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Neonatal brain damage and age-related neurodegenerative disease share many
common mechanisms of injury involving mitochondriopathy, oxidative stress,
excitotoxicity, inflammation, and neuronal cell death. We hypothesized that genes
causing adult-onset neurodegeneration can influence acute outcome after CNS injury at
immaturity and on the subsequent development of chronic disability after early-life brain
injury. In two different transgenic (Tg) mouse models of adult-onset neurodegenerative
disease, a human A53T-a-synuclein (haSyn) model of Parkinson’s disease (PD) and a
human G93A-superoxide dismutase-1(hSOD1) model of amyotrophic lateral sclerosis
(ALS), mortality and survivor morbidity were significantly greater than non-Tg mice and
a Tg mouse model of Alzheimer’s disease after neonatal traumatic brain injury (TBI).
Acutely after brain injury, haSyn neonatal mice showed a marked enhancement of protein
oxidative damage in forebrain, brain regional mitochondrial oxidative metabolism, and
mitochondriopathy. Extreme protein oxidative damage was also observed in neonatal
mutant SOD1 mice after TBI. At 1 month of age, neuropathology in forebrain, midbrain,
and brainstem of haSyn mice with neonatal TBI was greater compared to sham
haSyn mice. Surviving haSyn mice with TBI showed increased haSyn aggregation
and nitration and developed adult-onset disease months sooner and died earlier than
non-injured haSyn mice. Surviving hSOD1 mice with TBI also developed adult-onset
disease and died sooner than non-injured hSOD1 mice. We conclude that mutant genes
causing PD and ALS in humans have significant impact on mortality and morbidity after
early-life brain injury and on age-related disease onset and proteinopathy in mice. This
study provides novel insight into genetic determinants of poor outcomes after acute
injury to the neonatal brain and how early-life brain injury can influence adult-onset
neurodegenerative disease during aging.
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INTRODUCTION

Epidemiological and molecular genetics studies have identified
definitive genetic, environmental, and lifestyle risk factors
for age-related neurodegenerative diseases (1-3). Most forms
of Alzheimer’s disease (AD), Parkinson’s disease (PD), and
amyotrophic lateral sclerosis (ALS) are sporadic (idiopathic)
with no known inheritance pattern or genetic associations and
are respectively the Ist, 2nd, and 3rd most common adult-
onset neurodegenerative diseases (1, 4). Some familial forms of
AD, PD, and ALS link to gene mutations (1, 5, 6). Along the
lifelong spectrum, individuals can suffer from brain and spinal
cord traumatic and ischemic injuries. Traumatic brain injury
(TBI) at all ages is an enormous public health concern that
embraces sports-, vehicular crash-, and warfare-related incidents,
events linked to neurobehavioral, cognitive and motor deficits
(7). About 5.3 million people in the US are living with some form
of TBI-related disability (7). There is a connection between acute
brain injury and chronic age-related neurodegenerative disease.
For example, a history of head trauma is associated with AD (8),
PD (9-11), and ALS (12, 13). A recent study of 7,130 participants
identified a strong association of TBI with risk of PD in late-
life (9). A greater than expected prevalence of ALS is found
in Italian professional soccer players (13). Studies confirmed
that risk for ALS is higher than expected in professional soccer
players and extend the result to university athletes (14, 15).
Other studies suggest associations between chronic traumatic
encephalopathy in US athletes and motor neuron disease (12)
and associations between TBI and ALS in the general population
(16, 17). Importantly, TBI can promote proteinopathies involving
human transactive DNA-binding protein 43 (hTDP43) and o-
synuclein (haSyn) (18). However, generally, these associations
are for mature brain neuropathology. It is not known whether
neonatal, pediatric, or juvenile CNS injury affects the aging
brain and age-related neurodegenerative diseases and, inversely,
if genetic variations linked to age-related neurodegenerative
disease influence outcomes from acute CNS injury in early
life. Poor outcome after hypoxia-ischemia in piglet newborns is
associated with a variety of physiological abnormalities during
early recovery (19), but the possibility of underlying genetic risk
factors that might drive poor outcomes in acute injury settings
in infants and children is unclear. Emerging data support this
possibility. Single nucleotide polymorphisms in genes related to
dopamine neurotransmission have roles in short- and long-term
neurobehavioral recovery after early childhood TBI (20). Catalase
gene (21) and interleukin-6 gene (22-24) polymorphisms
are associated with higher susceptibility to cerebral palsy
after neonatal hypoxia-ischemia. Glial glutamate transporter
gene EAAT2 polymorphisms associate with cerebral palsy in
preterm infants (25). Indeed, mitochondriopathy, oxidative
stress, excitotoxicity, intracellular calcium stress, inflammation,
and neuronal cell death are all putative mechanisms in
neonatal brain damage (4, 26) and age-related neurodegenerative
disease (4). We hypothesized that the genetics of AD, PD,
and ALS can influence acute outcome after brain injury at
immaturity and the subsequent development of adult-onset
chronic neurodegenerative disease by aggravating proteinopathy.

MATERIALS AND METHODS

Mice

We used transgenic (Tg) mice expressing human mutant A53T-
a-synuclein (haSyn) (27), human mutant G93A-superoxide
dismutase-1(hSOD1) (28), and human mutant amyloid
precursor protein-presenilin 1 (hAPP-PS1) (29). Colonies of
these mouse lines and their genotyping have been used by us
before (27, 30-32). Non-transgenic (non-Tg) littermates were
controls. The institutional Animal Care and Use Committee
approved the animal protocols. Because each mutant mouse
line has its own background strain, non-trangenic controls were
strain specific for each mutant line.

Unilateral Closed Skull Cortical Contusion

Injury Model (CCI) in Neonatal Mice

CCI (Figure 1A) was produced in postnatal day 7 (p7) mice using
a protocol adapted from our earlier model of neonatal mouse
open skull cortical trauma (33) and excitotoxic injury (34), except
that the injury was induced by non-penetrating, closed-head,
weight-drop. Mice were deeply anesthetized using isoflurane as
described (33, 34). The contusion device consists of a pivotable
hollow plastic cylinder 20 cm in length and a 5mm diameter
opening allowing for loading of 1 or 5g weights. The angle of
the skull impact was ~80°. Sham Tg and sham non-Tg mice
were anesthetized and the weight-drop guide barrel and weight
were placed gently on the skull without drop impact. Only male
mice, identified by their external genitalia, were used. Each group
initially had 40 mice.

Clinical Outcome and Neurological

Measurements

Acute spontaneous deaths occurring over the initial 48 h after
injury were recorded. Morbidity was assessed by testing survivors
on a voluntary running wheel at 30 days of age as described
(27, 35, 36). Predetermined mouse survivals were 3h, 24 h, 30
days, 3 months and endstage disease for lifespan determination.
Animal attrition from the study was also noted over longer-term
follow-up. For the 24 h time point, moribund mouse pups were
excluded; pups with a milk spot were used. Onset of clinical
disease of A53T-haSyn mice was designated as the day the mouse
shows slow ataxic and awkward jerking/spastic movements while
walking (27). Endstage disease for A53T-haSyn mice was defined
as severe rigidity and bradykinesia that impairs movement to
feed (27). Onset of clinical disease of G93A-hSODI1 mice was
designated as the day the mouse shows hind-leg tremor (31, 32).
Endstage disease for G93A-hSOD1 mice was defined as paralysis
that impairs movement to feed (32).

Brain Harvesting and Processing for

Biochemistry and Histology

Naive, sham, and CCI mice were killed at 3 and 24h after
the procedure, at 1 day, 30 days, and 3 and 6 months of age,
or were euthanized at endstage disease. For the A53T-haSyn
cohort, mice at 24h after CCI and 30 days of age were used
for histology (n = 10/group) and biochemistry (n = 6/group),
and mice at 3 months of age were used for biochemistry
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FIGURE 1 | Mouse model of mild closed skull cortical contusion injury (CCl)
and clinical outcomes. (A) Head of a postnatal day 30 mouse that received a
right side CCl (arrow) on postnatal day 7. Surrounding skull muscles and some
underlying brain structures, olfactory bulbs (OB) and frontal cortex (frontal), are
identified for orientation. Inset shows mild injury to frontal cortex (asterisk) in a
cresyl violet-stained section. Scale bar = 238 um. (B) Acute 48 h mortality of
non-transgenic (non-tg) and tg neonatal mouse lines expressing human
mutant genes causing human neurodegeneration such as Parkinson’s disease
(A53T-aSyn), amyotrophic lateral sclerosis (G93A-SOD1), and Alzheimer’s
disease (APP-PS1). Values shown are mean =+ standard deviation (n = 40
mice/group). Asterisks denote significant difference (p < 0.001) compared to
non-tg. (C) Motor performance (on running wheel) of 30-day-old mice
subjected to sham procedure or CCl at postnatal day 7. Tg A53T-aSyn and
G93A-SOD1 mice with CCI had significant deficits in running activity. Values
are means =+ standard deviation (n = 10/group). Asterisks denote (o < 0.01)
compared to sham.

(n = 6/group). For the G93A-hSOD1 cohort, mice at 3 and 24h
after CCI were used for biochemistry (n = 6/group). For the

hAPP-PSI1 cohort, mice at 6 months of age after CCI were used
for histology (n = 6/group). Mice were killed by an overdose
of sodium pentobarbital. For biochemistry, the brains were
removed rapidly from the skull after decapitation, divided into
contralateral and ipsilateral hemispheres, and snap frozen in
isopentane made cold (—78°C) by dry ice. For histology the
mice were perfused through the heart with cold (4°C) phosphate
buffer-saline (PBS, 100mM, pH 7.4) followed by ice-chilled
4% paraformaldehyde. After perfusion-fixation, the brain was
removed after 2 h, postfixed overnight in 4% paraformaldehyde
(4°C), and cryoprotected 24 h in 20% glycerol-PBS (4°C). The
fixed brains for A53T-haSyn cohort were frozen under dry
ice and were sectioned serially from frontal pole to posterior
cerebellum in the coronal plane at 40 m on a sliding microtome.
The fixed brains for hAPP-PS1 cohort were frozen under dry ice
and were sectioned serially from the lateral neocortical convexity
to the midline in the sagittal plane at 40 um on a sliding
microtome. Every section was saved individually in 96-well plates
containing antifreeze buffer. The sections were stored at —20°C.
For histological analyses of A53T-haSyn, brain sections were
selected systematically and stained using cresyl violet (CV) for
Nissl substance staining, cell morphology, and counting (27,
31), FD-silver (FD Neurotechnologies Inc., Baltimore, MD) for
neurodegeneration (37), cytochrome ¢ oxidase (COX) enzyme
histochemistry for mitochondrial complex IV activity (38), and
immunohistochemistry for mitochondrial morphology (31, 32).
For histological analyses of hAPP-PS1 mice, brain sections were
selected systematically and stained using immunoperoxidase
immunohistochemistry for APP/amyloid  protein (Af).

Electron Microscopy

Electron microscopy (EM) was used for ultrastructural
assessments to confirm mitochondrial pathology in PD
mice with neonatal CCIL. From some brains from A53T-haSyn
mice (n = 3 sham, n = 3 CCI), neocortical samples were taken
after perfusion-fixation and post-fixed in 2% glutaraldehyde.
The samples were used to identify unequivocally mitochondrial
swelling by EM as described (31, 32).

Regional Forebrain Measurements and
Cell Counting

Neocortical gray mantle and subcortical white matter thicknesses
in A53T-haSyn mice were measured by ocular filar micrometry
in Nissl-stained brain sections at a level of bregma —0.58.
Somatosensory (S1) cortex and corpus callosum were analyzed
in five different sections in each mouse. Dorsal septal diameters
were measured in the same anterior-posterior level in the
same mice. Profile counting of Nissl-stained sections was
done to estimate the numbers of neurons in the substantia
nigra pars compacta (SNc) and pedunculopontine tegmental
nucleus (PPN). Neurons in these regions were counted in
anatomical level-matched sections (2-3 sections/region) at
1,000x magnification. Corresponding to a standard mouse
brain stereotaxic atlas, SNc¢ neurons were counted at bregma
—292, —3.16, and —3.52; PPN neurons were counted at
bregma —4.48 and —4.60. Strict morphological criteria were
applied when classifying normal appearing neurons, including
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a round, open, euchromatic nucleus (not condensed and
darkly stained), globular Nissl staining of the cytoplasm,
clear vacuole-free cytoplasm, and a cell body diameter of
~10-20 wm. With these criteria, degenerating neurons with
necrotic, apoptotic, and necrotic-apoptotic hybrids as well as
astrocytes, oligodendrocytes, and microglia were excluded from
the counts.

Immunohistochemistry

We used superoxide dismutase-2 (SOD2) as an in situ
mitochondrial marker (31, 32). SOD2
cytoplasmic particles have been used for assessing mitochondrial
morphology such as mitochondrial diameters (31, 32, 39).
Immunoperoxidase histochemistry with diaminobenzidine
(DAB) as chromogen was used as described (31, 32, 39) to
detect SOD2 protein with a highly specific rabbit polyclonal
antibody (SOD-111, Stressgen). Mitochondrial diameters were
measured in A53T-haSyn mice by ocular filar micrometry in
somatosensoty cortex and hippocampus CAl in anatomical
level-matched sections (2-3 sections/region) at 1,000x
magnification. Immunoperoxidase histochemistry with DAB
was used to detect AP-positive parenchymal deposits in
hAPP-PS1 mouse neocortex with monoclonal antibody 6E10
(Covance) and CV-counterstaining. In mid-sagittal sections,
all AP plaques were counted from frontal pole to posterior
cingulate cortex.

COX Activity

We used COX (complex IV) enzyme histochemistry as an in
situ mitochondrial oxidative metabolism assay (40). This non-
antibody based histological biochemical method is a functional
assay that detects complex IV enxyme activity in tissue sections
(40). The enzymatic reaction method has been described (31,
38, 41, 42). Brain regional enzyme activity was quantified by
densitometry (31, 42, 43).

immunoreactive

Protein Oxidation Assay

Carbonylated proteins were detected with the OxyBlot Protein
Oxidation Detection Kit (Millipore, Burlington, MA, USA) as
described (44). Negative controls were prepared on paired
brain homogenates by adding hydrazine derivatization
solution or derivatization control solution (non-derivatized).
Protein loading was measured by Ponceau S staining of
the membrane used to detect carbonylated proteins. To
quantify protein immunoreactivity, films were scanned and
densitometry was performed as described (45). We used
Image] to analyze the immunoreactive band intensities
normalized to (divided by) the total protein in Ponceau S-
stained gels. Protein levels were expressed as relative optical
density measurements.

Western Blotting

Western blotting was done to detect haSyn and nitrated
haSyn (27). Crude tissue extracts were prepared from ipsilateral
hemisphere forebrain. Protein fractions were subjected to SDS-
PAGE and immunoblotting using enhanced chemilumesence
detection as described (27, 32, 45). The reliability of sample

loading and electroblotting in each experiment was evaluated
by staining nitrocellulose membranes with Ponceau S before
immunoblotting and by reprobing the blot for synaptophysin
using a highly specific rabbit polyclonal antibody (Dako). If
transfer was not uniform based on the Ponceau S, blots were
discarded and gels were run again. Mouse monoclonal antibody
clone Syn211 (46) was used to detect haSyn. Mouse monoclonal
antibody clone Syn12 (46) was used to detect nitrated synuclein.
The antibodies were used at concentrations for visualizing
protein immunoreactivity within the linear range.

Statistical Analyses

All outcomes were assessed in a manner blind to treatment. After
the procedure, all animals were coded so that subsequent
experimenters were aware only of animal number. For
histological and western blot measurements, group means,
and variances were evaluated statistically by one-way ANOVA
followed by a Newman-Keuls post-hoc test.

Photography and Figure Construction
Marker comparisons between sham and CCI mice were made
from sections that were imaged under identical conditions and
analyzed using identical parameters. Original images used for
figure construction were generated using digital photography.
Digital images were captured as TiF files using a SPOT digital
camera and SPOT Advanced software (Diagnostic Instruments)
or a Nikon digital camera (DXM1200) and ACT-1 software.
Images were altered slightly for brightness and contrast using
ArcSoft PhotoStudio 2,000 or Adobe Photoshop software without
changing the content and actual result. Figure composition was
done using CorelDraw software with final figures being converted
to TiF files. Files of composite figures were adjusted for brightness
and contrast in Adobe Photoshop.

RESULTS

Adult-Onset Neurodegenerative Disease
Gene Mutations Can Worsen Acute and
Delayed Clinical Outcome in Mice After

Neonatal Traumatic Cortical Injury

This TBI model produces a frontal-parietal-occipital cortical
lesion depending on the intended placement of the weight-guide
cylinder (Figure 1A, arrow). The mice in this study had frontal-
parietal injury. In non-tg mice, the acute insult is maximally mild
as evidenced by the ~90% survival (Figure 1B). CCI on neonatal
mutant A53T-haSyn and mutant G93A-hSOD1 tg mice causes
significantly greater mortality (p < 0.01) than in injured non-
tg mice (Figure 1B, n = 40 males/genotype). Similar CCI on a
mouse model of AD (APP/PS1AE9 line) did not cause significant
effects on acute mortality (Figure 1B) nor was there any mouse
attrition over longer periods. Morbidity after neonatal CCI was
manifested in juveniles as evidenced by the significant deficit
in motor activity in mutant A53T-haSyn tg mice and mutant
G93A-hSOD1 tg mice compared to respective age-matched sham
mutant mice (Figure 1C).
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Parkinson’s Disease Causing Mutant
a-Synuclein Exacerbates Brain Damage
After Neonatal TBI

Nissl staining (Figure2) was used to characterize forebrain
neuropathology in this model. We focused on the mutant haSyn
mouse because of the significant acute neonatal mortality and
because head trauma is a known risk factor for developing
PD in human (9, 10). In neonatal rodent brain injury models,
sham surgical procedures are essential because of the potential
of anesthesia toxicity (47), and even making a skull bone
window with the utmost care can cause damage (33). Here,
sham surgeries on p7 mice involved anesthesia and placement of
the weight and guide barrel on the head without drop impact.
The brain damage seen at p30 after p7 CCI is reproducible. In
non-tg mice, the insult causes maximally mild injury as reveal
by the ~10-20% reduction in sensorimotor cortical thickness

(Figure 1A, inset, Figures 2C,D,G), but apparent small cell
inflammatory changes are persistent (Figure 2D, arrows). The
cerebral cortex of sham A53T-haSyn mice was unremarkable
at this age (Figures 2A,B,G) consistent with other work (27).
Cortical atrophy in p30 A53T-haSyn mice with p7 CCI was
severe compared to non-tg mice with CCI and sham A53T-haSyn
mice (Figures 2E,G), and foci of attenuated cell density were
evident (Figure 2F). Severe forebrain pathology was also evident
in A53T-haSyn mice with CCI by significant reductions in corpus
callosum thickness (Figure 2H) and septal atrophy (Figure 2I).
Nissl and silver staining revealed ventral midbrain and
brainstem neuropathology in this neonatal CCI model at 1
month of age. Neuronal loss (~30%, p < 0.01) was found in
the ipsilateral substantia nigra pars compacta (SNc) in A53T-
haSyn mice with CCI but not in age-matched sham A53T-
haSyn mice or in non-Tg mice with CCI (Figures 3A-D).
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FIGURE 2 | Mutant A53T-haSyn exacerbates forebrain injury in a neonatal mouse model of closed skull cortical contusion injury (CCI). Mice received CCl on postnatal
day 7 and then killed at postnatal day 30 to show forebrain histology by cresyl violet staining. Shown are anatomically-matched levels of forebrain from Tg A53T-haSyn
mice with sham procedure (A,B), non-Tg (nTg) mice with CCI (C,D), and Tg A53T-haSyn mice with CCI (D,E). (A,B) Thirty-day-old sham Tg A53T-haSyn mice have
histologically normal cerebral cortex, septum, and striatum. No abnormalities in cortical lamination and cytology are apparent (B). (C,D) Thirty-day-old nTg mice with
CCl have slightly smaller forebrains with a modest reduction in cerebral cortical thickness (G), and septal atrophy (1), but no thinning of corpus callosum (H). In the
middle layers of cerebral cortex, some foci of small cell accumulation were present (D, arrows). (E,F) Thirty-day-old Tg A53T-haSyn mice with CCI have grossly
atrophic forebrains (E) as evident by the dilation of the lateral ventricles, marked cerebral cortical and corpus callosum thinning (G,H), and prominent atrophy of
septum (I). In the middle and superficial layers of cortex, discontinuous patchy pale zones of apparent cell loss are present (F, arrows). (G) Cortical thickness (vertical
depth, surface of cortex to start of corpus callosum) in sham and CCI mice at postnatal day 30. Measurements were made in somatosensory cortex. Values are mean
+ SD (n = 10 mice/group). “p < 0.01 compared to non-Tg sham; *p < 0.005 compared to A53T-sham. (H) Corpus callosum thickness (vertical depth, inferior
cortical layer 6 end to striatum) in sham and CCI mice at postnatal day 30. Measurements were made deep to somatosensory cortex. Values are mean + SD (n = 10
mice/group). *p < 0.001 compared to A53T-sham. (I) Diameter of the dorsal septum in sham and CCI mice at postnatal day 30. Measurements were made precisely
inferior to the decussation of the corpus callosum. Values are mean + SD (n = 10 mice/group). *p < 0.01 compared to non-Tg sham; **p < 0.005 compared to
A53T-sham. Scale bars: A (same for C,E) = 476 um; B (same for D,F) = 83 um.
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Some remaining ipsilateral SNc¢ neurons showed chromatolytic
reaction, consistent with axonopathy (33, 41, 48), or cytoplasmic
palor and cell nucleus abnormalities (Figure 3E) compared to
the contralateral SNc neurons seen as normal large multipolar,
Nissl-rich profiles (Figure 3F). Apoptotic profiles were also
observed in the ipsilateral SNc in A53T-haSyn mice with
CCI (Figure 3E inset) but not contralaterally. Silver staining
delineated degenerating neuronal cell bodies, axons, and
terminals in the ipsilateral SNc of A53T-haSyn mice with CCI
(Figure 3G) but not in the contralateral SNc (Figure 3H) or in 1-
month-old sham A53T-haSyn mice or non-Tg mice with CCIL.
In the brainstem tegmentum, the pedunculopontine tegmental
nucleus (PPN) of A53T-haSyn mice with CCI had ~50% loss
of neurons ipsilaterally compared to the contralateral PPN
(Figures 4A-C,F). No loss of PPN neurons was detected in
age-matched sham A53T-haSyn mice or in non-Tg mice with
CCI (Figure 4F). Silver staining identified axonal and neuritic
pathology in the ipsilateral PPN (Figure 4E) but not in the
contralateral PPN (Figure 4D) or in the PPN of age-matched
sham A53T-haSyn mice or non-Tg mice with CCI. In contrast
to the SNc and PPN, the red nucleus, raphae nucleus, and bulbar
cranial nerve motor neuron groups were all unremarkable (data
not shown).

Mutant «-Synuclein Exacerbates Protein
Oxidative Damage in Forebrain After
Neonatal TBI

Protein oxidative damage in mouse cerebrum at 24h after
CCI was assessed by the levels of carbonyl-modified proteins
after derivatization and western blotting. Carbonylated proteins
were detected at 15-250 kD throughout the length of the gels
(Figure 5A). Negative controls without protein derivativation
but with exposure to dinitrophenylhydrazone antibody were
blank (Figure 5A). Non-tg CCI mice and A53T-haSyn mice
sham mice differed modestly but significantly (p < 0.05) from
non-tg shams (Figure 5B). In contrast, protein carbonyl levels
were dramatically elevated in A53T-haSyn mice with CCI
compared to non-tg sham (p < 0.001) as well as non-tg CCI
and sham A53T-haSyn mice (p < 0.01). Interestingly, the basal
pattern of oxidized proteins appeared preserved rather than sets
of apparently different proteins emerging with carbonylation
after injury.

Mutant «-Synuclein Mice Have Elevated
Mitochondrial Oxidative Activity Acutely
After Neonatal TBI

We used COX enzyme histochemistry to detect mitochondrial
metabolic activity in situ. The specificity of this histochemical
reaction for COX has been established (40, 42). As shown before
(40, 43), the brain regional distribution of COX activity varies
widely at baseline (Figure 6, contralateral side). The thalamic
ventrobasal nuclear complex and subthalamic nucleus show
high activity, while other areas of diencephalon have lower
activity (Figure 6A). The distinct layers of hippocampus show
differential activity, with the CA1 stratum lacunosum-moleculare
showing the highest activity and the stratum radiatum and
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FIGURE 3 | Neonatal cortical contusion injury (CCI) causes early degeneration
of the substantia nigra. (A) Cresyl violet-stained section of midbrain from a
30-day-old mutant A53T-ha Syn mouse with CCl on postnatal day 7.
Ipsilateral (ipsi) is the side with the CCI, and contralateral (contra) is the side
without the CCI. Box delineates part of the substantia nigra (SN) shown at
higher magnification in (C,D). (B) Counts of large Nissl-stained neurons in the
substantia pars compacta (SNc) at 1 month of age after CCl at postnatal day
7. Values are mean £ SD (n = 10 mice/group). *o < 0.01 compared to all
other groups. (C,D) Nissl staining of the SN in ipsi (C) and contra (D) sides of
the ventral midbrain after CCl. On the control Contra side (D) the SNc is clearly
divisible from the substantia nigra reticulata (SNr). In the Ipsi SNc (C), cell loss
is apparent particularly in the central SNc. (E,F) High magnification of the
central SNc on Ipsi (E) and Contra (F) sides. Cell loss is apparent ipsilaterally
(E) compared to the contralateral SNc (F) that is populated by large
healthy-appearing multipolar neurons (F, open arrows). Ongoing neuron
degeneration is present in the ipsilateral SNc as demonstrated by a large
neuron with chromatolytic features (F, hatched arrow) and nuclear inclusions
(F, solid arrow). A nearby neuron appears normal (E, open arrow). Inset in (F)
shows an endstage apoptotic profile (solid arrow), a degenerating neuron with
chromatolytic features and condensed nucleus (hatched arrow), and a normal
neuron (open arrow). (G,H) Silver staining in the SNc shows degenerating
axons with neuritic abnormalities/degenerating cell bodies (G, hatched white
arrows) and degenerating axon terminals (G, solid white arrows). Degenerating
profiles were not seen in the contralateral SNc (H) in the same sections. Scale
bars: (A), 250 um; (C) (same for D) 100 uwm; (E) (same for F) 10 um; (E) (inset)
8um; (G) (same for H) 12.5 um.

stratum pyramidale with lower activity (Figure 6A). At 1 day
after CCI, the ipsilateral hemisphere in non-tg mice had
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FIGURE 4 | Neonatal cortical contusion injury (CCI) causes early degeneration in brainstem. (A) Cresyl violet-stained section of near-pontine brainstem from a
30-day-old mutant A53T-haSyn mouse with CCI on postnatal day 7. Ipsilateral (ipsi) is the side with the CCI, and contralateral (contra) is the side without the CCI.
Boxes delineate bilaterally the pedunculopontine tegmental nucleus (PPN) shown at higher magnification in (B,C). (B,C) The ipsi (B) and contra (C) PPN are
delineated by the hatched oval. The ipsi PPN shows apparent loss of large neurons. (D,E) Silver staining in the ipsi PPN (E) shows degenerating axons with neuritic
abnormalities (E, arrows). Degenerating profiles were not seen in the contra PPN (D). (F) Counts of large Nissl-stained neurons in the PPN at 1 month of age after CClI
at postnatal day 7. Values are mean + SD (n = 10 mice/group). *p < 0.01 compared to all other groups. Scale bars: (A), 322 um; (B) (same for C), 100 wm; (D) (same

for E) 12.5 um.
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FIGURE 5 | Protein oxidation is exacerbated acutely in mutant A53T-aSyn after neonatal CCl. (A) Oxyblot showing protein carbonyls in forebrain of sham and cortical
contusion injury (CCI) mice 24 h after injury at postnatal day 7. Plus (+) and minus (-) lane designations are same samples with and without (negative control) chemical
derivatization. Ponceau S-stained membrane shows protein loading for each lane. (B) Densitometry measurements of total-lane protein carbonyl immunoreactivities in
sham and CCI mice. Values are mean + SD (n = 6 mice/group). *p < 0.01 compared to non-Tg sham; **p < 0.001 compared to A53T-sham.

A53T-haSyn mice with CCI, the enhancement of mitochondrial

modest, but significant, elevations in mitochondrial activity in
oxidative metabolism was exacerbated in magnitude and regional

cerebral cortex and the thalamic lateral geniculate nucleus. In
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FIGURE 6 | Mitochondrial oxidative metabolism is amplified acutely in mutant
A53T-aSyn after neonatal cortical contusion injury (CClI). (A) Cytochrome ¢
oxidase (COX) enzyme histochemistry showing the in situ enzyme activity of
COX in neonatal mouse brain at 24 h after injury at postnatal day 7. The
ventrobasal complex of thalamus (VBC), subthalamic nucleus (STN), and
hippocampus (Hippo) show intense mitochondrial activation ipsilaterally after
CCI. The mediodorsal thalamic nucleus (MD) and hypothalamus (Hypo) are
unchanged and similar on both hemispheres. Scale bar = 255 um. (B)
Densitometry measurements of COX enzyme activity reaction product in sham
and CCI mice. Values are mean + SD (n = 10 mice/group). *p < 0.05
compared to non-Tg sham; *p < 0.01, or **p < 0.001 compared to
A53T-sham.

distribution with the thalamic ventrobasal complex showing the
greatest activation (Figures 6A,B). The pyramidal cell layer of
hippocampus also had a marked increase in COX activity in
A53T-haSyn mice with CCI at 1 day recovery (Figures 6A,B).

Mutant «-Synuclein Mice Accumulate
Swollen Mitochondria Acutely After

Neonatal TBI

Immunohistochemistry for SOD2 (Figures 7A-F) was used
as an additional assay to study mitochondria and was used
to measure mitochondrial diameters as an index of their
swelling directly in neurons (31, 32, 39). In naive wildtype
mice, mitochrondrial diameter in various neurons is about
0.5pm (Figures 7A,D,G). Both sham groups were no different
from naive mice (Figure7G). In contrast, mitochondrial

diameters in cortical and hippocampal neurons were modestly
increased in non-Tg mice with CCI at 1 day recovery
(Figures 7B,E,G). Mitochondrial swelling at 24 h after CCI was
markedly exacerbated in A53T-haSyn mice (Figures 7C,EG).
Mitochondrial swelling in cortical neurons was confimed by
EM (Figure 7H).

Acute Brain Injury in Early Life Accelerates

Later Development of PD in haSyn tg Mice
Neonatal haSyn-A53T tg mice with p7 CCI developed motor
deficits at a juvenile age compared to age-matched non-injured
sham haSyn tg-A53T mice (Figure 1C). Disease onset, defined
by the presence of jerky/spastic movements [(27), see videos],
was accelerated in haSyn-A53T tg mice with CCI (Figure 8A).
Furthermore, haSyn-A53T tg mice with neonatal CCI had a
shortened lifespan compared to age-matched non-injured sham
haSyn tg-A53T mice (Figure 8B). The early disease onset at
about 3 months of age in haSyn-A53T tg mice with neonatal CCI
was associated with prominent accumulation of nitrated haSyn
and haSyn oligomers in brain (Figures 8C,D).

Mutant hSOD1 Causes Severe Protein
Oxidative Damage in Forebrain After
Neonatal TBI

We examined acute oxidative stress after neonatal CCI in our
ALS mouse model. Protein oxidative damage in mouse cerebrum
at 3 and 24 h after CCI was assessed by the levels of carbonyl-
modified proteins after derivatization and western blotting.
At baseline, carbonylated proteins were detected at the high
molecular weight range 150-250 kD (Figure 9A), and non-tg
sham and G93A-hSOD1 sham mice had similar patterns. Baseline
protein carbonyl patterns were very different in haSyn-A53T
tg mice and their non-tg sham controls compared to G93A-
hSOD1 tg mice and their non-tg sham controls probably because
these mouse lines have completely different genetic background
strains. After CCI, protein carbonyl levels were dramatically
elevated in G93A-hSOD1 compared to non-tg sham at 3h
(Figure 9A). At 24h after CCI the accumulation of protein
carbonlys was greater compared to 3 h with very distinct bands of
damaged protein bands resolving in the lower- to mid-molecular
weight ranges (Figure 9A).

Acute Brain Injury in Early Life Accelerates
Later Development of ALS in G93A-hSOD1

tg Mice

Neonatal G93A-hSOD1 tg mice with p7 CCI developed motor
deficits at a juvenile age compared to age-matched non-injured
sham haSyn tg-A53T mice (Figure 1C). Disease onset, defined
by the presence of leg tremor was significantly earlier in
G93A-hSOD1 tg mice with CCI (Figure 9B). G93A-hSOD1 tg
mice with neonatal CCI also had a significantly abbreviated
lifespan compared to age-matched non-injured sham G93A-
hSOD1 tg mice (Figures 9C,D). G93A-hSODI1 tg mice with
neonatal CCI died about 15 days earlier than their tg sham
controls (Figure 9D).
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FIGURE 7 | Mitochondrial morphology abnormalities in forebrain are exacerbated in mutant A53T-aSyn after neonatal cortical contusion injury (CCI). SOD2
immunostaining showing mitochondria in neonatal mouse cerebral cortex (A-C) and hippocampus (D-F) at 24 h after injury at postnatal day 7. (A-C) In cerebral
cortex mitochondria in shams were fine and barely visible (by light microscopy) speck-like particles dispersed throughout the neuropil (A, arrows). In non-Tg mice after
CCl clusters of larger swollen mitochondria were observed, (B, arrows), and in mutant A53T-haSyn mice with CCl large swollen mitochondria were found commonly
throughout the cortical neuropil (C, arrows). (D-F) In hippocampus swollen mitochondrial were most conspicuous in mutant A53T-aSyn mice with CCI (F, arrows)
though some isolated cells appeared with clusters of swollen mitochondria in non-Tg mice with CCI. Scale bar A (same for B-F) = 10 pm. (G) Mitochondrial diameter
measured (1,000x) in cross-sectional profiles in hippocampus and cerebral cortex at 24 h after injury at postnatal day 7. Values are mean + SD (n = 10 mice/group).
+p < 0.05, *p < 0.01, or *p < 0.005 compared to sham. (H) EM of ipsilateral cortical neurons at 24 h after sham or CCl procedure on mutant A53T-haSyn mice.
Hatched arrows identify the nuclear membrane. Open arrow (lower panel) identifies breach in the nuclear membrane of CCI mouse cortical neuron. Solid arrows
identify cross-sectional profiles of mitochondria in the perikaryon. Mitochondria are swollen in the neuron of CCI mice. Scale bars = 1 um.
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FIGURE 8 | Early-life brain trauma accelerates the development of later-life PD
and proteinopathy in mutant A53T-aSyn Tg mice. (A) PD-like disease onset
occurs significantly ("o < 0.01) earlier in mutant A53T-aSyn Tg mice with
postnatal day 7 CCl compared to sham-procedure mutant A53T-aSyn Tg
mice. Values are mean + SD (n = 10 mice/group). (B) Kaplan-Meier plot
showing that PD-like disease onset, neurological decline, and death occur
earlier in mutant A53T-aSyn Tg mice with postnatal day 7 CCl compared to
sham-procedure mutant A53T-aSyn Tg mice. (C) Western blotting shows
advanced haSyn oligomerization in forebrain at 3 months of age in mutant
A53T-aSyn Tg mice with postnatal day 7 CCl compared to naive and
sham-procedure mutant A53T-aSyn Tg mice. Synaptophysin (Synapto)
immunoblot shows protein loading. (D) Western blotting shows advanced
haSyn nitration in forebrain at 3 months of age in mutant A53T-aSyn Tg mice
with postnatal day 7 CCI compared to age-matched sham-procedure mutant
A53T-aSyn Tg mice and mutant A53T-aSyn Tg mice with CCl at 24 h.
Ponceau S-stained membrane shows protein loading.

Acute Brain Injury in Early Life Did Not
Affect the Deposition of Amyloid in
APP-PS1 tg Mice

Although early life brain injury did not after acute mortality
(Figure 1B) or apparent morbidity in APP-PS1 mice, we assayed
for later-life brain pathology by counting the number of

neocortical AP deposits at 6 months of age. Neonatal APP-
PS1 tg mice with p7 CCI did not accumulate more AP
deposits compared to age-matched non-injured sham APP-PS1
mice (Figure 10).

DISCUSSION

This study shows that acute outcome after acquired brain
injury in newborns is influenced significantly by mutant genes
that cause adult-onset neurodegenerative disease and that the
development of later-life age-related neurodegenerative disease
is influenced significantly by early-life brain injury. Specifically,
genes causing PD and ALS worsen mortality and morbidity
in mice with neonatal CCI. Reciprocally, mice genetically
predisposed to develop PD or ALS later in life have accelerated
disease when they have early-life TBI. Worse acute outcome in
PD- and ALS-destined mice with neonatal TBI is associated with
exacerbated oxidative damage. More severe mitochondriopathy
is also seen in PD mice with neonatal TBI. Accelerated later-life
disease is associated with exacerbated PD-related proteinopathy.
Thus, in experimental settings, mutant genes that manifest their
clinical phenotype in adulthood can have major impact on
acquired CNS injury in infancy and, perhaps, childhood. From
this study, it seems evident that neonatal brain injury and adult-
onset neurodegeneration are more interrelated and intersecting
than realized previously.

Precedent exists for genetic factors influencing acute and
long-term neurologic outcome after acquired brain injury in
human adults, children, and newborns. For example in adults,
neuroglobin gene haplotype has a strong influence on outcome
after TBI (49), bcl-2 gene single nucleotide polymorphisms
also influence outcome after TBI (50), and apoE genotype
predicts outcome following subarachnoid hemorrhage (51). In
children, single nucleotide polymorphisms in genes related to
dopamine neurotransmission (D2 dopamine receptor, dopamine
transporter, catechol-o-methytransferase, and ankyrin repeat and
kinase domain containing (1) have roles in short- and long-
term neurobehavioral recovery after TBI (20). In term newborns,
catalase gene (21) and interleukin-6 gene (22-24) polymorphisms
are associated with higher susceptibility to cerebral palsy after
hypoxia-ischemia. In preterm infants, glial glutamate transporter
gene EAAT2 polymorphisms associate with greater risk of
cerebral palsy (25). The novel information revealed in our
study is the demonstration that pathogenic genes causing adult-
onset neurodegenerative can have dramatic acute and long-term
impacts on neonatal mice with acquired brain injury.

Pathogenic mechanisms of mutant genes that cause
neurodegeneration in adults thus appear to influence brain
responses to acute injury long before the spontaneous
development of age-related neurodegenerative disease. In
haSyn-A53T tg mice with neonatal CCI, we found exacerbated
protein oxidation and mitochondrial damage compared to
non-tg neonatal CCI mice at 1-day of recovery. Moreover,
haSyn oligomerization and nitration were accelerated after
early-life brain injury. In previous studies of a mouse model
of ALS, acute peripheral nerve avulsion induces rapid spinal
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FIGURE 9 | Early-life brain trauma in ALS mice causes severe oxidative damage and accelerates the development of later-life ALS in G93A-hSOD1 Tg mice.

(A) Oxyblot showing protein carbonyls in forebrain of sham and cortical contusion injury (CCI) mice 3 and 24 h after injury at postnatal day 7. Molecular weight
standards (in kD) shown at right. Ponceau S-stained membrane shows protein loading for each lane. (B) Neonatal CCl at p7 in G93A-hSOD1 Tg mice causes an
earlier disease onset compared to tg mice without CCI. Values are mean + SD (n = 10 mice/group). Asterisk significantly (o < 0.05) later compared to CCI. (C)
Kaplan-Meier plot showing that ALS-like disease onset, neurological decline, and death occur earlier in G93A-hSOD1 Tg mice with postnatal day 7 CCI compared to
sham-procedure G93A-hSOD1 Tg mice. (D) Graph showing the mean survial of G93A-hSOD1 Tg mice with and without CClI. Values are mean + SD (n = 10
mice/group). Asterisk significantly (o < 0.05) later compared to CCl.

motor neuron necrosis rather than the usual apoptosis of motor ~ mutations had significantly worse 48-h survival after CCIL. The
neurons seen in non-tg mice (52), and, in this study, we found = haSyn-A53T transgene is driven by a Thy-1 neuron-specific
severe protein oxidative damage in neonatal ALS mice with  promoter (27) and the hSOD1-G93A transgene is driven by the
brain injury. Electrophysiological and ion channel activities of =~ endogenous hSODI1 promoter (28), but, while the haSyn has a
cultured embryonic motor neurons (53, 54) and early postnatal ~ much more restricted tissue expression of the mutant protein
motor neurons in acute spinal cord slices (55) from a mutant  compared to the hSODI1 mice, there could be critical autonomic
hSOD1 mouse model of ALS are abnormal long before these  and peripheral responses after the insult unaccounted for in both
mice show a clinical phenotype or overt neuronal cell death. = mouse lines. The mice were not be instrumented and monitored
Similarly, mitochondriopathy exists before clinical features and  for clinically relevant physiology, as in neonatal large animal
neurodegeneration emerge in these mice (31, 54, 56). Thus, models (57). In this regard, we do not know the physiological
individuals with “adult-onset” neurodegenerative disease may be  basis of why haSyn-A53T and hSOD1-G93A mice had greater
primed or predisposed to have worse clinical and pathological  risk of death after acute brain injury, but it appears unrelated
outcomes after early-life CNS injury. It would be interesting to their essential Tg nature because mice harboring human APP
to know if infants and children that have unexplained poor  and PS1 mutant genes had survival rates similar to non-Tg mice.
outcomes in intensive care units have genetic risk factors such a  In the injured 24 h-surviving haSyn-A53T mice, we observed
mutant genes that would eventually cause PD and ALS. exacerbated protein oxidation and mitochondrial injury. In

The influences of the human mutant genes on outcome  G93A-hSOD1 mice with neonatal TBI severe protein oxidation
after neonatal brain injury in mice were manifested acutely and ~ was observed at 3 and 24 h after the insult. It is possible that
over long-term. Mice harboring haSyn-A53T and hSOD1-G93A  this pathology contributed to their early deterioration and could
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FIGURE 10 | Early-life brain trauma in APP-PS1 mice does not alter the
cortical accumulation of A. (A) Sagittal section stained
immunohistochemically for AB. Cortical layers identified by numbers (left).
White arrows identify parenchymal deposits of AB. Bar = 103 um. (B) Graph
showing the mean number of AB deposits in frontal-patietal-occipital cortex in
APP-PS1 Tg mice with and without CCI. Values are mean + SD (n = 6
mice/group).

be mechanisms related to the “priming” predisposition of age-
related disease in these mice. At 1-month of age, clinical motor
deficits and neuropathology in cerebral cortex, white matter,
midbrain, and brainstem of haSyn-A53T mice with neonatal
TBI were significantly more severe than in non-Tg mice with
CCI and sham haSyn-A53T. Later in life haSyn-A53T mice with
neonatal TBI manifested much earlier onset of PD-like symptoms
and eventiually developed fatal disease much earlier than sham
haSyn-A53T mice. The accelerated disease onset occurred in the
presence of greater haSyn proteinopathy. A similar acceleration
of disease onset and death was seen in ALS mice with neonatal
brain injury. Perhaps early-life brain injury, starting with the
initial p7 mild traumatic damage to cerebral cortex, triggers
seeding effects on synucleinopathy or hSOD1 misfolding that
spreads in a connectivity-related prion-like mechanism that
damages vulnerable regions and nuclei throughout the neuraxis.
New hypotheses for PD and ALS pathogenesis describe prion-like
(prionoid) spreading of abnormal proteins (38), thus accounting
for the progression and staging of neuropathology throughout
the nervous system in preclinical individuals through advanced
disease (58).

Mutations in aSyn cause some forms of familial PD (5,
6). Aggregated and nitrated haSyn forms are toxic entities

in familial and sporadic forms of PD. aSyn is an abundant
soluble monomeric protein that can associate with mitochondrial
membranes (37, 59-61), and the pathogenesis of haSyn-linked
PD in mice involves the association haSyn with mitochondria
and activation of the mitochondrial permeability transition
pore (27, 37). We found exacerbated mitochondrial damage
in neonatal haSyn-A53T mice with TBI compared to neonatal
sham haSyn-A53T mice. aSyn can polymerize into insoluble
fibrils due to a conformational change from an a-helical coil
to a B-pleated sheet (62). We found exacerbated aggregation of
mutant haSyn in neonatal haSyn-A53T mice with TBI compared
to neonatal sham haSyn-A53T mice. haSyn mutations cause
increased levels of protofibrils, possibly being the more toxic
form of the protein (63). haSyn protofibrils might also be
toxic by making membranes of cells more porous (64). Of
particular relevance to our experimental model is that haSyn
fibrils are transported in neurons anterogradely and retrogradely,
and they appear to propagate after transport and undergo
neuron-to-neuron transmission independently of synapses and
cell-to-cell-contacts (18). We found remote degeneration in
the SNc and PPN in young haSyn-A53T mice after CCI.
Nitration of haSyn, footprinting the presence of potent reactive
nitrogen species like peroxynitrite, is a major signature of human
PD and other proteinopathies and might be critical to the
aggregation, toxicity, and spreading processes (46, 65). We found
elevated haSyn nitration in neonatal haSyn-A53T mice with
TBI compared to neonatal sham haSyn-A53T mice. Aggregation
and nitration of wildtype and mutated haSyn is associated with
enhanced cell death in cultured cells (46). We found exacerbated
neuropathology in mutant haSyn in neonatal haSyn-A53T mice
with TBI compared to neonatal non-Tg mice with TBI and
sham haSyn-A53T mice. Over-expression of wildtype or mutant
haSyn in cultured cells elevates the generation of intracellular
reactive oxygen species and causes mitochondrial deficits (66,
67); moreover, expression of mutant haSyn increases cytotoxicity
to dopamine oxidation products (68). We found elevated
protein oxidation in neonatal haSyn-A53T mice with TBI
compared to neonatal sham haSyn-A53T mice. This precedent
on haSyn molecular pathology and our new findings suggest
that acquired brain injury in early life can engage rapidly the
mechanisms of age-related pathogenesis in neurodegenerative
disease for acute responses, even in the immature brain, and then
sustain or perpetuate these mechanisms to influence later-life
disease outcomes.

In our study, we did not find an effect of human mutant
APP and PS1 on acute outcome in injured neonatal mice. This
is not surprising considering the limited age-related clinical
phenotypes and neuropathology in this mouse model (4, 30).
While these mice accumulate with aging large quantities of AP
protein in brain, they do not develop fatal neurological disease
or any major neurodegeneration, as defined by neuronal cell and
synaptic loss, neurofibrillary tangle, and tauopathy (30, 69-71);
thus, modeling ineffectively that seen in human AD (72-75). In
this study, we did not find an effect of neonatal CCI on later-
life A deposition in neocortex. Despite the AP proteinopathy,
overt mitochondrial pathology and protein oxidative damage
are minimal in APP/PS1 Tg mice (30, 76) in comparision to
that seen in haSyn-A53T and G93A-hSOD1 mice (27, 32).
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Thus, it could be the robust bioenergetic and oxidative stress
pathology in the haSyn-A53T and G93A-hSODI1 mice that is
recruited acutely and driving the deleterious responses of the
immature brain to acquired injury. Neonatal brain injury in
human tau Tg mice might yield more provocative acute and
long-term results.

This study has limitations. We did not have available haSyn-
wildtype and hSOD1-wildtype mouse pups subjected to CCI for a
comparison with the haSyn-A53T and hSOD1-G93A mice with
CCI. This comparison would have been useful to see if the haSyn
and hSOD1 overexpression per se was harmful or whether the
detelerious effects were related to potential toxic gains in protein
function due to the mutations. However, in an adult mouse model
of cortical injury-induced target deprivation, wildtype hSOD1
overexpression afforded significant protection against retrograde
neuronal apoptosis (45). We also did not compare male to
female mouse responses. We have observed sex differences in
neonatal mice after cerebral hypoxia-ischemia subacutely and
over long-term (77) and in adult G93A-hSOD1 mice (32). We
are also uncertain whether the apparent neuronal degeneration
and loss in this mouse model mirrors that seen in human
neurons (78).
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