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Abstract

Traumatic brain injury (TBI) has historically been viewed as a primarily male problem, since men
are more likely to experience a TBI because of more frequent participation in activities that
increase risk of head injuries. This male bias is also reflected in preclinical research where mostly
male animals have been used in basic and translational science. However, with an aging population
in which TBI incidence is increasingly sex-independent due to falls, and increasing female
participation in high-risk activities, the attention to potential sex differences in TBI responses and
outcomes will become more important. These considerations are especially relevant in designing
preclinical animal models of TBI that are more predictive of human responses and outcomes. This
review characterizes sex differences following TBI with a special emphasis on the contribution of
the female sex hormones, progesterone and estrogen, to these differences. This information is
potentially important in developing and customizing TBI treatments.
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1. Introduction

Traumatic brain injury (TBI) is an umbrella term for any blunt or penetrant force to the head,
which causes an alteration in brain function. This is in contrast to other types of acquired
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brain injury where the cause of functional brain damage is a non-traumatic event, such as
stroke or infection. It is also distinct from the outdated clinical term, head injury, in that TBI
must include functional brain changes. These can include an altered level of consciousness,
seizure, behavioral or neuropsychological changes, cognitive deficits, and sensory or motor
deficits (Bruns and Hauser, 2003). Injuries classified as a TBI are varied and can range from
the mild concussions prevalent in contact sports, to the famous accident that sent a tamping
iron through the skull of Phineas Gage (Steegmann, 1962). Indeed, TBI is a major
contributor to mortality and morbidity in the United States (US), with over 2.5 million cases
per year, accounting for over $7.6 billion in medical and other costs (Center for Disease
Control and Prevention, 2015). TBI is also a major cause of lifelong disability (Tagliaferri et
al., 2006), and can contribute to the risk of other major health conditions such as
Alzheimer’s disease (Lye and Shores, 2000; Tolppanen et al., 2017).

Although the outcome of a TBI is heavily dependent upon the specifics of the injury, certain
pre- and post-injury factors can also influence the prognosis (Bazarian et al., 2010; Renner
et al., 2012; Stulemeijer et al., 2008). Most obviously, the post-injury factors include the
acute and chronic treatments administered after TBI. However, some pre-injury factors,
including demographic variables such as age and sex, are increasingly appreciated for their
influence on outcomes. Age, for example, is independently associated with both increased
incidence (Harvey and Close, 2012) and worsened outcomes of TBI in older adults
(Hukkelhoven et al., 2003). Although sex has largely been ignored in preclinical TBI
research to date, convergent lines of evidence indicate that this variable may have important
implications for TBI outcome and potentially therapeutic development. This review will
therefore focus on sex differences in TBI, beginning with epidemiological studies in
patients, followed by a detailed analysis of findings from preclinical research. Since the
dimorphism that exists between males and females is due in large part to the major sex
hormones (estrogen, progesterone and, testosterone), this review will focus on their
influence on TBI pathology and their potential use as therapeutics (see (Reddy and Estes,
2016) for further information on the influence of neurosteroids on CNS disorders).

2. Sex differences in TBI: epidemiology

It has long been understood that males are at elevated risk of TBI versus females,
particularly in young adulthood, where the male to female incidence ratio approaches or
exceeds 3-4:1 (Annegers et al., 1980; Cooper et al., 1983; Durkin et al., 1998; Nell and
Brown, 1991). This is generally attributed to the increased interpersonal violence, sports-
related injury, and motor vehicle accidents occurring in younger male populations. For
example, males represent the majority of emergency department visits and hospitalizations
among the pediatric population, particularly in the pubescent age range (Center for Disease
Control and Prevention, 2015; Cuthbert et al., 2015). Similarly, the overall death rate from
TBI is approximately 3x higher for males than females, and this difference peaks at almost
4x between ages 20 and 24 (Coronado et al., 2011). Consistent with these findings, the
difference in incidence between males and females is no longer apparent at age 65 (Cuthbert
et al., 2015; Mushkudiani et al., 2007). Although we are using the term sex (biological and
physiological characteristics that distinguish females from males) throughout the review, it
should be noted that gender (socially constructed roles, behaviors, relative power,
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relationships, and other traits that societies ascribe to men and women) can play an
important role in human TBI epidemiology (for review, see Mollayeva and Colantonio,
2017).

These observations have served to justify the historical focus on male response to TBI,
particularly in preclinical research (Figure 1). However, as cultural shifts continue to result
in more female involvement in higher-risk activities such as contact sports and military
service (National Center for Veterans Analysis and Statistics, 2016; Women’s Sports
Foundation, 2007) these differences in incidence may diminish. Furthermore, females are
currently at increased risk of certain types of TBI, such as TBI resulting from intimate
partner violence (St Ivany and Schminkey, 2016) and sports-related concussions (Covassin
et al., 2003; Dick et al., 2007; Gessel et al., 2007; Lincoln et al., 2011; Marar et al., 2012;
Powell and Barber-Foss, 1999). Although the latter may be partially attributable to
differences in the sports participated in (Schulz et al., 2004) or an under-reporting bias in
males (Kerr et al., 2016), there is also evidence that underlying sex differences play a role.
For example, anatomical and biomechanical differences (e.g. head mass, neck muscle
strength) may contribute to the two-fold increase in concussive injuries suffered by female
compared to male soccer players (Mansell et al., 2005; Marar et al., 2012; Tierney et al.,
2008).

3. Sex differences in TBI: patient outcomes

The literature regarding sex differences in TBI outcomes is controversial, likely reflecting
both the diversity of injuries surveyed as well as outcome criteria measured. It has been
reported, for instance, that women have significantly fewer complications after moderate to
severe TBI (Berry et al., 2009), and that women tend to have better prognoses and outcomes
in general (Groswasser et al., 1998; Niemeier et al., 2007; Saban et al., 2011; Sarkaki et al.,
2013; Schmidt et al., 2012). Additionally, it has been found that younger women have less
secondary injury and better outcomes than older, attributed to neuroprotective effects of sex
hormones in pre-menopausal women (Bayir et al., 2004; Kirkness et al., 2004; Ley et al.,
2013; Wagner et al., 2004a). Consistent with this, it has been found that the neuroprotective
effects of estrogen and progesterone in women decline with age (Niemeier et al., 2013; Roof
and Hall, 2000a; Stein, 2008). However, it has also been reported that outcomes are actually
better in post-menopausal women compared to men, and pre-menopausal women have the
same outcomes as men (Davis et al., 2006).

In apparent disagreement, there is a wealth of information indicating that the reverse is true.
Several studies have found that TBI outcome is generally poorer in women versus men
(Bayir et al., 2004; Farace and Alves, 2000; Gan et al., 2004; Kirkness et al., 2004; Wagner
et al., 2000), including both severe and moderate TBI injuries (Kraus et al., 2000). Female
athletes in particular seem to demonstrate a specific susceptibility to concussive injury, in
that they report more symptoms initially after concussion and the symptoms persist for
longer (Baker et al., 2016; Covassin et al., 2006), they have greater post-concussion deficits
(Broshek et al., 2005; Dougan et al., 2014; Preiss-Farzanegan et al., 2009), and they seem to
recover worse than males (Berz et al., 2013). Even this is controversial, however, as other
studies have shown no sex differences in either acute complications or outcome after TBI
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(Mushkudiani et al., 2007; Renner et al., 2012; Slewa-Younan et al., 2008), including after
sports-related concussion (Covassin et al., 2007).

A recent meta-analysis (Mathias and Wheaton, 2015) found no difference in combined
outcome measures, although some differences existed in single outcome measures, and they
were split between males and females. For instance, women report different symptoms after
TBI compared to males (Covassin et al., 2007; Frommer et al., 2011), and suffer more from:
headaches and dizziness (Colantonio et al., 2010), anxiety and depression (Hart et al., 2011,
Schopp et al., 2001; Scott et al., 2015), fatigue (Englander et al., 2010), and an increased
risk of post-traumatic seizures (Cancelliere et al., 2016). Males, on the other hand, appear
more susceptible to paroxysmal sympathetic hyperactivity (Fernandez-Ortega et al., 2012),
substance abuse disorders (Scott et al., 2015), and increased aggressive tendencies (McGlade
et al., 2015). Further complicating interpretation, however, is the fact that some differences
are present prior to injury (e.g. susceptibility to anxiety, migraine) and are not necessarily a
result of dimorphic injury responses per se. Nonetheless, prognostic models do appear to
benefit from inclusion of sex as a variable (Yuan, Fang et al., 2012), and the evidence from
preclinical studies, as outlined below, further supports the need to account for sex
differences in a clinical setting.

4. Sex differences in animal models of TBI

To model traumatic brain injuries for preclinical studies, a variety of animal species are
currently being used, ranging from classical rodent laboratory animals such as mice and rats
but also including pigs, flies, and zebra finches. Since the most commonly used animals are
rodents, the studies reviewed used either rats or mice unless otherwise stated. The search
strategy for the following data is included in the Supplementary Material (Supplementary
Table 1 — Search Strategy). Briefly, (TBI OR traumatic brain injury) AND (sex OR gender)
was searched in Pubmed together with the following terms (latest update January 26t 2018):
difference, cognition, behavior, maze, rotarod, cognitive, contusion, neuron damage, edema,
neuron, estrogen, estrous, progesterone, allopregnanolone, androgen, testosterone, blood
brain barrier OR BBB, astroglia, astrocytes, astrogliosis, endothel*, inflammation,
microglia, microgliosis, inflammosome, myeloid, monocyte, macrophage, immune,
cytokine, chemokine, and biomarker. Reviews, comments, retracted articles, articles in
another language than English and articles that used TBI as an abbreviation for total body
irradiation were excluded. This led to a final of 132 studies that were analyzed. A table of all
the studies including their TBI model (species, strain, impact method, n number, sex used,
hormonal status at time of injury, potential hormonal drug, and treatment time point) can be
found in the Supplementary Material (Supplementary Table 2 — Literature Overview). The
outcomes reported in this review were specifically chosen for the following reasons: 1)
importance in the field, 2) scientific interest and 3) widely reported across studies. A
summary of all the described data can be found in Table 1. The older clinical term “head
injury” was excluded from this search strategy because it includes injuries that are not TBI.
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4.1 Does sex really matter in traumatic brain injury?

Sex differences in brain injury models have been reported since at least the 1970’s, in
several classical brain lesion studies. These early papers indicated that injury response is
sexually dimorphic in a regional fashion: damage to the hippocampus favors recovery in
females (Loy and Milner, 1980) while damage to the septal nucleus (Flaherty et al., 1979)
and the frontal cortex causes less impairment in males (Stein, 1974). Despite these early
reports and the aforementioned clinical studies, preclinical traumatic brain injury research
has been and still is mostly performed in male animals, belying an implicit assumption that
sexually dimorphic responses to TBI are relatively unimportant. The topic of the following
section is therefore whether clinically-relevant sex differences are also observed in
preclinical TBI models. For the present discussion, we have focused on the following TBI
models: closed head injury (CHI), controlled cortical impact (CCI), fluid percussion injury
(FPI), aseptic cryogenic injury (ACI), weight-drop injury, or modified versions of these.
Unfortunately, there is still only a small body of literature available from which to draw
upon in an attempt to address this issue.

4.1.1 Behavior—The most important outcome after a TBI for patients is functional
recovery. In animal models, there are several different tests used to measure functional
recovery in terms of several common motoric, cognitive, and psychiatric impairments
observed following a TBI.

4.1.1.1 Locomotion deficits: Locomotion is a major factor in the wellbeing of human TBI
survivors, and also one of the most accessible outcome measures in animal experimentation,
and so several studies have compared locomotion-related endpoints between male and
female animals following a TBI. Some studies report significantly worse locomotor
measures after TBI in male rodents compared to females (Mychasiuk et al., 2016; O’Connor
et al., 2003; Russell et al., 2011; Wagner et al., 2007, 2004b, 2002; Xiong et al., 2007; Free
et al., 2017), while others report no sex difference (Grossman and Stein, 2000; Mychasiuk et
al., 2015, 2014; Tucker et al., 2016; Yamakawa et al., 2017; Hehar et al., 2016). The
conflicting findings among the studies could have multiple causes ranging from the use of
different species, the variety of TBI models used, to differences in the age of the animals
investigated. For example, when the balance beam locomotor test is used to measure
recovery of balance and coordination after a controlled cortical impact (CCl) injury, better
outcomes are consistently reported in females (Wagner et al., 2007, 2004b, 2002; Free et al.,
2017). This finding only holds true for adult rats, however, as the one study which did not
find sex differences in the balance beam after CCI used juvenile rats at 17 days (d) old
(Russell et al., 2011). Furthermore, when the injury model consists of a weight-drop with
rotational free-fall or a lateral injury, balance beam differences between males and females
disappear (Mychasiuk et al., 2014, 2015, 2016; Yamakawa et al., 2017; Hehar et al., 2016).
Taken together, these data suggest that a milder injury, or injury in younger animals, does
not result in appreciable locomotor sex differences. However, in older animals receiving a
harsher injury, females have less severe balance beam deficits versus their male counterparts.
The rotarod test is another assay for locomotion outcomes including balance, coordination,
physical condition, and motor-planning, where the ability of a rodent to stay on a horizontal
rotating cylinder is measured. After a closed head injury (CHI), modeling a mild concussion,
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female rats show a better performance compared to males, with a faster improvement rate
after TBI. However, female pre-injury performance was significantly better than in males,
and if the post-injury measures are normalized to baseline, females demonstrate a similar
recovery rate compared to males (O’Connor et al., 2003). Another study investigated rotarod
performance after mild or severe CCI in mice and did not find a difference in performance
between males and females (Tucker et al., 2016).

4.1.1.2 Cognitive deficits: In addition to motoric impairments, TBI patients can also suffer
from cognitive deficits. Animal models of TBI similarly demonstrate cognitive deficits when
assessed in various tests for memory and learning including Morris Water Maze (MWM),
Barnes Maze, and Novel Context Mismatch. No sex differences have been observed after
single TBI in the MWM with either CHI or CCI (Free et al., 2017; Hanlon et al., 2017,
Tucker et al., 2016; Wagner et al., 2002, 2007; Xiong et al., 2007). However, in a multi-hit
CHI mouse model of repetitive concussion, female TBI mice showed superior performance
during reversal training and during the standard probe trial, but equivalent performance
during standard training. This suggests that male mice have more problems to extinguish
their initial learning and overwrite it with new information (Velosky et al., 2017).
Interestingly, O’Connor et al. (2003) showed that in the Barnes Maze females show fewer
deficits than males after TBI, but only if isoflurane is used as anesthetic; anesthesia with
halothane abolished the sex difference (O’Connor et al., 2003). Isoflurane previously has
been reported to be protective relative to halothane in respect to cognitive outcomes
following brain trauma, possibly via reducing excitotoxicity and/or augmenting cerebral
blood flow (Statler et al., 2000). Why this beneficial effect is bigger after TBI in females
than in males is still unanswered, but it highlights the potential for treatments that take sex
into consideration. Unfortunately, it also further complicates interpretation of the literature,
in that a variable unrelated to TBI per se (anesthetic choice) can influence outcomes
following TBI in a sex-specific manner.

4.1.1.3 Psychiatric disturbances: Aside from locomotor and cognitive deficits, a
substantial portion of TBI patients suffer from classic psychiatric problems ranging from
depression, to anxiety, to aggressive behavior. As discussed below, these behavioral
alterations after TBI can also be successfully modeled in animals, where some sex
differences consistent with the clinical literature emerge.

4.1.1.3.1 Anxiety: Mychasiuk et al. (2016) show that only female rats display significantly
more anxiety in the Elevated Plus Maze (EPM) after a weight-drop injury. The same can be
observed in a lateral injury model with rotation in 30d old juvenile rats (Hehar 2016).
Intriguingly, the lateral injury and CCI TBI do not induce a TBI-related increase in anxiety
in adult animals (Mychasiuk et al., 2016; Semple et al., 2017; Yamakawa et al., 2017). This
provides insight into the heterogeneity of pathophysiological responses, dependent upon the
characteristics of the specific biomechanical forces acting on the brain during a TBI, which
cause variable symptomatic spectra.

4.1.1.3.2 Sociability: In an earlier study, Mychasiuk et al. (2014) tested whether a brain
injury could influence social play behavior in juvenile rats. Rats that underwent a mild TBI
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(mTBI), introduced via weight-drop with rotational free-fall, showed reduced number of
playful initiations than sham animals, and this was particularly pronounced in the female
rats. Interestingly, not only did the mTBI animals initiate play less than sham animals, for
the female rats the mTBI animals were also significantly less likely to receive playful
initiations from either sham or other mTBI rats. Additionally, exposure to normal animals
after TBI seems to be an important factor in play behavior influenced by sex: exposure to
non-injured animals has a normalizing effect on play behavior in male but not female rats.
Indeed, female exposure to normal female animals seemed to further hinder juvenile play
behavior after TBI. These observations could be particularly important in the development
of an effective treatment for pediatric TBI, since children who suffer a TBI are at risk for
psychosocial and behavioral difficulties, which can have life-long consequences (Mychasiuk
et al., 2014). Indeed, juvenile CClI leads to same-sex sociability deficits in adulthood in both
male and female mice compared to sham controls. However, only male TBI mice showed a
deficit in social recognition, whereas only female TBI mice showed a significant increase in
sociosexual avoidance behavior (Semple et al., 2017).

4.1.1.3.3 Inhibitory control: The 5-choice serial reaction time task (5-CSRTT) can be used
to measure visual attentional processes and impulse control in rats. In short, the animal is
required to correctly identify one out of five illuminated apertures via a nose poke to receive
a food reward. In between trials, there is a short period wherein the animal must withhold
responses, corresponding to inhibitory control behavior. Two different studies using the mild
weight-drop with rotational free-fall TBI model show a TBI-associated reduction in
accuracy without any observed sex effects in this parameter. However, there was a reduction
in inhibitory impulse control in the male rats versus females, as measured by an increased
number of impulsive nose-pokes (Hehar et al., 2015; Mychasiuk et al., 2015). Interestingly,
these differences corresponded to altered spatial gene expression patterns of impulsivity
associated genes (e.g. Comt, Drd2-4, Maoa, Sert, Tph1 & 2) in male versus female rat
brains after TBI (Hehar et al., 2015).

4.1.2 Neuropathology—The available behavioral data, particularly for motoric function,
provide evidence for a moderate protective effect of female sex, dependent upon the
specifics of the injury as well as the age of the animals. The question remains, however, as to
whether these differences are simply attributable to the fact that female animals, including
their brains, are smaller than males (Mychasiuk et al., 2014), thereby leading to increased
brain damage from the same impact force. Interestingly, analysis of ex vivo pig brains
showed no difference in mechanical properties between male and female brains (Pervin and
Chen, 2011), indicating that at least some of the variability comes from different injury
responses.

4.1.2.1 Neurodegeneration: Following a TBI, female sex has been reported as
neuroprotective by several different groups using various TBI models and outcome
measures, including lesion size (Bramlett and Dietrich, 2001; Free et al., 2017; Igarashi et
al., 2001; Jones et al., 2005; Suzuki et al., 2003), neuronal count (Igarashi et al., 2001;
Suzuki et al., 2003), edema (Duvdevani et al., 1995; Roof et al., 1993, 1996), and cell death
(Glinther et al., 2015). In contrast, several different studies report no sex differences in lesion
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volume after TBI (Bruce-Keller et al., 2007; Hall et al., 2005; Hanlon et al., 2017; Semple et
al., 2017; Tucker et al., 2016; Xiong et al., 2007). The study by O’Connor et al. (2006)
offers a solution to these apparent contradictory results: while the other studies investigated
just a single time point, O’Connor et al. (2006) provides a time line of edema formation and
resolution after a TBI. In this study, females show less edema than males at 5 hours (h), 3d
and 5d after a weight-drop injury, but more edema at 24h after injury (O’Connor et al.,
2006). Given that many studies tend to focus on one or just a couple time points, there may
be an underestimation of sexually dimorphic TBI responses more generally. This may also
have important implications for the appropriate therapeutic window in males versus females.

On the microscopic level, a study in 1-5d old pigs reported more necrotic neurons are found
in males compared to females in the Cornus Ammonisarea 1 (CAL) and area 3 (CA3)
regions of the hippocampus in the fluid percussion injury (FPI) TBI model (Armstead et al.,
2016). In a similar FPI in adult rats, no such difference was found in the CA3 and the hilar
regions of the hippocampus (Bramlett and Dietrich, 2001). Whether this discrepancy is due
to species or age differences is not known. An intensive characterization study by Kupina et
al. (2003) used classical silver staining to show different spatiotemporal patterns of
neurodegeneration in females compared to males in response to TBI. Following a moderate
weight-drop injury in mice, degenerating neurons could be found as early as 1h after insult
in the corpus callosum and near the ventricles of both sexes, with females exhibiting
additional silver staining in small, variable regions in the cortex, the medial forebrain bundle
and the olfactory tubercle. Three days after injury, degeneration spread in both sexes to the
olfactory tract, the cingulum, the external capsule and small selected regions of the cortex,
the anterior and posterior commissures, and the thalamus. Only male animals showed silver
staining in the caudate and putamen and the optic tract, and they had more extensive staining
in the thalamus and the cortex. The peak silver staining for males was earlier than females,
at 3 verus 14 days, respectively. Additionally, females had significantly more silver staining
24h after TBI, but reduced staining 3d and 7d after TBI compared to males (Kupina et al.,
2003). Use of the more severe CCl model showed a different neurodegeneration profile, with
a maximal staining 2d after TBI in both males and females, which started to resolve after 3d.
Neurodegeneration could still be detected 4 weeks after TBI, and was significantly higher in
females compared to males, suggesting a slower resolution of post-traumatic
neurodegenerative debris in females compared to males. Taken together, these findings
provide evidence that in the more “diffuse” TBI models, such as weight-drop, female sex
shows a neuroprotective effect, whilst this is not the case in the more “focal” CClI injury, and
females may actually suffer more neuronal cell death over time. Although the overall
volume of neurodegeneration-related staining is similar in the mouse brains subjected to
either “diffuse” or “focal” injury (ca. 20 and 18%, respectively), producing a roughly
equivalent primary injury severity, the rate of evolution of secondary injury damage is
substantially greater in the “focal” CCI versus the “diffuse” weight-drop injury. Hence, the
absence of sex difference in the CCI model could be due to the possibility that the
neuroprotective effects of female sex hormones are overwhelmed by the rapid evolution of
secondary injury (Hall et al., 2005).

In addition to differences in the numbers and spatial distribution of degenerating neurons,
there also appear to be morphological differences in those neurons that survive. After a mild
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weight-drop with rotational free-fall TBI, for example, surviving medium spiny neurons in
the nucleus accumbens in male rats have reduced dendritic length whereas neurons from
female animals show an increase in dendritic length. The spine density of these neurons is
higher at baseline in females, and the reduction after TBI is significantly greater in males
compared to female animals (Hehar et al., 2015). Also, pediatric CCI in mice leads to
reduced dendritic complexity of pyramidal neurons in the ipsilateral prefrontal cortex and
granule cells of the dentate gyrus. These changes persist into adulthood, however the
changes are more apparent in males versus females (Semple et al., 2017).

4.1.2.2 Vasculature: Not only are the neurons affected by a physical assault to the brain, but
also the cells of the vasculature that supply the neural tissue with nutrients and oxygen. A
TBI significantly lowers cerebral blood flow (CBF) in different species including pigs
(lateral FPI) and rats (weight-drop injury), and this reduction is consistently more severe in
male TBI animals compared to females (Armstead et al., 2013, 2016; Roof and Hall, 2000b).
Following a FPI, pial artery diameter in response to hypotension can be measured as an
indicator of the protective autoregulatory processes of the vasculature. Normally, the pial
arteries will dilate in response to rapid blood withdrawal, to help maintain blood flow. In
pigs with a TBI, the pial artery dilates less in response to this hypotension, and the deficit is
more severe in male pigs compared to females (Armstead et al., 2012, 2013). Additionally,
the same researchers showed that the increase in intracranial pressure (ICP) is more severe
in male pigs compared to females (Armstead et al., 2013). This is important because ICP can
lead to further physical damage, resulting from a shift in brain structures, hydrocephalus,
brain herniation, or restriction of blood supply to the brain. ICP is also an important factor
determining outcomes in TBI patients. Evidence from rats indicate that blood brain barrier
(BBB) leakage may also be more severe in males: rats subjected to a closed skull weight-
drop injury showed higher Evan’s blue extravasation 5h after injury compared to females
(O’Connor et al., 2006). However, another study found that no difference in this parameter
24h after CCI (Duvdevani et al., 1995). It is not clear if the observed difference is due to
dissimilarity in the observed time point or the TBI method. Unfortunately, there are no data
available looking at endothelial markers directly.

4.1.2.3 Inflammation: In TBI, the physical damage to the brain is referred to as the primary
injury, and this results in the coordinated activation of immune cells. Although required for
healing, if this inflammation is too severe or persists too long, it can lead to additional
damage to neuronal tissue, referred to as the secondary injury. Since female animals
generally show smaller lesion sites after a TBI, the question arises if this could be associated
with differences in inflammatory cascades or levels of inflammatory factors between males
and females.

The major resident immune cells of the brain are microglial cells. Very little has been
reported regarding sex differences in microglial reactions after TBI, however two studies
compared sex-dependent microgliosis after injury. One study analyzed ionized calcium-
binding adaptor molecule 1 (Ibal) staining as a measure of general myeloid response
(including both microglia and infiltrating macrophages from the periphery) in neonatal rats
and did not find sex differences after a single severe closed head injury with skull fractures
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(Hanlon et al., 2017). However, repetitive mild lateral CHI in rats increased the number of
Ibal+ cells in the ventromedial hypothalamus in male but not female animals (Yamakawa et
al., 2017). Another study analyzed cluster of differentiation molecule 11B (CD11b) staining
in adult mice, a marker expressed by microglia but also neutrophils and infiltrating
macrophages; this study also failed to find a difference between males and females after CCl
(Igarashi et al., 2001). However, it is still too early to conclude if there are relevant sex-
differences in microgliosis after TBI due to several reasons: 1) the developing brain could be
different from the adult brain; 2) the study in adult mice had groups of only 8 mice which
may be too small to reveal small sex differences; and 3) these are very generic measures and
more targeted approaches of looking at microglial responses are available that have yet to be
used in this context. As with the morphological differences reported within neurons after
TBI, microglial-specific sex differences are likely to be subtle if present.

In addition to microglia, astrocytes also contribute to neuroinflammatory responses.
Microgliosis after injury is paralleled by astrogliosis, the response of astrocytes to central
nervous system (CNS) damage. Astrocytes perform a wide range of essential functions in
the CNS including but not limited to the maintenance of extracellular ion balance,
biochemical support of endothelial cells that form the BBB, and provision of nutrients to
neurons. Gunther et al. (2015) observed increased astrogliosis 24h after a modified CClI
injury (acceleration of a lead pellet with air pressure directly on the brain tissue) without any
sex differences (Ginther et al., 2015). However, astrogliosis after repetitive CHI was
significantly higher in certain white matter tracts in male mice compared to female (Velosky
et al., 2017). Also, mRNA levels for the astrocyte activation marker glial fibrillary acidic
protein (GFAP) in the rat seem to be dependent on sex, brain region and injury type: GFAP
mRNA was reduced in the prefrontal cortex in a weight-drop model in males, and increased
in a lateral impact with rotation TBI model in females. In the hippocampus, only the lateral
injury showed a sex difference where males had an increase and females a decrease in GFAP
mMRNA (Mychasiuk et al., 2016). Repetitive injury in rats reduces GFAP mRNA expression
in the prefrontal cortex and does not change levels in the hippocampus, and neither region
shows any sex difference (Yamakawa et al., 2017).

Another measure of inflammatory processes in the brain is the release of soluble cytokines
and chemokines that act as proinflammatory factors. Particularly potent factors include the
cytokines interleukin 1 beta (IL-1p), interleukin 6 (IL-6), and tumor necrosis factor alpha
(TNFa), and the chemokines C-C motif chemokine ligand 2 (CCL2) and C-X-C motif
chemokine ligand 1 (CXCL1). There are also anti-inflammatory messengers, such as the
cytokine interleukin 10 (IL-10). After a brain injury, proinflammatory factors are usually
acutely increased. Bruce-Keller et al. (2007) report an increase of IL-6 and CCL2 but not
TNFa and IL-4 3d after a CCI in adult mice, without observable sex differences; however
this may be due to limited group sizes of 6-8 per group (Bruce-Keller et al., 2007).

We performed a meta-analysis of brain cytokine and chemokine levels of several CHI
studies conducted in our lab over the past several years in adult mice aged 3 to 7 months (for
methods see (Bachstetter et al., 2015)). At 9h after injury, there is a clear increase of pro-
inflammatory factors IL-1pB, IL-6, TNFa, IL-10, CXCL1, and CCL2 when the data from
both sexes are combined. When the data are separated based on sex (Figure 2), we found
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that IL-6, TNFa., and CCL2 are significantly more elevated in female compared to male
mice. Interestingly, the anti-inflammatory cytokine IL-10 was elevated in males but not in
females. Since female mice are smaller compared to their male littermates, we were
concerned that the data merely reflect a more severe injury in females due to body size.
However, normalization by weight did not change the observed sex differences, nor were the
results an artifact of age. We therefore conclude that at least in the CHI mouse model of
TBI, females show a more severe early inflammatory profile compared to males. These data
are supported by the fact that additional pro-inflammatory factors, cyclooxygenase 2
(COX-2) and inducible nitric oxide synthase (iNOS), also respond differently in males and
females. Both are elevated 24h after a modified CCl in rats, but COX-2 is significantly
higher in males whereas iNOS is significantly elevated in females compared to males
(Glnther et al., 2015). Sex differences in the opposite direction have also been reported for
IL-6 in the cerebrospinal fluid of pigs, where males show a higher IL-6 elevation after FPI
than females (Armstead et al., 2016). Whether this is primarily an effect of species,
compartment, age, injury, or time-point has yet to be determined.

4.2 How important is the status of sex hormones at time of injury?

An obvious major difference between males and females are the sex hormones. Progesterone
and estrogen are the main female sex hormones and testosterone is the male analog. Female
hormonal status can be experimentally manipulated in various ways, primarily via
ovariectomy to decrease hormonal levels, or induction of pseudopregnancy to increase them.
Side effects of an ovariectomy other than a reduction in female sex hormones include an
increased life span and a decreased incidence of tumors (Murray, 1936). Male hormones are
generally manipulated by the administration of anabolic-androgenic steroids (AAS),
including natural androgens like testosterone as well as synthetic androgens structurally
related to and exerting similar effects as testosterone. There are no data available about the
influence of reduced testosterone levels via male castration on TBI outcomes. The following
section focuses on the influence of sex hormone levels on various outcome measures
including behavior, inflammation, and neuronal and vascular injury.

4.2.1 Behavior—The influence of hormonal status at time of brain injury has been known
to affect behavioral outcomes since at least the late 1980s, when it was shown that
pseudopregnant female rats were less impaired in a delayed-spatial alternation task after
aspiration lesion compared to normal cycling females (Attella et al., 1987). Female sex
hormone levels did not influence post-CCl cognition measured via MWM (Wagner et al.,
2002, 2004b), however, though they may influence post-TBI motoric outcomes. Wagner et
al. (2004b) showed a small but statistically significant relationship between higher estrogen
levels and longer beam walk latencies after CCI in rats, with no such relationship for
progesterone levels (Wagner et al., 2004b). Interestingly, the administration of estrogen 4h
before FPI in males significantly increased motor scores, especially in the forelimb flexion
test. A composite neuroscore trended better for estrogen-treated males but did not reach
significance (n=6) (Emerson et al., 1993). After CCI in pseudopregnant female rats,
however, the increased estrogen and progesterone did not influence motoric performance as
evaluated with the Footfault test, measuring the number of slipped or missed forelimb steps
and forelimb usage (Grossman and Stein, 2000). Similarly, male sex hormone elevation in
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male rodents at time of injury, administered as a triple cocktail of AAS, did not have an
influence on any motoric measures in the rotarod after TBI using the CHIMERA (Closed-
Head Impact Model of Engineered Rotational Acceleration) TBI-model (Namjoshi et al.,
2016).

4.2.2 Neuropathology

4.2.2.1 Neurodegeneration: Several studies show that reduction of progesterone and
estrogen via ovariectomy before FPI abolishes the reduction in lesion volume otherwise seen
in females compared to males (Bramlett and Dietrich, 2001; Suzuki et al., 2003, 2004).
There are also conflicting data, however, indicating no difference between males, intact
females and ovariectomized females following a CCI (Bruce-Keller et al., 2007). Other lines
of evidence do support a protective role of estrogen and progesterone in TBIl-associated
neurodegeneration in the FP1 model: fewer surviving cortical neurons close to the injury site
in ovariectomized females and males compared to intact females (Suzuki et al., 2003, 2004),
as well as increased edema in ovariectomized versus intact females in a weight-drop TBI
model (Maghool et al., 2013). This latter neuroprotective effect is dose-dependent in that
pseudopregnant females, with the highest levels of sex hormones, show less edema even
than intact females in different TBI models (Attella et al., 1987; Duvdevani et al., 1995;
Roof et al., 1993). Supplementation of sex hormones in ovariectomized females had a
profound effect on edema formation in a concentration-dependent manner following a
weight-drop injury (Maghool et al., 2013). The authors showed that even the relatively small
hormonal changes during normal female estrous cycle had an influence on edema formation:
females in their proestrous stage at time of injury had less edema formation compared to
females in their nonproestrous stage. Neuronal degeneration measured by Fluorojade
staining did not change as a function of sex hormone levels in females after a CCl (Bruce-
Keller et al., 2007), although the number of amyloid precursor protein positive cells (APP, a
marker of axonal injury) is increased in ovariectomized compared to intact females that
underwent a FPI (Suzuki et al., 2004).

Progesterone supplementation in ovariectomized rats before CCI did not show an effect on
lesion volume 7d post-injury, although the loss of neuronal cells in the CA3 and CAl
regions of the hippocampus was significantly reduced with progesterone implants
(Robertson et al., 2006). Estrogen administration before the induction of weight-drop injury
with craniotomy in females that underwent an ovariectomy significantly reduced markers of
programmed cell death, including terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) and cleaved caspase 3 (Li et al., 2011).

AAS administration in males before injury had no influence on axonal damage as measured
by APP staining following a weight-drop injury (Mills et al., 2012), however AAS-treatment
increased neurodegeneration in response to induction of CHIMERA injury when measured
with silver staining (Namjoshi et al., 2016). Interestingly, these data imply that it may not
simply be the case that female sex hormones are protective, but in certain contexts male sex
hormones may be detrimental.
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4.2.2.2 Vasculature: Since the constituents of the vasculature also express receptors for the
major sex hormones, including testosterone, progesterone and estrogen (McNeill et al.,
2002), it is likely that differences in hormones could underlie the differences highlighted in
the previous section. And indeed, the drop in CBF and the increase in ICP after a TBI are
significantly more pronounced in ovariectomized females in a weight-drop as well as a CCI
model of TBI (Maghool et al., 2013; Roof and Hall, 2000b). Estrogen treatment in
ovariectomized females and in males can significantly increase CBF following CCI (Roof
and Hall, 2000b), and ICP can be positively influenced by supplementing ovariectomized
females with estrogen or progesterone before the traumatic weight-drop event (Maghool et
al., 2013). Unfortunately, no data are available about the influence of AAS-treatment on
vascular TBI outcomes.

4.2.2.3 Inflammation: Sex hormones exert effects on TBI response not only in neuronal and
vascular outcome measures, but also inflammatory factors. Measurement of brain cytokine
levels in ovariectomized females provides evidence that the female sex hormones may at
least partially explain the increased inflammatory responses observed in females, as reported
above: reduced brain concentrations of IL-6 and CCL2 were found in ovariectomized
compared to intact females, although there was also an increase in TNFa.. Estrogen
replacement before CCI did not affect levels of IL-6 and CCL2 but reduced TNFa to the
level of intact females (Bruce-Keller et al., 2007).

Unfortunately, there are no data available about the influence of female hormonal status at
time of injury on microglial or astroglial cells. But AAS administration in male animals
before TBI (CHIMERA) did not have any influence on Ibal+ microgliosis (Namjoshi et al.,
2016).

4.3 So, can we use female sex hormones as TBI therapeutics?

Estrogen receptors (ER) and progesterone receptors (PR) exist throughout the brain, and
their expression may vary depending on sex, hormonal status, age, cell type and brain region
(Auger and De Vries, 2002; Camacho-Arroyo et al., 1998; Guerra-Araiza et al., 2000, 2001,
2002, 2003, Hagihara et al., 1992, 1992, Kato et al., 1984, 1993; Kato and Onouchi, 1983;
Wagner et al., 2001) (for more information see (Pfaff and Joels, 2016). However, the precise
mechanisms by which progesterone and estrogen provide their neuroprotective effects on
neurons, astrocytes, and the BBB are still unclear. Several mechanisms have been shown to
potentially contribute (for review see: Brotfain et al., 2016): 1) regulation of protective gene
transcription changes within neurons, 2) binding and activation of gamma-Aminobutyric
acid-A (GABA-A) receptors to increase cellular survival, 3) scavenging of oxygen free
radicals, 4) enhancement of astroglial glutamate metabolism and cycling (estrogen only), 5)
reduction of proinflammatory mediators from microglial cells (estrogen only), 6) modulation
of Aquaporin-4 channel expression resulting in less brain edema (progesterone only), 7)
increased CBF or promotion of angiogenesis (estrogen only), and 8) scavenging and
increased efflux of excitotoxic glutamate.

4.3.1 Estrogen—The effects of estrogen treatment on TBI-induced behavioral deficits
including locomotor, cognitive and classical psychiatric problems, are currently not well
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defined and will require further studies. However, as discussed in the following section,
there are some reports describing estrogen effects on neurodegeneration, vascular outcomes,
and inflammation in preclinical TBI models.

4.3.1.1 Estrogen effects on neuropathology

4.3.1.1.1 Estrogen effects on neurodegeneration: The effect of estrogen on brain edema
after weight-drop TBI is consistent, with all eight studies investigating this demonstrating a
beneficial effect of estrogen treatment (Asl et al., 2013; Dehghan et al., 2015; Khaksari et
al., 2011, 2015a, 2015b; O’Connor et al., 2005; Shahrokhi et al., 2010, 2012). Similar
beneficial effects of estrogen are reported in terms of neuronal loss, with significantly more
neuronal cells and fewer FluoroJade+ cells following a FPI (Day et al., 2013) and reduced
TUNEL staining in different TBI models (Bao et al., 2011; Soustiel et al., 2005).

4.3.1.1.2 Estrogen effects on the vasculature: Estrogen treatment has been found to help
reduce the increased ICP after weight-drop TBI (Dehghan et al., 2015; Shahrokhi et al.,
2010), as well as BBB dysfunction as measured by Evans blue leakage following a weight-
drop injury (Asl et al., 2013; Dehghan et al., 2015; Khaksari et al., 2015b; O’Connor et al.,
2005; Shahrokhi et al., 2012). No data are available whether estrogen treatment after TBI
has an influence on CBF.

4.3.1.1.3 Estrogen effects on inflammation: Not much is known to date about estrogen’s
effects on inflammation, although it has been reported that its administration following
lateral FPI can ameliorate astrogliosis (Day et al., 2013). It has also been reported that
estrogen can reduce the elevations of IL-1f, TNFa, and I1L-6 following a weight-drop TBI
(Khaksari et al., 2011; Sarkaki et al., 2013; Shahrokhi et al., 2010), and it can increase brain
levels of the anti-inflammatory cytokines transforming growth factor beta (TGFB) and IL-10
after a weight-drop injury (Khaksari et al., 2011, 2015a; Sarkaki et al., 2013).

4.3.1.2 Estrogen Dosing: An important question during drug development is proper dosing;
it should be high enough to exert beneficial effects but also not too high to cause adverse
reactions. For edema, even physiological doses of estrogen (33.3 pg/kg) show a benefit,
although a much bigger decrease in brain water content can be achieved with a
pharmacological dose of estrogen following a weight-drop injury (1 mg/kg) (Asl et al.,
2013; Khaksari et al., 2011, 2015b; Shahrokhi et al., 2012). For positive effects on BBB
integrity after a weight-drop TBI, a high pharmacological dose is necessary (1 mg/kg) (Asl
et al., 2013; Khaksari et al., 2015b). Conversely, the early increase in TGFp 6h after a
weight-drop TBI seems only to be exerted by the physiological low but not the high dose.
Twenty-four hours after TBI, however, both doses effectively increase TGFp levels
(Khaksari et al., 2011; Sarkaki et al., 2013). Similarly, the reduction in IL-6 after injury only
occurs with the low dose of estrogen. In contrast, IL-1p was further elevated 6h after a
weight-drop TBI with the high therapeutic dose, without an effect of the low dose. At 24h
after injury, both doses are capable of reducing IL-1p brain levels (Khaksari et al., 2011;
Sarkaki et al., 2013).
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4.3.2 Progesterone—*For a summary of all progesterone effects in rodent models see
Table 2.

4.3.2.1 Progesterone effects on behavioral measures: The potential of progesterone as a
therapeutic drug for TBI treatment has been studied extensively in preclinical models.
Sixteen studies alone have investigated the effect of progesterone treatment following TBI in
males and females. In terms of cognitive outcomes, all but one CCI study (Nudi et al., 2015)
report beneficial effects of progesterone treatment on hippocampal-dependent spatial
learning in the MWM in a variety of different TBI models (Djebaili et al., 2004; Geddes et
al., 2014; Hua et al., 2012; Jones et al., 2005; Li et al., 2012; Mannix et al., 2014; Roof et
al., 1994; Shear et al., 2002; Si et al., 2013, 2014; Tang et al., 2013; Uysal et al., 2013; Wali
etal., 2011, 2016; Webster et al., 2015). Two additional studies measuring hippocampal-
dependent spatial learning with the Barnes Maze also reported beneficial effects of
progesterone treatment after TBI induced with different methods (Nudi et al., 2015;
O’Connor et al., 2007).

Additionally, motoric alterations after TBI using a wide range of different models show
improvement with progesterone treatment in both male and female animals (Allitt et al.,
2016; Baykara et al., 2013; Cekic et al., 2011, 2012; Cutler et al., 2006a; Djebaili et al.,
2004; Geddes et al., 2014; Nudi et al., 2015; O’Connor et al., 2007; Peterson et al., 2015;
Shear et al., 2002; Tang et al., 2013; Wali et al., 2011, 2016; Webster et al., 2015) with the
exception of some studies (Grossman et al., 2011; Grossman and Stein, 2000). Interestingly,
in a study using the CCI method in 4 week old mice, progesterone treatment only improved
wire grip scores in male mice, but worsened performance in females (Mannix et al., 2014),
suggesting that the hormonal status prior to injury could influence whether progesterone
treatment is beneficial or not. General neurological function, measured with the modified
Neurological Severity Score (mMNSS), can likewise be improved with progesterone treatment
following a TBI in rats (Li et al., 2012; Pan et al., 2007), or mice (Kumasaka et al., 2014)
independent of the injury model used. Classical psychiatric problems, like anxiety, also seem
to be affected by progesterone treatment, since progesterone reduces anxiety levels after a
weight-drop TBI in male and female rats in the EPM (Baykara et al., 2013). Two other
studies could not replicate these findings since their CCI TBI models did not induce injury-
dependent anxiety, although progesterone treatment in these studies reduced baseline anxiety
levels (Cutler et al., 2005, 2006b).

4.3.2.2 Progesterone effects on neuropathology

4.3.2.2.1 Progesterone effects on neurodegeneration: Although the behavioral analyses
show overwhelming positive effects of progesterone treatment after TBI, this is not as
obvious in analysis of the lesion volume using different TBI animal models. Only about half
of the studies show a beneficial progesterone effect, with smaller lesion areas in both sexes
compared to their vehicle treated controls (Cutler et al., 2006a; Geddes et al., 2014;
Grossman et al., 2011; Jones et al., 2005; Peterson et al., 2015; Shear et al., 2002; Wali et al.,
2016), while the others report no difference (Djebaili et al., 2004; Gilmer et al., 2008; Hua et
al., 2012; Mannix et al., 2014; Nudi et al., 2015; Roof et al., 1994; Tang et al., 2013; Wali et
al., 2011). Interestingly, Robertson et al. (2015) show less percentage tissue loss in
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progesterone-treated CCI animals only in females, without sex differences in lesion volume
(Robertson and Saraswati, 2015).

Conflicting reports regarding the effects of progesterone on edema formation in different
animal TBI models have also been reported, with some showing beneficial effects (Guo et
al., 2006; O’Connor et al., 2005; Pan et al., 2007; Roof et al., 1996; Shahrokhi et al., 2012;
VanLandingham et al., 2006, 2007; Wali et al., 2016; Wright et al., 2001) and others
reporting no difference (Gilmer et al., 2008; Jones et al., 2005). Wright et al. (2001) show an
inverse correlation between the degree of cerebral edema and serum progesterone levels,
with less progesterone correlating with more edema in a CCI rat TBI model (Wright et al.,
2001). Additionally, various studies have reported that neuronal loss after TBI in a variety of
different models is reduced in progesterone-treated animals (Baykara et al., 2013; Djebaili et
al., 2004; Pan et al., 2007; Roof et al., 1994; Shear et al., 2002; Si et al., 2014; Uysal et al.,
2013). Also, axonal injury as assessed by APP measurement was profoundly diminished
with progesterone treatment following weight-drop TBI (O’Connor et al., 2007). In line with
the evidence that more neuronal cells survive, fewer apoptotic cells have been reported in
progesterone treated weight-drop TBI males compared to controls (Chen et al., 2008; Uysal
etal., 2013), but at least one study has reported no difference in this measure using the CCI
TBI method (Djebaili et al., 2005). Reduction in FluoroJade labeled cells after progesterone
treatment in TBI males was also only reported in some (Barha et al., 2011; Peterson et al.,
2015) but not all studies (Hua et al., 2012; Tang et al., 2013), all using the CCI method.

4.3.2.2.2 Progesterone effects on the vasculature: Progesterone effects are not limited to
amelioration of behavioral and neuronal changes, but extend even to the vasculature.
Progesterone treatment after TBI in male and female animals reduces BBB damage,
measured as vascular leakage of albumin following a CCI (Pascual et al., 2013) or Evan’s
Blue in a weight-drop TBI model (Khaksari et al., 2011; O’Connor et al., 2005; Shahrokhi et
al., 2012). Also the increased ICP in ovariectomized females is significantly reduced with
progesterone treatment in weight-drop injured animals (Shahrokhi et al., 2010).

4.3.2.2.3 Progesterone effects on inflammation: Regarding astroglial responses, the data at
hand are similarly conflicted, with the majority of studies using different TBI models
showing that progesterone treatment reduces astrogliosis, as measured by GFAP staining
(Cutler et al., 2006b; Liu et al., 2014; Peterson et al., 2015; Wali et al., 2016; Webster et al.,
2015). One other study could not find a beneficial progesterone effect on astrogliosis after
CClI, potentially due to the advanced age (13 months) of the rats used (Tang et al., 2013).
Nothing is known about astrocyte responses to progesterone in females, since all of the
studies used only male animals.

Progesterone treatment also seems to have anti-inflammatory effects on microglial cells after
CCl, since it is able to reduce microgliosis, measured as IBAL upregulation, in female and
male rats (Wali et al., 2016). Notably, the ability of progesterone treatment to reduce
proinflammatory cytokine levels after TBI seems to be dependent on the type of injury. For
instance, the increase of IL-1p protein or mRNA levels is only reduced with progesterone
treatment in the more severe TBI models that include a craniotomy (Cekic et al., 2011; Chen
etal., 2008; He et al., 2004; Hua et al., 2011; VanLandingham et al., 2006). Milder injury
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models that left the skull intact showed no IL-1f reduction with progesterone treatment
(Jones et al., 2005; Khaksari et al., 2011; Sarkaki et al., 2013). One other possible
explanation for the different findings could be the sex of the animals treated, since all
experiments using only male animals showed a significant IL-1f reduction with
progesterone treatment while studies using either both or only females did not report a
beneficial progesterone effect on TBI-induced IL-1p enhancement. For TNFa the picture
looks similar, although not as clear as with IL-1p: despite similar injuries, some studies
report a reduction with progesterone treatment (Chen et al., 2008; Cutler et al., 2005, 2007;
He et al., 2004; Pan et al., 2007; VanLandingham et al., 2006), while some studies could not
find a progesterone effect (Cekic et al., 2011; Hua et al., 2011). The story grows even more
complicated when other cytokines are considered: whereas most studies report a reduction of
upregulated I1L-6 after TBI, independent of the injury model and sex (Chen et al., 2008;
Cutler et al., 2007; Hua et al., 2011; Sarkaki et al., 2013), one experiment performed by
Cekic et al. (2011) reports that progesterone treatment enhanced IL-6 protein even further
24h after CCI in male animals (Cekic et al., 2011). For CCL2 and CXCL1 only one report in
male mice is available showing a reduction of the increased protein and mRNA levels with
progesterone administration after CCI (Hua et al., 2011). Similarly, the COX-2 increase in
male rats has been reported responsive to progesterone treatment in different TBI models,
while no data are available for females (Cutler et al., 2007; Si et al., 2013). The same holds
true for iINOS following a weight-drop injury (Si et al., 2014).

4.3.2.3 Progesterone Dosing and Withdrawal: As for estrogen, dosing is an important
question in the potential use of progesterone as a TBI therapeutic. Cardiovascular disease
and breast cancer are possible severe negative side effects of progesterone (Writing Group
for the Women’s Health Initiative Investigators, 2002). Several studies explored the effects
of different doses of progesterone treatment after TBI. The study by Geddes et al. (2014)
shows a dose response of progesterone on CCl-induced lesion size with 8 and 16 mg/kg
being most effective in limiting tissue damage, and motoric and cognitive deficits (Geddes et
al., 2014). Cutler et al. (2007) also report a beneficial effect of a 16mg/kg dose on edema
size in male rats following a bilateral CCI injury, but no such benefit at 8 mg/kg (Cutler et
al., 2007). An even higher 32 mg/kg dose of progesterone leads to fewer useful cellular and
behavioral effects than lower doses following a CCI (Cutler et al., 2007; Goss et al., 2003).

Interestingly, the consistent dose response curve reported for neuronal injury and behavior
does not apply equally to all the inflammatory changes. For example, in female rats that
underwent a weight-drop injury, brain levels of the proinflammatory cytokine IL-1 are
unchanged with an 8 mg/kg dose of progesterone, whereas they are increased with a 1,7
mg/kg dose. For IL-6 there is no effect at 1,7 mg/kg but a significant reduction at the 8 and
16 mg/kg dosages (Cutler et al., 2007; Sarkaki et al., 2013). Progesterone can also reduce
TNFa at either the 8 or 16 mg/kg dosage (Cutler et al., 2007). More sensitive to the
concentration of progesterone administered is the BBB, since reduced leakage of Evans Blue
can be achieved with the administration of a low physiological dose (1,7 mg/kg) whereas a
higher pharmacological dose (8 mg/kg) increases BBB leakage in the weight-drop model of
TBI (Khaksari et al., 2011; Shahrokhi et al., 2012). Taken together, these findings indicate
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that progesterone may be too blunt of an instrument to be useful as a treatment, and more
targeted combination therapies may be necessary.

One final factor to consider for the usage of progesterone as a potential TBI therapeutic is
the mode of withdrawal. Several studies report that a tapered withdrawal (reducing the last
doses to half or partial doses) shows much better outcomes than an acute progesterone
withdrawal including lesion size, astrogliosis, motoric measurements (Cutler et al., 2006b),
and brain TNFa mRNA levels following CCI (Cutler et al., 2005).

5. Female sex hormone treatments in human clinical trials

Given the protective effects of female sex hormones in certain animal models of TBI, and
their relative safety in humans, several clinical trials have been performed to ascertain
whether such hormonal treatments confer protection to TBI patients. Unfortunately, the
results have been disappointing (Ma et al., 2016). Although one study (Wright et al., 2007)
reported a reduced 30d mortality rate and increased likelihood of better outcomes after
progesterone treatment, other studies have reported no significant effect, including the two
large Phase 111 ProTECT and SYNAPSE trials (Skolnick et al., 2014; Wright et al., 2014). It
is worth highlighting some potential limitations of these studies, however. A major factor
that could potentially influence the results of the ProTECT trial is the large heterogeneity of
enrolled patients including differences in sex (75% male), age (median of 35 years but
including subjects up to 94 years), race and cultural background, and severity (29%
moderate, 54% moderate-to-severe and 18% severe) (Stein, 2015; Wright et al., 2014).
Similarly, the SYNAPSE Il1 trial included patients across many different countries, ages
(16-70 years) and sex, however they only included severe TBI cases (Skolnick et al., 2014).
Both trials used the Glasgow Outcome Scale-extended (GOS-E) 6m after injury as their
primary outcome measure (the SYNAPSE Il additionally used the GOS), thereby lacking
any mechanistic early outcome end-points and biomarkers, that potentially could yield a
positive result (Skolnick et al., 2014; Wright et al., 2014). Some other factors that could have
played a role are: no follow-up past 6 months to assess possible late recovery, errors of
execution of approved protocols, and effects of other therapies and rehabilitation on outcome
measures. Both of those Phase 11 trials also did not incorporate any drug optimization
studies into their design, which could have been essential since we know from pre-clinical
studies that variables such as treatment paradigm (treatment window, dosing, duration, mode
of withdrawal and route of administration), age and sex influence drug treatment outcome
(Stein, 2015). Further, the endogenous levels of these hormones in the patients at time of
injury and recovery are highly variable and also likely to affect the efficacy of hormone
treatment. In line with this idea, the ProTECT trial indicated potentially worse outcomes in
females versus males after progesterone treatment: while the male progesterone group did
not differ from placebo, there was a trend toward better recovery in the female placebo
group (Wright et al., 2014). While none of the other clinical trials addressed this directly,
one small study of only male patients did indicate a protective effect of progesterone
(Shakeri et al., 2013). To address these issues, future TBI trial designs should have more
strict inclusion criteria to reduce the impact of varying clinical characteristics and comorbid
conditions. In addition, grouping patients by the following factors should be considered: sex,
age, biomarkers, comorbidities, genotypes, and severity. Optimal dosage, pharmacokinetics
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and time suitability of different drugs should also be considered to better assess drug
efficacy (Lu et al., 2016).

Taken together, it is not yet clear if progesterone will provide detectable benefits across TBI
patients as a whole. Maybe progesterone treatment is useful in some subpopulation of TBI
patients, dependent on a combination of 1) sex, 2) type of TBI, 3) severity of TBI, 4) age, 5)
hormonal status at time of injury, and 6) other medications. Nonetheless, progesterone
currently provides a valid research tool to uncover specific beneficial pathways that 1) are
more or less pertinent to different types of injury and 2) may be better targeted in ways other
than with a broadly-acting hormone. A similar point of view might also hold true for
estrogen, however this has yet to be established: a single Phase Il study investigating the
effects of intravenous estrogen after TBI was completed in 2012 (NCT00973674), but the
results have yet to be reported as of January 2018.

6. Conclusion

Despite the limited number of studies available, the differences in species, TBI methods, and
ages, the small animal numbers used in many of the studies, and the general lack of studies
including female animals, there is reason to be optimistic. Recent National Institutes of
Health (NIH) policy changes require researchers to account for sex as a biological variable
when they apply for funding. Along with the adoption of more rigorous practices including
randomization and blindedness, adequate powering, common data elements, and the addition
of more translational endpoints, such enhancements to preclinical research should lead to a
better understanding of potentially important sex differences, as well as increase our
understanding of TBI-related processes more generally. Better comprehension of relevant
preclinical variables in TBI will allow us to design better clinical trials and ultimately bring
us closer to developing truly effective treatments.
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Highlights

. Sex is an understudied variable in TBI research

. Sex and hormonal status at time of injury influence different outcome
measures

. Female mice show a stronger brain inflammation response acutely post-TBI
than males

. Female sex hormone treatment can improve certain TBI aspects in preclinical
models

. More research into sex differences will enable better treatment strategies for
TBI
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2011 2016

1 not stated

1 both
1 female

B male

Figure 1. Distribution of animal sex reported in preclinical TBI studies in 2011 and 2016
The majority of TBI studies in 2011 (80%) and 2016 (77%) used only male animals. Only a

small proportion of studies in 2011 used both males and females (5%), which slightly
increased to 7% in 2016. The search strategy included animal studies with the term
traumatic brain injury or TBI for articles published in Pubmed between January 15, 2011
and December 315, 2011 (2011 graph); or January 15!, 2016 and December 31, 2016 (2016
graph). Reviews, comments and retracted articles were excluded, as well as studies that used
TBI as an abbreviation for total body irradiation. For 2011, 311 studies of TBI in an animal
model are included, and 324 studies are included for 2016.
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Figure 2. Female mice show a different cytokine profile than males 9h after CHI
9h after CHI, brain levels of different proinflammatory cytokines and chemokines, including

IL-1pB, IL-6, TNFa, CCL2 and CXCL1, are increased. IL-6, TNFa and CCL2 are
significantly more elevated in females compared to male mice. Analysis of the anti-
inflammatory cytokine IL-10 revealed a significant increase 9h after CHI only in male mice,
whereas in female mice a non-significant reduction of 1L-10 can be observed. Sham and
CHI animals from 9 different studies (9h after CHI in C57/BL6 mice age 5 + 2 months)
were included in the meta-analysis. Values are measured in cortical brain homogenates with
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Meso Scale Discovery enzyme-linked immunosorbent assay and normalized to the
corresponding male sham animals. n=28-74. Error bars are mean £ SEM. * sham versus
CHI within same sex, # male CHI versus female CHI. ** or ## p<0.01, *** or ### p<0.001.
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