apoptotic or necrotic as once proposed, but
rather a continuum encompassing apoptosis, necrosis, programmed necrosis, necroptosis
and parthanatos. Each of these modes of cell death has unique defining features but one

thing in common, mitochondrial involvement (reviewed in *"

). Prevention of cell death
and resulting cognitive behavioral deficits is the essence of neuroprotection. The general
dogma is that males are more susceptible to CNS injury primarily due to the lack of the
inherently neuroprotective effects of female hormones which can converge on

171-174

mitochondria (reviewed in ). While hormones clearly play a role in sex differences,
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other intrinsic hormone-independent cell signaling mechanisms are likely involved since

60,92

sex differences can be modeled in cell culture absent of circulating hormones and are

present during embryonic development prior to hormone involvement *'.

Sex differences in cell death pathways is one of the most heavily studied areas of
sexually dimorphic neurotrauma and neuroprotection. Since TBI research rarely includes
females, the majority of our knowledge comes from animal stroke models. Primary

60.92 It has been

cultured neurons also show sex differences in cell death pathways
proposed that male cell death is a product of caspase-independent cell death while female
cell death is caspase dependent with bioenergetic failure (decreased ATP) and neuronal
NOS induction being the common preceding features observed in both sexes (reviewed in
175-177) " Briefly, caspase independent cell death is mediated by PARP-1 activation and
mitochondrial to nuclear translocation apoptosis inducing factor (AIF) while caspase-

dependent cell death (reviewed in *"®

) is mediated by cytochrome ¢ mitochondrial to
cytosol translocation, apoptosome formation, caspase cleavage and activation of
complement. Both pathways result in DNA fragmentation and cell death. In the caspase-
independent pathway mitochondrial to nuclear translocation of AIF occurs in
combination with endonuclease G (EndoG) mediated DNA fragmentation as shown by

AIF/Endo G nuclear colocalization following transient focal ischemia in mice ™. 1

n
caspase dependent cell death DNA fragmentation is initiated by caspase-3 cleavage and
release of caspase activated DNase (CAD) from inhibitor of caspase activated DNase
(ICAD) **°. The different endonucleases contributing to DNA fragmentation downstream

of cell death signaling pathways offer unique neuroprotective targets for sex specific

treatments. However, sex dependent specificity of endonucleases needs to be confirmed.
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It is important to appreciate that these pathways are not exclusive to either sex but
overlap considerably (Figure 2.2). For example, cytochrome c release and active caspase

3 are observed in males as well as females following injury %18

. The sex ‘specific’
distinction comes primarily from neuroprotection studies demonstrating that caspase
inhibitors are solely neuroprotective in females, while having little to no effect in males.
Females also have an endogenous caspase inhibitor, X-linked inhibitor of apoptosis
(XIAP) expressed at higher levels than males independent of estradiol or overiectomy in
adult mice. However, protein levels in cytosolic and mitochondrial fractions are lower in
females vs. males. This may be due to miR-23a regulation of XIAP mRNA ¥, Similarly,
MRNA expression of Smac/DIABLO, an endogenous inhibitor of XIAP, is higher in
females vs. males but protein levels are lower. Following stroke Smac/DIABLO mRNA
and protein is decreased more in females than males. This suggests females have a
genetic advantage in inhibition of caspase dependent cell death signaling. Accordingly
inhibition of XIAP with embelin in adult male and female mice after stroke exacerbates
lesion volume in females but has no effect in males **2. Furthermore, treatment of female
rat pups with embelin following rat cerebral neonatal hypoxic ischemia injury
exacerbates anatomical damage and behavioral deficits vs. vehicle treated controls %3,

These results imply that under conditions eliciting the same degree of caspase activation

in both sexes, females may be more resilient to caspase dependent cell death vs. males.

Female resilience to injury may also be afforded by PARP-1. Genetic studies have
demonstrated that, following experimental stroke, male PARP-1 homozygous knockout
mice have a substantially diminished infarct size while female PARP-1 knockout mice

have increased lesion volume %, Instead of sex-specificity, it is helpful to think of a
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cell death continuum where each sex has a predominant or ‘preferred’ cell death pathway
but there is still overlap between male and female cell death signaling (Fig.2.2).
Intriguingly, following TBI in human infants and children, poly(ADP-ribose) (PAR), the
product of PARP-1, is detected at higher levels in the CSF of males vs. females and
positively correlated with age *®. Excitotoxicity, oxidative/nitrositive stress, autophagy
and cell death all converge on PARP-1 1% PARP-1 is activated by ROS/RNS
mediated DNA damage and consumes nicotinamide adenine dinucleotide (NAD+) to
form cytotoxic PAR. Cell death studies evaluating the involvement of PAR have coined
the term parthanatos, PAR for poly(ADP-ribose) and the Greek word for death, thanatos

(for review see 1701%7

). Accumulation of PAR polymers serves as a cell death signal by
stimulating mitochondria to release AIF, *%!% hut not cytochrome c, possibly via the
mPTP **. PAR can be catabolized by PARG into ADPr, suppressing cytotoxic levels of
PAR, however, ADPr can activate the aforementioned TRPM2 calcium channel in males.
TBI studies report mixed results on behavioral improvement with PARP-1 inhibition. For
instance, Clark et al. (2007) reports improvement on the spatial learning task, the Morris
water maze (MWM) but no histopathological improvement following CCI in male mice
with PARP-1 inhibitor INO-1001 while Stoica et al. (2014) report inhibition of microglial
activation and limited neuronal preservation without MWM improvement after PARP-1

inhibitor, PJ34, treatment. PARP-1 inhibition presumably inhibits NAD+ depletion

following injury.

NAD-+ depletion is necessary and sufficient for neuronal cell death (parthanatos)

119 and contributes to astrocyte cell death ***. NAD+ metabolism is altered during the

192

pathophysiology of acute brain injury (reviewed in ~°). Male mice have twice as much
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baseline NAD+ vs. females. Following middle cerebral artery occlusion, NAD+ depletion
occurs in males and overiectomized females but not in intact females *°. In PARP-1
knockout mice, stroke induced NAD+ depletion is prevented in males but aggravated in
females. Treatment with nicotinamide, an NAD+ precursor, reduces infarct volume in
both sexes of PARP-1 knockout mice but has no effect in wild type females. So why do
males have twice as much NAD+ compared to females? Since males have higher baseline
ROS/RNS production and lower antioxidant defense systems compared to females,
excess NAD+ may be necessary for PARP-1 to routinely repair oxidatively damaged

DNA.

Recent studies suggest a mitochondrial localization of PARP-1 and that NAD+
consumption specifically by intramitochondrial PARP-1 contributes to oxidative stress
induced cell death '**. PAR polymerized proteins are detected in mitochondrial
subcellular fractions from liver ** and brain ***'%®. PAR coimmunoprecipitates with AIF
in HeLa cells and increases following NMDA exposure %. Whether the
intramitochondrial PAR observed is a product of nuclear or mitochondrial localized
PARP-1 and whether cytosolic or mitochondrial NAD+ depletion is the cause of cell
death is controversial. Pankotai et. al (2009) observed that a component of a-KGDH
complex (DLDH) also consumes NAD+ and addition of DLDH to isolated mitochondria
results in PAR formation demonstrating PARP-like activity of DLDH. Thus,
intramitochondrial PARP-like proteins may contribute to the observed PAR formation
within mitochondria. On the other hand, PARP-1 itself coimmunoprecipitates with inner
mitochondrial transmembrane protein, mitofilin, suggesting intramitochondrial

localization. Moreover, PARP-1 coimmunoprecipitates with mitochondrial DNA and a-
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DNA ligase 111 in HeLa cells *’. These results suggest that if PARP-1 is indeed present
in the mitochondrial matrix, it may be involved in mitochondrial DNA repair. As such, it
is tempting to speculate that increased male production of ROS/RNS and consequential
DNA damage induces PARP-1 activity more in males vs. females, thus necessitating

higher basal NAD+ levels for homeostatic maintenance.
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Figure 2.2: Sex Dependent Cell Death Proclivity and Interactions: Male predominant
pathways are in blue, females in and interacting pathways in black. Abbreviations:
mitochondrial permeability transition pore (mPTP); neuronal/mitochondrial nitric oxide
synthase (nNOS/mtNOS); tricarboxylic acid cycle (TCA cycle); nicotinamide adenine
dinucleotide (NAD+); Reactive oxygen species (ROS); reactive nitrogen species (RNS);
adenosine triphosphate (ATP);cytochrome c (CytC); poly(ADP-ribose) polymerase 1
(PARP-1); poly(ADP-ribose) (PAR); poly(ADP-ribose) glycohydrolase (PARG); ADP-
ribose (ADPr); apoptosis inducing factor (AIF); X-linking inhibition of apoptosis
(XIAP); Second mitochondria-derived activator of caspases (SMAC). Inhibitor of

caspase activated DNase (ICAD); Caspase activated DNase (CAD); Endonuclease G

(EndoG).
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2.9 Summary and Significance:

There exists substantial evidence implicating sex differences in mitochondrial
mechanisms of CNS injury. A model adapted from the collective evidence presented in
this article portraying sex differences in pathophysiological cell signaling is depicted in
Figure 2.3. Thus far, basic science has largely neglected the female sex when testing
mechanisms of CNS disease and injury pathophysiology, and preclinical testing of
putative therapeutic compounds; despite a large number of sex-biased neurodegenerative
and neurodevelopmental disorders. Neonatal hypoxic-ischemic encephalopathy is one
disorder where males are particularly susceptible to adverse long-term neurobehavioral
outcomes. Therefore, the studies herein aim to delineate which of the well-established
mechanisms described above may play a sex dependent role in the pathophysiology of
neonatal hypoxic-ischemia. Elucidating sex dependent mechanisms of pathophysiology
will ultimately aid in the translation of experimental therapeutics to viable clinical

treatments.
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Figure 2.3: Summary of Sexually Dimorphic Cell signaling following CNS Injury:
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Figure 2.3. Male predominant pathways are represented in blue and female predominant

pathways in pink. Following CNS injury, extracellular glutamate activates extrasynaptic

2 2
NMDA s triggering Ca " influx. Intracellular Ca  activates NOS, to a higher degree in

male cells. Mitochondrial CaZJr uptake increases oxidative phosphorylation, ROS
generation, subsequent DNA damage and mitochondrial swelling. ROS mediated damage
is greater in male cells likely due to poorer antioxidant defense systems vs. females, (i.e.
glutathioned peroxidase; GPx), which activates PARP-1 consumption of NAD+ to
generate PAR and ADPr. In surviving cells, ROS oxidation of cardiolipin, likely more
common in males, causes a conformational flip to the outer membrane where oxidized
cardiolipin binds LC3 to promote mitophagy, removing damaged organelles. In male

cells, the combination of peroxide and ADPr activates TRPM2 cation channels further

2 2
exacerbating Ca " influx and oxidative damage. In severe injury, Ca " overload can lead
to mitochondrial release of cytochrome ¢ and AIF. Cytochrome c release results in
caspase-dependent apoptosis in female cells while the combination of NAD depletion and

AITF release leads to caspase-independent parthanatos in male cells.

39



Chapter 3: Sex dependent mitochondrial respiratory impairment and oxidative

stress in a rat model of neonatal hypoxic-ischemic encephalopathy?

3.1 Abstract:

Increased male susceptibility to long-term cognitive deficits is well described in clinical
and experimental studies of neonatal hypoxic-ischemic encephalopathy. While cell death
signaling pathways are known to be sexually dimorphic, a sex-dependent
pathophysiological mechanism preceding the majority of secondary cell death has yet to
be described. Mitochondrial dysfunction contributes to cell death following cerebral
hypoxic-ischemia (HI). Several lines of evidence suggest there are sex differences in the
mitochondrial metabolism of adult mammals. Therefore, this study tested the hypothesis
that brain mitochondrial respiratory impairment and associated oxidative stress is more
severe in males than females following HI. Maximal brain mitochondrial respiration
during oxidative phosphorylation was two-fold more impaired in males following HI.
The endogenous antioxidant glutathione was 30% higher in the brain of sham females
compared to males. Females also exhibited increased glutathione peroxidase (GPx)
activity following HI injury. Conversely, males displayed a reduction in mitochondrial
GPx4 protein levels and mitochondrial GPx activity. Moreover, a 3 to 4-fold increase in
oxidative protein carbonylation was observed in the cortex, perirhinal cortex, and
hippocampus of injured males, but not females. These data provide the first evidence for
sex dependent mitochondrial respiratory dysfunction and oxidative damage which may

contribute to the relative male susceptibility to adverse long-term outcomes following HI.

2 T.G. Demarest, R.A. Schuh J. Waddell, M.C. McKenna, G. Fiskum
Journal of Neurochemistry, February 2016

40



3.2 Introduction:

It is well established that mitochondrial dysfunction and oxidative stress occur
following ischemia/reperfusion injury ® and that these coincide with the majority of cell
death, during secondary injury, over days following injury *. Moreover, adult animal and
in vitro studies suggest sex differences in mitochondrial mechanisms known to be
involved in brain injury including reactive oxygen species (ROS) generation and
antioxidant detoxification capacity reviewed in **. The immature brain is known to be
particularly susceptible to oxidative stress-mediated ischemia/reperfusion injury
compared to the mature brain. This age dependent difference is due, in part, to a reduced
antioxidant capacity in the developing brain ®’. These data point to the involvement of a
mitochondrial mechanism in the pathophysiology of HI as mitochondria are the major
generators of ROS and the gatekeepers of cell death initiation.

Mitochondrial respiratory impairment is implicated in the pathophysiology of
nearly all acute central nervous system (CNS) injuries including traumatic brain injury

12201 and neonatal HI ***°. Moreover,

199 “spinal cord injury 2*, adult cerebral ischemia
mitochondria have recently been recognized as a pivotal hub of injury response in the
developing brain %° and are increasingly targeted for neuroprotective drug development.
While mitochondrial respiratory dysfunction and oxidative stress are known to occur
following HI, experiments reporting these findings were performed solely in male
animals or animals of unidentified sex %2 Thus, it is still unknown if mitochondrial

respiratory impairment and generation or detoxification of ROS occurs in a sex

dependent manner.
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Defending against increasing ROS during times of injury is particularly important
to preserve neuronal survival and mitigate adverse long-term outcomes ®. Endogenous
antioxidant defenses systems play a critical role in the maintenance of redox homeostasis
204 Among these, the glutathione dependent antioxidant system is arguably one of the
most important cellular defense mechanisms. Reduced glutathione (GSH) is a low
molecular weight thiol essential for maintaining redox state by providing reducing
equivalents to oxidized molecules via spontaneous reduction reactions and as a substrate
for antioxidant enzymes like glutathione peroxidases. Glutathione peroxidase (GPx)
enzymes are present in many subcellular compartments, including the mitochondria 2%
207 GPx antioxidant capacity is known to be affected by HI injury. For example, hypoxic
preconditioning up-regulates GPx activity and overexpression of human GPx1 reduces
injury following HI ?°®. A recent study of pediatric traumatic brain injury determined that
GSH is higher in mitochondria from uninjured females than males *®°. Taken together,
these observations suggest mitochondrial dysfunction and ROS detoxification/generation
may be sex dependent following pediatric brain injury.

Acetyl-L-carnitine (ALCAR) is a naturally occurring endogenous compound with
demonstrated antioxidant and neuroprotective properties in the immature and mature
brain, following either ischemic or traumatic brain injury #*?%. Although the exact
mechanism of action is incompletely understood, ALCAR may afford neuroprotection by
acting as an antioxidant or as an alternative biofuel via donation of acetyl groups for the
synthesis of acetyl-coA and/or by increasing L-carnitine mediated shuttling of fatty acids

into the mitochondria for beta oxidation 2>% .

42



Given the evidence that males are particularly susceptible to neonatal HI, we
tested the hypothesis that mitochondrial respiratory impairment and oxidative stress
mediated damage contributes to this sex biased vulnerability. We further assessed
whether ALCAR reduces mitochondrial dysfunction and oxidative stress following
neonatal HI.

3.3 Materials and Methods:
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=198 total rat pups were used in this study; 174 pups were used
for collection of brain homogenates and isolation of brain mitochondria. Brains from
three pups were pooled for mitochondria isolation, resulting in 58 separate mitochondria
isolations (sham: n=9 male, n=9 female; HI: n=9 male, n=8 female, HI + ALCAR: n=11

male, n=12 female). The other 24 pups were perfusion fixed for histology.
Neonatal Hypoxic-Ischemia

Litters were culled to nine pups on the day of birth; postnatal day (PN) 0. HI was
performed using a modification of the Rice-Vannucci model %%° HI results in an
ipsilateral hypoxic-ischemic hemisphere and a contralateral ‘’hypoxia-only’’ hemisphere.
Briefly, male and female postnatal day 7 (PN7) Sprague-Dawley rat pups weighing
between 12.5-15.5 g were randomly assigned to sham, HI, or HI+ALCAR groups.
Anesthesia was induced with 3% isoflurane for one to two minutes and maintained under
1.5% isoflurane on a heating pad (37°C) during the surgical procedure. The right carotid

artery was surgically exposed and severed midway between two sterile ligatures. The
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skin incision was sutured and the pups allowed to recover consciousness during 25 min in
a container immersed in a 37°C water bath and then returned to their dam for 60 min.
Pups were then placed in warmed, humidified jars, and exposed to 8% O, for 75 min.
Pups recovered in jars in the warm water bath for another 2 hr before returning to the
home cage. ALCAR (100 mg/kg, subcutaneously, in 8% NaHCO3 in phosphate buffered
saline) or equal volume phosphate buffered saline treatments were administered
immediately after, and 4 hr after hypoxia. Sham animals received the same duration of

anesthesia and the neck incision but no carotid artery ligation or hypoxia.
Brain mitochondria isolation

Mitochondrial isolations were performed 20 hours following HI. For each
mitochondrial preparation, three male or female 8 day old Sprague-Dawley rat pups were
euthanized by decapitation, cerebellum and olfactory bulbs removed and the left and right
hemispheres rapidly removed for separate isolation of synaptic plus non-synaptic
mitochondria by a modification of the previously described “digitonin” method .
Following euthanasia, cortical hemispheres were rapidly removed and minced in 12 ml
ice-cold mannitol-sucrose (MS) buffer pH 7.4 (225 mM mannitol, 75 mM sucrose, 5 mM
Hepes, 1 mg/ml fatty-acid-free bovine serum albumin (BSA), 1 mM EGTA). This was
rapidly repeated for each of the 3 animals, separately pooling 3 ipsilateral and
contralateral hemispheres, respectively, per preparation. n=4-6 independent preparations
per treatment group. The brain tissue was homogenized manually using 10 strokes of a
Potter-Elvehjem teflon tissue grinder pestle (Wheaton Science Products, Millville, NJ) in
a 15 ml Dounce Homogenizer (Bellco glass, Vineland, NJ). The homogenate was

centrifuged at 1300 x g for 3 min at 4°C. The supernatant was removed and kept on ice
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and the pellet was resuspended in 3 ml MS and centrifuged at 1300 x g. Resulting
supernatants were pooled and centrifuged at 22,000 x g for 8 min. The pellet, containing
primarily free (non-synaptic) mitochondria plus synaptosomes, was then resuspended in
10 ml of MS buffer, using gentle trituration with a disposable Pasteur pipette. Twenty pl
of 10% (wt/vol) digitonin (Calbiochem) in dimethylsulfoxide (DMSO) was added and
gently mixed on ice for 3 min. This suspension material was spun at 22,000 x g for 8
min. The appearance of the pellet after this centrifugation following the addition of
digitonin is typically more homogeneous and dense than the appearance of the pellet
prior to this step. This change is the result of digitonin disrupting the synaptosomal
plasma membranes and releasing synaptic mitochondria, resulting in a more pure
mitochondrial pellet. Nevertheless, a small beige “fluffy layer” of material is present
above a dark brown pellet. The supernatant and fluffy layer were carefully removed by
aspiration with a glass Pasteur pipette attached to a vacuum line. The mitochondrial pellet
was resuspended to a final volume of 1.5 ml of MS buffer and centrifuged at 22,000 x g
for 10 min at 4°C in a microfuge. The mitochondrial pellet was resuspended in MS
without EGTA. Protein concentrations were determined by standard Bradford method

employing a BSA standard curve.

Mitochondrial oxygen consumption:

Equal amounts (0.5 mg protein/ml) of isolated mitochondria were added to a
thermostatically-controlled O, electrode chamber (Hansatech Instruments, Norfolk,
England) equipped with magnetic stirring and containing 0.5 ml of respiration buffer
consisting of 70 mM sucrose, 220 mM mannitol, 5 mM KH,PO,4, 5 mM MgCl,, 1 mM

EGTA, 0.2% fatty acid-free BSA, and 2 mM HEPES, pH 7.4, 37°C. Malate and pyruvate

45



were used as substrates to determine respiration mediated by electron transport chain
complexes | through 1V and succinate plus rotenone, a complex | inhibitor, were used to
assess respiration mediated by complexes Il through IV. State 3 respiration was initiated
by the addition of 1.0 mM ADP. Approximately 2 min following ADP addition, state 3
respiration was terminated and state 4, respiration (resting) was initiated with addition of
1.25 pg/ml oligomycin, an inhibitor of mitochondrial ATP synthase. The ensuing rate of
respiration, designated as state 4,, is a reflection of the proton permeability of the inner
membrane, without interference from ATP turnover due to the presence of ATP
hydrolases. The maximal rate of uncoupled respiration was subsequently measured by
addition of 60 nM carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP); a
protonophore uncoupling molecule. An n=4-6 independent experiments were performed

with separate preparations of isolated brain mitochondria.

Glutathione quantification:

Reduced glutathione (GSH) was measured as previously described 2°%%** with the
modification that sulfhydryl selective fluorophore ThioGlolV (Millipore, Billerica, MA)
was used instead of ThioGlol (discontinued). Briefly, total brain homogenate was
incubated with ThioGlolV (excitation 400nm) and emission at 465nm quantified in a 96-
well fluorescence plate reader (FLUOstar OPTIMA, BMG Labtech). Following this
initial reading, samples were incubated with glutathione peroxidase and cumene
hydroperoxide to deplete all reduced glutathione and ThioGlolV emission at 465nm
measured again. Subtracting the final reading from the initial reading yields total reduced
glutathione (GSH). All samples were run in duplicate and quantified by comparison to a

standard curve of pure reduced glutathione (Sigma, St. Louis, MO). n=6/group.
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Glutathione peroxidase activity:

Glutathione peroxidase activity was determined in total brain homogenate and
isolated mitochondrial fractions using the glutathione peroxidase assay kit according to
the manufacturer’s instructions (Cayman chemical, Ann Arbor, MI). Each well of a 96
well plate contained sample in 50 mM Tris-HCI, pH 7.6, 5 mM EDTA, 1 mg/ml BSA,
and a co-substrate mixture containing NAD(P)H, GSH and glutathione reductase. The
enzyme reaction was initiated by the addition of cumene hydroperoxide and the rate of
decreasing absorbance at 340 nm was recorded for 5 minutes. Activity is represented as
nmol NAD(P)H consumed per minute per mg protein. n=6 /group.

Western blot:

Twenty pg protein of freeze/thawed isolated brain mitochondrial samples were
subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE)
using the BioRad tetra cell system and AnyKd® gels (BioRad, Hercules, CA). Gels were
transferred to 0.2 um pore size PVDF via the Transblot Turbo semidry transfer system
(BioRad). Blots were blocked for 2 hours in 5% milk in Tris-buffered saline (TBS) plus
0.1% tween-20 and incubated overnight at 4°C with glutathione peroxidase 4 primary
antibody (Cayman Chemical;1:1000 dilution), washed 3 times for 10 minutes 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 chemiluminescent substrate
(GE healthcare) and scanned for densitometry analysis on the Digit imaging system

(LiCor). Densitometry was normalized to a representative total protein (visualized by
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ponceau S staining) band of 62kD for each blot “** and calculated as a percentage of sham

animals to control for interblot variation. n=4/group.

Protein Carbonyl Immunohistochemistry:

Brains were cut in a 1-12 series of 40 uM sections on a cryostat (Leica). Each
series contained approximately 6 sections (480um apart) representing the entire brain.
These were mounted to superfrost slides (Fisher Scientific). Protein carbonylation was
then detected #*%**. Briefly, following a thirty minute permeabilization in tris buffered
saline (19.98 mM Tris, 136 mM NaCl, pH 7.4) containing 0.03% triton-x, DNPH
derivitization was conducted (Img/mL DNPH in 2N HCI) for 30 minutes in the dark,
washed for one hour and incubated overnight at 4°C with anti-DNP antibody (Sigma).
The following day, sections were washed and incubated with secondary antibody
(Donkey anti-rabbit alexa 488 ReadyProbes® Invitrogen, Carlsbad, CA) for three hours
in the dark. Following washing, brain sections were cover-slipped using DAPI containing
mounting media (DAPI Flouromount-G®, SouthernBiotech, Birmingham, AL). Images
of contralateral and ipsilateral cortices (external granular and pyramidal layers I1/111),
perirhinal cortices, and CAL1 hippocampi were captured in the 3 sections containing CA1
hippocampus from each brain under identical fluorescent parameters (100 ms exposure, 0
gain, 1.00 gamma) at 20x magnification on a Zeiss Axioimager M2 microscope.
Specificity was verified using a naive 400g adult male Sprague Dawley rat transcardially
perfused with oxygenated artificial cerebrospinal fluid (140 mM NaCl, 3 mM KClI, 1.85
mM CaCl,, 1.7 mM MgCl;, 1.5 mM NayHPO,, 0.14 mM NaH,PO,, pH 7.4) containing
50 UM nitric oxide (NO) donor diethylenetriamine NO for 5 minutes prior to 4%

paraformaldehyde perfusion as a positive control for oxidative stress. Integrated intensity
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measurements were calculated for each image in Image J software using the following
thresholds (color: 0-120; saturation: 0-255, brightness: 15-255). Integrated intensities
from each brain section were calculated and averaged per animal (n=4 animals/group).
The integrated intensity in the positive control was greater than any in the HI groups
(data not shown).

Data analysis:

All results are represented as mean + SEM. Parametric statistical analysis was
performed using SigmaPlot version 12.0. Rates of mitochondrial respiration and
glutathione concentration were compared by two-way ANOVA with Sex and Group as
factors. "Group" was defined by surgical condition (Sham/HI), post-HI treatment
(Saline/ALCAR) and Hemisphere (Contra/lpsi) with Fisher’s post hoc test to determine
intergroup differences. Western blots were analyzed by one-way ANOVA for male and
female samples, separately. Carbonyl immunohistochemistry was analyzed by 2-way
ANOVA with Bonferonni correction. P-values < 0.05 were considered significant.

Graphs were generated in GraphPad Prism 5.0 and Excel 2010.

3.4 Results:

Sex dependent mitochondrial respiratory impairment

To test the functional impairment of brain mitochondria, oxygen consumption
measurements were performed with isolated brain mitochondria from male and female
littermates 20 hours following sham surgery or HI injury +/- administration of ALCAR.
Mitochondrial complex | dependent respiration was measured using malate and pyruvate

as electron donors (representative traces Fig. 3.1a, b). There was no difference between
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mitochondrial respiratory rates for either sex or hemisphere in sham animals.
Mitochondrial complex | dependent state 3 (ADP stimulated) respiration was
significantly more impaired in both hemispheres of male brain compared to female brain
following HI. State 3 respiratory rates for mitochondria isolated from the contralateral
hemisphere of males were 30% lower compared to sham animals while female brain
mitochondria exhibited no respiratory impairment in this hemisphere. In the ipsilateral
hemisphere, mitochondrial respiration from male brain was twice as impaired as
respiration from the ipsilateral hemisphere from female brain. ALCAR treatment
prevented the impairment of respiration by mitochondria from the contralateral
hemisphere of males. Moreover, treatment of rats with ALCAR eliminated sex
differences in respiratory inhibition. Mitochondrial state 3 respiration from the ipsilateral
hemisphere was lower than mitochondrial respiration from the contralateral hemisphere
in HI and HI+ALCAR groups of both sexes. There was no difference in mitochondrial
state 4 respiration (ATP synthase-independent proton leak) from the contralateral
hemisphere in either sex compared to mitochondria from contralateral hemispheres of
shams. However, mitochondria from the contralateral hemisphere exhibited significantly
higher state 4 rates than mitochondria from the ipsilateral hemisphere. In addition,
females had a greater state 4 rate in mitochondria from the contralateral hemispherein
comparison to males following HI. ALCAR treatment reduced complex | dependent state
4 respiration in mitochondria from the ipsilateral hemisphere of female brain (Fig. 3.1 e,
f). FCCP uncoupling of mitochondrial respiration closely resembled rates observed in
state 3 respiration, with respiratory impairment of the ipsilateral hemisphere observed in

both sexes (Fig 3.1. g, h). In HI males treated with ALCAR state 4 respiration was
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comparable to shams. Figure 3.1, i-j depicts the respiratory control ratio (RCR; state
3/state 4), an indicator of overall mitochondrial functional integrity. Mitochondria from
sham animals had RCR values between 8 and 10; indicating intact and high functioning
mitochondria. A significant decrease in the RCR of mitochondria isolated from both
ipsilateral and contralateral hemispheres was observed solely in males following HI (Fig.
3.1i). To investigate if sex differences in mitochondrial respiratory impairment were

specific to complex I, we also tested complex 1l dependent mitochondrial respiration.
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Figure 3.1 a-d. Sex differences in complex | dependent State 3 mitochondrial
respiratory impairment following HI. Representative traces for oxygen consumption
by isolated brain mitochondria following sham (solid line), HI contralateral hemispheres
(dashed line) or ipsilateral hemispheres (dotted line) from male (a) and female (b)
animals. ADP stimulated State 3 respiration from male (c) and female (d) rat brain.
*p<0.05, **p<0.01 vs. sham treated animals. # p<0.05, ## p<0.01 vs. opposite sex.
Brackets denote significant hemisphere or treatment differences. n=4-6 separate

experiments.
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Figure 3.1 e-j. Sex differences in complex | dependent State 4 respiration and
mitochondrial respiratory control ratios following HI. ATP synthase (complex V)
inhibitor oligomycin was added to initiate state 4o (resting proton leak) respiration in
mitochondria from male (e) and female (f) rat brain. Proton ionophore (FCCP) mediated
uncoupling of mitochondrial respiration in male (g) and female (h) brain. Respiratory
control ratio for male (i) and female (j) brain mitochondria. *p<0.05, **p<0.01 vs. sham
treated animals. # p<0.05, ## p<0.01 vs. opposite sex. Brackets denote significant

hemisphere or treatment differences. n=4-6 separate experiments.
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Mitochondrial complex Il dependent respiration was measured using succinate as
the electron donor to succinate dehydrogenase (complex I1) in the presence of complex |
inhibitor rotenone, thus eliminating any flow of electrons through complex | of the
electron transport chain. Complex Il dependent state 3 respiration was impaired in
mitochondria from both hemispheres of male and female brain following HI. As seen in
complex | respiration, male brain mitochondrial respiratory inhibition in the contralateral
hemisphere was not reduced following ALCAR treatment (Fig. 3.2a). whereas treatment
with ALCAR after HI had no effect on state 3 respiration in females (Fig. 3.2b).
Similarly, state 4 respiration was impaired in mitochondria from both hemispheres of
male and females following HI. Complex Il dependent state 4 respiration was
significantly more diminished in ipsilateral brain mitochondria from males compared to
ipsilateral female brain mitochondria. Treatment with ALCAR did not lead to any
improvement of state 4 respiration in mitochondria from the ipsilateral side of either male
or female brain. ALCAR treatment prevented the impairment of state 4 respiration, only
in mitochondria from the contralateral hemisphere of males (Fig. 3.2 ¢, d). As seen in
complex | dependent respiration, complex Il dependent FCCP uncoupled respiration
closely mirrored state 3 respiration. FCCP uncoupled respiration was inhibited in brain
mitochondria from both hemispheres of males and females after HI. ALCAR prevented
the impairment of contralateral FCCP uncoupled respiration in brain mitochondria from
males and partially restored contralateral FCCP uncoupled respiration in brain
mitochondria from females (Fig. 3.2 e, f). There were no differences in complex Il
dependent RCR following injury (Fig. 3.2 g, h). Since there were greater sex differences

in complex | dependent respiration and complex I is known to produce ROS following HI
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in males %, we hypothesized that the impairment in mitochondrial respiration observed

may indicate sex differences in the production or detoxification of ROS following HI.
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Figure 3.2 a-d. Complex Il dependent mitochondrial respiratory impairment
following HI. ADP stimulated State 3 respiration in mitochondria from male (a) and
female (b) rat brain. ATP synthase (complex V) inhibitor Oligomycin was added to
initiate state 4o (resting proton leak) respiration in mitochondria from male (c) and
female (d) rat brain. *p<0.05, **p<0.01 vs. sham treated animals. # p<0.05 vs. opposite
sex. Brackets denote significant hemisphere or treatment differences. Note that while
male mitochondrial respiration is lower than females following HI, this did not reach

statistical significance. n=4-6 separate experiments.
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significant hemisphere or treatment differences.
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Sex dependent differences in antioxidant capacity

To determine putative sex differences in detoxification capacity of ROS in brain
following HI, we assayed components of the well characterized glutathione antioxidant
defense system. Quantification of GSH revealed that brain homogenates from female
uninjured sham controls had ~30% more GSH compared to sham males (Fig. 3.3a, b).
Following HI, a significant decrease in GSH was observed in both hemispheres of the
female brain. In males, there was an unanticipated increase in GSH in the contralateral
hemisphere in both HI and HI+ALCAR treated rats. However, there was no change in
GSH levels in the ipsilateral hemisphere compared to brain from male shams. We
hypothesized that because glutathione peroxidase (GPx) is a major antioxidant enzyme
utilizing GSH as its substrate, a sex difference in the impairment of GPx function may
explain the observed changes in GSH following HI injury. GPx activity in brain
homogenate was assayed to determine if the sex differences following injury were due to
differences in GPx activity. GPx activity was significantly increased in the ipsilateral
hemisphere from female brains following HI and in female HI pups treated with ALCAR
(Fig. 3.3f). There was no difference in overall GPx activity in the brain homogenate from
male pups in either hemisphere or any treatment condition (Fig. 3.3c,e). However, since
we observed a significant increase in GSH following injury in the contralateral
hemisphere, we hypothesized that the increase in GSH in the contralateral hemisphere of

males after HI could be due to an impairment of a mitochondrial GPx.
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Figure 3.3. Sex differences in glutathione antioxidant defense capacity. Reduced
glutathione (GSH) levels in total brain homogenate from males (a) and females (b). Total
glutathione peroxidase activity in male (c,e) and female (d, f) brain homogenate. *p<0.05

vs. sham. # sex differences. (Sex x treatment) interaction p=0.006. n=6/group.
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Eight mammalian isozymes of glutathione peroxidase (GPx1-8) have been
described 2®?®, GPx1 and GPx4 are the best characterized and both are present within
the mitochondrial and cytosolic subcellular compartments. GPx4 is the only GPx isozyme
with an ability to detoxify lipid hydroperoxides 2*>?%. Western blot analysis revealed no
change in GPx4 levels in brain mitochondria isolated from female sham, HI and
HI+ALCAR rat pups. In contrast, there was a significant decrease in GPx4
immunoreactivity in mitochondria from the contralateral hemisphere of male pups after
HI. GPx4 immunoreactivity was increased in mitochondria from the ipsilateral

hemisphere of male rats treated with ALCAR after HI (Fig. 3.4a).

To assess whether the HI-dependent reduction in GPx4 immunoreactivity
resulted in a decreased functional ability to detoxify oxidative damage, GPx enzyme
activity was determined in isolated mitochondria. Mitochondrial GPx activity was
significantly reduced in mitochondria from the contralateral hemisphere of male rats
following HI (Fig. 3.4b). Treatment with ALCAR after HI prevented this impairment.
There was no reduction in the brain mitochondrial GPx activity of females in any

treatment group (Fig. 3.4b).
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Figure 3.4. Mitochondrial GPx impairment in males following HI. Sex dependent

decrease in mitochondrial glutathione peroxidase 4 (GPx4) immunoreactivity (a) and

impaired mitochondrial GPx activity in mitochondria isolated from male brain following

HI (b). *p<0.05 vs. sham. n=6/group.
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Sex dependent oxidative protein carbonylation in cortex and hippocampus

To determine if there is excessive production of ROS after HI, direct measures of
oxidative damage were performed. A 3 to 4 fold increase in perinuclear accumulation of
protein carbonyls was observed in males following HI in both hemispheres of the cortex
(Fig. 3.5), perirhinal cortex (Fig. 3.6) and CAL region of the hippocampus (Fig. 3.7).
ALCAR treatment significantly reduced protein carbonyl formation in males following
HI in both hemispheres of the cortex, perirhinal cortex, and hippocampus (Figs. 3.5-3.7).
No significant differences in protein carbonyl levels were observed in female brains in

any treatment group (Figs. 3.5-3.7).
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Figure 3.5. Quantitative analysis of protein carbonyl immunohistochemistry in
cortex. Representative images of DNPH derivitized protein carbonyl groups (green, blue-
DAPI) in cortical brain sections from male (left) and female (right) P8 rat pups 24 hours
after HI injury. Integrated intensity values reveal significant increases in contralateral and
ipsilateral male cortices (***p<0.001) and significant reduction in carbonylation with
ALCAR treatment after HI (***p<0.001) in both hemispheres. (Sex X treatment)

interaction p<0.001. n=4/group.
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Figure 3.6. Quantitative analysis of protein carbonyl immunohistochemistry in the
perirhinal cortex. Representative images of DNPH derivitized protein carbonyl groups
(green, blue-DAPI) in perirhinal cortex from male (left) and female (right) P8 rat brain 24
hours after HI injury. Integrated intensity values reveal significant increases in
contralateral and ipsilateral male cortices (***p<0.001) and significant reduction in
carbonylation with ALCAR treatment (***p<0.001, **p<0.01) in both hemispheres. (Sex

X treatment) interaction p<0.001. n=4/group.
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Figure 3.7. Quantitative analysis of protein carbonyl Immunohistochemistry in the
CA1 region of the hippocampus. Representative images of DNPH derivitized protein
carbonyl groups (green, blue-DAPI) in hippocampal brain sections from male (left) and
female (right) P8 rat pups 24 hours after HI injury. Integrated intensity values reveal
significant increases in contralateral and ipsilateral cortices from male pups (***p<0.001)
and significant reduction in carbonylation with ALCAR treatment (***p<0.001,

**p<0.01) in both hemispheres. (Sex x treatment) interaction p<0.001. n=4/group.

68



Female Male

4 GSHa, | GSH
Hypoxic-Ischemia Hypoxic-Ischemia

/ |
f/GPx w

GSSG mtGPx4F—— ALCAR
‘ Oxidative Damage Oxidative Damage

b b

Jy Mitochondrial Respiratory Impairment 1‘

Fig 3.8. Schematic summary of mitochondrial impairment and oxidative stress
following HI. Lower basal GSH levels, lower post-hypoxic mitochondrial glutathione
peroxidase (MtGPx) activity, and mitochondrial glutathione peroxidase 4 (mtGPx4)
protein levels may contribute to the susceptibility of the male brain to oxidative damage
and mitochondrial dysfunction following neonatal hypoxic ischemia (HI). Treatment of
male pups with acetyl-L-carnitine (ALCAR) protects against the loss of mtGPx activity,
mtGPx4 protein, and increases in protein carbonylation after HI. These findings provide

novel insight into the pathophysiology of sexually dimorphic outcomes following HI.
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3.5 Discussion:

A schematic summary of the findings in this study are displayed in figure 3.8.
Collectively, the most important findings of the current study are the identification of sex
differences in mitochondrial respiratory impairment (Fig.3.1-3.2) and oxidative stress
(Fig. 3.5-3.7) following HI. Mitochondrial impairment in males is paralleled by deficits
in GPx antioxidant capacity (Fig. 3.3) and resultant increases in protein oxidation at 20-
24 hours (Fig. 3.5-3.7); at the beginning of secondary HI injury. Secondary injury is
characterized by increases in oxidative stress that lead to massive tissue loss and cell
death from 24 hours to weeks following HI *?**. The present study found a bilateral
susceptibility to NADH dehydrogenase (complex 1) dependent state 3 brain
mitochondrial respiratory impairment and a significant decrease in the respiratory control
ratio after HI in males. Our findings are consistent with recent studies reporting sex
differences in mitochondrial metabolism following HI %", Morken et al. (2014) found
differential alterations in oxidative metabolism in male and female brain at multiple time
points with magnetic resonance spectroscopy after HI at PND 7. They reported a more
striking decrease early after HI in males, but more prolonged differences in metabolism
in the cortex of females #%. Weis et al. (2012) report that enzyme activity of electron
transport chain (ETC) complexes I-111 of postnatal day 8 male Wistar rats is significantly
lower than females 18 hours following HI, with decreases in ETC activity in the
ipsilateral cortex and hippocampus of both sexes #’.Collectively, these data suggest brain
mitochondrial ETC impairment is greater in males than in females after HI. Complex I is

a major site of ROS production and known contributor to ROS generation following HI

18,219
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In the current study, we found that brain mitochondria from female animals
increase complex | dependent proton leak (state 4 respiration) across the inner
mitochondrial membrane significantly more than brain mitochondria from males
following HI (Fig. 3.1 e,f). One possible explanation for the increases in proton leak is an
increase in mitochondrial uncoupling. Mitochondrial uncoupling can be mediated by a
family of uncoupling proteins (UCPs) that are activated by free fatty acids (FFA) %° and
ROS ??!, The increase in uncoupling of mitochondria from female brain may be explained
by a greater activation of UCPs following HI. It should be noted that our respiration
buffer contains BSA (1mg/mL), which can inhibit FFA-induced uncoupling via UCPs %%,
Therefore, it is possible that the changes in state 4 respiration we observe (Fig 3.1, 3.2)
would be more profound in a respiration medium absent of BSA. Activation of UCPs has
a demonstrated neuroprotective effect in ischemic injury such that overexpression of

223 and treatment with

UCP2 protects thalamic neurons following global ischemia
mitochondrial uncoupler 2,4-dinitrophenol reduces lesion volume and improves
mitochondrial function by reducing oxidative stress “*. The increase in state 4 respiration
in the female brain may be a compensatory response to reduce mitochondrial free radical
generation following HI. It is also possible that increased leakage of electrons from redox
sites in the electron transport chain to oxygen, forming superoxide, could contribute to
the increases in state 4 respiration.

Mitochondria are main sites of ROS generation and a vulnerable target of free
radical damage. Superoxide (O2-) generation from the ETC is converted to hydrogen

peroxide (H20,) via superoxide dismutase (SOD) enzymes. Notably, overexpression of

Cu,Zn-SOD (SOD1); present in cytosol, lysosomes and mitochondrial intermembrane
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space *®°, reduces tissue damage in adult cerebral stroke %, but aggravates brain tissue
damage after neonatal HI ?*”. These effects of SOD1 overexpression are apparently due
to the accumulation of H,0, following HI, because of the limited expression of the H,0,
detoxifying enzymes (glutathione peroxidase and catalase) in the immature brain 2%,
While Oy, and H,0, accumulation after HI likely contribute to the mitochondrial
impairment observed in this study, there are other sources of ROS and reactive nitrogen
species (RNS) that can impair mitochondrial function and increase protein carbonylation
228.

Neuronal nitric oxide synthase (NNOS) is a site of RNS production known to be
involved in HI % Nitric oxide (NO") production can have both detrimental and
beneficial effects following injury. NO' production is known to reversibly inhibit
mitochondrial respiration at cytochrome ¢ oxidase (complex 1V) 2%, This inhibition may
serve a regulatory function under physiological conditions; however, excessive NO'
production following HI could potentiate a reversal of ETC electron flow and exacerbate
oxidative stress via O,- leakage through complexes I and I11. The combination of O,- and
NO' can form the highly toxic RNS, peroxynitrite (ONOO-), which, in combination with
H,0,, can damage lipids, proteins and nucleic acids. Alternatively, NO' can also facilitate
cerebral perfusion via vasodilation of the cerebrovasculature and inhibit apoptosis by
impeding release of cytrochrome ¢ from the mitochondria 2. Importantly, nNOS is the site
of divergence in sexually dimorphic male and female cell death signaling cascades
following HI, where female cell death proclivity involves cytochrome c release and
caspase activation ®. | McCullough et al. **® demonstrated that the inhibition of nNOS

following HI decreases lesion volume in male mice but actually increases lesion volume
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in females. Their findings point to a potentially beneficial role for nNOS in the female
brain after HI 1%, This may be explained by nNOS inhibition of cytochrome ¢ release or,
as our results suggest, the possibility that ROS generation via mitochondria and/or nNOS
might activate compensatory upregulation of antioxidant mechanisms in the female brain.
Thus, inhibition of nNOS in the female brain following HI may exacerbate injury by
abrogating compensatory upregulation of glutathione peroxidase and/or other antioxidant
systems. Antioxidant enzyme activity of GPx is also higher in the cerebrospinal fluid of
human neonates affected by HIE %*2. Although the result was not statistically significant,
it is worth noting that data from male and female newborns were not analyzed separately
in this study by Gulcan et al. %*2.

In the present study, we determined postnatal day 8 female rat pups had ~30%
more brain GSH than males of the same age, and GSH in the female brain was bilaterally
reduced to the levels of male shams after HI (Fig. 3.3a, b). This decrease in GSH
coincided with an upregulation of total GPx activity in the ipsilateral hemisphere of
females brain (Fig. 3.3f). The fact that there was no change in GPx activity in the
contralateral hemisphere of females (Fig. 3.3d) likely reflects the ability of endogenous
activities to handle the perturbations of hypoxia-alone. In contrast to the female response
to HI, there was no change in GPx activity in total homogenate from male brain (Fig. 3.3
b). However, GPx activity in males was diminished specifically within the mitochondrial
subcellular compartment of the contralateral hemisphere (Fig. 3.4b) and was paralleled
by a decrease in phospholipid hydroperoxidase 4 (GPx4) protein (Fig. 3.4a). The neonatal
brain is particularly susceptible to lipid peroxidation due to its high concentration of free

iron and polyunsaturated fatty acids. Moreover, mitochondrial membranes contain a high
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233,234

concentration of polyunsaturated fatty acids GPx4, a selenium-dependent

phospholipid hydroperoxidase, is crucial for neuronal development and survival since

global GPx4 knockout is embryonic lethal %*°

, and conditional knockout in adult animals
causes neurodegeneration within 2 weeks *®. The requirement of GPx4 for neuronal
development and survival is likely because GPx4 is the only GPx isozyme which can
effectively reverse lipid peroxidation %%, In combination with an increase in GSH in
the contralateral hemisphere, and no change in the ipsilateral hemisphere in male brain
after HI, the results from the present study suggest males may have a GPx deficiency
relative to females. These differential responses to injury explain, at least in part, the
higher degree of total protein oxidation (carbonyls) in male brain than female brain after
HI (Fig. 3.5-3.7). To the best of our knowledge, this is the first time protein carbonyl
immunohistochemistry has been objectively quantified. Collectively, these results
suggest that the female brain may possess an innate spare antioxidant capacity which
contributes to the relative sparing of mitochondrial function. This may be an important
factor in the sex differences observed in long-term behavioral outcomes following HI.
Sex differences in behavioral outcome following the Rice-Vannucci HI model
have been demonstrated in several studies **33%¥"2% Recently, a male specific deficit in
novel object recognition task was found at 18-19 days following HI at postnatal day 10
rat pups **. Behavioral studies suggest that recognition memory is dependent on the
perirhinal cortex, while location memory is hippocampus dependent during this task
239240 Qur current observation that oxidative protein modifications significantly increase
in both of these regions (Fig. 3.6, 3.7) suggest that sex dependent oxidative stress

following HI may contribute to behavioral differences observed following neonatal HI
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injury. While our results are consistent with behavioral effects in other studies, including
studies from our group 2*’, we did not determine behavioral outcome in the current study.
Future studies examining the time-course of oxidative stress and whether increases in
protein carbonyl formation correlates with long-term behavioral outcome are needed to
test whether these observations are interrelated.

As previously mentioned, ALCAR administration is neuroprotective in adult and
neonatal brain injury. Xu et al. (2015) determined that ALCAR administration after HlI
prevented the decrease in GSH and prevented significant increases in lactate following HI
28 We previously observed that ALCAR reduces protein carbonyl formation in brain
following a clinically relevant model of canine cardiac arrest *>. Consistent with these
findings, the present study determined ALCAR administration following HI partially
mitigated mitochondrial dysfunction (Fig. 3.1-3.2), prevented mitochondrial GPx
impairment (Fig. 3.4b), and decreased protein carbonyl formation in the cortex (Fig. 3.5),
perirhinal cortex (Fig. 3.6), and CA1 region of the hippocampus (Fig. 3.7). Notably, the
impairment of antioxidant defense systems and increases in oxidative stress were only
observed in male animals following HI and were prevented by ALCAR. These data
suggest that ALCAR may act as an antioxidant following HI, either directly or via its

4 In addition to antioxidant

ability to cause a reduced shift in cellular redox state
properties, the acetyl group from ALCAR can be used for energy and as a precursor for
the synthesis of glutamine, glutamate and GABA in astrocytes and neurons *°. Our
findings that ALCAR partially protected against mitochondrial dysfunction and

prevented oxidative stress in the HI model taken together with demonstrated
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neuroprotection by ALCAR in a rat pediatric TBI model provide support for its use in
pediatric neuroprotection clinical trials %22,

Many studies have attributed the relative resilience of the female brain to
ischemic injury to sex hormones (i.e. progesterone and estradiol) ?**?*?. In the postnatal
day 7-8 rat brain, estradiol, testosterone, and dihydrotestosterone levels in the brain are
equivalent **. Moreover, studies of primary cultures of neurons from male and female
brain found an increased susceptibility to oxidative stress in neurons derived from male
brain *. Therefore, sex differences observed following HI are more likely due to
hormone-independent mechanisms; however, the possibility of indirect hormonal
epigenetic mechanisms, the influence of in utero hormone exposure, or differential
downstream secondary messenger cascades cannot be excluded. Regardless, the results of
the present study provide a possible mechanism which could contribute to the sex
differences in long-term neurobehavioral outcomes observed clinically and in this
experimental model of HIE **%. The current study provides the first evidence of sex
differences in mitochondrial respiration and oxidative stress in neonatal HI; however, it is
limited to 20-24 hours post injury. Additional studies examining the time course of sex
dependent HI pathophysiology would be informative.

In summary, brain mitochondrial function was significantly more impaired in
males than females following HI. The female brain exhibited higher levels of total brain
glutathione in uninjured sham animals and was able to upregulate the GPx antioxidant
system after injury. In contrast, we observed marked GPx antioxidant system impairment
and protein carbonyl accumulation in the male brain following HI. These changes were

attenuated by ALCAR treatment after HI in males. It is possible that the significance of
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these results may be influenced by any sex differences in the quantity of mitochondria or
mitochondrial ETC proteins before/after injury. Therefore, the following study tested the
hypothesis that mitochondrial ETC proteins are regulated in a sex-dependent manner,

mitochondrial biogenesis is sex-dependent, and that biogenesis is activated by ALCAR.
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Chapter 4: Mitochondrial biogenesis and changes in electron transport chain

proteins following neonatal hypoxic-ischemia®

4.1 Abstract:

Males are more susceptible to mitochondrial dysfunction following neonatal
hypoxic-ischemia (HI) than females. Mitochondrial biogenesis has been implicated in the
that pathophysiology of HI, but differences between the male and female brain have not
been described. We tested the hypothesis that mitochondrial biogenesis and the
transcription of mitochondrial electron transport chain (ETC) proteins are differentially
activated in male and female brain following HI. There were no sex differences in
mitochondrial biogenesis. Mitochondrial ETC proteins I, Il and IV increased following
HI in female, but not male brain. Additionally, sex differences is transcription factor
GABP/NRF-2 paralleled the changes in ETC proteins after HI. These results suggest that
there are sex differences in ETC protein transcription following HI that may partially

explain a relative female resilience to mitochondrial respiratory impairment following Hl.

3 T.G. Demarest, E.L. Waite, J. Waddell, M.C. McKenna, G. Fiskum
In preparation for submission
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4.2 Introduction:

Mitochondria are constantly synthesized and degraded through mitochondrial
biogenesis and mitophagy, respectively. Both of these processes work in tandem to
balance mitochondrial quality control and energy homeostasis®*°. Biogenesis is regulated
by Mitochondrial Transcription Factor A, (TFAM)*®, and transcriptional co-activator
PPARy coactivator-1-alpha (PGC1a)**". Transcriptional activation through TFAM and/or
PGCla initiates the replication of mitochondrial DNA?® via mitochondrial DNA

249

polymerase gamma (POLG)“™ and the transcription of mitochondrial electron transport

chain (ETC) components via nuclear respiratory factors 1 and 2 (NRF-1, NRF-2/GABPa)

250

251-256

During the first week of life, ETC enzyme activities and protein levels

2% Mitochondrial size increases with

increase and cristae structure become more complex
corresponding increases in cellular area from postnatal day 10-15 %°. Additionally the
mitochondrial density (number/cell) approximately doubles in the brain (cortex) from
postnatal day 5 to 10 **°. The ongoing maturation of the brain and mitochondria during
the first few weeks of life may render normal development more susceptible to stressful

perturbations during this critical window. Interestingly, males have a higher incidence of

developmental disorders than females.

Neonatal hypoxic-ischemic encephalopathy (HIE) is one disorder of development
that males are more susceptible to adverse outcomes than females. In animal models of

neonatal *°

and adult ischemic stroke mitochondrial biogenesis is increased in the
ischemic hemisphere *°. It is hypothesized that this is an endogenous compensatory

response attempting to restore ATP levels by increasing mitochondrial number. In vitro
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oxygen and glucose deprivation (OGD) modeling of ischemia/reperfusion using sex-
specific primary cultures of cerebral granule neurons (CGNs) shows sex dependent
responses, with XY cells maintaining cellular ATP, mitochondrial A and less cell death
compared to XX CGNs™’. These results are attributed to mitochondrial biogenesis, as
reflected by an increase in mtDNA, mitochondrial biogenesis proteins peroxisome
proliferator-activated receptor-y coactivator lalpha (PGCla), TFAM, nuclear respiratory
factor 1 (NRF-1), mitochondrial heath shock protein 60 (HSP60) and cytochrome c

oxidase (COXIV) in XY while XX CGNs lack or have suppressed responses **'.

Activation or augmentation of mitochondrial biogenesis for neuroprotection
following brain injury has received some attention. Gemfibrozil (an activator of
mitochondrial biogenesis) treatment of rats following global cerebral ischemia induces
TFAM and NRF-1 in pre-treated metestrous females but suppresses levels in males %%
Correspondingly, treatment with gemfibrozil inhibits apoptosis in females by
upregulating antioxidant defenses but promotes cell death in male hippocampus .
Acetyl-L-carnitine (ALCAR) is neuroprotective in many types of brain injury and

activates mitochondrial biogenesis via NRF-2 %729,

However, the functional
consequences of enhanced mitochondrial biogenesis following brain injury remain
largely unknown. Furthermore, the potential effect of biological sex on mitochondrial

biogenesis following HI are also unknown. This study tested the hypothesis that

mitochondrial biogenesis is sex dependent and stimulated by ALCAR following HI.
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4.3 Methods:

Neonatal Hypoxic-Ischemia

Litters were culled to nine pups on the day of birth; postnatal day (PN) 0. HI was
performed using a modification of the Rice-Vannucci model 28,211. HI results in an
ipsilateral hypoxic-ischemic hemisphere and a contralateral ‘’hypoxia-only’” hemisphere.
Briefly, male and female postnatal day 7 (PN7) Sprague-Dawley rat pups weighing
between 12.5-15.5 g were randomly assigned to sham, HI, or HI+ALCAR groups.
Anesthesia was induced with 3% isoflurane for one to two minutes and maintained under
1.5% isoflurane on a heating pad (37°C) during the surgical procedure. The right carotid
artery was surgically exposed and severed midway between two sterile ligatures. The
skin incision was sutured and the pups allowed to recover consciousness during 25 min in
a container immersed in a 37°C water bath and then returned to their dam for 60 min.
Pups were then placed in warmed, humidified jars, and exposed to 8% O2 for 75 min.
Pups recovered in jars in the warm water bath for another 2 hr before returning to the
home cage. ALCAR (100 mg/kg, subcutaneously, in 8% NaHCO3 in phosphate buffered
saline) or equal volume phosphate buffered saline treatments were administered
immediately after, and 4 hr after hypoxia. Sham animals received the same duration of

anesthesia and the neck incision but no carotid artery ligation or hypoxia.

Mitochondrial DNA abundance:

Mitochondrial mass was calculated by quantitative polymerase chain reaction
(gPCR) as mitochondrial DNA (mtDNA) to nuclear DNA ration (nDNA). DNA was

isolated from 4% paraformaldehyde perfusion fixed contralateral and ipsilateral brain
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sections using the Qiagen® FFPE DNA Isolation kit according to manufacturer
instructions. DNA purity (Abs 260/280nm >2.0) and concentration were determined by
Nanodrop®. SybrGreen master mix, 100ng of DNA, and mitochondrial DNA primers for
ND4 (forward ‘TCGAGGCCACTCTAATCCCA’ and reverse
‘GTAGGGGGTGTGTTGTGAGG’) and GAPDH (forward’
ACCACAGTCCATGCCATCAC’ and reverse 'TCCACCACCCTGTTGCTGTA’ were
added to a 96-well PCR plate (Life Technologies). gPCR was performed as follows: 2
min hold 50°C, 10 min hold 95°C, 40 cycles of 95°C melting for 15 seconds and 53°C
annealing for 60 sec. Single melting curves confirmed the specificity of primers and

absence of primer-dimers. Data was analyzed by the delta-delta Ct method.
Citrate Synthase Enzyme Activity:

Citrate synthase (CS) enzyme activity was determined spectrophotometrically in a
96-well plate format adapted from Spinazzi et. al, 2012?%°. Briefly, each well of the 96-
well plate contained 200 mM Tris+ 0.02% Triton X-100 (pH 8.0), 20 pg of total brain
homogenate protein, acetyl-CoA (10 mM), and distilled water to a final volume of 220
pl. After baseline activity was recorded (absorbance; 212 nm) for 2 minutes, the reaction
was initiated by addition of 20 pl 6 mM oxaloacetic acid. The rate of CoOASH formation
was monitored by the change in absorbance (212 nm) and was recorded for 5 minutes.

Baseline rates were subtracted and rates of nmoles of AcetylCoA/min/mg protein were

AA b
. . (= Vd 1000
calculated accordingto: C & ¢ t i=v—L& ’E, il .
ebVdsampilerotlei n
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Western Blot:

Total brain homogenate (25-40 pg protein/sample) was used with  sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) using the BioRad tetra
cell system and AnyKd® gels (BioRad, Hercules, CA). The proteins separated on the
gels were transferred to 0.2 um 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 antibodies to PGC1 (Santa Cruz), GABP
alpha (Santa Cruz), mitochondrial DNA polymerase gamma (Cell Signaling), Total
OXPHOS Rodent WB Antibody Cocktail containing mouse monoclonal antibodies to
subunits of ETC complex V (ATP5a), IV (MTCO1) , Il (UQCRC?2), Il (SDHB) and |
(NDUFBS8) (Abcam), TFAM (Millipore), LC3B (Cell Signaling), B-actin (Sigma) and
washed 3x 10 minutes 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) or SuperSignal™ West Femto (ThermoFisher)
chemiluminescent substrates and scanned for densitometry analysis on the Digit imaging
system (LiCor). Densitometry was normalized to B-actin and expressed as a percent of

sham injured animals to control for interblot variability.
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4.4 Results:

Mitochondrial Mass

There was no significant difference in citrate synthase (CS) activity following HI
in either hemisphere following HI (Fig. 4.1). HI injured animals treated with ALCAR had
a significant increase in CS activity in the ipsilateral hemisphere (Fig. 4.1). We found a
significant increase in mtDNA:nDNA in the ipsilateral hemisphere of both male and
female animals following HI (Fig. 4.1). There was no significant increase in

mtDNA:NDNA ALCAR treated animals following HI (Fig. 4.1).
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Figure 4.1. No sex differences in mitochondrial mass following HI.

Citrate synthase is significantly increased in the ipsilateral hemisphere of both sexes
following ALCAR treatment (ALC I). Significant increases in mtDNA:nDNA were
observed in the ipsilateral hemisphere of males and females after HI. This significant
increase is not observed with ALCAR treatment. n=4-6/group.*p<0.05, **p<0.01 vs.

sham. *p<0.05, Mp<0.01 vs. other hemisphere.
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Changes in mitochondrial biogenesis associated transcription factors

There were no statistically significant sex differences in PGCL1 (Fig.4.2, a), POLG
(Fig.4.2, b), or TFAM (Fig.4.2, ¢) in any treatment group. There was no change in PGC1
(Fig.4.2, a). There was a significant increase in POLG immunoreactivity in the
contralateral hemisphere of males following HI, which was unchanged by ALCAR
treatment (Fig.4.2, b). There was a significant reduction in TFAM immunoreactivity in
the contralateral hemisphere of female brain following HI with a similar, but insignificant

reduction following HI+ALCAR treatment (Fig.4.2 c).
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Figure 4.2 Changes in mitochondrial biogenesis associated transcription factors.

a) Representative immunoblots of transcription factors PGC1, mtDNA Poly (POLG), and
TFAM . ¢) Increases in POLG were observed in the contralateral hemisphere of males
following HI, while a decrease in TFAM (d) was observed in the contralateral
hemisphere of females following HI. b) No differences were observed in PGC1l

immunoreactivity. n=6/group. *p<0.05 vs. sham. *p<0.05 vs. other hemisphere.
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Changes in GA binding protein alpha (aka Nuclear Respiratory Factor 2) protein

GABPa/NRF-2 is two-fold higher in male brain than in the female brain (Fig.4.3).
Following Injury, GABPa decreases in the ipsilateral hemisphere of the male brain. In
contrast, GABPa protein levels increase in both hemispheres in the female brain after HI

and in the ipsilateral hemisphere after HI+ALCAR treatment (Fig.4.3).
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Figure 4.3 Sex dependent protein levels of GABPa/NRF-2.

Representative GABPa. immunoblot for male (left) and female (right) total brain
homogenate. Male shams have two-fold more GABPa. in uninjured animals, with a
significant decrease in the ipsilateral hemisphere following injury. Significant increases
in GABPa. are observed in female brain following HI in both hemispheres. n=6/group.

*p<0.05,**p<0.01,**p<0.001 vs. sham. #p<0.05 vs. opposite sex.
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Sex dependent changes in OXPHOS proteins following HI injury

There were no significant differences between male or female sham animals (Fig. 4.4).
Following injury, Females had a significant upregulation of complex 1 subunit
NDUFBS8N in the ipsilateral hemisphere following HI compared to sham and male HI
injured animals (Fig. 4.4). There was no effect of ALCAR. Similarly, complex Il subunit
SDHB and 1V subunit MTCO1 immunoreactivity were significantly increased following
HI in either the contralateral or ipsilateral hemisphere following HI in female, but not
male brain. There was a trend for a decrease in complex I, Il and IV immunoreactivity
following injury in male brain, but this was not statistically significant. There were no
significant differences in complex Il subunit UQCRC2, or complex V subunit ATP5a

(Fig. 4.4).
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Figure 4.4. Sex dependent changes in OXPHOS proteins following HI injury.

A representative OXPHOS blot (upper left) for male and female total brain homogenate

was quantified for relative abundance of complexes I-V. There are significant increases

in complex subunits of I, I, and IV in female, but not male brain. n=6/group. *p<0.05,

**p<0.01,***p<0.001 vs. sham. #p<0.05, ##p<0.01, ###p<0.001 vs. opposite sex.
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4.5 Discussion:

In the current study, we demonstrate sex specific changes in the relative
abundance of ETC proteins (Fig 4.4), which parallel relative changes in transcription
factor GABPo (Fig. 4.3) protein immunoreactivity following HI injury. We further
conclude that mitochondrial biogenesis is not significantly different between male and
female brain following HI. These results reject the hypothesis that sex differences in

mitochondrial function, and the effect of ALCAR are due to mitochondrial biogenesis.

Increases in mitochondrial biogenesis have been reported in the following

ischemic injury °>1%.

Here, we show that there is a significant increase in
mtDNA:NDNA in the ipsilateral hemisphere of both sexes 24 hours following HI (Fig
4.1). This is in agreement with a previous observation that mtDNA increases at this time
point after HI™>. In contrast with the findings of these previous studies, we found no
significant increase in mitochondrial biogenesis transcription factors PGC1 or TFAM in
the ipsilateral hemisphere of either sex (Fig. 4.2). These disparate results may be
explained by slight differences in the time of sample collection. Total brain homogenate
was collected four hours prior (20 hours post injury) to mtDNA and nDNA isolation (24
hours post injury). Furthermore, although citrate synthase activity was slightly increased
in the ipsilateral hemisphere, this increase was not statistically significant at 20 hours post
injury. It is also possible that the increase in mtDNA observed reflects extracellular
release of mtDNA, and not an increase in mitochondrial mass. Release of mtDNA in the
cerebrospinal fluid has been shown following pediatric traumatic brain injury ®* and acts

as a damage associated molecular pattern (DAMP), stimulating inflammation via toll-

like-receptor 9 2%,
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Although we did not observe a significant increase in biogenesis associated
transcription factors in the ipsilateral hemisphere 20 hours following HI, there were
significant changes in POLG and TFAM in the contralateral hemisphere following HI
(Fig. 4.2). Mitochondrial POLG was increased in the contralateral hemisphere of male
brain following HI (Fig 4.2). We speculate that his may indicate an increase in
mitochondrial DNA replication, potentially due to increased protein/DNA damage due to
the increase in oxidative stress observed in the male brain following HI (Fig 3.5-3.7).
Intriguingly, TFAM was decreased in the contralateral hemisphere of the female brain
following HI (Fig 4.2). This finding may indicate a suppression of biogenesis, while
increasing mitochondrial ETC subunit expression, potentially in attempt to compensate

for mitochondrial dysfunction following hypoxia-reperfusion injury.

We determined that changes in ETC subunits of complex I, Il and IV are
upregulated in the female, but not male brain following HI (Fig. 4.4). These changes
parallel changes observed in GABPa. GABPa is the nuclear DNA binding motif of the
rat and human homologue nuclear respiratory factor-2 (NRF-2) “®. NRF-2 upregulates the
expression of complex Il and IV electron transport chain subunits***°. These findings
suggest the possibility that females are more capable of eliciting an adaptive response to
hypoxic-ischemic stress via enhancing transcription of critical mitochondrial respiratory
subunits compared to males. We further speculate that the upregulation of ETC subunits
in females may partially explain the relative resilience to mitochondrial dysfunction as

compared to males following injury (Fig. 3.1, 3.2).

These results suggest mitochondrial biogenesis is not responsible for the sex

differences in mitochondrial function, or the partial neuroprotection observed by ALCAR
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treatment. Differences in mitochondrial ETC proteins may partially account for sex
differences in mitochondrial function following HI, but further studies examining the
time course and exact mechanism of ETC subunit expression regulation following HI are

necessary.

In conclusion, changes in mitochondrial biogenesis, or mitochondrial mass cannot
explain the differences observed in mitochondrial function. Moreover, it is still unknown
whether deficits in mitochondrial function are associated with an increase in neuronal
death. Therefore, we sought to determine if there are sex differences in mitochondrial
quality control, rather than quantity. The following study tests the hypothesis that

mitochondrial quality control and neuronal death following HI are sex dependent.
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Chapter 5: Sex dependent mitophagy and neuronal death following neonatal

cerebral hypoxic-ischemia®
5.1 Abstract:

Mitochondrial dysfunction is implicated in the pathophysiology of cerebral hypoxic-
ischemia (HI), but the influence of sex on mitochondrial quality control after HI is
unknown. Therefore, we tested the hypothesis that mitophagy is sexually dimorphic and
neuroprotective following the Rice-Vanucci model of neonatal HI. Mitochondrial and
lysosomal abundance, morphology and degree of co-localization were determined by
immunofluorescence in the cerebral cortex. Autophagy was assessed by immunoblot for
the autophagosome marker LC3BI/Il. Neuronal cell death was determined by
TUNEL/NeuN co-localization. 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 was greater in males suggesting less intrinsic reserve
capacity for autophagy during HI. Autophagasome formation, lysosome size, and
TOMZ20/LAMP?2 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
occurred in both hemispheres of male brain, but only in the ipsilateral hemisphere of

female brain after HI. In summary, sexually dimorphic induction of mitophagy and sex

4 T.G. Demarest, E.L. Waite, T. Kristian, A.C. Puche, J. Waddell, M.C. McKenna, G.
Fiskum. In preparation for submission.
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differences in neuronal cell death following HI. The deficit in elimination of
damaged/dysfunctional mitochondria in the male brain following HI may contribute to
male vulnerability to neuronal death and long-term neurobehavioral deficits following

HIE.
5.2 Introduction

We previously reported a male susceptibility to mitochondrial respiratory
dysfunction and oxidative damage following HI (Fig. 3.1, 3.5-3.7). These findings
support the hypothesis that a mitochondrial mechanism may underlie the sex differences

in long-term neurobehavioral outcome observed following HI. Mitochondrial

274-276 277-279

fragmentation/fission and autophagy are known to occur following cerebral
ischemia-reperfusion injury. It is hypothesized that mitochondrial fragmentation
sequesters oxidatively modified mitochondrial proteins for elimination via mitochondrial-

specific autophagy (mitophagy) 2%2%

. 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
283281 or neuroprotective 22822, Sex differences in autophagy both in vitro ** and in vivo
following HI 2’® have been reported. However, the putative 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 hours following neonatal HI.
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5.3 Materials and Methods:
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 Sprague Dawley rat pups from timed
pregnant females obtained from Charles River Laboratories (Wilmington, MA) were used
in 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 (Chapter 2). 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.
Neonatal Hypoxic-Ischemia

Litters were culled to nine pups on the day of birth; postnatal day (PN) 0. HI was
performed using a modification of the Rice-Vannucci model 2% HI results in an
ipsilateral hypoxic-ischemic hemisphere and a contralateral ‘’hypoxia-only’” hemisphere.
Briefly, male and female postnatal day 7 (PN7) Sprague-Dawley rat pups weighing
between 12.5-15.5 g were randomly assigned to sham, HI, or HI+ALCAR groups.
Anesthesia was induced with 3% isoflurane for one to two minutes and maintained under
1.5% isoflurane on a heating pad (37°C) during the surgical procedure. The right carotid
artery was surgically exposed and severed midway between two sterile ligatures. The
skin incision was sutured and the pups allowed to recover consciousness during 25 min in
a container immersed in a 37°C water bath and then returned to their dam for 60 min.

Pups were then placed in warmed, humidified jars, and exposed to 8% O, for 75 min.
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Pups recovered in jars in the warm water bath for another 2 hr before returning to the
home cage. ALCAR (100 mg/kg, subcutaneously, in 8% NaHCO3; in phosphate buffered
saline) or equal volume phosphate buffered saline treatments were administered
immediately after, and 4 hr after hypoxia. Sham animals received the same duration of

anesthesia and the neck incision but no carotid artery ligation or hypoxia.

Western Blot:

Total brain homogenate (25 pg protein) was subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS PAGE) using the BioRad tetra cell system and
AnyKd® gels (BioRad, Hercules, CA). Gels were transferred to 0.2 um 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),
autophagasome marker LC3BI/IT (1:1000; Cell Signaling, Danvers, MA) or B-actin
(1:2000; Sigma, St. Louis, MO) and washed 3x 10 minutes 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). Densitometry was normalized to -actin. n=6/group.

Dot Blot:
Brain mitochondria were isolated as previously described (page 49-51). Isolated brain
mitochondria (2.5 pg protein) were dotted onto nitrocellulose membrane using the Bio-

Dot® SF Microfiltration Apparatus (BioRad) according to the manufacturer’s
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instructions. Nitrocellulose membranes were blocked for 1 hour 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 x 10 minutes in TBS plus 0.1% tween-20
(TBST) and incubated in goat anti-rabbit-HRP secondary (1:10000) in 5% milk in TBST.
Blots were visualized with SuperSignal™ West Femto (ThermoFisher, Waltham, MA) on
BioRad Chemidoc™ MP imaging system. The chemiluminescent signal was calculated
in relative light units (RLU) per pg of protein. n=6-11/group.

Fluorescence Immunohistochemistry:

Brains were cut in a 1-12 series of 40 uM sections on a cryostat (Leica, Wetzlar,
Germany). Each series contained approximately 6 sections (480um apart) representing
the entire brain. These were mounted to superfrost slides (Fisher Scientific, Pittsburgh,
PA). 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,) for 72 hours at 4°C. Slides
were washed in TBSTx 6 times for 10 minutes prior to 72 hour incubation with
secondary antibodies; donkey anti-rabbit alexa 488 ReadyProbes® (Invitrogen, Carlsbad,
CA) and Donkey anti-Goat 1gG (H+L), Alexa Fluor® 555 conjugate (ThermoFisher).
Slides were removed from IHC slide Holders and washed in TBSTx 6 times for 10
minutes and cover-slipped using DAPI containing mounting media (DAPI Flouromount-

G®;SouthernBiotech, Birmingham, AL) prior to imaging. n=4/group.

TOM20/LAMP2 Image Acquisition and Analysis:

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

using the apotome. Images of three sections containing CA1 hippocampus were captured
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to ensure consistent cortical area between animals. Three images of cortical layers 1I/111
per hemisphere, in each section were imaged (resulting in 9 images per hemisphere in
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 were
averaged per animal, resulting in a statistical n=4 per group. For LAMP2 staining,
average particle size (um?) was calculated since there was a relatively small size
distribution. For TOM20 size analysis, the large size distribution (from 0.2-100 um?) was
determined by size distribution cumulative frequency analysis in bins of 0.1 pm? with a
minimum size set at 0.2 pm?. A total of 128,358 + 10,693 (Ave + SD) TOM20+ 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 significant overlap (as defined by > 2 yellow perinuclear
puncta/cell). Fifteen um thick 3D z-stack images were captured with a 63.3x oil
immersion objective and uploaded to Volocity software (PerkinElmer, Waltham, MA) to
validate that green/red overlap, signified by yellow fluorescence, was in fact co-
localization in the 3D plane and not an overlap artifact caused by proximity in different z-
planes. A researcher blinded to experimental treatments counted total number of cells and
cells with significant LAMP2/TOM20 overlap in nine 2D 63.3x 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

significant overlap were counted simultaneously using a distinct marker. Overlap was
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restricted to the perinuclear region to avoid false assignment of overlap to cells that may
be in a different z-plane. Equal numbers of cells were counted in each treatment group;
308 + 22 cells (Ave £ SD) were counted per hemisphere in each brain. n=4

animals/group.

TUNEL Staining:

Following permeabilization in TBSTX, slide mounted brains were placed in IHC slide
holders (Millipore) and blocked in 2% horse serum (Invitrogen) for 2 hours 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 hours in the dark at RT. Following washing, TUNEL was
detected with the Fluorescein In Situ Cell Death Detection (Roche, Basel, Switzerland)
for 90 minutes in a humidified incubator at 37°C. Neuronal cell death was quantified in
ten randomly placed (100pum x 125 pm) fields the cortex of three brain sections between
the corpus collosum and perirhinal sulcus at 63.3x magnification using unbiased optical
fractionator probes in Stereolnvestigator software (MBF Bioscience, Williston, VT) by

an experimenter blinded to experimental treatments. n=4-5/group.

Statistical Analysis:

No significant differences were found between hemispheres in sham animals;
hemispheres were combined for analysis. Mitochondrial cumulative frequency size
distribution analysis was performed using a nonparametric Kruskal-Wallace test was
performed with p-value adjusted for multiple comparisons. To determine statistically

significant differences within distinct TOM20 particle sizes, 2-way ANOVA was
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performed with Bonferonni correction for multiple comparisons. For all other metrics, a
2-way ANOVA (Sex x Treatment; HI Contra/HI Ipsi/Sham) was performed with Fisher’s

posthoc test. p values <0.05 were considered significant.

5.4 Results:

Mitochondrial fragmentation

Average TOMZ20 particle size (Fig. 5.1a, d) and percent area (Fig. 5.1b) were
significantly decreased in the ipsilateral cortex of both sexes following HI. There was a
trend for an increase in number of TOM20 particles but this did not reach statistical
significance (Fig. 5.1c). There was no difference in TOM20 immunoreactivity by western
blot (Fig. 5.1e). Examples of normal tubular mitochondrial morphology and severely

fragmented mitochondria at high magnification are shown in Fig 5.1.2.

101



Sham HIC HI | b

16 -
14 -
o 12
< .
¥ 10 *
g 5 i
s 61
R 44
2 -
0 4
Sham HIC HI
< 12000 - E Male 4 -
& 10000 - MFemale _ &
= g Es
2 8000 s 2
2 =
5 6000 - R, A
a 0 g
©
+ 4000 - o 2
& z =1
S 2000 - <5
,9 0 4 0
Sham HIC HI
Male Female 0.8 -
Sham HI Sham HI %0.6 i
A - c 1 c 1 <
TOMZ0 s - s S 04T
0.2
B-Actin s s it S S s - —
0 -

Sham HIC HI'l

Figure 5.1. 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) Decrease
average percent field of view covered by TOM20+ mitochondria following HI. ¢) 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.
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Figure 5.1.2. Examples of mitochondrial fragmentation at high magnification
(6,000x) High concentration of normal tubular mitochondria (TOM20; green) in the axon
hillock of cortical pyramidal neuron (DAPI stained nucleaus; blue) of sham injured
animals (left). Extensive mitochondrial fisson with far less axon hillock mitochondria

following HI in the ipsilateral hemisphere (right).
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Mitochondrial cumulative size distribution analysis

Mitochondria are dynamic organelles that 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 each of the size distributions were significantly different (Fig. 5.2). 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 mitochondrial
fragmentation/fission (Fig 5.2.). Further analysis of the size distributions revealed
significant increases in “’average sized’’ mitochondria (1.0-4.3 um?) in the contralateral
hemisphere of male brain compared to sham (Table I). There was a dramatic increase in
fragmentation in >96% (0.2-18.2 pm? vs. sham) of the mitochondrial population in the
ipsilateral hemisphere of the male brain following HI (Table I). The mitochondria in the
ipsilateral hemisphere of males had a significant increase in the number of smaller
mitochondria (0.2-11.1 pm?) compared to the contralateral hemisphere. In the female
brain, the smallest mitochondrial fragments significantly increased in the contralateral
(0.2-5.4 pm?) and ipsilateral (0.2-10.5 pm?) hemispheres following HI. There was a
significantly greater amount of smaller mitochondria in the ipsilateral hemisphere
compared to the contralateral hemisphere (0.2-4.4 um?) in the female brain following Hl.
Significantly more average sized mitochondria (1.2-6.2 um?) were found in the ipsilateral
hemisphere of the male brain compared to the ipsilateral hemisphere of the female brain

following HI (Table I). There was a significant sex x treatment interaction (p<0.001).
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Figure 5.2. Mitochondria size distribution cumulative frequency analysis.

Cumulative frequency curves of cortical brain mitochondria particle size (um?) of male
(@ and female (b) rat pups following HI. ¢) Sex and treatment size distribution
comparison. A total of 128,358 + 10,693 (Ave = 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.

105



Male Mito size range (um?) Significance
Sham vs HIC 1.0-4.3 p<0.01-0.05
Sham vs. HI | 0.2-18.2 p<0.0001-0.05
HI C vs. HI | 0.2-11.1 h)<0.0001-0.05
Female Mito size range (um?) | Significance
Shamvs. HIC 0.2-54 p<0.0001-0.05
Sham vs. HI | 0.2-10.5 p<0.0001-0.05
HI C vs. HI | 0.2-4.4 h)<0.0001-0.05
Male vs. Female Mito size range (um?) | Significance
Male Sham vs. Female Sham ns
Male HI C vs. Female HI C ns
Male HI | vs. Female HI | 1.2-6.2 p<0.01-0.05

Table 1. Significant differences within specific mitochondrial sizes.

Analysis of the entire mitochondrial size distributions by 2-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. (Sex x

treatment group) interaction p<0.001.
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Sex differences in autophagy

Mitophagy has been demonstrated to be dependent on mitochondrial fission 2**?%®. To

test the hypothesis that the degree of mitochondrial fragmentation correlates with
increases in autophagy, we assessed autophagosomes formation by LC3BI/II immunoblot
(Fig. 5.3). There was significantly more autophagosomes marker LC3BII
immunoreactivity in sham males vs. females (Fig. 5.3). There was no change in LC3BII
levels following HI in males. In contrast, a significant increase in LC3BII levels is seen

in the contralateral hemisphere of females following HI (Fig. 5.3).

0.25 1
Male Female 0.2 -
Sham HI Sham HI = *

LC3| e SIS 1602 O 0.15 -

LC3II 14kDa = 4
C 1 C 1 C I c 1 ® 0.1

-
0.05 4
0 -
Sham HIC HI I

Figure 5.3. Sex differences in autophagosomes 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 (red), but not male (blue), brain following HI vs. sham

(*p<0.05). n=6/group.
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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 autophagosomes formation parallels increases in
autolysosome formation, we assessed lysosome morphology by lysosome-associated
membrane protein 2 (LAMP2) immunofluorescence. Lysosome particle size analysis
revealed no significant difference in the number of lysosomes in any treatment group
(Fig. 5.4a). There were no differences in LAMP2 particle size or percent area in males
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. 5.4a, ¢) and percent area (Fig. 5.4a, d) in
the contralateral hemisphere of female brain following HI compared to sham females
(Fig. 5.4a, c, d). These increases were significantly greater than the average particle size
and percent area observed in the contralateral hemisphere of the male brain after HI (Fig.

5.4a, c, d).
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Figure 5.4. 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.

109



Sex dependent induction of mitophagy following HI

To determine whether increases in LAMP2 particle size reflects an increase in
mitophagy, we determined the degree of colocalization of LAMP2/TOMZ20 by double-
labeling immunofluorescence. The percentage of total cells displaying LAMP2/TOM20
overlap was significantly higher in the contralateral hemisphere of female brains
following HI (Fig. 5.5a, b). The increase in LAMP2/TOM20 overlap was significantly
greater than that observed in the contralateral hemisphere of male brains following HI
(Fig. 5.5a, b). In contrast, there was a significant decrease in LAMP2/TOMZ20 overlap in
the ipsilateral hemisphere of male brains following HI (Fig.5.5a, b). The same statistical
results were found with the raw number of cells observed in each treatment group (Fig.
5.5d). No difference in the total number of cells counted from equal fields of view was
observed (Fig. 5.5e). Additionally, there was a significant increase in ubiquitinated
mitochondrial protein in the male brain following HI (Fig. 5.5¢). There was no change in

mitochondrial protein ubiquitination in the female brain following injury.
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Figure 5.5. Sexually dimorphic induction of mitophagy following HI.

a) Representative images of mitochondria/lysosome overlap 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 overlap 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, Mp<0.01 vs. other hemisphere. #p<0.05,
###p<0.001 vs. other sex. There is a significant (sex X treatment) interaction p=0.012,

0.017 for percent cells with overlap and number of total cells with overlap, respectively.
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Sex differences in neuronal cell death

To test the hypothesis that an increase in mitophagy is neuroprotective following HI, we
determined the amount of neuronal cell death by TUNEL/NeuN immunofluorescence.
There was no significant cell death in the contralateral hemisphere of the female brain
following HI. A significant increase in total (Fig. 5.6a, b) and neuronal (Fig. 5.6a, d) cell
death was observed in the contralateral hemisphere of male brain following HI compared
to shams (Fig. 5.6a, b). The total number of dead cells in the contralateral hemisphere of
male brain was significantly greater than in the contralateral hemisphere of female brain
following HI (5.6a, b). A significant increase in total (Fig. 5.6b) and neuronal (Fig. 5.6d)
cell death was observed in the ipsilateral hemisphere of both sexes following HI.
However, when ALCAR treated animals are included in the statistical analysis, this
increase was no longer significant. This is likely due to the added variance found in
female HI+ALCAR treated animals, which had no reduction in cell death with ALCAR
treatment. In contrast, Male animals treated with ALCAR showed significantly less

neuronal cell death compared to HI+Saline treated animals.
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Figure 5.6. Sex differences in cell death following HI.

Representative images of NeuN+ neurons (red) and TUNEL+ cells (green) in sham (left),
HI Contra (HI C), HI Ipsi (HI I), ALCAR Contra (ALC C), and ALCAR Ipsi (ALC 1) 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.
ALCAR administration prevents neuronal and total cell death in male, but not female,

brain following HI. *p<0.05, **p<0.01, #p<0.05 vs. opposite sex. n=3-5/group.
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5.6 Discussion

In the current study, we present the first evidence for sex differences in neuronal
cell death (Fig. 5.6) and a sexually dimorphic induction of mitophagy (Fig 5.4, 5.5)
following HI. We also determined that mitochondrial fragmentation occurs in
contralateral and ipsilateral hemispheres, to differing degrees, in both sexes (Table 1; Fig.
5.1, 5.2). We determined basal sex differences in autophagy (Fig. 5.3), and a sexually
dimorphic induction of mitophagy following HI. Moreover, the induction of mitophagy
was associated with protection from neuronal death after HI (Fig. 5.5, 5.6). To the best of
our knowledge, 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 is sexually
dimorphic following HI, and may play a role in the sexually dimorphic neurobehavioral

outcome of HI.

The most important finding of the present study is the identification of a sexually
dimorphic induction of mitophagy (Fig. 5.5) 24 hours following HI in postnatal day 8 rat
pups. The induction of mitophagy is concomitant with significant increases in the
smallest mitochondrial sizes (0.2-5.4 um?) (Fig. 5.2, 5.2.1, Table 1) and prevention of
neuronal cell death (Fig. 5.6), suggesting a neuroprotective role for mitophagy in the
female brain following HI. As previously mentioned, mitochondrial fission is
hypothesized to sequester damaged mitochondrial components into smaller mitochondrial
fragments that are targeted to autophagosomes for fusion with lysosomes for degradation
(mitophagy). Mitochondrial fragmentation is a common observation following ischemia-

reperfusion injury 2***?%7 Mitochondrial fragmentation is mediated by a family of
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fission proteins including dynamin-related protein (Drpl). Drpl is required for
mitochondrial fragmentation such that inhibition of Drpl with SiRNA results in
accumulation of damaged mitochondria by selectively blocking autophagy 2**. These
results suggest that mitochondrial fragmentation is essential to eliminate
damaged/dysfunctional mitochondria via mitophagy following ischemic brain injury. Our
observations that mitochondria in the contralateral hemisphere of the female brain
fragment into the smallest sizes (0.2 um?) (Fig. 5.2, 5.2.1 Table I), concomitant with
increases in lysosome size (Fig. 5.5¢c, 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 um?) (Fig.
5.2, Table 1) in the ipsilateral hemisphere of male brain compared to the female brain
following HI. However, the ipsilateral hemisphere of male brain also displays a
significant decrease in TOM20/LAMP?2 overlap (Fig 5.6b). While these observations are
limited to 20-24 hours following HI, and cannot exclude the possibility that mitophagy
may occur at an earlier time point, the accumulation of ubiquitinated mitochondrial
proteins (Fig. 5.6¢) suggests that autophagy/mitophagy flux is impaired in the male brain
following HI. Inhibition of mitochondrial fission results in increased protein oxidation
and lesion volume following middle cerebral artery occlusion (MCAOQ) in adult male rats
2% Therefore, impaired mitophagy may contribute to the increase in oxidatively damaged
proteins (Fig 3.5-3.7) and mitochondrial dysfunction (Fig 3.1-3.2) observed in the male,

but not female, brain following HI.

We previously reported a male-specific susceptibility to impaired mitochondrial

complex | mediated respiration in the contralateral hemisphere following HI (Fig 3.1).
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Together with the observations in the present study, these data suggest that the clearance
of damaged mitochondria in the contralateral hemisphere of the female brain may
contribute to the sparing of complex | mediated respiration after HI. These results are in
agreement with the previously mentioned studies demonstrating increases in autophagy

288291 and neonatal rats following HI %, However,

following cerebral ischemia in adult
Weis et al (2014), speculated that the accumulation of autophagosome marker LC3BII
following HI was the result of a deficit in autophagosome-lysosome fusion. In contrast,
the increase in lysosome size (Fig. 5.3) is consistent with the fusion of lipid bound

vesicles, such that occurs during autolysosome formation. The clearance of damaged

mitochondria via mitophagy prevents apoptotic cell death in adult rats after MCAO ®.

Cell death following HI is described as a continuum of apoptosis and necrosis .
The contralateral hemisphere, exposed to hypoxia-reperfusion, is often used for

299300 and not assessed for cell death 2°%301:302,

normalization of ipsilateral lesion volume
Until recently, there have been no sex differences in lesion volume or cell death
following HI. Thus far, there has been one recent report of decreased lesion volume in
female mice compared to males 2%, and only one report of increased cell death in the
male brain that is dependent on moderate injury severity 2. These conflicting results,
likely due to differences in species, methodology and severity of injury, have led some to
conclude that the sex difference in neurobehavioral outcome is the result of a sex
dependent plasticity or compensatory mechanism *2°%. Sex differences in behavioral

outcome following HI are most likely due to a combination of compensatory mechanisms

and cell death proclivity activated within the context of the injury model tested.
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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 (Fig. 3.3) are consistent with a sex dependent
compensatory mechanism. There is a slight, but significant, increase in neuronal cell
death in the contralateral hemisphere of the male, but not female, brain following HI (Fig.
5.6). To the best of our knowledge, this is the first time cell death in the contralateral
hemisphere has been quantified. Waddell et. al (2016) observed a significant reduction in
the contralateral hippocampal volume of male brain 33 days after HI #*". These results
suggest that the male brain is more susceptible to hypoxia-reperfusion component of HI

injury than the female brain.

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. Taken together, we hypothesize that the induction of autophagy/mitophagy may be
another part of sex-specific compensatory mechanisms to prevent the accumulation of
oxidatively damaged cellular components, protect against mitochondrial dysfunction and

cell death following HI.
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Chapter 6: Summary and Future Directions

6.1 Summary

Herein, | described mitochondrial mechanisms of brain injury that differ between
male and female postnatal day 7-8 Sprague Dawley rats following the Rice-Vannucci
model of neonatal HI. | also described inherent sex differences in the neurochemistry of
postnatal day 8 rat pups. These results provide novel insight into the sexually dimorphic
pathophysiology of HI that may contribute to the sexually dimorphic long-term
neurobehavioral deficits observed in humans suffering from hypoxic-ischemic-

encephalopathy (HIE) and animals following this model of HI.

Chapter 2 of this dissertation provides an extensive review of the literature on sex
differences in metabolism, from descriptive and anecdotal evidence in humans, to
subcellular biochemical mechanisms in various models of brain injury in rodents. Taken
together, the evidence in adult rodents demonstrated significant sex differences in
mitochondrial mechanisms known to contribute to the pathophysiology of brain injury
(summarized in Fig. 2.3). This evidence provided the rationale to test the contribution of
mitochondrial dysfunction in a brain disorder with known sexually dimorphic outcomes.
Males suffer from greater long-term cognitive-behavioral deficits following HIE and HI.
We therefore hypothesized that, if mitochondrial dysfunction contributes to the sex
dependent outcomes of HI, males should exhibit greater deficits in brain mitochondrial

function following HI compared to similarly injured female littermates.

In chapter 3, | first tested the hypothesis that the degree of impairment in brain

mitochondrial respiration, during secondary injury (20-24 hours), is sex dependent. | also
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evaluated the prediction that a putative neuroprotective compound, acetyl-L-carnitine
(ALCAR), would preserve mitochondrial function. Indeed, | determined that isolated
male brain mitochondria were significantly more impaired than mitochondria from
similarly injured female littermates (Fig 3.1-3.2). Sex differences in mitochondrial
respiratory impairment were most pronounced with complex | mediated substrates malate
and pyruvate (Fig 3.1). Administration of ALCAR provided only a slight amelioration of
brain mitochondrial respiratory inhibition in brain mitochondria from the contralateral

hemisphere of males, but not females.

Previously published evidence from Ten and Starkov (2010) identified
mitochondrial complex | as a major site of reactive oxygen species (ROS) production
following HI, but only tested this hypothesis using male rats. | therefore predicted that the
difference in mitochondrial dysfunction observed was a consequence, at least in part, of a
greater burden of net oxidative damage to brain mitochondria from males compared to
females. To test this prediction, | assessed both antioxidant capacity (via the glutathione
antioxidant defense system) and the amount of oxidized protein (via protein
carbonylation). My results demonstrated that females were resilient to ROS injury, at
least in part, by a 30% greater basal level of total brain reduced glutathione (GSH) in
combination with an ability to upregulate glutathione peroxidase (GPx) activity following
HI (Fig. 3.3). In contrast, males were unable to upregulate GPx in response to HI, and
actually exhibited an increase in total brain GSH following hypoxia-reperfusion injury in
the contralateral hemisphere (Fig 3.3). | then surmised that because GSH was increased
following injury, there was likely a deficit in the utilization of GSH by an antioxidant

enzyme, rather than a deficit in GSH synthesis, that may play a role in the relative
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susceptibility to the mitochondrial respiratory dysfunction previously observed (Fig 3.1).
Glutathione peroxidases are one class of antioxidant enzymes that utilize GSH as a
reducing equivalent to detoxify peroxide derived from the dismutation of superoxide
radicals which can originate from the mitochondrial electron transport chain (ETC).
While | found no difference in GPx enzyme activity in total brain homogenate, | found a
significant reduction in mitochondrial GPx activity in the contralateral hemisphere,
corresponding to the increase in GSH previously mentioned. Interestingly, ALCAR
treatment prevented the decline in mitochondrial GPx activity in male brain, but this did
not result in a reduction in total brain GSH. It is likely that the GSH assay in total brain
samples is not sensitive enough to detect changes in GSH within specific subcellular
compartments like the mitochondria, or that the preservation of mitochondrial GPx
activity is not sufficient to decrease total cellular GSH. The particular GPx enzyme
activity assay employed is not specific to any single isozyme of GPx. There are eight
isozymes of GPx (GPx1-8). After a thorough literature search, GPx4 (aka phospholipid
hyderoperoxidase) was identified as a crucial isoform that is also present within the
mitochondria. As previously mentioned (page 74), GPx4 is the only isoform of GPx
where knockout results in embryonic lethality, and conditional inducible knockout in
neurons results in neurodegeneration within 2 weeks. Furthermore, GPx4 is the only
isoform with an affinity for lipid hyderoperoxides. In essence, GPx4 is the only isoform
that can effectively reverse lipid peroxidation once it has already occurred. In contrast,
other isoforms of GPx can only prevent lipid peroxidation from occurring via the
scavenging of peroxide. | determined that GPx4 protein immunoreactivity was reduced

within the mitochondrial fraction of the contralateral hemisphere following HI in male,
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but not female brain. In summary, I conclude that the female brain has a superior innate
and adaptive antioxidant defense system compared to males, and that the mitochondrial

GPx system in male brain becomes dysfunctional following HI.

To determine if the differences in antioxidant capacity result in a change in net
oxidative damage, | assessed levels of protein carbonyls (an indicator of protein oxidative
damaged) in three brain regions by immunohistochemistry. In the cerebral cortex, CAl
region of the hippocampus, and the perirhinal cortex, males had a significant increase in
the levels of protein carbonyls. No increase in protein carbonylation was detected in the
female brain following injury. Notably, ALCAR treatment prevented the increases in
protein carbonylation in male brain following HI. Therefore, in these studies, it appears
ALCAR is having a modest neuroprotective effect, which 1 attribute to antioxidant
properties. Further research is necessary to determine whether ALCAR is acting as a
direct antioxidant by scavenging antioxidant radicals, is stimulating antioxidant gene
expression and/or enzyme activity, or whether ALCAR is increasing acetyl-coA
bioavailability or the import of fatty acids into the mitochondrial matrix as alternative

biofuels.

The results of Chapter 3 support the hypothesis that males are more susceptible to
mitochondrial dysfunction compared to females following HI. Moreover, the results
support that the mechanism of mitochondrial dysfunction is due, at least in part, to
oxidative damage, which may decrease mitochondrial quality. However, these results did
not rule out a potential difference in mitochondrial quantity, or mitochondrial mass, as a
contributing factor to the sex differences observed following HI. In other words, females

may simply have more mitochondria, or activate mitochondrial biogenesis following
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injury, which allows them to maintain a healthy pool of mitochondria that better

preserves mitochondrial function compared to males following injury.

The study described in Chapter 4 tested the alternative hypothesis that the
differences in mitochondrial dysfunction are due to a difference in mitochondrial
quantity, rather than mitochondrial quality, as the results of chapter 3 suggest. To test this
hypothesis, | determined the mitochondrial to nuclear DNA ratio (mtDNA:nDNA) and
citrate synthase (CS) activity, two commonly used assessments of mitochondrial mass.
While | found an increase in mtDNA:nDNA ratio in the ipsilateral hemisphere at 24
hours post injury, there was no significant increase in CS activity 20 hours post injury
(Fig.4.1). There were no consistent changes in mitochondrial transcription factors, DNA
polymerase y or outer membrane proteins (Fig. 4.3, Fig. 5.1e) to indicate a significant
change in mitochondrial mass. In contrast, | found significant increases in mitochondrial
ETC proteins (Fig. 4.4) that paralleled nuclear respiratory factor 2 (NRF-2, aka GA
binding protein alpha; GABPa) in female, but not male brain following HI. These results
suggest an adaptive ability of the female brain to upregulate ETC proteins following HI
injury. The upregulation of ETC proteins was not observed in the male brain following
injury.  Overall, these results reject the hypothesis that the sex differences in
mitochondrial dysfunction could be explained by differences in mitochondrial quantity. I
therefore conclude that the data indicates sex differences in mitochondrial quality more
likely account for the changes in mitochondrial respiratory impairment observed in

Chapter 3.

The study described in Chapter 5 tested the hypothesis that there are sex

differences in mitochondrial quality control following HI. Mitochondrial quality control
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is the balance between the generation of new mitochondria via mitochondrial biogenesis
and the targeted degradation of damaged/dysfunctional mitochondria via mitochondrial
autophagy, mitophagy. Given the aforementioned lack of a sex difference in
mitochondrial biogenesis, | tested the prediction that mitophagy is sexually dimorphic
following HI. To test this hypothesis, | determined mitochondrial morphology because
Drp-1 mediated mitochondrial fragmentation/fission is necessary to sequester smaller

damaged mitochondrial components 2*

in autophagosomes for targeting recycling to
lysosomes for degradation. Fluorescent immunohistochemistry and particle size analysis
of mitochondrial outer membrane protein TOMZ20 indicated an increase in mitochondrial
fission in both hemispheres of male and female brain following HI. However, the
population of smaller mitochondrial particles (0.2 um? was greater in the female
contralateral hemisphere, whereas there was more extensive mitochondria fission
throughout >96% of mitochondria in the ipsilateral hemisphere of males. To determine if
there was a difference in the autophagy-mediated degradation of fragmented
mitochondria, | first assayed autophagosome formation. | determined that male brain has
a higher basal level of autophagosomes, which did not change following injury (Fig. 5.3).
In contrast, | found an increased level of autophagosomes in female brain following HI in
the contralateral hemisphere, with a trend for an increase in the ipsilateral hemisphere
(Fig. 5.3). To test the prediction that this induction of macroautophagy reflected an
increase in mitophagy, mitochondria/lysosome co-localization was determined by
immunohistochemistry. | found significant increases in the number of cells with

mitochondria/lysosome co-localization in the contralateral hemisphere of females, but not

males (Fig. 5.5). | also found a decrease in the number of cells with
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mitochondria/lysosome overlap in the ipsilateral hemisphere of males. These results
suggest that mitochondrial fission in the contralateral hemisphere of females may be an
attempt to degrade damaged mitochondria via mitophagy. In contrast, males have a
greater accumulation of small mitochondrial particles, coinciding with a decrease in
mitochondrial/lysosome co-localization, indicating that there may be a defect in
mitophagy in the male brain following HI. To determine whether there was an increase in
damaged mitochondria in male, but not female brain following HI, | determined the level
of ubiquitinated mitochondrial proteins. There was a significant increase in mitochondrial
ubiquitination in the ipsilateral hemisphere of male brain, with a trend for a slight
increase in ubiquitinated mitochondrial proteins in the contralateral hemisphere following
HI (Fig. 5.5¢). There was no such increase in mitochondrial protein ubiqutination in the
female brain after injury (Fig 5.5c). Collectively, these results suggest the female brain is

able to remove damaged/dysfunctional mitochondria via mitophagy following HI.

The induction of autophagy/mitophagy has been implicated in ischemia-
reperfusion injury, but as previously discussed, data supporting whether autophagy is
beneficial or detrimental following injury is inconsistent 22 (Chapter 5, pg. 95). |
assessed neuronal cell death to determine if mitophagy induction was associated with the
sparing of neurons. Indeed, there was less neuronal cell death in the contralateral
hemisphere of female brain following HI compared to males. These data suggest that the
induction of mitophagy is sexually dimorphic and associated with less neuronal cell death

following HI.

In conclusion, the experiments herein suggest that mitochondrial mechanisms

contribute to the sexually dimorphic pathophysiology of neonatal HI. Moreover, these
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data suggest that the female brain has an innate ability to adapt to HI injury by increasing
antioxidant and mitochondrial quality control mechanisms following HI, which are not
observed in the male brain. | speculate that these sexually dimorphic mitochondrial
mechanisms may contribute to the sexually dimorphic long-term neurobehavioral deficits
observed following HI and HIE in humans. These findings strongly support the inclusion
of both sexes in preclinical research and warrant further study of sex differences in
mitochondrial mechanisms in all injuries and disorders where one sex is more affected in

incidence and/or outcome.

6.2 Future Directions

A number of diseases and disorders display a sex difference in incidence. For
example, males have a higher incidence of cerebral palsy, autism, schizophrenia, and
Parkinson’s disease while females have a higher incidence of anxiety, depression, and
Alzheimer’s disease. The research discussed throughout this document suggests that
mitochondrial dysfunction, also implicated in nearly all of the abovementioned disorders,
may contribute to the sexually dimorphic outcome of neonatal hypoxic-ischemic
encephalopathy (HIE). Therefore, sex dependent mitochondrial mechanisms should be
the subject of future research in all of the above disorders. The following discussion will
be focused on the future direction of research regarding sex differences in HIE as it

relates to the findings within this dissertation.

These studies, while informative, are limited to 20-24 hours after HI injury.
Therefore, it is necessary to determine a time-course of the alterations in mitochondrial

mechanisms as previously discussed. Evaluation of mitochondrial function at various
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times immediately after injury and even days or weeks after injury will determine how
mitochondrial dysfunction progresses and how long the dysfunction persists.
Additionally, assessing various time points after injury will better elucidate the sequence
of events with regard to respiratory impairment, alterations in ETC proteins, oxidative
stress, mitophagy, and cell death. Multiple time points will also determine whether these
mitochondrial mechanisms are truly sexually dimorphic, or occurring at different times
within the male and female brain following injury. For example, it is possible that
mitophagy induction occurs at an earlier time in the ipsilateral hemisphere, where
mitochondrial injury is likely more rapid and severe due to a more severe hypoperfusion.
Moreover, to the best of our knowledge, changes in blood flow following HI have never
been directly compared in male and female rats during injury. Because the degree of
hypoperfusion to the ipsilateral hemisphere relies on the blood flow maintained through
the basilar artery and the contralateral flow through the circle of Willis, it is important to
consider differences in vascular tone, heart rate and potential sex differences in the
development of the circle of Willis. Sex differences in cerebral blood flow can not only
affect the degree of ischemia-reperfusion, but can also impact the delivery of

neuroprotective compounds such as ALCAR.

| demonstrated that ALCAR is partially neuroprotective in the male brain
following HI. Future research should further evaluate the neuroprotective potential of
ALCAR utilizing different routes of administration, times after injury, and doses. When
translating a compound that has a low toxicity profile, such as ALCAR, to the clinic, it

may be best given as a continuous intravenous perfusion to infants diagnosed with HIE.
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Additionally, given that the standard of care is currently the induction of hypothermia,

evaluation of ALCAR as an adjuvant therapy to hypothermia warrants further evaluation.

Oxidative stress and mitochondrial quality control mechanisms were identified as
potential therapeutic targets. Specifically, sex differences in mitochondrial antioxidant
enzyme GPx4 was identified as a potential neuroprotective target. Interestingly, a
mitochondria-targeted mimetic of glutathione peroxidase 4, MitoEbselen-2, has been
synthesized and demonstrates protection against total body irradiation injury in rats*®*.
Future studies should determine the neuroprotective potential of MitoEbselen-2 in the
male brain following HI. There are also numerous other neuroprotective strategies
targeting the generation of mitochondrial ROS that would be viable options for
evaluation in this model of HI. Among these are other mitochondria-targeted antioxidants

such as metalloporphyrins®®%%

or activators of antioxidant gene expression via the NF-
E2-related factor 2 (Nrf2) activation of the antioxidant responsive element (ARE) such as
carnosic acid or sulfluorophane. Nrf2 knockout mice are more sensitive to mitochondrial
complex 1 and II inhibitors **’and activators of Nrf2-ARE neuroprotective in models of

brain injury®%3'°,

Overall, the current studies provide precedent for studying sex differences in
mitochondrial dysfunction and energy homeostasis as possible contributors to brain
injuries and disorders. Future elucidation of sex-specific mitochondrial mechanisms, in
various injury and disease models, will fill important knowledge gaps in potential innate
mitoprotective mechanisms that may exist within the female brain. Furthering our
understanding of these mechanisms will ultimately aid in the development of new

therapeutic targets and potentially increase the quality of life for individuals suffering
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from injuries and diseases where mitochondrial dysfunction plays a key role in disease

pathophysiology.
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