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ARTICLE INFO ABSTRACT

Keywords: The response of the developing brain to traumatic injury is different from the response of the mature, adult brain.
Sex There are critical developmental trajectories in the young brain, whereby injury can lead to long term functional
Gender abnormalities. Emerging preclinical and clinical literature supports the presence of significant sex differences in
Neuroinflammation both the response to and the recovery from pediatric traumatic brain injury (TBI). These sex differences are seen
Ez:g;’:;xigébohsm at all pediatric ages, including neonates/infants, pre-pubertal children, and adolescents. As importantly, the
Mitochondria response to neuroprotective therapies or treatments can differ between male and females subjects. These sex

differences can result from several biologic origins, and may manifest differently during the various phases of
brain and body development. Recognizing and understanding these potential sex differences is crucial, and
should be considered in both preclinical and clinical studies of pediatric TBI.

1. Introduction

Pediatric traumatic brain injury (TBI) is a significant public health
problem, with marked emotional, societal and economic impacts
(Taylor et al., 2017; Brener et al., 2004). It is a leading cause of long-
term disability in children (Keenan and Bratton, 2006), with TBI related
deficits persisting for years and even into adulthood (Anderson et al.,
2006; Yeates et al., 2004). Injury to the developing brain can alter
developmental trajectories, leading to psychosocial, cognitive, emo-
tional and behavioral abnormalities. Importantly, emerging literature
suggests that both the response to injury and the path to recovery may
be different between male and female infants, children and adolescents.
The goals of this review are to summarize the literature on sex differ-
ences in pediatric TBI, describe the types and origins of sex differences
in brain injury, and to highlight the convergence of sex differences with
developmental brain injury pathobiology.

2. Sex differences in pediatric TBI
2.1. Differences between girls and boys after TBI: clinical studies

Boys are approximately 2 times more likely than girls to sustain a

TBI, with boys 0-4 years of age having the highest incidence rates of all
pediatric patients (Coronado et al., 2011; Berney et al., 1994). There
are also sex-based differences in functional outcomes after pediatric
TBI. Morrison et al. used the National Pediatric Trauma Registry to
evaluate 16,586 pediatric cases of nonpenetrating TBI (Morrison et al.,
2004). They hypothesized that sex hormones may influence outcomes,
so analysis was conducted on age-based subgroups: prepubertal
(0-7 years), indeterminate pubertal (8-12 years), and probable pubertal
(13-19years). Overall, there was no difference in mortality rates be-
tween boys and girls. However, girls had a longer ICU length-of-stay
(LOS) than boys and a trend towards worse outcomes, when controlling
for injury severity using the Injury Severity Score. In age subgroups,
adolescent girls (13-19 years) had longer hospital and ICU LOS, and
greater rehabilitation needs. Potential reasons for sex-based differences
in outcomes were not assessed in this retrospective cohort study. An-
other large study used the National Trauma Data Bank to study 20,280
pediatric TBI patients (Ley et al., 2013). Similarly, in the prepubescent
group (0-12 years) they found no overall differences in mortality rates
between boys and girls. However, in contrast to the prior study, ado-
lescent girls (13-18 years) had a reduced mortality rate compared to
adolescent boys. The authors hypothesized that this difference could
relate to endogenous hormone production.
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The literature on longer term functional outcomes in girls versus
boys after TBI is relatively limited. One group of investigators found
girls had better performance on the California Verbal Learning Test
compared to boys, in a relatively small group of 60 pediatric TBI cases
(50% male) (Donders and Hoffman, 2002). The same investigators,
using a slightly larger cohort (n = 70, 50% male) and including a
control group, reported boys performed worse than girls on the Wide
Range Assessment of Memory and Learning (Donders and Woodward,
2003). Interestingly, a recent study evaluated sex differences in psy-
chosocial functioning in adulthood following pediatric TBI (Scott et al.,
2015). Females were significantly more likely than males to report in-
ternalizing problems, such as depression and anxiety, while males were
significantly more likely to report externalizing problems, such as
substance abuse or criminal behavior. These findings were consistent
across all severities of TBI. This study suggests that lifelong psychoso-
cial outcomes following TBI in childhood could be influenced by sex
and/or gender, and recognition of this is important for targeting in-
terventions.

Many of the studies previously cited focused on moderate to severe
pediatric TBI. But the number of children that experience mild TBI and
sports-related concussion is much greater, and recent studies suggest
there are sex based differences in pediatric concussion. Childhood and
adolescent concussion rates and reporting have increased over the last
10 years, with a study of high school athletes showing a 2.3-fold in-
crease from 2005 to 2015 (Schallmo et al., 2017). Notably, in the most
recent years studied (2014-15), girls' soccer had the highest rates of
adolescent sports-related concussion versus any other sport in boys or
girls. Similarly, other studies found that concussions occur in girls'
sports at rates higher than those in boys' sports (Lincoln et al., 2011;
Rosenthal et al., 2014; Marar et al., 2012; Covassin and Elbin, 2011;
Dick, 2009). Study of high school athletes from a school system in
Fairfax County, Virginia found that in sports played by both boys and
girls, such as soccer, basketball, and baseball/softball, concussion risk
was higher in girls (Lincoln et al., 2011). The reasons for greater rates of
concussion in girls' sports are likely multifactorial, and could include
biomechanical mechanisms, such as sex differences in head-neck mass,
neck strength, neck girth, and ball-to-head ratio (Covassin and Elbin,
2011). In addition to higher rates of concussion, there is also higher
reporting of concussive symptoms in female athletes compared to males
(Covassin and Elbin, 2011; Ono et al., 2016). A study of middle and
high school athletes (ages 10-18) in Atlanta found that aggregate
concussive symptoms were higher in females, both at baseline (prior to
injury) and immediately after injury, while the trajectory of recovery
was similar between males and females (Ono et al., 2016). Female
athletes also have a longer period of concussive symptoms following
injury (Covassin and Elbin, 2011). A recent systematic review of con-
cussion in student athletes synthesized the findings from 101 articles
and 13 abstracts with a focus on sex differences and concluded that
although there are mixed reports, females generally take longer to re-
cover after concussion (Iverson et al., 2017). However, the authors
highlight that a number of factors such as injury biomechanics, injury
rates, and higher rates of symptom reporting in females, may account
for these differences. Taken together, the growing body of literature on
sex differences in sports-related concussion in adolescent athletes sug-
gests that gender differences should be considered when diagnosing,
monitoring, and treating concussed athletes. In addition, understanding
the baseline level of symptom frequency is important for assessing re-
covery of female athletes after concussion.

2.2. Differences between females and males after TBI: experimental studies

Many studies have evaluated sex differences in animal models of
adult TBI, however less is known about immature animals. The fol-
lowing section will summarize the literature on sex differences fol-
lowing experimental TBI during development. One of the more com-
prehensive, recent studies evaluated sex differences in psychosocial

169

Experimental Neurology 317 (2019) 168-179

outcomes and neuronal morphology in the social brain network after
pediatric TBI in immature mice (postnatal day, PND, 21), using the
controlled cortical impact (CCI) model (Semple et al., 2017). TBI re-
duced dendritic arborization and complexity in the medial prefrontal
cortex and hippocampus of male mice, an effect not seen in female
mice. In correlation with these histologic findings, they also found that
while both sexes had a reduction in same-sex sociability after TBI, male
mice had a deficit in social recognition and memory. Female mice had
an increase in social avoidance in sociosexual testing and spent more
time immobilized in the forced swim test than males. Overall, they
conclude that sex specific dendritic changes may affect sex differences
in adult social behavior following early life TBI. In contrast, Russell
et al. did not find a sex difference in behavioral outcomes after CCI in
PND 17 rats (Russell et al., 2011). They performed a large panel of
sensorimotor tests from 1 to 28 days post-TBI, including gridwalk, gait
analysis, rotarod, beam walk, spontaneous forearm elevation test, and
general motor activity assessment. There were no major differences
between male and female rats in either baseline sensorimotor function
(in sham rats) or in the sensorimotor response to TBL. They concluded
that sex differences after TBI may relate primarily to post-pubertal
onset of sex hormone production, but note that the prepubertal tests did
not involve evaluation of social behaviors. In other studies, cerebral
blood flow (CBF) autoregulation is more impaired in male than female
piglets after fluid percussion TBI, and females responded with im-
provement in CBF after infusion of most vasoactive agents, whereas
male piglets experienced no effect or detrimental effects from these
agents (Armstead et al., 2010; Armstead et al., 2011; Armstead et al.,
2012; Armstead et al., 2013; Armstead et al., 2016a; Armstead et al.,
2016b; Curvello et al., 2017; Armstead et al., 2017a; Armstead et al.,
2017b). Potential mechanisms responsible for these findings include sex
differences in mitogen-activated protein kinase (MAPK), extracellular
signal-related kinase (ERK), endothelin-1, and interleukin 6 (IL-6)
(Kosty et al., 2012; Armstead et al., 2017a; Armstead et al., 2013;
Armstead et al., 2016a; Curvello et al., 2017).

A few studies comparing sex differences following mild TBI revealed
subtle, but potentially important, differences between males and fe-
males. Use of a modified weight drop model of concussion in PND 30
rats to assess social play fighting and beam walking 6-7 days after in-
jury found that mild TBI altered play-fighting relationships, and this
was dependent on the sex of the pairing and the injury status
(Mychasiuk et al., 2014). Female rats receiving mild TBI were rejected
and excluded from play experiences more frequently than male mild
TBI or sham rats. Furthermore, injured male rats were able to learn play
strategies from their sham peers, while injured female rats showed
worse impairments and were more likely to respond to playful attacks
by peers with avoidance. Using a similar model, female rats with mild
TBI on PND 25-28 had more immediate and prolonged changes in long-
term potentiation than male rats after mild TBI (White et al., 2017).
This group also studied another model of mild TBI that used a modified
CCI method to deliver 2 injuries per day to the helmeted, closed skull of
male and female rats over a two-day period (PND 25-28) (Meconi et al.,
2018). In this model, there were no major sex differences in lesion
volume or most functional outcomes tested. But injured females made
more errors on Barnes maze testing compared to males and there was a
subset of female subjects that performed much worse than other injured
and uninjured rats. Taken together, these studies suggest that important
sex differences in both histologic and neurologic outcomes exist in both
mild and moderate/severe TBI animal models.

In addition to sex differences in response to injury, emerging lit-
erature suggests there are sex differences in response to neuroprotective
therapies after pediatric TBI. For instance, progesterone is a steroid
hormone that protects the brain after TBI through many potential me-
chanisms, including anti-inflammatory, antioxidant, and anti-apoptotic
pathways (De Nicola et al., 2009; Sayeed and Stein, 2009) (De Nicola
et al., 2009; Sayeed and Stein, 2009), and over the last 20 years, mul-
tiple preclinical studies showed that progesterone has neuroprotective
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Fig. 1. There are multiple types of sex differences in
the brain. The most frequent conceptualizations of
sex differences in the brain involve different end-
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points in males and females. a,b) These may be of
different forms, and hence referred to as a) sexually
dimorphic (red and blue lines representing each sex
differ in form), or they may be a difference in
average response along a continuum, and thus a b)
sex difference (green line represents a continuum of
possible endpoints, and sexes represented by dashed
lines differ in their average value on this continuum).
b,c) In some instances males and females are at the
same point but in response to a challenge, such as
stress, or over the course of the lifetime, they may
diverge to different places, either along the same
continuum (b) or taking on different forms all to-
gether (c). d) Alternatively, there are instances
where males and females appear to be the same but
there are underlying or latent sex differences. For
instance, neural responses (represented by green
circle) may appear similar in males and females but
the cellular and/or molecular mechanisms by which
they are achieved may be quite distinct (blue and red
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arrows represent unique pathways to the same endpoint). e) Or, one sex may be constrained by physiology inherent to reproduction, but evolved new ways of
achieving the same endpoint, such as unique neural circuits to promote parenting behavior in males, referred to as convergence (each sex, represented by the square
and triangle, converge on the same endpoint represented by the green circle). f) Lastly, a disease or other endpoint may be highly similar (circle) in the two sexes but
occur at varying frequency (size of circle). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

effects in adult animal models of TBI (De Nicola et al., 2009; Sayeed and
Stein, 2009; Roof et al., 1994; Roof et al., 1996; Roof et al., 1997; Yao
et al., 2005; O'Connor et al., 2007; Robertson et al., 2006a, 2006b; Pan
et al., 2007; Chen et al., 2008). Recently, 2 studies on progesterone
treatment were conducted in pediatric TBI rat models. Using the CCI
model in PND 17-21 male and female rat pups, progesterone treatment
resulted in sex based differences in outcomes (Robertson and Saraswati,
2015). TBI altered mitochondrial respiration at 24 h in male rats only
and progesterone was able to prevent mitochondrial respiratory
changes. TBI also induced loss of mitochondrial glutathione in both
males and females, while progesterone treatment prevented this loss in
male rats only. Interestingly, normal (naive) male rat pups had sig-
nificantly lower concentration of mitochondrial glutathione than
normal female pups. Finally, progesterone treatment reduced total
tissue loss only in female rats. In a study of progesterone in adolescent
mice (4 week old), CCI produced deficits in vestibulomotor function
using wire grip scoring (Mannix et al., 2014). Remarkably, proges-
terone treatment improved wire grip scores in male mice, but worsened
wire grip score in female mice. There was no effect of progesterone
treatment on spatial memory testing (Morris water maze) or on lesion
volume in either males or females. In contrast to the sex differences
seen with progesterone, the neuroprotective drug minocycline did not
produce sex differences in response to treatment in a closed head injury
model of CCI in PND 11 rats (Hanlon et al., 2017). Of note, in this
young animal model, longer term minocycline, an antibiotic that also
calms microglia, actually worsened neurodegeneration and memory
deficits. Finally, the response to post-traumatic secondary insults, such
as seizures, can be influenced by ovarian hormones (Hoffman et al.,
2006). In adult animal studies, estrogen decreases seizure thresholds,
while progesterone increases them (Hoffman et al., 2003). However,
despite progesterone's ability to decrease seizure burden, cell death was
worsened in progesterone treated animals that did have breakthrough
seizures (Hoffman et al., 2003). These findings could be important in
the management of TBI in adolescent females, where menstrual cycle
changes in levels of ovarian hormones could influence the susceptibility
to post-traumatic seizures, and the response of the brain to this sec-
ondary insult.

In summary there are differences in male and female response after
TBI in the developing brain, including physiological response, neuro-
pathology, and behavioral outcomes. These differences are seen in

animal models of concussion/mild TBI, as well as in models of mod-
erate/severe injury. Notably, several pediatric animal models of TBI
detect sex differences in the response to therapies after injury.
However, despite the growing number of preclinical studies evaluating
sex differences, it is too early to identify a consistent pattern conferring
benefit for one sex. In both preclinical and clinical pediatric TBI studies,
this is likely to depend on many factors, such as age at injury, me-
chanisms of injury, and timing of post-injury outcome being measured.
In conclusion, both clinical and experimental data indicate that there
are sex differences following pediatric TBI and highlight the necessity of
separately evaluating males and females in future studies. Importantly,
future studies should also include the appropriate sex- and age-matched
control groups, in both animal and human studies. Recognizing sex
differences in the context of brain injury and understanding potential
mechanisms have important implications for the development of
translational therapies and treatments in pediatric TBI.

3. Types of sex differences

To say there is a sex difference in a particular behavioral outcome,
diagnostic or anatomical measure seems like a straightforward un-
ambiguous descriptor meaning males and females are different. But,
there are in reality many ways that males and females can differ and
appropriately categorizing them is useful, if not essential, to under-
standing the biological origins of sex differences. Even if the categor-
ization is not perfect, it provides a conceptual context for interpretation
and evaluation of the relative importance or impact of a particular sex
difference. When neuroscientists discuss sex differences there are two
frequently made mistakes. First is the use of the word “gender” in
discussion of research on animals. Gender is a human construct that
combines self-perception and others' perceptions of one's sex. We can't
ask animals what sex they think they are, nor what sex they think others
are, and so they do not have gender. The second common mistake is the
over use of the term “sexually dimorphic” to describe any and all sex
differences. Dimorphic is a compound word consisting of di = two, and
morph = form, so two forms. If something is sexually dimorphic this
means it has two different forms in males and females, which does
happen but not very often (Fig. 1a). However, many people use the
term sexually dimorphic for what is really a sex difference, often a very
small one. The descriptor “sex difference” is the appropriate moniker to
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apply to any continuous variable that on average differs between males
and females (Fig. 1b). In many instances there is overlap in the response
or endpoint in males and females, but the mean is significantly dif-
ferent.

A difference in the average frequency of a disease between men and
women, boys and girls is also a sex difference, meaning the condition or
state is the same but occurs more or less frequently in one sex versus the
other (Fig. 1f). Alzheimer's disease is a good example. It is the same
disease in men and women, presenting with the same symptoms and
trajectory, but more likely to occur in women. Conversely, stuttering is
more common in boys than girls, and so on. This has been referred to as
a population sex difference (Miller et al., 2017).

There are additional complex and still poorly understood sex dif-
ferences in which the responses of males and females differ according to
circumstance. The best known example is the work of Tracy Shors and
colleagues demonstrating that learning improves in males following
stress but deteriorates in females (Shors, 2006). This behavioral shift is
paralleled by changes in synaptic profile of hippocampal pyramidal
neurons, with the number of synapses increasing in stressed males
compared to same-sex controls and decreasing in stressed females.
Importantly, in the unstressed control group there are no sex differences
in this particular learning paradigm or in synaptic density. Thus, there
is a sex difference induced by a divergence in responses that occurs only
in the context of stress (Fig. 1c).

In contrast to sex differences involving divergence away from a
common baseline is the existence of convergence, also referred to as
compensation and first articulated by Geert De Vries (De Vries, 2004).
Here the two sexes begin at different places but then converge on the
same endpoint under certain circumstances (Fig. 1e). This may involve
the lack of a specific physiology in one sex. For instance, males of most
rodent species do not behave in a nurturing manner towards young,
including their own offspring, whereas females that have given birth
universally do so. The physiology of pregnancy and parturition is cri-
tical to inducing maternal behavior and obviously males are deprived of
this experience. However, in a monogamous species of voles males have
evolved a vasopressinergic circuitry that promotes paternal behavior, in
other words they have compensated for the lack of exposure to the
hormones of pregnancy by generating a new independent regulatory
circuit. A related but distinct principle has been articulated by Cathe-
rine Woolley who has discovered latent sex differences. A latent sex
difference is one that is not apparent when measuring a particular
endpoint, say synaptic plasticity of hippocampal pyramidal neurons,
which is the same in males and females, but the cellular mechanisms
mediating that plasticity are distinct, occurring via different signal
transduction pathways or different receptors all together (Huang and
Woolley, 2012) (Fig. 1d). Latent sex differences may be far more
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pervasive than we realize simply because there has so far been little
motivation to look for them. It is generally assumed that a particular
physiological or functional outcome is achieved via the same mechan-
isms in males and females, yet this may not always be the case. In one
particularly interesting example for this special issue, the cellular me-
chanisms leading to cell death following ischemic stroke differ in males
versus females, being dominated by caspase activation in females but
caspase independent pathways in males (Liu et al., 2011). This work
highlights the limitations of preclinical research conducted on only one
sex when it comes time for translation to clinical treatment. For these
reasons, conceptualizing the various ways in which the sexes can differ
is essential when attempting to unravel the origins of a particular adult
response profile.

4. Origins of sex differences
4.1. Sex chromosome complement influences brain sex differences

Considering the substantial and complex role that sex and gender
play in shaping our lives, ranging from societal expectations to biolo-
gical realities of reproductive capacity and differential vulnerability to
various diseases, it is easy to overlook the fact that it is all determined
by the random winner of a race; the first sperm to successfully penetrate
the egg that will eventually become a human being. Did it contain an X
or a Y chromosome?

Historically and still persistently so today, the most profound and
well understood attribute of the sex chromosomes is in determining the
development of male or female gonads, testes (XY) and ovaries (XX),
respectively. Female development, the formation of ovaries, is con-
sidered the default developmental pathway that is only eluded in males
by expression of the testes-determining gene, Sry, located on the Y
chromosome. In fact, models of XX animals which have been geneti-
cally engineered to include Sry on an autosome will develop male go-
nads, and likewise models of XY animals with Sry deleted will develop
female gonads. The gonads are responsible for producing and putting
into circulation the sex hormones that during the perinatal period or-
ganize the sexually specific neuroarchitecture required for dimorphic
sex behavior and parental care, and post-pubertally activate these
sexually differentiated regions. Although it has experimentally been
difficult to parse out the role of the sex chromosomes outside of sex
hormones, with the advent of novel mouse models (four core genotypes
and chromosome Y consomic mice) the intrinsic influence that sex
chromosomes have on non-gonadal tissues is gaining in appreciation
(Table 1) (De Vries et al., 2002; Negrin et al., 2001).

The sex differences driven by chromosome complement primarily
stem from three main differences implicit to XX and XY cells: 1)

Models to study the contribution of sex chromosomes and sex hormones in observed sex differences

Effects of Chromosomes

Effects of Hormones

Four core genotypes: Model in which testes determining region Sry is moved to an
autosome, resulting in four genotypes XX~ (ovaries), XX (testes), XY~ (ovaries),
and XY (testes).

Broad Conclusions: If sex differences persist in gonad-matched, chromosome-divergent
mice, effects are hormone driven and chromosome independent. If differences persist
between chromosome-matched, gonad-divergent mice, effects are chromosome
driven. If XY™ uniquely differs from all groups, there is a chromosome-hormone
interaction.

Organizational Effects of Steroid Hormones: Treat females with male hormone or
males with hormone antagonists in the first days of life.

Broad conclusions: If sex differences persist, effects may be chromosome driven, and
activation effects of hormones should be assessed. If sex differences are abolished,
effects are hormone-mediated.

Consomic Y Strains: Mouse and rat strains in which all chromosomes remain equal
except for strain-divergent Y chromosomes.

Broad Conclusions: If a sex difference observed in one strain but not the other is
transferrable or reversible by exchanging only the Y chromosome, the effect is Y
driven. Further experiments are required to determine if there is a chromosome-
hormone interaction.

For a more complete review of methods to study hormonal and chromosomal
contributions to sex differences see references.™

2 McCarthy et al., 2012.
> Arnold and Chen, 2009.
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expression of Y specific genes, 2) random X-inactivation in females, and
3) gene dosage for those genes that escape X-inactivation. Sry has ad-
ditional roles beyond gonadal development and spermatogenesis. For
example, it is expressed in dopaminergic neurons where it promotes the
transcription of enzymes involved in dopamine synthesis and was found
to be necessary for normal motor function (Czech et al., 2014; Czech
et al., 2012; Dewing et al., 2006). In addition to the divergent role of
genes like Sry, there is evidence that genes on the Y chromosome also
serve a convergent role ensuring that male and female physiology re-
mains overall similar. For example, symptoms associated with Turner
Syndrome, ascribed to females with XO genotype, do not occur with
greater frequency in males, suggesting that the Y chromosome com-
pensates for some of the genes expressed in females with a second X
chromosome (Fisher et al., 1990; Hughes and Page, 2015; Watanabe
et al., 1993). X-inactivation, driven by female specific expression of the
IncRNA Xist, prevents most double gene dosage in females by conver-
sion of one X chromosome, randomly chosen, to heterochromatin. This
establishes features unique to XX organisms, including body-wide mo-
saicism in the expression of maternal or paternal X chromosome, a
feature that can promote resilience to X-linked disorders (Arnold,
2017). Additionally, only XX organisms express the paternally im-
printed X chromosome. This can result in differential gene expression
when a gene is normally inactivated in the paternal versus maternally
acquired X chromosome. A number of genes have also been discovered
that escape X-inactivation thereby doubling the gene dose in females,
which can be protective against loss-of-function X-linked gene muta-
tions (Dunford et al., 2017). Lastly, X-inactivation requires additional
demand of the cellular epigenetic machinery, a work-load that is absent
in XY organisms (Silkaitis and Lemos, 2014; Wijchers and Festenstein,
2011). The role that these unique features of XX and XY complement
play in the response to disease and injury have not been thoroughly
examined.

4.2. Steroid-mediated sex differences

Steroid hormones are a major source of sex differences in the brain.
Considerable research in a variety of animal models has uncovered an
abundance of sex differences modulated by developmental exposure to
steroid hormones. Among these are volumetric differences due to dif-
ferential cell death and survival, neurogenesis, dendritic morphology
and synaptic patterning, and changes in astrocyte and microglial mor-
phology and activation (reviewed in (Lenz et al., 2012, McCarthy,
2016, McCarthy et al., 2015). In the classic view of brain sexual dif-
ferentiation, endogenous gonadal hormones act on the brain during a
restricted critical period that begins in utero to organize the developing
neuroarchitecture differently in males and females. In rodents, this
process occurs during the perinatal period when sex differences in le-
vels of gonadal hormones are large. Masculinization of the brain is
initiated by exposure to high levels of intracerebral estrogens synthe-
sized locally through the aromatization of testosterone generated by the
male fetal testis (McEwen et al., 1977; Naftolin et al., 1975). In contrast,
the female fetal ovary remains quiescent, thus the female rodent brain
develops in the relative absence of steroid hormones (Weisz and Ward,
1980). Additionally, both male and female brains are protected from
the influence of maternal estradiol in the fetal circulation by the steroid
binding protein a-fetoprotein (Bakker et al., 2004; McEwen et al.,
1975). In humans, studies on brain sexual differentiation are con-
strained by practical and ethical limitations, however extensive evi-
dence from non-human primates suggest the critical period of sexual
differentiation is largely prenatal and that testosterone acts directly on
the brain to drive masculinization (reviewed in (Wallen, 2005)). In
addition to the well-known perinatal period of steroid-dependent brain
development, converging lines of evidence indicate that steroid hor-
mones further refine the nervous system during adolescence when le-
vels of gonadal steroid hormones increase with the onset of puberty
(reviewed in (Schulz and Sisk, 2016)), For example, in the male rat
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hippocampus, androgen receptor activation by testosterone during
puberty leads to long-term depression in the CA1 region, indicating that
pubertal hormones may organize certain types of learning and memory
(Hebbard et al., 2003),

Although our understanding is incomplete, the impact of steroid
hormones on brain sex differences is robust, complex, and varies
markedly by brain region. Knowing how these processes differ between
the sexes can help us understand fundamental mechanisms underlying
gender differences in pediatric TBI with respect to vulnerability to in-

jury.

4.3. Neuroinflammation and neuronal excitation contribute to brain sex
differences

Many of the pathways classically associated with inflammation are
active in sexual differentiation of the brain. Although in adulthood
many immune-based disorders, such as systemic lupus erythematosus,
multiple sclerosis, and even major depression, are female biased in their
prevalence, during early development it is the male brain that shows
consistent evidence of increased inflammation. Much of the research
done in the field of sexual differentiation has focused on the preoptic
area (POA), a highly differentiated region of the telencephalon that
contributes to male sexual behavior and maternal behavior. During the
critical period of sexual differentiation, a higher concentration of es-
tradiol in the male POA triggers production of the inflammatory med-
iator, prostaglandin E, (PGE,) (Amateau and McCarthy, 2002). In the
POA, PGE, induces cAMP production, leading to protein kinase A ac-
tivation, phosphorylation of AMPA receptors, and stabilization of the
receptors at dendritic spines resulting in an enduringly higher density
of spines in the male POA (Amateau and McCarthy, 2002).

The increase in PGE, in the POA stems from an estradiol-mediated
increase in the expression of cyclooxygenase-2 (COX-2), an enzyme that
converts arachidonic acid to prostaglandin, which in turn increases
microglia activation (Amateau and McCarthy, 2004a). Males have more
of these innate immune cells in their POA, and the morphology of the
microglia suggests that they are in a more reactive state (Lenz et al.,
2013). When the reactivity of microglia is inhibited by treatment with
minocycline females can no longer be masculinized by exposure to es-
tradiol, pointing to the necessity of microglia activity in normal mas-
culinization (Lenz et al., 2013). Even beyond the POA, in the period just
following the testosterone surge in males, many brain regions including
the parietal cortex, amygdala, and hippocampus display higher micro-
glia counts in males (Schwarz et al., 2012a). Moreover, both the male
POA and hippocampus have more mast cells (Lenz et al., 2018). In-
duction of mast cell degranulation is sufficient to masculinize the fe-
male POA, an effect achieved by histamine promoting microglia to
produce more prostaglandins. This predilection towards inflammatory
pathways in the male brain appears to be necessary for normal mas-
culinization, but also may contribute to male vulnerability for neuro-
developmental disorders like autism and early onset schizophrenia (see
for review, (McCarthy, 2019), as well as more severe outcomes in pe-
diatric TBI.

Along with genetic predispotion, one of the most well defined risk
factors for autism spectrum disorders (ASD) and schizophrenia is ma-
ternal infection during pregnancy. ASD is 4-5 times more common in
males than females, and males present with earlier onset and less
treatment responsive schizophrenia (Goldstein et al., 2013; Supekar
et al., 2017; Yau et al., 2013). Animal models of maternal immune
activation (MIA) have recapitulated the effects of maternal infection on
adverse neurodevelopmental outcomes and behavioral deficits in off-
spring. Although these studies have not focused on sex differences, it is
hypothesized that the heightened inflammatory milieu present in the
male brain during this sensitive period of development exacerbates the
effects of MIA to result in reduced resilience in males. Indeed, there is
evidence that the maternal environment may already be skewed against
the male conceptus even in the absence of maternal infection. Evidence
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for this resides in the association of antibodies against fetal brain an-
tigens in mothers of ASD patients, a male biased disorder, and asso-
ciation of maternal antibodies to male specific antigens and male birth
order with decreased birthweight and increased rates of homosexuality
(Braunschweig et al., 2008; Croen et al., 2008; Bogaert et al., 2018).

Numerous studies also provide compelling evidence of sex differ-
ences in neuronal excitability during development and suggest that the
developing male brain is in a higher state of excitation. For instance, the
neurotransmitter y-Aminobutyric acid (GABA) induces depolarizing, or
excitatory, responses early in development. As the brain matures, action
of GABA shifts from excitatory to inhibitory, or from depolarizing to
hyperpolarizing, as the result of changing intracellular chloride con-
centrations that are determined by the relative expression of two cation
chloride cotransporters, NKCC; and NKCC,, in the cellular membrane
(Rivera et al., 1999). The timing of this developmental switch varies
among brain regions, but a fundamental sex difference exists whereby
the excitatory effects of GABA are stronger and endure longer in the
developing male brain. This was first demonstrated in the rat substantia
nigra pars reticulata, where GABA, mediated signaling becomes in-
hibitory in females around PND 10 and in males around PND 17
(Galanopoulou, 2005; Galanopoulou, 2006; Galanopoulou et al., 2003;
Kyrozis et al., 2006). Similarly, the CA1 region of the developing hip-
pocampus in male rats undergoes a longer period of GABA-directed
excitatory function than in females (Galanopoulou, 2008; Nunez and
McCarthy, 2007).

In summary, while sexual differentiation was once thought to hinge
almost entirely upon gonadal hormones (i.e., the brain develops as male
in the presence of these hormones, and as female in their absence), it is
now clear that this process is more nuanced, multifactorial, and varies
by brain region. Understanding how sex-chromosome complement,
inflammation, and excitation contribute to sex-specific brain develop-
ment are emerging areas of priority. Converging evidence, however,
suggests the cellular mechanisms mediating masculinization of the
brain frequently involve heightened neuroinflammation and neuronal
excitability and this may increase the vulnerability of males to neu-
ropsychiatric and neurological disorders with origins in development,
and may exacerbate the impact of brain injury. Elucidating the me-
chanisms by which sex-specific brain development arises will increase
our capacity to more reliably prevent early life brain injuries and has
important implications for the diagnosis and treatment of TBI.

5. Convergence of sex differences and TBI
5.1. Normal developmental trajectories

An inherent challenge to the understanding and treatment of brain
injury during development is the existence of critical and sensitive
periods. Critical periods are those during which a set of developmental
events must occur or forever be precluded. One of the best examples is
the coinciding events of eye opening and innervation of the lateral
geniculate in altricial mammals. Light is the essential external stimulus
and coordinated neuronal activity is the essential internal biological
response. The result is a functioning visual system. If light is withheld
during the critical period, the animal will be permanently blind. Going
one step further, if an animal is raised during the critical period in an
environment consisting of only vertical lines, no horizontal lines, it will
be enduringly blind to horizontal lines. In this way the nervous system
fine tunes its responses during the critical period, and those responses
are then permanently embedded in the brain. Sensitive periods are a
variant of a critical period as it is a time during which the brain is
responsive to particular stimuli, be they naturally occurring, such as
light in the above example, or exogenously imposed such as lead ex-
posure or thyroid deficiency, both of which severely and permanently
impact the developing brain but may go entirely unnoticed in the ma-
ture brain.

The establishment of sex differences in the brain is a unique
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example of a combination of a critical and sensitive period involving
both endogenous and potential exogenous or extraneous stimuli. As
reviewed above, sexual differentiation of the brain begins with sex
determination by the Sry gene of the Y chromosome, which codes for
the formation of testis from the bipotential gonad (Goodfellow and
Lovell-Badge, 1993). If there is no Sry gene, ovaries will develop. Ev-
eryone is aware that puberty is a time of marked divergence for males
and females in terms of the hormonal milieu. But many are not as aware
that as early as fetal life there is a similar marked divergence created
when the fetal testis becomes steroidogenic and synthesizes sufficiently
high levels of androgens that the steroid enters the bloodstream and
gains access to the fetal brain. In rodents this process begins during the
last days of an approximately 3-week gestation and extends into the
first hours after birth (Weisz and Ward, 1980). In humans fetal ster-
oidogenesis starts early in the 2nd trimester and is waning by birth but
followed by a later active period postnatally that is sometimes referred
to as “mini-puberty” (Kuiri-Hanninen et al., 2014). The opening of the
critical period for sexual differentiation of the brain is operationally
defined by the onset of testicular androgen production. Artificially
elevating androgens prior to the naturally occurring period of ster-
oidogenesis is largely without effect as the essential biological processes
are not yet in play. The closing of the critical period is another matter.
In males, the critical period closes when the surge of androgen pro-
duction ends. Once the system is fully exposed to testosterone the
programming process is initiated and cannot be undone, meaning that
within one day of birth masculinization is largely complete and the
critical period closed. Females, however, remain sensitive to the pro-
gramming potential of testosterone well into the postnatal period, up to
a week (Fig. 2). If females are injected with either testosterone or es-
tradiol, the masculinization process is initiated, reflecting a sensitive
period as opposed to a critical period. Moreover, if the downstream
signaling pathways by which steroids exert their effect are extraneously
activated, this too can impact female brain development, pushing it
towards a male-like phenotype for that particular endpoint (McCarthy
et al., 2018). This lucky accident of timing in rodents provides an ex-
cellent tool for studying the mechanisms of steroid mediated pro-
gramming, by essentially using the female as a platform for exogen-
ously induced masculinization. In non-human primates, however, the
end of the critical and the sensitive period are both prenatal (Wallen
and Baum, 2002), confounding our ability to replicate mechanistic
findings from rodents and instead forcing us to consider other routes for
translational insight. To the best of our current knowledge, the critical
and sensitive periods for sexual differentiation in humans are also
prenatal (Breedlove, 1994). However, since we cannot experiment on
humans we do not know if there is a postnatal sensitive period in ad-
dition to the prenatal critical period.

At the end of the critical period of sexual differentiation of the brain,
there is a period called the juvenile hiatus during which there are no
circulating gonadal steroids, thus equalizing males and females in terms
of hormonal profile. In rodents this is from the first few postnatal days
until puberty onset starting around 35 days old. In humans this is from
6 months to a year after birth until the onset of adrenarche and the
beginning of gonadal steroid production at around 8 to 12 years old
respectively. But the brain is clearly still a remarkably immature organ
during that time and is designed to respond to the environment and
program itself in accordance with what it encounters, i.e. learn. The
programming that occurs during development is particularly important
as it is anticipatory of future events and circumstances. This often
means that one developmental path is followed at the exclusion of
another. It also usually means the decision point is restricted to a cri-
tical period during which the relevant environmental stimulus is more
salient and the biological process mediating fate determination are in
sync.

In the case of the visual system as reviewed above, the environ-
mental signal is external light. In the case of sexual differentiation the
signal is internal, being produced by the gonads. But there are many
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Fig. 2. Critical and sensitive periods in the establishment of sex differences in the brain. In rodents there is a critical period in males that begins in utero with the
onset of testicular androgen production which initiates the process of masculinization of the brain. Females, however, remain sensitive to the impact of exogenous
hormone treatment into the first postnatal week and can be essentially sex reversed if exposed during that time. Thus, the timing of the critical period in males and
sensitive period in females are overlapping but not identical. In humans convergent evidence indicates there is a critical period for masculinization that begins and
ends in utero but we remain unclear about the potential for a postnatal sensitive period in females as well as the functional significance of the “mini-puberty” that

occurs in the first few months of life.

other critical and sensitive periods of brain development. The amount
and type of nutrition experienced prenatally programs future metabo-
lomics. Similarly, the amount and type of stress before and shortly after
birth impacts adult behavioral and physiological phenotypes associated
with anxiety, emotionality and activation of the hypothalamic-pitui-
tary-adrenal axis (Bale and Epperson, 2015). In both these instances,
males and females may differ in sensitivity or other aspects of critical
period programming. Moreover, the developmental stage of a particular
brain region may be different for males and females at any given time.
There are regions of the male brain that mature faster than those of
females, and vice versa. This is best illustrated by longitudinal MRI
studies in children measuring cortical volume as well as white and gray
matter to provide a maturation index, revealing markedly different
trajectories across regions and between the sexes (Lenroot et al., 2007).

There are also critical periods that are intrinsically programmed.
The cerebellum is one of the latest brain regions to develop, with birth
being a clear demarcation for its maturation across species (Hibi and
Shimizu, 2012). A narrowly constrained period in cerebellar develop-
ment was identified in the rodent during the 2nd postnatal week when
there is a peak in the production of estradiol that is essential to full
maturation of the Purkinje cells, the principle neurons of the cere-
bellum (Hoffman et al., 2016). The control of estradiol synthesis is local
to the cerebellum and is from an unexpected source, via stimulation of
the steroidogenic enzyme, aromatase, by PGE, (Dean et al., 2012). The
action of estradiol is further limited by a peak in expression of the alpha
form of the estrogen receptor, ERa, during the 2nd postnatal week
which then drops to undetectable by the 3rd week, essentially ren-
dering the cerebellum blind to estradiol until adulthood when it is again
exposed by estradiol coming from the gonads. Importantly, while in this
case PGE, is a normal endogenous regulator of brain development, it
can also be upregulated by either infection or inflammation or down
regulated by drugs meant to combat both. Indeed, treatment with either
the bacterial mimetic, LPS, or cyclooxygenase inhibitors deleteriously
impacts Purkinje cell development, but only if exposure occurs during
this narrow sensitive period (Hoffman et al., 2016).

An additional intrinsically programed sensitive

period is

adolescence, a time when the brain undergoes substantially more
pruning and network refining than either immediately before or forever
after (Blakemore, 2012). A time of heightened risk taking, this is also a
developmental stage during which TBI is more likely to occur, including
due to the increased intensity of athletic activities. Use of drugs and
alcohol further add to the volatile confluence of variables leading to
increased chances of TBI which can have unique enduring con-
sequences if occurring during this dynamic stage of brain development.
The combination of factors at play demand a multidisciplinary ap-
proach to fully appreciate the adolescent brain and how it might be
impacted by TBI (see for review, see Ronald E Dahl, https/doi/
org.https://doi.org/10.1196/annals.1308.001).

Mechanistically the uniqueness of the adolescent brain also appears
to be multifactorial, involving a combination of an intrinsic develop-
mental trajectory and the onset of gonadal hormone secretion occurring
with puberty (Piekarski et al., 2017; Sisk and Zehr, 2005). Given that
the timing of puberty can vary on average between boys and girls by as
much as 5years, with girls earlier, there is a clear distinction in the
intersection between brain maturation and hormone exposure. The
result can be substantial differences in the overall rate of maturation of
brain regions in boys and girls (Lenroot and Giedd, 2006), and in an-
imal models we can detect microlevel differences such as the number of
particular cells of a given phenotype in the prefrontal cortex (Willing
and Juraska, 2015; Koss et al., 2015).

These examples highlight the potential for many more undiscovered
critical and sensitive periods and any study of developmental brain
injury should consider the possibility of hidden variables that either
enhance or constrain the impact of an insult. Moreover, the timing of
critical period in males and females may be different such that a TBI at
the same age in a boy versus a girl may be happening on a markedly
different baseline of maturation, thereby impacting both the severity
and consequences of the injury and possibly one day in the future in-
forming us as to the best therapeutic intervention.
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Fig. 3. Innate sex differences in the developing brain
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5.2. Pathobiology of pediatric TBI and sex differences

There are a multitude of pathobiologic pathways involved in sec-
ondary injury, as well as repair and recovery, after TBI. In both animal
and human studies, a growing literature provides evidence that many of
these occur in the developing brain after injury. As described
throughout this review, many of these pathways demonstrate important
sex differences, which was recently summarized in an extensive review
on sex-related responses after TBI in adults (Spani et al., 2018). Here we
will discuss three of the primary pathobiologic pathways found in the
developing brain after TBI, including neuroinflammation, altered cer-
ebral metabolism and mitochondrial dysfunction, and excitotoxicity
(Fig. 3). In addition, we will focus on evidence for sex differences in
these pathways in the young brain.

TBI is well known to initiate an inflammatory response, which be-
gins early after injury and can persist for months to years (McKee and
Lukens, 2016; Kumar and Loane, 2012; Simon et al., 2017). The in-
flammatory response consists of resident immune cells (microglia,
perivascular cells) and infiltrating cells (macrophages, neutrophils),
and is mediated by many cytokines, chemokines and other in-
flammatory molecules. The developing brain may have a particularly
unique inflammatory response after TBI, given the normal role that
microglia play in brain development and homeostasis, their location in
white matter tracts in early development, and the relative pro-in-
flammatory phenotype of microglia in the young brain (Pierre et al.,
2017; Bhalala et al., 2015). There is relatively strong evidence for
neuroinflammation after pediatric TBI in both animal and human stu-
dies (Cederberg and Siesjo, 2010; Simon et al., 2017; Merkel et al.,
2017; Moretti et al., 2016; Zhang et al., 2018; Hanlon et al., 2017;
Schober et al., 2016; Newell et al., 2015), including a series of studies
from Pittsburgh delineating the profile of inflammatory markers in the
cerebrospinal fluid of infants and children after TBI (Newell et al.,
2015; Buttram et al., 2007; Walko 3rd et al., 2014; Wallisch et al.,
2017).

As described in this review, there are several reasons to believe that
males and females may have a different severity and/or pattern of
neuroinflammation after developmental TBI. The developing male
brain has high levels of inflammatory mediators and reactive microglia
during critical periods of sexual differentiation (Amateau and
McCarthy, 2004b; Lenz et al., 2013). In addition, steroid hormones
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mediate changes in microglial morphology and activation (Lenz et al.,
2013), and many brain regions in males show higher microglial counts
after the testosterone surge (Schwarz et al., 2012b). Males also have
greater numbers of other inflammatory cells, such as mast cells (Lenz
et al., 2018). Overall, the propensity towards greater inflammatory
pathways in the normal, developing male brain would suggest that
there could be a greater degree of neuroinflammation following TBI in
young males. In fact, one preclinical study of repetitive mild TBI in
adolescent rats showed that male rats had increased Iba-1 positive cells
in the ventromedial hypothalamus, which was not seen in female rats
(Yamakawa et al., 2017). This highlights the necessity for separately
studying male and female subjects, and considering the age-at-injury
effect on neuroinflammation in pediatric TBI research.

In addition to inflammation, TBI also induces marked changes in
cerebral metabolism and mitochondrial function (Robertson et al.,
2009; Robertson et al., 2006a, 2006b; Fiskum, 2000; Yonutas et al.,
2016; Yokobori et al., 2014). In the young brain, this can be particularly
devastating, as the injury occurs during periods of relatively high me-
tabolic needs due to rapid brain growth and development (reviewed in
(McKenna et al., 2015). In addition, the metabolic machinery of the
brain, including glucose and monocarboxylic acid transporters, en-
zymes for glycolysis and TCA cycle metabolism, and mitochondrial
electron chain complexes all have maturational profiles during brain
development (McKenna et al., 2015). Uniquely, the developing brain
also has the ability to utilize alternative fuels, such as lactate and ke-
tone bodies, for energy, which could be particularly important fol-
lowing brain injury (Prins, 2017; Deng-Bryant et al., 2011; Prins, 2011).
Multiple preclinical and clinical studies show direct and indirect evi-
dence for altered cerebral metabolism after pediatric TBI (Babikian
et al., 2006; Aaen et al., 2010; Scafidi et al., 2009; Robertson et al.,
2009). Importantly, the time course of altered metabolism may be age-
dependent following TBI (Prins, 2017). After fluid percussion injury in
rats, the post-traumatic period of metabolic depression lasted 10 days in
adult rats, but was only 7 days in PND 35 rats, and was shortened to
3 days in PND 17 rats (Yoshino et al., 1991; Thomas et al., 2000; Prins
and Hovda, 2009). It is not known if there are similar age-based dif-
ferences in post-traumatic metabolic depression in humans. An addi-
tional metabolic pathway with developmental regulation is the complex
biochemistry of the essential amino acid, tryptophan (O'Mahony et al.,
2015; Schwarcz and Stone, 2017). In pathologic conditions, such as
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following TBI, tryptophan metabolism can shift from producing pro-
tective and homeostatic products, such as serotonin, melatonin, and
kynurenic acid, to producing excitotoxic products, such as quinolinic
acid (reviewed in (Palego et al., 2016)). This can be especially true in
the setting of robust neuroinflammation, and evidence for this meta-
bolic shift is seen in animal and human TBI studies (Sinz et al., 1998;
Meier et al., 2016; Chung et al., 2009), including pediatric TBI (Zhang
et al., 2018; Bell et al., 1999; Berger et al., 2004). Furthermore, there is
emerging literature that sex hormones can influence the tryptophan
pathway (Barth et al., 2015), which could be an important considera-
tion in adolescent victims of TBI.

Sex based differences in cerebral metabolism were originally at-
tributed to the influence of circulating sex hormones. However, more
recently there is evidence for innate sex differences in neuronal meta-
bolism, which may be more pronounced after injury (reviewed in
(Manole et al., 2011). For example, neurons from female rodents had a
greater capacity to tolerate starvation than those from male rodents (Du
et al., 2009). During a 72h period of complete nutrient deprivation,
female neurons in vitro were able to maintain cellular respiration
longer, with improved survival, relative to male neurons (Du et al.,
2009). This appeared to be related to increased capacity of female
neurons to utilize fat sources (lipids, fatty acids) for cellular metabo-
lism. Sex differences in the metabolic response to injury in the devel-
oping, pre-pubertal brain have also been seen. In a preclinical study of
pediatric TBI, using CCI in PND 17-21 rats, trauma resulted in de-
pressed mitochondrial respiration in male rats only, while uninjured
(control) male rats had lower mitochondrial glutathione content than
uninjured female rats (Robertson and Saraswati, 2015). As reviewed in
section 1b, studies of CBF autoregulation in piglets by Armstead et al.
show more impairment in males after TBI. Although these studies did
not directly investigate cerebral metabolism, proposed mechanisms
responsible for these sex differences relate closely to and can influence
metabolic pathways. Direct measurements of sex differences in brain
metabolism are more limited in humans. Indirect measurements using
functional magnetic resonance imaging (fMRI) in adolescents (Caldwell
et al., 2005) and resting EEG in 8-12year old children (Barry et al.,
2004) would suggest that there are age- and brain region-specific dif-
ferences in brain metabolism in normal brain.

A third important pathobiologic pathway after TBI is excitotoxicity.
Traumatic injury to the brain causes very early excitotoxicity, resulting
in high levels of intracellular calcium. NMDA-type glutamate receptors
are responsible for most of the pathologic influx of calcium after TBI,
with other receptors (AMPA, kainite) also contributing. Importantly, all
of these glutamate receptors are developmentally regulated, with gen-
erally greater expression in early postnatal development (Monyer et al.,
1994; Anderson et al., 1999; McDonald et al., 1992). As a result of this
developmental profile, as well as developmental shifts in NMDA re-
ceptor subunit expression and sensitivity, it is generally believed that
the young brain has increased sensitivity to excitotoxic insults
(Johnston et al., 2001; McDonald et al., 1988; McDonald and Johnston,
1990). In addition to glutamate receptors, the GABA receptor has a
unique developmental profile, with excitatory, depolarizing responses
in early development (Rivera et al., 1999; Ben-Ari et al., 1997). Once
calcium has gained entry into the cell, mitochondria are responsible for
intracellular calcium homeostasis, and mitochondria from the devel-
oping brain may have differing capacities for buffering calcium than
those from mature, adult brains. Using isolated brain mitochondria, we
demonstrated that brain mitochondria from PND 16-18 rats had a
lower maximal calcium uptake capacity than those from adult rats, in
the presence of ATP (Robertson et al., 2004). However, in the absence
of ATP, as may occur after TBI, immature brain mitochondria had
greater maximal calcium uptake. Other groups found age-dependent
changes in basal calcium uptake of mitochondria (Sharma et al., 2000).
In the pediatric TBI literature, studies demonstrate evidence for sig-
nificant excitotoxicity. In a study of lateral fluid percussion TBI in PND
17, PND 28 and adult rats, investigators showed an acute and sustained
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accumulation of calcium after TBI at all ages, with the time course and
location of calcium accumulation being age-dependent (Osteen et al.,
2001). In clinical studies, children with severe TBI have elevated glu-
tamate and glycine in the cerebrospinal fluid, which correlates with
poor outcomes (Ruppel et al., 2001). Pediatric patients also have in-
creases in glutamate/glutamine content in the injured brain, as mea-
sured by proton magnetic resonance spectroscopy (Ashwal et al., 2004).

Over the last two decades, there has been growing evidence for sex
differences in excitatory neurotransmission in the developing brain. In a
very informative study, Du et al. compared the response of male and
female neurons to cytotoxic agents and treatments, and showed a sex
difference in response (Du et al., 2004). Male cortical neurons were
more sensitive to glutamate/glycine exposure than female cortical
neurons, using cell viability as a bioassay. This same trend was seen in
isolated hippocampal neurons. Furthermore, male neurons were more
sensitive than female neurons to exposure to NMDA, kainite and AMPA.
Sex differences in excitatory signaling have also been seen in devel-
oping rodents. A series of studies by McCarthy et al., demonstrate that
the developing male brain has more significant and longer lasting ex-
citatory effects of GABA (reviewed above). Collectively, experimental
studies suggest that children may experience a sex dependent difference
in the excitatory response to TBI, with the youngest male patients po-
tentially being the most vulnerable.

6. Conclusions and future directions

In summary, the response to TBI in the developing brain is unique
from that of the adult, and there are significant sex differences in this
response. These sex differences can arise from a variety of biologic
origins, including differences due to chromosome complement, the in-
fluence of circulating steroid hormones, and cellular mechanisms re-
sponsible for masculinization of the brain. Preclinical and clinical re-
search supports the presence of sex differences in both the response to
and the recovery from pediatric TBIL In addition, emerging literature
reveals sex differences in the response to neuroprotective therapies
after injury.

Although many studies demonstrated worsened neuropathology and
functional outcomes after TBI in males, it would be a gross over sim-
plification to conclude that males always fare worse. Importantly, one
must consider the age at injury as there is an intersection of the en-
dogenous developmental trajectory and the biological and cultural in-
fluences of sex, relationships that are still being elucidated. Important
age sub-categories to be considered are the early development period
(neonate, infant), when there is the potential for critical and sensitive
periods of brain development, the juvenile hiatus period (toddler to pre-
puberty), when there are no circulating gonadal steroids, and adoles-
cence (pubertal and post-pubertal), when there are major sex differ-
ences in circulating gonadal steroids as well as differences in the timing
of puberty and the societal responses to that developmental milestone.
Studies of pediatric TBI should take into account these development sex
differences when designing preclinical protocols and clinical trials.
Specifically, there appears to be a paucity of literature in the infant and
toddler ages, and this may be one of the most important periods for
understanding sex differences in order to provide precision medicine
level therapies. Another important consideration when designing future
studies is the concept of latent sex differences. It is possible that the
measured, long-term outcome after pediatric TBI (i.e., injury volume,
functional outcome) could be the same between male and female sub-
jects in a given study, but the mechanisms by which that outcome was
achieved could be completely different, involving different pathobio-
logic cascades or recovery pathways. This is especially important for the
development and study of neuroprotective therapies, where both the
response to injury and the response to the therapy could be influenced
by sex.

In conclusion, it is imperative that future studies of pediatric TBI
consider sex as a biological variable. This is important across all age
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sub-categories of the pediatric population, and should be encouraged
and supported in preclinical and clinical studies equally. Importantly,
failure to consider sex could result in ineffective translation of pre-
clinical therapies for acute interventions, and lack of effective, targeted
clinical approaches for long-term recovery and rehabilitation following
pediatric TBI.

Acknowledgements

This work was supported by the National Institutes of
HealthNS092747 (CLR), PO1HD085928 (MMM), and F32HD097816
(ELR).

References

Aaen, G.S., Holshouser, B.A., Sheridan, C., Colbert, C., McKenney, M., Kido, D., Ashwal,
S., 2010. Magnetic resonance spectroscopy predicts outcomes for children with
nonaccidental trauma. Pediatrics 125, 295-303.

Amateau, S.K., McCarthy, M.M., 2002. A novel mechanism of dendritic spine plasticity
involving estradiol induction of prostaglandin-E2. 22, 8586-8596.

Amateau, S.K., McCarthy, M.M., 2004a. Induction of PGE2 by estradiol mediates devel-
opmental masculinization of sex behavior. Nat. Neurosci. 7, 643-650.

Amateau, S.K., McCarthy, M.M., 2004b. Induction of PGE2 by estradiol mediates devel-
opmental masculinization of sex behavior. 7, 643-650.

Anderson, K.J., Mason, K.L., McGraw, T.S., Theophilopoulos, D.T., Sapper, M.S.,
Burchfield, D.J., 1999. The ontogeny of glutamate receptors and D-aspartate binding
sites in the ovine CNS. Brain Res. Dev. Brain Res. 118, 69-77.

Anderson, V.A., Catroppa, C., Dudgeon, P., Morse, S.A., Haritou, F., Rosenfeld, J.V., 2006.
Understanding predictors of functional recovery and outcome 30 months following
early childhood head injury. Neuropsychology 20, 42-57.

Armstead, W.M., Kiessling, J.W., Kofke, W.A., Vavilala, M.S., 2010. Impaired cerebral
blood flow autoregulation during posttraumatic arterial hypotension after fluid
percussion brain injury is prevented by phenylephrine in female but exacerbated in
male piglets by extracellular signal-related kinase mitogen-activated protein kinase
upregulation. Crit. Care Med. 38, 1868-1874.

Armstead, W.M., Kiessling, J.W., Riley, J., Kofke, W.A., Vavilala, M.S., 2011.
Phenylephrine infusion prevents impairment of ATP- and calcium-sensitive po-
tassium channel-mediated cerebrovasodilation after brain injury in female, but ag-
gravates impairment in male, piglets through modulation of ERK MAPK upregulation.
J. Neurotrauma 28, 105-111.

Armstead, W.M,, Riley, J., Vavilala, M.S., 2012. TBI sex dependently upregulates ET-1 to
impair autoregulation, which is aggravated by phenylephrine in males but is abro-
gated in females. J. Neurotrauma 29, 1483-1490.

Armstead, W.M., Riley, J., Vavilala, M.S., 2013. Dopamine prevents impairment of au-
toregulation after traumatic brain injury in the newborn pig through inhibition of up-
regulation of endothelin-1 and extracellular signal-regulated kinase mitogen-acti-
vated protein kinase. Pediatr. Crit. Care Med. 14, e103-e111.

Armstead, W.M., Riley, J., Vavilala, M.S., 2016a. Norepinephrine protects cerebral au-
toregulation and reduces hippocampal necrosis after traumatic brain injury via
blockade of ERK MAPK and IL-6 in juvenile pigs. J. Neurotrauma 33, 1761-1767.

Armstead, W.M., Riley, J., Vavilala, M.S., 2016b. Preferential protection of cerebral au-
toregulation and reduction of hippocampal necrosis with norepinephrine after trau-
matic brain injury in female piglets. Pediatr. Crit. Care Med. 17, e130-e137.

Armstead, W.M., Riley, J., Vavilala, M.S., 2017a. Sex and age differences in epinephrine
mechanisms and outcomes after brain injury. J. Neurotrauma 34, 1666-1675.

Armstead, W.M., Riley, J., Vavilala, M.S., 2017b. K channel impairment determines sex
and age differences in epinephrine-mediated outcomes after brain injury. J. Neurosci.
Res. 95, 1917-1926.

Arnold, A.P., 2017. A general theory of sexual differentiation. 95, 291-300.

Arnold, A.P., Chen, X., 2009. What does the "four core genotypes" mouse model tell us
about sex differences in the brain and other tissues? Front. Neuroendocrinol. 30, 1-9.

Ashwal, S., Holshouser, B., Tong, K., Serna, T., Osterdock, R., Gross, M., Kido, D., 2004.
Proton MR spectroscopy detected glutamate/glutamine is increased in children with
traumatic brain injury. J. Neurotrauma 21, 1539-1552.

Babikian, T., Freier, M.C., Ashwal, S., Riggs, M.L., Burley, T., Holshouser, B.A., 2006. MR
spectroscopy: predicting long-term neuropsychological outcome following pediatric
TBI. J. Magn. Reson. Imaging 24, 801-811.

Bakker, J., Honda, S., Harada, N., Balthazart, J., 2004. Restoration of male sexual be-
havior by adult exogenous estrogens in male aromatase knockout mice. 46, 1-10.

Bale, T.L., Epperson, C.N., 2015. Sex differences and stress across the lifespan. 18,
1413-1420.

Barry, R.J., Clarke, A.R., McCarthy, R., Selikowitz, M., Johnstone, S.J., Rushby, J.A.,
2004. Age and gender effects in EEG coherence: 1. developmental trends in normal
children. Clin. Neurophysiol. 115, 2252-2258.

Barth, C., Villringer, A., Sacher, J., 2015. Sex hormones affect neurotransmitters and
shape the adult female brain during hormonal transition periods. Front. Neurosci.
9, 37.

Bell, M.J., Kochanek, P.M., Heyes, M.P., Wisniewski, S.R., Sinz, E.H., Clark, R.S., Blight,
A.R., Marion, D.W., Adelson, P.D., 1999. Quinolinic acid in the cerebrospinal fluid of
children after traumatic brain injury. Crit. Care Med. 27, 493-497.

Ben-Ari, Y., Khazipov, R., Leinekugel, X., Caillard, O., Gaiarsa, J.L., 1997. GABAA, NMDA

177

Experimental Neurology 317 (2019) 168-179

and AMPA receptors: a developmentally regulated 'menage a trois'. Trends Neurosci.
20, 523-529.

Berger, R.P., Heyes, M.P., Wisniewski, S.R., Adelson, P.D., Thomas, N., Kochanek, P.M.,
2004. Assessment of the macrophage marker quinolinic acid in cerebrospinal fluid
after pediatric traumatic brain injury: insight into the timing and severity of injury in
child abuse. J. Neurotrauma 21, 1123-1130.

Berney, J., Favier, J., Froidevaux, A.C., 1994. Paediatric head trauma: influence of age
and sex I. Epidemiology. Childs Nerv. Syst. 10, 509-516.

Bhalala, U.S., Koehler, R.C., Kannan, S., 2015. Neuroinflammation and neuroimmune
dysregulation after acute hypoxic-ischemic injury of developing brain. Front. Pediatr.
2, 144.

Blakemore, S.J., 2012. Imaging brain development: the adolescent brain. Neuroimage 61,
397-406.

Bogaert, A.F., Skorska, M.N., Wang, C., Gabrie, J., MacNeil, A.J., Hoffarth, M.R.,
VanderLaan, D.P., Zucker, K.J., Blanchard, R., 2018. Male homosexuality and ma-
ternal immune responsivity to the Y-linked protein NLGN4Y. Proc. Natl. Acad. Sci. U.
S. A. 115, 302-306.

Braunschweig, D., Ashwood, P., Krakowiak, P., Hertz-Picciotto, I., Hansen, R., Croen,
L.A., Pessah, LN., Van de Water, J., 2008. Autism: maternally derived antibodies
specific for fetal brain proteins. 29, 226-231.

Breedlove, S.M., 1994. Sexual differentiation of the human nervous system. 45, 389-418.

Brener, 1., Harman, J.S., Kelleher, K.J., Yeates, K.O., 2004. Medical costs of mild to
moderate traumatic brain injury in children. J. Head Trauma Rehabil. 19, 405-412.

Buttram, S.D., Wisniewski, S.R., Jackson, E.K., Adelson, P.D., Feldman, K., Bayir, H.,
Berger, R.P., Clark, R.S., Kochanek, P.M., 2007. Multiplex assessment of cytokine and
chemokine levels in cerebrospinal fluid following severe pediatric traumatic brain
injury: effects of moderate hypothermia. J. Neurotrauma 24, 1707-1717.

Caldwell, L.C., Schweinsburg, A.D., Nagel, B.J., Barlett, V.C., Brown, S.A., Tapert, S.F.,
2005. Gender and adolescent alcohol use disorders on BOLD (blood oxygen level
dependent) response to spatial working memory. Alcohol Alcohol. 40, 194-200.

Cederberg, D., Siesjo, P., 2010. What has inflammation to do with traumatic brain injury?
Childs Nerv. Syst. 26, 221-226.

Chen, G., Shi, J., Jin, W., Wang, L., Xie, W., Sun, J., Hang, C., 2008. Progesterone ad-
ministration modulates TLRs/NF-kappaB signaling pathway in rat brain after cortical
contusion. Ann. Clin. Lab. Sci. 38, 65-74.

Chung, R.S., Leung, Y.K., Butler, C.W., Chen, Y., Eaton, E.D., Pankhurst, M.W., West, A.K.,
Guillemin, G.J., 2009. Metallothionein treatment attenuates microglial activation
and expression of neurotoxic quinolinic acid following traumatic brain injury.
Neurotox. Res. 15, 381-389.

Coronado, V.G., Xu, L., Basavaraju, S.V., McGuire, L.C., Wald, M.M., Faul, M.D., Guzman,
B.R., Hemphill, J.D., Centers for Disease Control and Prevention (CDC), 2011.
Surveillance for traumatic brain injury-related deaths-United States, 1997-2007.
MMWR Surveill. Summ. 60, 1-32.

Covassin, T., Elbin, R.J., 2011. The female athlete: the role of gender in the assessment
and management of sport-related concussion. Clin. Sports Med. 30, 125-131.

Croen, L.A., Braunschweig, D., Haapanen, L., Yoshida, C.K., Fireman, B., Grether, J.K.,
Kharrazi, M., Hansen, R.L., Ashwood, P., Van de Water, J., 2008. Maternal mid-
pregnancy autoantibodies to fetal brain protein: the early markers for autism study.
64, 583-588.

Curvello, V., Hekierski, H., Pastor, P., Vavilala, M.S., Armstead, W.M., 2017. Dopamine
protects cerebral autoregulation and prevents hippocampal necrosis after traumatic
brain injury via block of ERK MAPK in juvenile pigs. Brain Res. 1670, 118-124.

Czech, D.P., Lee, J., Sim, H., Parish, C.L., Vilain, E., Harley, V.R., 2012. The human testis-
determining factor SRY localizes in midbrain dopamine neurons and regulates mul-
tiple components of catecholamine synthesis and metabolism. 122, 260-271.

Czech, D.P., Lee, J., Correia, J., Loke, H., Moller, E.K., Harley, V.R., 2014. Transient
neuroprotection by SRY upregulation in dopamine cells following injury in males.
155, 2602-2612.

De Nicola, A.F., Labombarda, F., Deniselle, M.C., Gonzalez, S.L., Garay, L., Meyer, M.,
Gargiulo, G., Guennoun, R., Schumacher, M., 2009. Progesterone neuroprotection in
traumatic CNS injury and motoneuron degeneration. Front. Neuroendocrinol. 30,
173-187.

De Vries, G.J., 2004. Minireview: sex differences in adult and developing brains: com-
pensation. 145, 1063-1068.

De Vries, G.J., Rissman, E.F., Simerly, R.B., Yang, L.Y., Scordalakes, E.M., Auger, C.J.,
Swain, A., Lovell-Badge, R., Burgoyne, P.S., Arnold, A.P., 2002. A model system for
study of sex chromosome effects on sexually dimorphic neural and behavioral traits.
22, 9005-9014.

Dean, S.L., Wright, C.L., Hoffman, J.F., Wang, M., Alger, B.E., McCarthy, M.M., 2012.
Prostaglandin E2 stimulates estradiol synthesis in the cerebellum postnatally with
associated effects on Purkinje neuron dendritic arbor and electrophysiological
properties. 153, 5415-5427.

Deng-Bryant, Y., Prins, M.L., Hovda, D.A., Harris, N.G., 2011. Ketogenic diet prevents
alterations in brain metabolism in young but not adult rats after traumatic brain
injury. J. Neurotrauma 28, 1813-1825.

Dewing, P., Chiang, C.W., Sinchak, K., Sim, H., Fernagut, P.O., Kelly, S., Chesselet, M.F.,
Micevych, P.E., Albrecht, K.H., Harley, V.R., Vilain, E., 2006. Direct regulation of
adult brain function by the male-specific factor SRY. 16, 415-420.

Dick, R.W., 2009. Is there a gender difference in concussion incidence and outcomes? Br.
J. Sports Med. 43 (Suppl. 1), i46-i50.

Donders, J., Hoffman, N.M., 2002. Gender differences in learning and memory after pe-
diatric traumatic brain injury. Neuropsychology 16, 491-499.

Donders, J., Woodward, H.R., 2003. Gender as a moderator of memory after traumatic
brain injury in children. J. Head Trauma Rehabil. 18, 106-115.

Du, L., Bayir, H., Lai, Y., Zhang, X., Kochanek, P.M., Watkins, S.C., Graham, S.H., Clark,
R.S., 2004. Innate gender-based proclivity in response to cytotoxicity and


http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0005
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0005
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0005
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0010
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0010
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0015
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0015
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0020
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0020
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0025
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0025
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0025
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0030
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0030
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0030
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0035
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0035
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0035
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0035
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0035
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0040
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0040
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0040
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0040
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0040
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0045
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0045
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0045
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0050
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0050
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0050
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0050
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0055
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0055
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0055
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0060
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0060
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0060
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0065
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0065
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0070
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0070
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0070
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0075
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0080
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0080
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0085
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0085
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0085
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0090
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0090
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0090
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0095
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0095
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0100
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0100
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0105
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0105
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0105
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0110
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0110
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0110
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0115
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0115
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0115
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0120
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0120
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0120
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0125
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0125
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0125
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0125
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0130
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0130
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0135
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0135
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0135
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0140
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0140
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0145
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0145
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0145
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0145
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0150
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0150
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0150
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0155
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0160
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0160
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0165
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0165
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0165
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0165
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0170
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0170
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0170
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0175
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0175
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0180
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0180
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0180
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0185
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0185
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0185
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0185
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0190
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0190
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0190
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0190
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0195
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0195
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0200
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0200
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0200
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0200
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0205
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0205
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0205
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0210
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0210
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0210
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0215
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0215
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0215
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0220
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0220
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0220
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0220
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0225
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0225
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0230
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0230
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0230
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0230
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0235
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0235
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0235
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0235
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0240
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0240
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0240
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0245
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0245
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0245
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0250
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0250
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0255
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0255
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0260
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0260
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0265
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0265

S.E. Arambula, et al.

programmed cell death pathway. J. Biol. Chem. 279, 38563-38570.

Du, L., Hickey, R.W., Bayir, H., Watkins, S.C., Tyurin, V.A., Guo, F., Kochanek, P.M.,
Jenkins, L.W., Ren, J., Gibson, G., Chu, C.T., Kagan, V.E., Clark, R.S., 2009. Starving
neurons show sex difference in autophagy. J. Biol. Chem. 284, 2383-2396.

Dunford, A., Weinstock, D.M., Savova, V., Schumacher, S.E., Cleary, J.P., Yoda, A.,
Sullivan, T.J., Hess, J.M., Gimelbrant, A.A., Beroukhim, R., Lawrence, M.S., Getz, G.,
Lane, A.A., 2017. Tumor-suppressor genes that escape from X-inactivation contribute
to cancer sex bias. 49, 10-16.

Fisher, E.M., Beer-Romero, P., Brown, L.G., Ridley, A., McNeil, J.A., Lawrence, J.B.,
Willard, H.F., Bieber, F.R., Page, D.C., 1990. Homologous ribosomal protein genes on
the human X and Y chromosomes: escape from X inactivation and possible implica-
tions for turner syndrome. 63, 1205-1218.

Fiskum, G., 2000. Mitochondrial participation in ischemic and traumatic neural cell
death. J. Neurotrauma 17, 843-855.

Galanopoulou, A.S., 2005. GABA receptors as broadcasters of sexually differentiating
signals in the brain. 46 (Suppl. 5), 107-112.

Galanopoulou, A.S., 2006. Sex- and cell-type-specific patterns of GABAA receptor and
estradiol-mediated signaling in the immature rat substantia nigra. 23, 2423-2430.

Galanopoulou, A.S., 2008. Dissociated gender-specific effects of recurrent seizures on
GABA signaling in CA1 pyramidal neurons: role of GABA(a) receptors. 28,
1557-1567.

Galanopoulou, A.S., Kyrozis, A., Claudio, O.1., Stanton, P.K., Moshe, S.L., 2003. Sex-
specific KCC2 expression and GABA(a) receptor function in rat substantia nigra. 183,
628-637.

Goldstein, J.M., Cherkerzian, S., Tsuang, M.T., Petryshen, T.L., 2013. Sex differences in
the genetic risk for schizophrenia: history of the evidence for sex-specific and sex-
dependent effects. 162, 698-710.

Goodfellow, P.N., Lovell-Badge, R., 1993. SRY and sex determination in mammals. 27,
71-92.

Hanlon, L.A., Raghupathi, R., Huh, J.W., 2017. Differential effects of minocycline on
microglial activation and neurodegeneration following closed head injury in the
neonate rat. Exp. Neurol. 290, 1-14.

Hebbard, P.C., King, R.R., Malsbury, C.W., Harley, C.W., 2003. Two organizational effects
of pubertal testosterone in male rats: transient social memory and a shift away from
long-term potentiation following a tetanus in hippocampal CAl. Exp. Neurol. 182,
470-475.

Hibi, M., Shimizu, T., 2012. Development of the cerebellum and cerebellar neural circuits.
72, 282-301.

Hoffman, G.E., Moore, N., Fiskum, G., Murphy, A.Z., 2003. Ovarian steroid modulation of
seizure severity and hippocampal cell death after kainic acid treatment. Exp. Neurol.
182, 124-134.

Hoffman, G.E., Merchenthaler, I., Zup, S.L., 2006. Neuroprotection by ovarian hormones
in animal models of neurological disease. Endocrine 29, 217-231.

Hoffman, J.F., Wright, C.L., McCarthy, M.M., 2016. A critical period in Purkinje cell
development is mediated by local estradiol synthesis disrupted by inflammation, and
has enduring consequences only for males. 36, 10039-10049.

Huang, G.Z., Woolley, C.S., 2012. Estradiol acutely suppresses inhibition in the hippo-
campus through a sex-specific endocannabinoid and mGluR-dependent mechanism.
74, 801-808.

Hughes, J.F., Page, D.C., 2015. The biology and evolution of mammalian Y chromosomes.
49, 507-527.

Iverson, G.L., Gardner, A.J., Terry, D.P., Ponsford, J.L., Sills, A.K., Broshek, D.K.,
Solomon, G.S., 2017. Predictors of clinical recovery from concussion: a systematic
review. Br. J. Sports Med. 51, 941-948.

Johnston, M.V., Trescher, W.H., Ishida, A., Nakajima, W., 2001. Neurobiology of hypoxic-
ischemic injury in the developing brain. Pediatr. Res. 49, 735-741.

Keenan, H.T., Bratton, S.L., 2006. Epidemiology and outcomes of pediatric traumatic
brain injury. Dev. Neurosci. 28, 256-263.

Koss, W.A., Lloyd, M.M., Sadowski, R.N., Wise, L.M., Juraska, J.M., 2015. Gonadectomy
before puberty increases the number of neurons and glia in the medial prefrontal
cortex of female, but not male, rats. Dev. Psychobiol. 57, 305-312.

Kosty, J., Riley, J., Liang, J., Armstead, W.M., 2012. Influence of sex and ERK MAPK on
the pressure reactivity index in Newborn piglets after fluid percussion injury. Transl.
Stroke Res. 3, 460-465.

Kuiri-Hanninen, T., Sankilampi, U., Dunkel, L., 2014. Activation of the hypothalamic-
pituitary-gonadal axis in infancy: minipuberty. 82, 73-80.

Kumar, A., Loane, D.J., 2012. Neuroinflammation after traumatic brain injury: opportu-
nities for therapeutic intervention. Brain Behav. Immun. 26, 1191-1201.

Kyrozis, A., Chudomel, O., Moshe, S.L., Galanopoulou, A.S., 2006. Sex-dependent ma-
turation of GABAA receptor-mediated synaptic events in rat substantia nigra re-
ticulata. 398, 1-5.

Lenroot, R.K., Giedd, J.N., 2006. Brain development in children and adolescents: insights
from anatomical magnetic resonance imaging. Neurosci. Biobehav. Rev. 30, 718-729.

Lenroot, R.K., Gogtay, N., Greenstein, D.K., Wells, E.M., Wallace, G.L., Clasen, L.S.,
Blumenthal, J.D., Lerch, J., Zijdenbos, A.P., Evans, A.C., Thompson, P.M., Giedd,
J.N., 2007. Sexual dimorphism of brain developmental trajectories during childhood
and adolescence. 36, 1065-1073.

Lenz, K.M., Nugent, B.M., McCarthy, M.M., 2012. Sexual differentiation of the rodent
brain: dogma and beyond. Front. Neurosci. 6, 26.

Lenz, K.M., Nugent, B.M., Haliyur, R., McCarthy, M.M., 2013. Microglia are essential to
masculinization of brain and behavior. 33, 2761-2772.

Lenz, K.M., Pickett, L.A., Wright, C.L., Davis, K.T., Joshi, A., McCarthy, M.M., 2018. Mast
cells in the developing brain determine adult sexual behavior. 38, 8044-8059.
Ley, E.J., Short, S.S., Liou, D.Z., Singer, M.B., Mirocha, J., Melo, N., Bukur, M., Salim, A.,
2013. Gender impacts mortality after traumatic brain injury in teenagers. J. Trauma

Acute Care Surg. 75, 682-686.

Experimental Neurology 317 (2019) 168-179

Lincoln, A.E., Caswell, S.V., Almquist, J.L., Dunn, R.E., Norris, J.B., Hinton, R.Y., 2011.
Trends in concussion incidence in high school sports: a prospective 11-year study.
Am. J. Sports Med. 39, 958-963.

Liu, F., Lang, J., Li, J., Benashski, S.E., Siegel, M., Xu, Y., McCullough, L.D., 2011. Sex
differences in the response to poly(ADP-ribose) polymerase-1 deletion and caspase
inhibition after stroke. Stroke 42, 1090-1096.

Mannix, R., Berglass, J., Berkner, J., Moleus, P., Qiu, J., Jantzie, L.L., Meehan 3rd, W.P.,
Stanley, R.M., Robinson, S., 2014. Sex differences in the effect of progesterone after
controlled cortical impact in adolescent mice: a preliminary study. J. Neurosurg. 121,
1337-1341.

Manole, M.D., Tehranian-DePasquale, R., Du, L., Bayir, H., Kochanek, P.M., Clark, R.S.,
2011. Unmasking sex-based disparity in neuronal metabolism. Curr. Pharm. Des. 17,
3854-3860.

Marar, M., Mcllvain, N.M., Fields, S.K., Comstock, R.D., 2012. Epidemiology of concus-
sions among United States high school athletes in 20 sports. Am. J. Sports Med. 40,
747-755.

McCarthy, M.M., 2016. Multifaceted origins of sex differences in the brain. 371,
20150106.

McCarthy, M.M., 2019. Sex differences in neuroimmunity as an inherent risk factor.
Neuropsychopharmacology 44, 38-44.

McCarthy, M.M., Arnold, A.P., Ball, G.F., Blaustein, J.D., De Vries, G.J., 2012. Sex dif-
ferences in the brain: the not so inconvenient truth. J. Neurosci. 32, 2241-2247.
McCarthy, M.M., Pickett, L.A., VanRyzin, J.W., Kight, K.E., 2015. Surprising origins of sex

differences in the brain. 76, 3-10.

McCarthy, M.M., Herold, K., Stockman, S.L., 2018. Fast, furious and enduring: sensitive
versus critical periods in sexual differentiation of the brain. 187, 13-19.

McDonald, J.W., Johnston, M.V., 1990. Physiological and pathophysiological roles of
excitatory amino acids during central nervous system development. Brain Res. Brain
Res. Rev. 15, 41-70.

McDonald, J.W., Silverstein, F.S., Johnston, M.V., 1988. Neurotoxicity of N-methyl-D-
aspartate is markedly enhanced in developing rat central nervous system. Brain Res.
459, 200-203.

McDonald, J.W., Trescher, W.H., Johnston, M.V., 1992. Susceptibility of brain to AMPA
induced excitotoxicity transiently peaks during early postnatal development. Brain
Res. 583, 54-70.

McEwen, B.S., Plapinger, L., Chaptal, C., Gerlach, J., Wallach, G., 1975. Role of feto-
neonatal estrogen binding proteins in the associations of estrogen with neonatal brain
cell nuclear receptors. 96, 400-406.

McEwen, B.S., Lieberburg, 1., Chaptal, C., Krey, L.C., 1977. Aromatization: important for
sexual differentiation of the neonatal rat brain. 9, 249-263.

McKee, C.A., Lukens, J.R., 2016. Emerging roles for the immune system in traumatic
brain injury. Front. Immunol. 7, 556.

McKenna, M.C., Scafidi, S., Robertson, C.L., 2015. Metabolic alterations in developing
brain after injury: Knowns and unknowns. Neurochem. Res. 40, 2527-2543.

Meconi, A., Wortman, R.C., Wright, D.K., Neale, K.J., Clarkson, M., Shultz, S.R., Christie,
B.R., 2018. Repeated mild traumatic brain injury can cause acute neurologic im-
pairment without overt structural damage in juvenile rats. PLoS ONE 13, e0197187.

Meier, T.B., Savitz, J., Singh, R., Teague, T.K., Bellgowan, P.S., 2016. Smaller dentate
Gyrus and CA2 and CA3 volumes are associated with Kynurenine metabolites in
collegiate football athletes. J. Neurotrauma 33, 1349-1357.

Merkel, S.F., Razmpour, R., Lutton, E.M., Tallarida, C.S., Heldt, N.A., Cannella, L.A.,
Persidsky, Y., Rawls, S.M., Ramirez, S.H., 2017. Adolescent traumatic brain injury
induces chronic mesolimbic Neuroinflammation with concurrent enhancement in the
rewarding effects of cocaine in mice during adulthood. J. Neurotrauma 34, 165-181.

Miller, L.R., Marks, C., Becker, J.B., Hurn, P.D., Chen, W.J., Woodruff, T., McCarthy,
M.M., Sohrabji, F., Schiebinger, L., Wetherington, C.L., Makris, S., Arnold, A.P.,
Einstein, G., Miller, V.M., Sandberg, K., Maier, S., Cornelison, T.L., Clayton, J.A.,
2017. Considering sex as a biological variable in preclinical research. 31, 29-34.

Monyer, H., Burnashev, N., Laurie, D.J., Sakmann, B., Seeburg, P.H., 1994.
Developmental and regional expression in the rat brain and functional properties of
four NMDA receptors. Neuron 12, 529-540.

Moretti, R., Chhor, V., Bettati, D., Banino, E., De Lucia, S., Le Charpentier, T., Lebon, S.,
Schwendimann, L., Pansiot, J., Rasika, S., Degos, V., Titomanlio, L., Gressens, P.,
Fleiss, B., 2016. Contribution of mast cells to injury mechanisms in a mouse model of
pediatric traumatic brain injury. J. Neurosci. Res. 94, 1546-1560.

Morrison, W.E., Arbelaez, J.J., Fackler, J.C., De Maio, A., Paidas, C.N., 2004. Gender and
age effects on outcome after pediatric traumatic brain injury. Pediatr. Crit. Care Med.
5, 145-151.

Mychasiuk, R., Hehar, H., Farran, A., Esser, M.J., 2014. Mean girls: sex differences in the
effects of mild traumatic brain injury on the social dynamics of juvenile rat play
behaviour. Behav. Brain Res. 259, 284-291.

Naftolin, F., Ryan, K.J., Davies, L.J., Reddy, V.V., Flores, F., Petro, Z., Kuhn, M., White,
R.J., Takaoka, Y., Wolin, L., 1975. The formation of estrogens by central neu-
roendocrine tissues. 31, 295-319.

Negrin, C.D., McBride, M.W., Carswell, H.V., Graham, D., Carr, F.J., Clark, J.S., Jeffs, B.,
Anderson, N.H., Macrae, I.M., Dominiczak, A.F., 2001. Reciprocal consomic strains to
evaluate y chromosome effects. 37, 391-397.

Newell, E., Shellington, D.K., Simon, D.W., Bell, M.J., Kochanek, P.M., Feldman, K., Bayir,
H., Aneja, R.K., Carcillo, J.A., Clark, R.S., 2015. Cerebrospinal fluid markers of
macrophage and lymphocyte activation after traumatic brain injury in children.
Pediatr. Crit. Care Med. 16, 549-557.

Nunez, J.L., McCarthy, M.M., 2007. Evidence for an extended duration of GABA-mediated
excitation in the developing male versus female hippocampus. Dev. Neurobiol. 67,
1879-1890.

O'Connor, C.A., Cernak, 1., Johnson, F., Vink, R., 2007. Effects of progesterone on neu-
rologic and morphologic outcome following diffuse traumatic brain injury in rats.


http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0265
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0270
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0270
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0270
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0275
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0275
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0275
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0275
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0280
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0280
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0280
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0280
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0285
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0285
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0290
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0290
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0295
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0295
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0300
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0300
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0300
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0305
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0305
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0305
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0310
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0310
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0310
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0315
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0315
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0320
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0320
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0320
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0325
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0325
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0325
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0325
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0330
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0330
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0335
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0335
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0335
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0340
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0340
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0345
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0345
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0345
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0350
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0350
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0350
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0355
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0355
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0360
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0360
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0360
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0365
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0365
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0370
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0370
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0375
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0375
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0375
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0380
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0380
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0380
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0385
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0385
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0390
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0390
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0395
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0395
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0395
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0400
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0400
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0405
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0405
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0405
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0405
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0410
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0410
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0415
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0415
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0420
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0420
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0425
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0425
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0425
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0430
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0430
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0430
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0435
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0435
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0435
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0440
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0440
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0440
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0440
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0445
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0445
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0445
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0450
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0450
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0450
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0455
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0455
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0460
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0460
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0465
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0465
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0470
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0470
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0475
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0475
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0480
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0480
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0480
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0485
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0485
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0485
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0490
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0490
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0490
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0495
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0495
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0495
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0500
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0500
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0505
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0505
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0510
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0510
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0515
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0515
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0515
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0520
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0520
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0520
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0525
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0525
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0525
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0525
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0530
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0530
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0530
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0530
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0535
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0535
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0535
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0540
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0540
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0540
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0540
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0545
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0545
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0545
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0550
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0550
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0550
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0555
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0555
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0555
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0560
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0560
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0560
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0565
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0565
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0565
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0565
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0570
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0570
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0570
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0575
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0575

S.E. Arambula, et al.

Exp. Neurol. 205, 145-153.

O'Mahony, S.M., Clarke, G., Borre, Y.E., Dinan, T.G., Cryan, J.F., 2015. Serotonin, tryp-
tophan metabolism and the brain-gut-microbiome axis. Behav. Brain Res. 277, 32-48.

Ono, K.E., Burns, T.G., Bearden, D.J., McManus, S.M., King, H., Reisner, A., 2016. Sex-
based differences as a predictor of recovery trajectories in young athletes after a
sports-related concussion. Am. J. Sports Med. 44, 748-752.

Osteen, C.L., Moore, A.H., Prins, M.L., Hovda, D.A., 2001. Age-dependency of 45calcium
accumulation following lateral fluid percussion: acute and delayed patterns. J.
Neurotrauma 18, 141-162.

Palego, L., Betti, L., Rossi, A., Giannaccini, G., 2016. Tryptophan biochemistry: structural,
nutritional, metabolic, and medical aspects in humans. J. Amino Acids 2016,
8952520.

Pan, D.S., Liu, W.G., Yang, X.F., Cao, F., 2007. Inhibitory effect of progesterone on in-
flammatory factors after experimental traumatic brain injury. Biomed. Environ. Sci.
20, 432-438.

Piekarski, D.J., Boivin, J.R., Wilbrecht, L., 2017. Ovarian hormones organize the ma-
turation of inhibitory neurotransmission in the frontal cortex at puberty onset in
female mice. Curr. Biol. 27, 1735-1745 (e3).

Pierre, W.C., Smith, P.L.P., Londono, 1., Chemtob, S., Mallard, C., Lodygensky, G.A., 2017.
Neonatal microglia: the cornerstone of brain fate. Brain Behav. Immun. 59, 333-345.

Prins, M.L., 2011. Cerebral ketone metabolism during development and injury. Epilepsy
Res. 100 (3), 218-223.

Prins, M.L., 2017. Glucose metabolism in pediatric traumatic brain injury. Childs Nerv.
Syst. 33, 1711-1718.

Prins, M.L., Hovda, D.A., 2009. The effects of age and ketogenic diet on local cerebral
metabolic rates of glucose after controlled cortical impact injury in rats. J.
Neurotrauma 26, 1083-1093.

Rivera, C., Voipio, J., Payne, J.A., Ruusuvuori, E., Lahtinen, H., Lamsa, K., Pirvola, U.,
Saarma, M., Kaila, K., 1999. The K+ /cl- co-transporter KCC2 renders GABA hy-
perpolarizing during neuronal maturation. 397, 251-255.

Robertson, C.L., Saraswati, M., 2015. Progesterone protects mitochondrial function in a
rat model of pediatric traumatic brain injury. J. Bioenerg. Biomembr. 47, 43-51.
Robertson, C.L., Bucci, C.J., Fiskum, G., 2004. Mitochondrial response to calcium in the

developing brain. Brain Res. Dev. Brain Res. 151, 141-148.

Robertson, C.L., Soane, L., Siegel, Z.T., Fiskum, G., 2006a. The potential role of mi-
tochondria in pediatric traumatic brain injury. Dev. Neurosci. 28, 432-446.

Robertson, C.L., Puskar, A., Hoffman, G.E., Murphy, A.Z., Saraswati, M., Fiskum, G.,
2006b. Physiologic progesterone reduces mitochondrial dysfunction and hippo-
campal cell loss after traumatic brain injury in female rats. Exp. Neurol. 197,
235-243.

Robertson, C.L., Scafidi, S., McKenna, M.C., Fiskum, G., 2009. Mitochondrial mechanisms
of cell death and neuroprotection in pediatric ischemic and traumatic brain injury.
Exp. Neurol. 218, 371-380.

Roof, R.L., Duvdevani, R., Braswell, L., Stein, D.G., 1994. Progesterone facilitates cog-
nitive recovery and reduces secondary neuronal loss caused by cortical contusion
injury in male rats. Exp. Neurol. 129, 64-69.

Roof, R.L., Duvdevani, R., Heyburn, J.W., Stein, D.G., 1996. Progesterone rapidly de-
creases brain edema: treatment delayed up to 24 hours is still effective. Exp. Neurol.
138, 246-251.

Roof, R.L., Hoffman, S.W., Stein, D.G., 1997. Progesterone protects against lipid perox-
idation following traumatic brain injury in rats. Mol. Chem. Neuropathol. 31, 1-11.

Rosenthal, J.A., Foraker, R.E., Collins, C.L., Comstock, R.D., 2014. National High School
Athlete Concussion Rates from 2005-2006 to 2011-2012. Am. J. Sports Med. 42,
1710-1715.

Ruppel, R.A., Kochanek, P.M., Adelson, P.D., Rose, M.E., Wisniewski, S.R., Bell, M.J.,
Clark, R.S., Marion, D.W., Graham, S.H., 2001. Excitatory amino acid concentrations
in ventricular cerebrospinal fluid after severe traumatic brain injury in infants and
children: the role of child abuse. J. Pediatr. 138, 18-25.

Russell, K.L., Kutchko, K.M., Fowler, S.C., Berman, N.E., Levant, B., 2011. Sensorimotor
behavioral tests for use in a juvenile rat model of traumatic brain injury: assessment
of sex differences. J. Neurosci. Methods 199, 214-222.

Sayeed, L., Stein, D.G., 2009. Progesterone as a neuroprotective factor in traumatic and
ischemic brain injury. Prog. Brain Res. 175, 219-237.

Scafidi, S., O'Brien, J., Hopkins, 1., Robertson, C., Fiskum, G., McKenna, M., 2009.
Delayed cerebral oxidative glucose metabolism after traumatic brain injury in young
rats. J. Neurochem. 109 (Suppl. 1), 189-197.

Schallmo, M.S., Weiner, J.A., Hsu, W.K., 2017. Sport and sex-specific reporting trends in
the epidemiology of concussions sustained by high school athletes. J. Bone Joint
Surg. Am. 99, 1314-1320.

Schober, M.E., Requena, D.F., Abdullah, O.M., Casper, T.C., Beachy, J., Malleske, D.,
Pauly, J.R., 2016. Dietary Docosahexaenoic acid improves cognitive function, tissue
sparing, and magnetic resonance imaging indices of Edema and White matter injury
in the immature rat after traumatic brain injury. J. Neurotrauma 33, 390-402.

Schulz, K.M., Sisk, C.L., 2016. The organizing actions of adolescent gonadal steroid
hormones on brain and behavioral development. Neurosci. Biobehav. Rev. 70,
148-158.

Schwarcz, R., Stone, T.W., 2017. The kynurenine pathway and the brain: challenges,
controversies and promises. Neuropharmacology 112, 237-247.

Schwarz, J.M., Sholar, P.W., Bilbo, S.D., 2012a. Sex differences in microglial colonization
of the developing rat brain. J. Neurochem. 120, 948-963.

Schwarz, J.M., Sholar, P.W., Bilbo, S.D., 2012b. Sex differences in microglial colonization

Experimental Neurology 317 (2019) 168-179

of the developing rat brain. 120, 948-963.

Scott, C., McKinlay, A., McLellan, T., Britt, E., Grace, R., MacFarlane, M., 2015. A com-
parison of adult outcomes for males compared to females following pediatric trau-
matic brain injury. Neuropsychology 29, 501-508.

Semple, B.D., Dixit, S., Shultz, S.R., Boon, W.C., O'Brien, T.J., 2017. Sex-dependent
changes in neuronal morphology and psychosocial behaviors after pediatric brain
injury. Behav. Brain Res. 319, 48-62.

Sharma, R., Derr-Yellin, E.C., House, D.E., Kodavanti, P.R., 2000. Age-dependent effects
of Aroclor 1254R on calcium uptake by subcellular organelles in selected brain re-
gions of rats. Toxicology 156, 13-25.

Shors, T.J., 2006. Stressful experience and learning across the lifespan. 57, 55-85.

Silkaitis, K., Lemos, B., 2014. Sex-biased chromatin and regulatory cross-talk between sex
chromosomes, autosomes, and mitochondria. 5, 2.

Simon, D.W., McGeachy, M.J., Bayir, H., Clark, R.S.B., Loane, D.J., Kochanek, P.M., 2017.
The far-reaching scope of neuroinflammation after traumatic brain injury. Nat. Rev.
Neurol. 13, 572.

Sinz, E.H., Kochanek, P.M., Heyes, M.P., Wisniewski, S.R., Bell, M.J., Clark, R.S.,
DeKosky, S.T., Blight, A.R., Marion, D.W., 1998. Quinolinic acid is increased in CSF
and associated with mortality after traumatic brain injury in humans. J. Cereb. Blood
Flow Metab. 18, 610-615.

Sisk, C.L., Zehr, J.L., 2005. Pubertal hormones organize the adolescent brain and beha-
vior. Front. Neuroendocrinol. 26, 163-174.

Spani, C.B., Braun, D.J., Van Eldik, L.J., 2018. Sex-related responses after traumatic brain
injury: considerations for preclinical modeling. Front. Neuroendocrinol. 50, 52-66.

Supekar, K., Iyer, T., Menon, V., 2017. The influence of sex and age on prevalence rates of
comorbid conditions in autism. 10, 778-789.

Taylor, C.A., Bell, J.M., Breiding, M.J., Xu, L., 2017. Traumatic brain injury-related
emergency department visits, hospitalizations, and deaths - United States, 2007 and
2013. MMWR. Surveill. Summ. 66, 1-16.

Thomas, S., Prins, M.L., Samii, M., Hovda, D.A., 2000. Cerebral metabolic response to
traumatic brain injury sustained early in development: a 2-deoxy-D-glucose auto-
radiographic study. J. Neurotrauma 17, 649-665.

Walko 3rd, T.D., Bola, R.A., Hong, J.D., Au, A.K., Bell, M.J., Kochanek, P.M., Clark, R.S.,
Aneja, R.K., 2014. Cerebrospinal fluid mitochondrial DNA: a novel DAMP in pediatric
traumatic brain injury. Shock 41, 499-503.

Wallen, K., 2005. Hormonal influences on sexually differentiated behavior in nonhuman
primates. 26, 7-26.

Wallen, K., Baum, M.J., 2002. Masculinization and defeminization in altricial and pre-
cocial mammals: Comparative aspects of steroid hormone action. In: Pfaff, D. (Ed.),
Hormones Brain and Behavior. Academic Press, London, UK, pp. 385-424.

Wallisch, J.S., Simon, D.W., Bayir, H., Bell, M.J., Kochanek, P.M., Clark, R.S.B., 2017.
Cerebrospinal fluid NLRP3 is increased after severe traumatic brain injury in infants
and children. Neurocrit. Care. 27, 44-50.

Watanabe, M., Zinn, A.R., Page, D.C., Nishimoto, T., 1993. Functional equivalence of
human X- and Y-encoded isoforms of ribosomal protein S4 consistent with a role in
turner syndrome. 4, 268-271.

Weisz, J., Ward, L.L., 1980. Plasma testosterone and progesterone titers of pregnant rats,
their male and female fetuses, and neonatal offspring. 106, 306-316.

White, E.R., Pinar, C., Bostrom, C.A., Meconi, A., Christie, B.R., 2017. Mild traumatic
brain injury produces long-lasting deficits in synaptic plasticity in the female juvenile
Hippocampus. J. Neurotrauma 34, 1111-1123.

Wijchers, P.J., Festenstein, R.J., 2011. Epigenetic regulation of autosomal gene expres-
sion by sex chromosomes. 27, 132-140.

Willing, J., Juraska, J.M., 2015. The timing of neuronal loss across adolescence in the
medial prefrontal cortex of male and female rats. Neuroscience 301, 268-275.

Yamakawa, G.R., Lengkeek, C., Salberg, S., Spanswick, S.C., Mychasiuk, R., 2017.
Behavioral and pathophysiological outcomes associated with caffeine consumption
and repetitive mild traumatic brain injury (RmTBI) in adolescent rats. PLoS ONE 12,
e0187218.

Yao, X.L., Liu, J., Lee, E., Ling, G.S., McCabe, J.T., 2005. Progesterone differentially
regulates pro- and anti-apoptotic gene expression in cerebral cortex following trau-
matic brain injury in rats. J. Neurotrauma 22, 656-668.

Yau, V., Lynch, F., Madden, J., Owen-Smith, A., Coleman, K., Bent, S., Massolo, M.,
Pearson, K., Crawford, P., Freiman, H., Pomichowski, M., 2013. PS1-13: variation in
the incidence and prevalence of autism from multiple health systems: findings from
the mental health research network autism registry study. 11, 166.

Yeates, K.O., Swift, E., Taylor, H.G., Wade, S.L., Drotar, D., Stancin, T., Minich, N., 2004.
Short- and long-term social outcomes following pediatric traumatic brain injury. J.
Int. Neuropsychol. Soc. 10, 412-426.

Yokobori, S., Mazzeo, A.T., Gajavelli, S., Bullock, M.R., 2014. Mitochondrial neuropro-
tection in traumatic brain injury: rationale and therapeutic strategies. CNS. Neurol.
Disord. Drug Targets 13, 606-619.

Yonutas, H.M., Vekaria, H.J., Sullivan, P.G., 2016. Mitochondrial specific therapeutic
targets following brain injury. Brain Res. 1640, 77-93.

Yoshino, A., Hovda, D.A., Kawamata, T., Katayama, Y., Becker, D.P., 1991. Dynamic
changes in local cerebral glucose utilization following cerebral conclusion in rats:
evidence of a hyper- and subsequent hypometabolic state. Brain Res. 561, 106-119.

Zhang, Z., Rasmussen, L., Saraswati, M., Koehler, R.C., Robertson, C., Kannan, S., 2018.
Traumatic injury leads to inflammation and altered tryptophan metabolism in the
juvenile rabbit brain. J. Neurotrauma. https://doi.org/10.1089/neu.2017.5450.
(Epub ahead of print).


http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0575
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0580
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0580
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0585
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0585
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0585
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0590
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0590
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0590
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0595
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0595
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0595
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0600
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0600
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0600
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0605
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0605
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0605
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0610
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0610
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0615
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0615
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0620
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0620
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0625
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0625
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0625
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0630
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0630
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0630
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0635
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0635
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0640
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0640
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0645
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0645
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0650
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0650
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0650
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0650
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0655
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0655
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0655
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0660
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0660
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0660
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0665
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0665
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0665
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0670
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0670
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0675
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0675
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0675
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0680
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0680
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0680
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0680
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0685
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0685
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0685
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0690
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0690
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0695
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0695
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0695
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0700
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0700
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0700
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0705
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0705
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0705
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0705
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0710
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0710
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0710
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0715
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0715
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0720
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0720
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0725
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0725
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0730
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0730
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0730
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0735
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0735
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0735
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0740
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0740
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0740
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0745
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0750
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0750
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0755
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0755
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0755
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0760
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0760
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0760
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0760
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0765
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0765
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0770
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0770
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0775
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0775
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0780
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0780
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0780
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0785
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0785
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0785
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0790
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0790
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0790
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0795
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0795
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0800
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0800
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0800
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0805
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0805
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0805
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0810
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0810
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0810
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0815
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0815
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0820
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0820
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0820
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0825
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0825
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0830
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0830
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0835
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0835
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0835
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0835
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0840
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0840
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0840
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0845
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0845
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0845
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0845
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0850
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0850
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0850
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0855
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0855
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0855
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0860
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0860
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0865
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0865
http://refhub.elsevier.com/S0014-4886(19)30037-8/rf0865
https://doi.org/10.1089/neu.2017.5450
https://doi.org/10.1089/neu.2017.5450

	Sex differences in pediatric traumatic brain injury
	Introduction
	Sex differences in pediatric TBI
	Differences between girls and boys after TBI: clinical studies
	Differences between females and males after TBI: experimental studies

	Types of sex differences
	Origins of sex differences
	Sex chromosome complement influences brain sex differences
	Steroid-mediated sex differences
	Neuroinflammation and neuronal excitation contribute to brain sex differences

	Convergence of sex differences and TBI
	Normal developmental trajectories
	Pathobiology of pediatric TBI and sex differences

	Conclusions and future directions
	Acknowledgements
	References




