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Neuroprotection for traumatic brain injury

DAVID J. LOANE, BOGDAN A. STOICA, and ALAN |. FADEN"

INTRODUCTION

Traumatic brain injury (TBI) is a major cause of mortality and morbidity, particularly at the
two ends of the age spectrum, with large direct and indirect costs to society (see Ch. 1). The
US Centers for Disease Control and Prevention (CDC) estimate that more than 1.7 million
individuals in the US suffer a TBI annually (Faul et al., 2010), and the annual burden of TBI
has been estimated at over US$60 billion based upon year 2000 dollars (Finkelstein et al.,
2006). Yet even these numbers markedly underestimate the incidence and costs as the CDC
data do not include reports of sports-related concussions (estimated incidence of 1.6-3.8
million per year (Langlois et al., 2006)) or military-related blast injuries (it is estimated that
between 2000 and 2011 some 229 106 US service members suffered TBI in military conflict
zones (Magnuson et al., 2012)). Globally, the incidence of TBI is also increasing,
particularly in developing countries where road traffic accidents have increased as a result of
greater motor vehicle use (Maas et al., 2008).

TBI is a highly complex disorder that is caused by both primary and secondary injury
mechanisms (Loane and Faden, 2010) (see Ch. 5). Primary injury mechanisms result from
the mechanical damage that occurs at the time of trauma to neurons, axons, glia and blood
vessels as a result of shearing, tearing or stretching (see Ch. 7). Collectively, these effects
induce secondary injury mechanisms that evolve over minutes to days and even months after
the initial traumatic insult and result from delayed neurochemical, metabolic and cellular
changes (Fig. 22.1) (see Ch. 42). These secondary injury events are thought to account for
the development of many of the neurologic deficits observed after TBI, and their delayed
nature suggests that there is a window for therapeutic intervention (pharmacologic or other)
to prevent progressive tissue damage and improve functional recovery after injury.
Implicated secondary injury mechanisms include disturbances of ionic homeostasis (Gentile
and Mclntosh, 1993), release of neurotransmitters (e.g., glutamate excitotoxicity) (Faden et
al., 1989), mitochondrial dysfunction (Xiong et al., 1997), neuronal apoptosis (Yakovlev et
al., 1997), lipid degradation (Hall et al., 2004), and initiation of inflammatory and immune
responses (Morganti-Kossmann et al., 2007), among others. These neurochemical events
induce toxic and proinflammatory molecules such as prostaglandins, oxidative metabolites,
chemokines and proinflammatory cytokines, which lead to lipid peroxidation, blood—-brain
barrier (BBB) disruption, and the development of cerebral edema. The associated increase in
intracranial pressure can contribute to local hypoxia and ischemia as well as secondary
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hemorrhage and herniation, leading to initiation and execution of multiple neuronal cell
death mechanisms (Andriessen et al., 2010). Furthermore, secondary injury mechanisms
may be highly interactive and often occur in parallel, thereby adding to the complexity of
this disorder.

Considerable research has sought to elucidate secondary injury mechanisms in order to
develop neuroprotective treatments. Although preclinical studies have suggested many
promising pharmacologic agents, more than 30 phase 111 prospective clinical trials have
failed to show significance for their primary end point (Narayan et al., 2002; Schouten,
2007; Maas et al., 2010). Most of these trials targeted single factors proposed to mediate
secondary injury. But the complexity and diversity of secondary injury mechanisms have led
to calls to target multiple delayed injury factors (Margulies and Hicks, 2009; Stoica et al.,
2009; Vink and Nimmo, 2009), either by combining agents that have complementary effects
or by using multipotential drugs that modulate multiple injury mechanisms. Whereas the
multidrug approach has long been successfully employed for the treatment of cancer and
infectious diseases, it is less likely to gain traction for neuroprotection because of the costs
associated with establishing the efficacy of even a single agent. This recognition has led to
the recent emphasis on multipotential treatments for TBI (Vink and Nimmo, 2009; Loane
and Faden, 2010), several of which are now in clinical trials and others that are showing
considerable promise in preclinical studies.

Neuroprotection approaches for both acute and chronic neurodegenerative disorders have
historically been dominated by a neuronocentric view, in which modification of neuronal-
based injury mechanisms is viewed as the primary focus of the neuroprotective strategy.
However, increasing evidence in the literature underscores the importance of viewing injury
more broadly to include endothelial cells, astrocytes, microglia, oligodendrocytes, and
precursor cells. More recent neuroprotection approaches have recognized this complex
structure and interplay, emphasizing therapeutic strategies that promote the recovery and
optimal functioning of non-neuronal cells in addition to more directly inhibiting mechanisms
of neuronal cell death (Stoica and Faden, 2010b). Thus, developing effective
neuroprotective strategies for TBI requires an understanding of the complex cellular and
molecular events that contribute to secondary injury. Mechanisms of neuronal cell death and
post-traumatic neuroinflammation will be addressed in the following sections as well as a
discussion on the many challenges translating promising preclinical neuroprotection
therapeutic strategies to the clinic. Finally, we will critically review developing preclinical
multipotential drug treatment strategies for TBI that show promise for successful clinical
translation for head injury.

NEURONAL CELL DEATH: MORPHOLOGY VERSUS MECHANISM

Neuronal cell death is a major cause of neurologic dysfunction following TBI. For many
years, it was believed that all or most cell death following brain trauma reflected a passive
and unregulated form of neuronal death due to energy failure and related loss of ionic
homeostasis, which was commonly called necrosis. However, over the past 15 years
additional neuronal death phenotypes have been described based upon either morphologic or
molecular features. Yet, despite the efforts of many research groups, defining a generally
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acceptable framework for the taxonomy of cell death mechanisms has been challenging. One
reason is that key terms remain imprecisely defined (Majno and Joris, 1995; Levin, 1998;
Kroemer et al., 2009; Stoica and Faden, 2010b; Galluzzi et al., 2012). For example, the term
necrosis has been used by some pathologists not as a form of cell death, but rather to
indicate the final stage shared by all types of cell death (Levin, 1998; Levin et al., 1999;
Majno and Joris, 1999). In contrast, others have interpreted necrosis as a more specific
phenotype of cell death characterized by morphologic features such as increased cell volume
(oncosis), relatively unchanged nuclei, organelle swelling and rupture of the plasma
membrane. This is distinguished from apoptosis, a type of cell death whose morphotype
includes decreased cell volume (pyknosis), chromatin condensation with nuclear
fragmentation (karyorrhexis) and release of vacuoles (apoptotic bodies) containing
cytoplasm and comparatively intact organelles (Kroemer et al., 2009; Vandenabeele et al.,
2010; Galluzzi et al., 2012). An additional challenge has been the struggle to eliminate the
inaccurate yet widespread dichotomy between apoptosis as reflecting programmed, active/
regulated cell death (which plays a role in physiologic development and homeostasis) and
necrosis as reflecting “accidental” (non-programmed) and passive/unregulated cell death.
This view was contradicted by early studies that demonstrated the presence of necrotic cell
death morphology during physiologic development/homeostasis, and more recently by
studies suggesting that cell death with necrotic features often involves active and regulated
cellular activities (Majno and Joris, 1995; Bredesen, 2007; Bredesen, 2008; Stoica and
Faden, 2010a). A limitation of classifying cell death based on morphologic features is that
similar appearances can be found in the face of considerable mechanistic heterogeneity
(Galluzzi et al., 2012). Because delineation of causal mechanisms of cell death is important
for identifying therapeutic targets/agents it is understandable why the research community
has advocated replacement of morphologic criteria with molecular-based mechanisms
(Galluzzi et al., 2012).

A promising mechanism-based classification of cell death, which still retains morphologic
considerations, was recently proposed by the Nomenclature Committee on Cell Death
(Galluzzi et al., 2012). It groups cell death phenotypes that share key morphologic features
but then proposes causal mechanisms to create more specific subgroups. For example,
“apoptosis” is used to delineate several types of cell death that present key morphologic
features of developmental apoptosis; these are subdivided into an “intrinsic” subgroup that
has a mitochondrial initiation mechanism and an “extrinsic” subgroup that has a membrane
receptor-based initiation mechanism.

Intrinsic apoptosis

Intrinsic apoptosis is triggered by mitochondrial outer membrane permeabilization
(MOMP), which occurs either in response to pores mediated by BAX and BAK
(proapoptotic members of the BCL-2 family) or to mitochondrial permeability transition
(MPT) following opening of the permeability transition pore complex (Green and Kroemer,
2004; Galluzzi et al., 2012). MOMP results in the release from the mitochondrial
intermembrane space of various cell death modulators such as cytochrome c, apoptosis-
inducing factor (AIF), endonuclease G, Smac/DIABLO or Omi/HtrA, (Daugas et al., 2000;
Li etal., 2001; Suzuki et al., 2001; van Loo et al., 2002), as well as cessation of
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mitochondrial ATP synthesis, inhibition of the respiratory chain and increased reactive
oxygen species (ROS) production (Galluzzi et al., 2012). Intrinsic apoptosis is further
subdivided into caspase-dependent and caspase-independent forms (Galluzzi et al., 2012).
Cytochrome c, along with Apaf-1 and dATP, form the “apoptosome” — a multiprotein
complex that activates caspase-9 to initiate the caspase-3-dependent proteolytic cascade,
which is considered a key executioner pathway of apoptotic cell death (Li et al., 1997;
Galluzzi et al., 2012). AIF and endonuclease G act in a caspase-independent manner by
translocating to the nucleus and mediating large-scale DNA fragmentation; these represent
distinct executioner mechanisms of cell death (Daugas et al., 2000; Li et al., 2001).

Extrinsic apoptosis

Extrinsic apoptosis is a caspase-dependent type of cell death that is initiated by activation of
specific plasma membrane receptors — including death receptors such as FAS/CD95, TNF-a
receptor 1 and TRAIL receptors, or dependence receptors such as the netrin receptors. Death
receptor stimulation results in caspase-8 activation, which, depending on cell type, leads to
cell death either by directly cleaving and activating caspase-3 or by cleaving BID protein to
generate the active fragment, tBID, that produces MOMP followed by apoptosome-mediated
caspase-3 activation (Luo et al., 1998; Galluzzi et al., 2012).

Regulated necrosis

Importantly, the new nomenclature delineates regulated necrosis, which includes those types
of cell death that share key morphologic features of necrosis yet have well-defined and
regulated causal mechanisms. An example is necroptosis, a type of regulated necrosis
controlled by RIP1 and RIP3 molecules (Vandenabeele et al., 2010; Galluzzi et al., 2012). It
is initiated under certain conditions when signaling through death receptors such as TNF
receptors is followed by activation of RIP1 or RIP3 kinase leading to the execution of the
necrotic cell death (Vandenabeele et al., 2010). Paraptosis, a cell death process that occurs in
response to growth receptor hyper-activation (e.g., insulin-like growth factor 1 receptor),
also belongs to the regulated necrosis group. It shares key morphologic features of necrosis
and its mechanisms are caspase-independent and involve activation of several members of
the MAPK family (Sperandio et al., 2000; Bredesen, 2007). Parthanatos is a type of cell
death first described by Dawson and colleagues following exposure of neurons to extensive
DNA damage (Wang et al., 2009). Although parthanatos does not share all morphologic
features of necrosis it is included in the group of regulated necrosis (Galluzzi et al., 2012).
Parthanatos is a caspase-independent cell death mechanism that requires PARP-1 activation
and its execution involves NAD* and ATP depletion and AlF-dependent chromatinolysis
(Wang et al., 2009). It is intriguing that AIF plays important roles as an executioner of cell
death in both caspase-independent intrinsic apoptosis and parthanatos. These types of cell
death not only have distinct morphologic features but may also reflect different mechanisms
of AIF release from the mitochondria. Caspase-independent intrinsic apoptosis involves a
pool of mitochondrial AIF that requires MOMP for release, whereas parthanatos uses a
different pool of AIF molecules located on the cytosolic side of mitochondria which are
released following interaction with PARP-1-produced poly(ADP-ribose) (Yu et al., 2009;
Wang et al., 2011b).
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A third major type of cell death with distinct morphologic features is linked to autophagy.
Autophagy is a process involving lysosomal degradation of proteins and organelles that is
controlled by genes from the Atg family. Under physiologic conditions it can have a
protective role by generating amino acids and energy for the cell (Bredesen, 2008). The
original description of “authophagic cell death” based exclusively on morphologic features
such as large-scale cytoplasmic vacuolization appears to be inaccurate, as it lacked proof
that activation of autophagy contributed to the execution of cell death (Bredesen, 2008;
Galluzzi et al., 2012). More recent evidence suggests that in most cases the activation of
autophagy represents a prosurvival effort on the part of the dying cell and that inhibition of
autophagy increases cell death (Bredesen et al., 2006; Bredesen, 2007, 2008; Galluzzi et al.,
2012). It has been suggested that the term “autophagic cell death” should only be used when
in addition to the demonstration of increased autophagic flux there is evidence that
inhibition of autophagy suppresses cell death (Galluzzi et al., 2012). Interestingly, in some
cell death models inhibition of MOMP and/or caspase activation creates conditions where
autophagy and the Atg genes may be involved in cell death (Bredesen, 2008), suggesting
that autophagy might either be a cell death process working in parallel but secondary to
apoptosis, or more likely acts as a compensatory mechanism initiated by inhibition of
apoptosis (Bredesen, 2008).

However, not all types of cell death can be integrated into this new framework because some
share features of both apoptosis and necrosis. In these cases the causal mechanism becomes
the main identifier. An example is “mitotic catastrophe,” a type of cell death initiated by
aberrant mitosis (Galluzzi et al., 2012). It has therefore been proposed that the adjective
“programmed” should be applied only to physiologic cell death occurring during
development and/or tissue homeostasis and that the adjective “regulated” should indicate all
types of cell death where molecular machinery plays a causal role. Here “regulated” appears
to be synonymous with “active.” In this context, the historical term “passive” cell death,
used to denote necrotic morphology following energy failure with loss of ionic homeostasis
— usually in response to the most intense physicochemical insults — may retain some utility
with regard to neuroprotection strategies because this form of cell death likely cannot be
reversed (Galluzzi et al., 2012). In terms of this updated nomenclature, multiple types and
mechanisms of neuronal cell death have been described following TBI.

CELL DEATH MECHANISMS IN TRAUMATIC BRAIN INJURY

Caspase-dependent neuronal cell death pathways

Multiple groups have shown that neuronal cell death involving caspase-dependent
mechanisms occurs after experimental TBI (Rink et al., 1995; Yakovlev et al., 1997; Conti
et al., 1998). Some studies have shown that FAS death receptors contributed to caspase
activation following experimental and clinical TBI and that caspase-8 deletion protects
against experimental TBI, thus supporting a role for extrinsic apoptosis after such injury
(Qiu et al., 2002; Krajewska et al., 2011). Other studies have shown that caspase-9 rather
than caspase-8 is predominantly activated in neurons following experimental TBI (Knoblach
et al., 2002), supporting a role for caspase-dependent intrinsic apoptosis. Peptide-based
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caspase inhibitors have been used to examine the causal role of caspases in neuronal cell
death in vitro (Eldadah et al., 1997; Gottron et al., 1997; Bilsland et al., 2002) and after
experimental TBI (Yakovlev et al., 1997; Clark et al., 2000; Knoblach et al., 2002, 2004;
Sullivan et al., 2002). In the rat lateral fluid percussion (LFP) TBI model treatment with
zDEVD-fmk, a relatively selective caspase-3 inhibitor, inhibited neuronal apoptosis and
improved early motor function recovery (Yakovlev et al., 1997), and treatment with zZVAD-
fmk, a pan-caspase inhibitor, improved both motor function recovery and cognitive function
after TBI (Knoblach et al., 2002). Furthermore, administration of zDEVD-fmk also
improved motor and cognitive function and reduced lesion volume in a mouse controlled
cortical impact (CCI) model (Knoblach et al., 2004). In contrast, in a rat model of CCI plus
moderate hypoxemia, administration of zDEVD-fmk did not improve functional recovery
outcomes but it did reduce the contusion volume and neuronal loss in the hippocampus
(Clark et al., 2000). A limitation of zDEVD-fmk and zZVAD-fmKk is that both peptides inhibit
other proteases such as calpains in addition to caspases (Knoblach et al., 2004, 2005). The
pan-caspase inhibitor boc-aspartyl(OMe)-fluoromethylketone (BAF) may provide greater
specificity, as it is more selective than other peptide-based caspase inhibitors (Knoblach et
al., 2005). However, in a rat CCl model BAF administration did not decrease the lesion
volume (Sullivan et al., 2002); nor did it improve neurologic outcomes or reduce
hippocampal neuronal loss after TBI (Clark et al., 2006). Thus, the neuroprotective effects
of caspase inhibition following TBI have not been consistently validated across laboratories
and TBI models. The observed inconsistencies may have multiple explanations including
differences in experimental TBI models and species, the assortment of caspase inhibitors
used and doses administered, and the different types of outcome measures used to assess the
neuroprotective potential of the drugs. A recent study clarified the relative roles of caspase-
dependent and caspase-independent apoptosis using a mouse CCIl model (Piao et al., 2012).
BAF treatment robustly attenuated caspase activation but the improvements in motor
function recovery and reduction in the number of TUNEL+cells were modest. BAF-treated
animals did not show a significant improvement in cognitive function and did not
significantly reduce lesion volumes or attenuate hippocampal neuron cell loss. These
findings, when combined with previous work, indicate that caspase-dependent mechanisms
play a relatively modest role in secondary injury cascades after CCl in adult mice. It is also
likely that the multiplicity of secondary injury processes minimize the therapeutic
effectiveness of targeting caspase-dependent apoptosis in isolation (Piao et al., 2012).

Caspase-independent neuronal cell death pathways

Apoptosis-inducing factor—Apoptosis-inducing factor (AlF) is a flavoprotein that
normally resides within the mitochondrial intermembrane space (Susin et al., 1999; Joza et
al., 2001). Upon release into the cytosol, AIF translocates to the nucleus, interacts with
chromatin and leads to peripheral chromatin condensation and large-scale DNA
fragmentation (Zhang et al., 2002; Zhu et al., 2007b; Slemmer et al., 2008). Studies have
shown that AlF-dependent neuronal cell death is present in multiple models of CNS injury
(Zhang et al., 2002; Zhu et al., 2003; Slemmer et al., 2008; Osato et al., 2010; Stoica and
Faden, 2010b). In contrast to other apoptosis-associated genes whose expression decreases
with age (Yakovlev et al., 2001), AlF expression remains relatively stable during

Handb Clin Neurol. Author manuscript; available in PMC 2016 March 26.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LOANE et al.

Parthanatos

Page 7

development (Zhu et al., 2003), suggesting that AlF-dependent cell death mechanisms may
play a more significant role in the adult brain.

Cyclophilin A (CypA) is a cofactor required for AlF translocation to the nucleus (Cande et
al., 2004). AlF physically interacts with CypA and forms an AIF/CypA complex, and
studies have shown that this complex translocates to the nucleus in neurons following
neonatal hypoxia-ischemia (Zhu et al., 2003, 2007a). Importantly, CypA knockout
(CypA~") provides significant neuroprotection in this model. The mouse AIF hypomorphic
mutant (Harlequin; Hq) confers protection to neurons against NMDA or glutamate
neurotoxicity in vitro (Wang et al., 2004; Culmsee et al., 2005), and Hg mice are protected
against brain injury induced by cerebral ischemia in vivo (Culmsee et al., 2005; Zhu et al.,
2007b). Data generated using the Hg mouse model hinted that AIF and caspases may act
through parallel subroutines, with caspase inhibition and decreased AlIF expression having
potentially additive neuroprotective effects (Zhu et al., 2007b). In a neonatal hypoxia-
ischemia model, BAF treatment did not impact AIF translocation to the nucleus in injured
neurons, suggesting the relative independence of caspase- and AlF-mediated pathways (Zhu
et al., 2003). The role of AIF in TBI models has been less well studied. Zhang and
colleagues used a rat CCI plus hypoxia model and demonstrated that AIF translocation to
the nucleus in injured neurons of the cortex and hippocampus coincides with large-scale
DNA fragmentation (Zhang et al., 2002), whereas Slemmer and colleagues reported that
secondary contusion expansion after CCI was attenuated in Hg mice (Slemmer et al., 2008).

In contrast to caspase-mediated cell death which requires physiologic levels of ATP for
caspase activation, AlF-mediated cell death can proceed under compromised bioenergetic
conditions, as AlF-dependent chromatin condensation and large-scale DNA fragmentation
are unaffected by ATP depletion (Chiarugi, 2005). In fact, in certain models of PARP-1-
dependent cell death mitochondria release both AIF and cytochrome c, but while AIF
translocates to the nucleus and executes its cell death mechanism, caspases are not activated
because of the associated ATP depletion (Moubarak et al., 2007). Therefore, AIF may play a
larger pathophysiologic role as part of caspase-independent intrinsic apoptosis and/or
parthanatos following more severe brain injuries, which are associated with significant
bioenergetic declines.

A recent study used cyclophilin A (CypA~") knockout mice to examine the causal role of
AlF-dependent cell death pathway in TBI-induced neuronal cell death (Piao et al., 2012).
The authors demonstrated that TBI-induced activation of the AlF pathway, including AIF
translocation to the nucleus and the interaction of AIF/H2AX, was significantly reduced in
CypA~~ mice. These animals also had a decreased number of TUNEL-positive (apoptotic)
cells in the cortex and better long-term motor function recovery, suggesting that the AIF cell
death pathway plays a significant role in secondary injury after TBI (Piao et al., 2012). The
potential additive neuroprotective effects of targeting both caspase- and AlF-dependent
pathways after TBI was also demonstrated in this study and is further addressed below.

Parthanatos appears to contribute to the pathology of conditions ranging from stroke to
neurodegeneration (Wang et al., 2009). Recent studies have shown that inhibitors of
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poly(ADP-ribose)-induced cell death (parthanatos) are neuroprotective against both NMDA.-
dependent excitotoxicity and stroke in vivo suggesting that parthanatos plays an important
role in the secondary injury mechanisms in these models of CNS injury (Andrabi et al.,
2011; Wang et al., 2011b). Importantly, systemic administration of PJ34, a selective
PARP-1 inhibitor starting as late as 24 hours after controlled cortical impact resulted in
improved motor function recovery in mice with TBI (Stoica et al., 2014). PJ34 treatment
reduced the lesion volume, attenuated neuronal cell loss in the cortex and thalamus, and
reduced microglial activation in the TBI cortex, suggesting that its neuroprotective effects
after experimental TBI may be from multipotential actions on neuronal cell death and
neuroinflammatory pathways (Stoica et al., 2014).

Studies have demonstrated that inhibition of necroptosis using the RIP1-targeting chemical
necrostatin-1 attenuates the histopathology and improves functional outcomes following
experimental TBI in mice (You et al., 2008). These data suggest that necroptosis may play
an important role in the pathogenesis of neuronal cell death and secondary injury associated
functional deficits after TBI, but further studies are required to determine if its modulation
represents a good candidate for neuroprotection.

Autophagic cell death

There is conflicting evidence about the role of autophagy after CNS injury. Certain studies
find persistent autophagy activation after experimental TBI and speculate about its role
without attempting to directly modulate autophagy (Lai et al., 2008; Liu et al., 2008;
Sadasivan et al., 2008). Some have used pharmacologic modulation of autophagy and
presented data that support a neuroprotective role of autophagy (autophagy inducers
improve outcomes, autophagy inhibitors worsen outcomes) in models of focal cerebral
ischemia (Yan et al., 2011) or experimental subarachnoid hemorrhage (Wang et al., 2012).
In contrast, other studies have shown that inhibitors of autophagy improve outcomes after
TBI (Luo et al., 2011) or severe global cerebral ischemia (Wang et al., 2011a) thereby
suggesting that autophagy is a secondary injury mechanism in these models. The lack of
agreement across these studies may reflect the distinct roles for autophagy in multiple
models of CNS injury and/or the complex effects of autophagy-inhibiting drugs that are not
sufficiently selective. Future studies are required to determine the role of autophagy after
TBI and they should use multiple types of pharmacologic modulators and molecular tools to
modulate the autophagy pathways.

Crosstalk between cell death programs

In most in vivo injury models multiple cell death pathways are activated. Furthermore,
different cell death processes may be interactive and studies indicate that inhibition of one
mechanism may reveal a different mechanism with the end result that cell death suffers only
a phenotype change and/or delay (Galluzzi et al., 2012). The concept that alternative
mechanisms become apparent primarily when the dominant mechanisms are attenuated has
been previously discussed (Bredesen, 2008). One example of this hypothesis of mechanism
multiplicity is illustrated by intrinsic apoptosis (Galluzzi et al., 2012). This type of cell death
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is centered around MOMP-dependent release from mitochondria of several cell death
inducers including cytochrome c, a key activator of the caspase pathway as well as initiators
of caspase-independent pathways such as AlF, EndoG, and others. These mechanisms are
significantly redundant and in intrinsic apoptosis, unlike in extrinsic apoptosis, inhibition of
caspase-dependent mechanisms often provide only temporary neuroprotection because
caspase-independent mechanisms and/or ATP depletion that follows MOMP will continue
to drive the cell death program (Volbracht et al., 2001; Galluzzi et al., 2012). The cellular
environment also plays an important role in deciding which cell death program takes
precedence (Stoica and Faden, 2010b). Caspase-dependent pathways require energy for their
initiation and are dominant in conditions associated with a well preserved cellular
bioenergetics status with caspase-independent pathways involving AlF taking a secondary
role unless caspase inhibition occurs. In contrast, AIF may become a more major cell death
pathway under bioenergetic deficient conditions. There is good evidence that AIF and
caspases represent parallel cell death tracks and that strategies that target both have
potentially additive therapeutic effects (Zhu et al., 2007b). This has been demonstrated in an
experimental TBI model where inhibition of both caspase-dependent and AlF-dependent
pathways resulted in improved neuroprotection compared to inhibition of either pathway in
isolation (Piao et al., 2012). Autophagic and caspase-dependent cell death may also show a
similar relationship (Bredesen, 2008). Thus, combined therapeutic strategies targeting more
than one cell death pathway may in general provide better neuroprotection than inhibition of
individual pathways.

A different type of crosstalk occurs in some models of necroptosis, where one cell death
pathway is initiated only when another is inhibited (Galluzzi et al., 2012). Death receptor
stimulation may lead to caspase activation and caspase-dependent cell death by blocking
initiation of necroptosis through caspase-8-dependent cleavage/inactivation of RIP1 and
RIP3 kinases (Declercq et al., 2011). In contrast, under conditions associated with inhibition
of the caspase cascade, initiation of necroptosis is unhindered and necroptosis becomes the
predominant cell death pathway (Declercq et al., 2011). This multiplicity of cell death
pathways implies that the most successful therapeutic intervention should likely target
multiple relevant mechanisms of cell death.

Neuroinflammation after traumatic brain injury

Neuroinflammation is an important secondary injury mechanism that contributes to ongoing
neurodegeneration and neurologic impairments associated with TBI. Post-traumatic
neuroinflammation is characterized by glial cell activation, leukocyte recruitment, and
upregulation of inflammatory mediators (Morganti-Kossmann et al., 2007). Although much
research has focused on the detrimental effects of neuroinflammation on the injured brain,
clear beneficial effects can be achieved if neuroinflammation is controlled in a regulated
manner and for defined periods of time. Trauma to the brain results in rupture of the BBB,
enabling recruitment of circulating neutrophils, macrophages, and lymphocytes to the
injured site. The accumulation of blood-borne immune cells within the brain parenchyma
has been reported in human TBI as well as animal models of brain trauma (Morganti-
Kossmann et al., 2001). These cells release inflammatory mediators that mobilize glia and
immune cells to the site of injury. In addition to the infiltration of immune cells, the
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activation of resident microglia plays a major role in the response to brain injury (Loane and
Byrnes, 2010). Elegant in vivo two-photon microscopy imaging studies of fluorescently
labeled microglia following a laser-induced injury demonstrated rapid proliferation and
movement of ramified microglial cells to the site of injury in response to extracellular ATP
released by the injured tissue (Davalos et al., 2005; Haynes et al., 2006). The microglial
processes then fused to form an area of containment between healthy and injured tissues,
suggesting that microglia may represent the first line of defense following traumatic injury
(Davalos et al., 2005). However, when microglia become overactivated or reactive they can
induce detrimental neurotoxic effects by releasing multiple cytotoxic substances, including
proinflammatory cytokines (e.g., interleukin (IL)-1f, tumor necrosis factor a (TNF-a), and
interferon a (IFN-vy)) and oxidative metabolites (e.g., nitric oxide, reactive oxygen and
nitrogen species) (Block and Hong, 2005). Further, the release of proinflammatory cytokines
and other soluble factors by activated microglia can significantly influence the subsequent
activation of astrocytes and glial scar formation under pathologic conditions including CNS
injury (Zhang et al., 2010).

Astrocyte activation (astrogliosis) is characterized by the increase of intermediate filaments,
increased cell proliferation, and an accompanying cellular hypertrophy (Herrmann et al.,
2008). Similar to microglia, reactive astrocytes can have detrimental and/or beneficial roles
following CNS injury. Upon activation, astrocytes upregulate a number of neurotrophic
factors (e.g., brain-derived neurotrophic factor (BDNF)) that support and protect against
injury-induced cell death (Zhao et al., 2004). In addition, astrocytes play a crucial role in
regulating extracellular glutamate levels, which can reduce glutamate excitotoxicity to
neurons and other cells (Schousboe and Waagepetersen, 2005). Notably, impaired astrocyte
performance exacerbates neuronal dysfunction following brain injury and transgenic
ablation of reactive astrocytes increases neuronal cell death and promotes worse outcome
after TBI (Myer et al., 2006); this may in part reflect the loss of ability to limit the influx of
inflammatory cells. Following injury, hypertrophic astrocytes surround the lesion site and
deposit an inhibitory extracellular matrix including chondroitin sulfate proteoglycans that
contribute to the glial scar. This dense physical and chemical barrier inhibits axonal
regeneration and prevents functional connections required for axonal growth and repair
(Cafferty et al., 2007). On the one hand, astrocytes provide neurotrophic support and
guidance for axonal growth following CNS injury, while on the other, prolonged astrogliosis
and development of the glial scar may inhibit axon regeneration and impair functional
recovery. Genetic studies using mice lacking the intermediate filament proteins GFAP and
vimentin (GFAP~-Vim~~) showed that upregulation of astrocyte intermediate filament is a
key step in activation of astrocytes and that reactive astrogliosis is important for the wound
healing process (Pekny et al., 1999; Pekny and Nilsson, 2005). In brain injury models
GFAP~~Vim™~ mice show attenuated reactive astrogliosis with reduced hypertrophy of
astrocyte processes and increased synaptic loss in the acute stage of the injury (Pekny et al.,
1999; Wilhelmsson et al., 2004); however, the regeneration of neuronal synapses at a later
stage is improved (Wilhelmsson et al., 2004) and this may be due to the loss of inhibitory
chondroitin sulfate proteoglycans within the glial scar.
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Microglia: mediators of the innate immune response to central nervous system injury

Microglia are the primary innate immune cells in the CNS. Under normal physiologic
conditions these highly dynamic and motile cells are spread throughout the brain
parenchyma and constantly survey their microenvironment for noxious agents and injurious
processes (Nimmerjahn et al., 2005). They respond to extracellular signals and are
responsible for clearing cellular debris and toxic substances by phagocytosis, thereby
maintaining normal cellular homeostasis in the CNS (Hanisch and Kettenmann, 2007).
Therefore, under nonpathologic conditions there is continuing low-level microglial activity
in the CNS which is primarily involved in activity-dependent synaptic pruning (Tremblay et
al., 2011; Schafer et al., 2012). However, in response to insult, infection or injury, microglia
become dysregulated and highly activated which results in dramatic changes in cell
morphology and behavior. Similar to peripheral innate immune cells microglia express
pathogen recognition receptors (PRRs) such as Toll-like receptors (TLRs) and NOD-like
receptors (NLRs), and therefore respond to pathogen-associated molecular patterns
(PAMPs) and endogenously produced danger-associated molecular patterns (DAMPS),
which are secreted by damaged neurons and others cells of the CNS (Hanisch and
Kettenmann, 2007). They also express receptors for a number of other factors that are
released by damaged neurons, including ATP, glutamate, growth factors, and cytokines.
Microglia respond to an array of molecules by secreting chemokines, pro- and anti-
inflammatory cytokines, neurotrophins, and oxidative metabolites. Furthermore, microglia
are antigen presenting cells, and upon activation they upregulate the expression of cell
surface markers such as MHC class 1l and CD86 among others, as well as adhesion
molecules and complement receptors (Lynch, 2009). A key to maintaining microglia in a
quiescent state is the immunosuppressive potential of the brain microenvironment. In the
healthy brain neurons express a number of immunosuppressive proteins such as CD200,
CD47 and fractalkine, which interact with their receptors on microglia to maintain the
microglia in a quiescent/nonactivated state (Harrison et al., 1998; Hoek et al., 2000; Lynch,
2009). In addition, soluble factors such as neurotrophins, anti-inflammatory cytokines and
prostaglandins released locally in the brain by neurons, astrocytes and microglia
downregulate the immune response thereby maintaining microglia in a quiescent form
(Lynch, 2009).

Microglia, like peripheral macrophages, have multiple activation phenotypes (Gordon, 2003;
Mantovani et al., 2004), and depending on the stimuli in their local microenvironment they
can be polarized to have distinct molecular phenotypes and effector functions (Colton,
2009). For example, lipopolysaccharide (LPS) or the proinflammatory cytokine interferon-y
(IFN-y) promote a “classic” (M1) phenotype, which produces high levels of
proinflammatory cytokines and oxidative metabolites that are essential for host defense and
phagocytic activity, but that also can cause damage to healthy cells and tissue (Lynch,
2009). Conversely, activating microglia in the presence of anti-inflammatory cytokines such
as IL-4 or IL-10 promote “alternative” (M2a) or “acquired deactivated” (M2c) phenotypes
respectively (Colton et al., 2006; Ponomarev et al., 2007), and both M2a and M2c
phenotypes reduce M1 cytokines and other proinflammatory mediators (Gordon, 2003;
Mantovani et al., 2004). It is thought that much like M2-polarized macrophages, M2
microglia can promote repair processes such as angiogenesis and extracellular matrix

Handb Clin Neurol. Author manuscript; available in PMC 2016 March 26.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LOANE et al.

Page 12

remodeling while also suppressing destructive immunity (Colton, 2009). In vitro studies
have demonstrated that IL-4-polarized M2 macrophages promote extensive neurite
elongation and outgrowth across inhibitory surfaces (Kigerl et al., 2009), indicating a role
for M2 macrophages in repair. Microglia possess an M2 phenotype in the intact CNS
(Ponomarev et al., 2007); however, following an acute insult or injury to the brain it is likely
that M1 and M2 microglia exist in a state of dynamic equilibrium within the lesion
microenvironment. Whether these cells differentiate into an M1 phenotype that exacerbates
tissue injury or into an M2 phenotype that promotes CNS repair likely depends on the local
signals in the lesion microenvironment. This is further complicated by the influence of
infiltrating blood-borne macrophages of M1 or M2 phenotype and other infiltrating cells
following CNS injury (Kigerl et al., 2009). However, understanding the molecular
mechanisms that polarize and differentiate resident microglia or infiltrating macrophages
towards an M2 phenotype, thereby promoting CNS repair while limiting inflammatory-
mediated secondary injury cascades, may provide an opportunity for therapeutic intervention
after CNS injury.

Involvement of pro- and anti-inflammatory cytokines in traumatic brain injury

The neuroinflammatory cascade activated in response to TBI is mediated by the release of
pro- and anti-inflammatory cytokines and chemokines. Microglia are the primary source of
these inflammatory mediators in the brain, and gene profiling studies in experimental
models of TBI have shown that genes related to neuroinflammation and microglial
activation are strongly upregulated in the acute phase after injury (Kobori et al., 2002;
Natale et al., 2003; Raghavendra Rao et al., 2003). Consistent with the early activation
profile of microglia following injury, there is rapid elevation of proinflammatory IL-1p
within hours of TBI in both humans and rodents (Woodroofe et al., 1991; Fan et al., 1995;
Winter et al., 2002). The damaging effects of IL-13 are mediated through interleukin 1
receptor type 1 (IL-1RI), which is expressed on microglia and neurons (Pinteaux et al.,
2002; Lu et al., 2005b). This damage is not as a result of the cytokine itself, but rather its
affect on activating other proinflammatory pathways such as TNF-a (Rothwell, 2003).
Inhibiting IL-1p in experimental models of TBI has been shown to be neuroprotective and
improve functional recovery (Toulmond and Rothwell, 1995; Basu et al., 2002; Tehranian et
al., 2002; Lu et al., 20054, b). The potent neurotoxic effects of IL-1p have been shown to be
synergistically enhanced in the presence of TNF-a, suggesting that these important
cytokines mediate post-traumatic neuroinflammation and brain damage (Chao et al., 1995).
TNF-a levels rise within 1 hour of TBI, peak between 3 and 8 hours, and return to normal
by 24 hours (Shohami et al., 1994; Fan et al., 1996; Stover et al., 2000). Consistently, TNF-
a levels are elevated early after injury in the serum and cerebrospinal fluid (CSF) of
severely injured TBI patients (Goodman et al., 1990; Ross et al., 1994). However, the role of
TNF-a in the pathogenesis of TBI is somewhat controversial and complex in nature with
different functional outcomes in the acute and delayed phases after TBI (Scherbel et al.,
1999; Sullivan et al., 1999a). Initial preclinical neuroprotection studies targeting TNF-a
showed considerable promise, with three different compounds (dexanabinol (HU-211),
TNF-binding protein, pentoxifylline (PTX)) showing significant improvements in
neurologic outcomes and reducing post-traumatic brain edema formation (Shohami et al.,
1997). Mice lacking TNF-a had reduced deficits in the acute phase after TBI, but these were
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short lived and there were limited long-term neurologic improvements in this model
(Scherbel et al., 1999). Another study demonstrated that mice lacking the TNF-a receptor
had exacerbated tissue and BBB damage and impaired neurologic recovery after TBI
(Sullivan et al., 1999a), suggesting that endogenous TNF-a may be neuroprotective. These
genetic studies indicate that the function of TNF-a differs in the acute and delayed phase
after TBI; immediately after injury TNF-a seems to act as a potent inflammatory mediator,
but later it is a neurotrophic factor that is required for neuroprotection and repair.
Unfortunately, a lack of understanding of the complex biphasic response of TNF-a to TBI
may have been partly responsible for the failure of the TNF-a-targeted drug therapy,
dexanabinol (HU-211), in phase 11 clinical trials for TBI (Maas et al., 2006).

Interestingly, anti-inflammatory cytokine levels are also changed after TBI. In humans,
IL-10 and transforming growth factor-B1 (TGFp1) levels are elevated acutely after injury
(Csuka et al., 1999; Morganti-Kossmann et al., 1999), and experimental studies have shown
that IL-10 has beneficial effects following trauma (Knoblach and Faden, 1998). These
neuroprotective effects may be as a result of suppressed microglial activation, as I1L-10
treatment has been shown to decrease production of proinflammatory cytokines (Kremlev
and Palmer, 2005). Furthermore, treatment with the anti-inflammatory cytokine TGFb1
reduced lesion size and improved neurologic function after injury in rodent models (Tyor et
al., 2002). Notably, the levels of IL-1 receptor antagonist (IL-1ra) are also elevated
following TBI, and IL-1ra has significant anti-inflammatory properties. IL-1ra plays a major
role in counteracting the biological effects of IL-1p, owing to its ability to bind to IL-1RI
without initiating signal transduction (Allan et al., 2005). In experimental models of TBI,
IL-1ra or IL-1p neutralization resulted in attenuated proinflammatory cytokine and
chemokine production, reduced hippocampal damage and improved neurologic behavior
after injury (Toulmond and Rothwell, 1995; Basu et al., 2002; Tehranian et al., 2002; Lu et
al., 20054, b).

Chronic microglial activation and neurodegeneration after traumatic brain injury

Chronic microglial activation is considered to be the most damaging response of microglia
to injury (Block et al., 2007). DAMPs released by injured neurons after TBI interact with
TLRs and other PRRs on activated microglia and trigger a vicious self-perpetuating cycle of
damaging events that lead to prolonged and dysregulated microglial activation that drives
pathogenic processes and neurodegeneration (Block et al., 2007; Loane and Byrnes, 2010).
Human and animal studies indicate that microglia are chronically activated for weeks,
months and even years after the initial brain trauma, and may contribute to chronic
neurodegeneration and related neurologic deficits following injury (Smith et al., 1997a;
Bramlett and Dietrich, 2002; Maxwell et al., 2006; Bendlin et al., 2008). Persistent long-
term microglial activation has been demonstrated in animal models of TBI and is associated
with increased expression of proinflammatory cytokines (e.g., IL-1p, TNF-a) (Holmin and
Mathiesen, 1999). Notably, a recent clinical study utilizing the positron emission
tomography ligand [11C] (R)PK 11195 to assess chronic microglial activation in 10 patients
studied more than 11 months after moderate to severe TBI reported significantly increased
binding bilaterally at sites distant from areas of focal injury, such as thalamus, and
correlated these changes with several measures of cognitive dysfunction (Ramlackhansingh
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etal., 2011). Furthermore, postmortem studies have also demonstrated increased microglial
activation in the white matter of head injury survivors up to 16 years after TBI (Gentleman
et al., 2004; Johnson et al., 2013). The experimental and clinical evidence now suggests that
TBI should not be viewed as a static, acute neurodegenerative disorder. Instead, TBI
initiates chronic biochemical processes leading to prolonged neuroinflammation and
microglial activation, and as such there may be a longer therapeutic window for the
treatment of head injury than traditionally accepted. In fact, a recent experimental study
which used a pharmacologic treatment (mGIuR5 agonist) to inhibit chronic microglial
activation demonstrated that delayed treatment at 1 month postinjury significantly reduced
both functional deficits and histologic outcomes through 4 months post-injury (Byrnes et al.,
2012).

Aging also influences microglial activation (Conde and Streit, 2006b; Lucin and Wyss-
Coray, 2009), and exacerbated microglial activation and astroglial responses to injury likely
contribute to the enhanced susceptibility to and poor recovery from TBI in elderly patients
(Galbraith, 1987; Pennings et al., 1993). In fact, experimental studies demonstrated that
microglial activation was exaggerated and prolonged in aged mice when compared to adult
mice (Sandhir et al., 2008), and these observations are consistent with reports of elevated
microglial activation in the aged brain following injuries such as facial nerve axotomy
(Conde and Streit, 2006a) and cerebral ischemia (Popa-Wagner et al., 2007). It has been
proposed that microglia in the aged brain are “primed” to respond more rapidly, produce
more pronounced inflammatory responses, and proliferate more vigorously than microglia in
the young brain following TBI (Godbout et al., 2005; Conde and Streit, 2006b). Recent
studies have revealed an altered relative balance between M1 and M2 microglial phenotypes
and increased NADPH oxidase expression in microglia in the aged injured brain, and this
exaggerated neuroinflammatory response was associated with increased cortical and
hippocampal neurodegeneration (Kumar et al., 2013). Therefore, a hyperactivated and
dysfunctional microglial response in the aged hippocampus may contribute to enhanced
neuronal loss and worse cognitive outcomes in the elderly following brain trauma.

The immature brain is also particularly vulnerable to brain trauma during critical
developmental phases that involve specific pathophysiologic responses such as prominent
edema formation and resulting in significant motor and cognitive deficits (Cernak et al.,
2010) (see Chs 15 and 41). Microglia may play a significant role in neuronal death in
experimental models of pediatric brain injury (Tang et al., 2010). While elevated alcohol
levels are associated with a higher incidence of brain trauma-inducing traffic accidents some
studies have suggested that intoxicated patients have improved clinical outcomes at least in
part due to reduced neuroinflammatory response to injury (Goodman et al., 2013). The
protective effects of alcohol in brain trauma have been disputed by other experimental and
clinical studies (Chen et al., 2012; He et al., 2013), which highlight the need for additional
research on the molecular mechanisms and long-term effects of alcohol on outcomes after
TBI.
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Neuroprotection: challenges for clinical translation

Neuroprotective treatments that limit secondary injury mechanisms and/or improve
behavioral outcome have been well established in multiple animal models of TBI. However,
translation of promising experimental neuroprotective treatments to human injury have been
very disappointing, with none of the pharmacologic treatments resulting in any consistent
improvements in outcome in the clinic (Maas et al., 2010). Both conceptual issues and
methodologic differences between preclinical research and clinical injury have undoubtedly
contributed to these translational difficulties (see Ch. 29). The lack of success of
neuroprotective drugs clinically has led investigators to identify potential factors
contributing to such failures (see Ch. 49). These include (1) inadequate understanding of
secondary injury mechanisms; (2) insufficient preclinical testing in multiple injury models,
strains, species (including gyrencephalic), genders and ages; (3) lack of thorough
investigation of pharmacokinetics and therapeutic brain concentrations; (4) failure
adequately to examine therapeutic window and clinically relevant behavioral outcomes; (5)
use of heterogeneous patient populations (see Ch. 3); (6) inadequate sample size; and (7)
inadequate functional outcome measurements and biomarkers. But there are many other
critical differences between clinical and preclinical studies that have potential relevance for
translation. These include, among others: use of anesthesia in animal models with potential
drug/anesthetic interactions; use of genetically identical populations and simplistic injury
models with high consistency; post hoc deletion of animal subjects not meeting injury
criteria versus the use of an intent-to-treat paradigm clinically. These differences have led
some to question the value of animal models or to suggest highly regimented criteria for
drugs considered for clinical trials, such as the STAIR criteria established for stroke
neuroprotection studies (STAIR, 1999; Fisher et al., 2009) (see Ch. 8).

Numerous in vivo TBI models have been utilized to address potential mechanisms of
secondary injury and to provide proof-of-principle support for specific treatment options.
However, methodologic concerns have been raised with regard to clinical relevance,
including choice of species, strain, or sex. For example, how well do models of brain trauma
in rodents reflect injury in higher species? Notably, rodents have relatively small
lissencephalic brains with less white matter than humans. Therefore, it has been suggested
that potential therapies should be evaluated in multiple models including higher
(gyrencephalic) species (Smith et al., 1997b). The porcine and human brains are
gyrencephalic and have a similar distribution of white and gray matter. Furthermore, the
stages of porcine brain development are comparable to those of the human brain, making the
neonatal piglet an appropriate model for the infant brain (Sullivan et al., 2013). Although
impacted by limitations such as high cost and complexity of behavioral tests, pig models
continue to grow in importance as a tool in neuroscience, including the study of TBI
(Sullivan et al., 2013).

Even within a given species, however, the same model can produce vastly different injury
levels and outcomes across various strains (Fox et al., 1999). This potentially impacts
studies using transgenic animals, in which outcome may reflect the type of backcrossing.
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For many preclinical neuroprotection studies, questions arise about the specificity of the
treatment target. Proclaimed specific modulators often have additional, and sometimes
unexpected, effects on other pathways. Certain experimental strategies can be employed to
address this concern, such as the use of structurally different modulators that share similar
modulatory functions or parallel use of knockout models. However, such complementary
experimental studies are not commonly performed. In addition, experimental models of TBI
use anesthetized animals. However, anesthetics themselves are drugs that affect injury in
different ways, and may serve to enhance or reduce cell death (Statler et al., 2006).
Moreover, anesthetics may have considerable effects on the actions of the therapeutic drug,
and these issues create potential problems for clinical translation. Animal models often use
outcome measures with limited relevance to treatment effects in humans and few animal
studies have examined therapeutic windows that correlate to likely treatment times in
humans. Indeed, most animal studies generally employ either a pretreatment or very early
post-treatment paradigm (i.e., <1 hour). In contrast, it is difficult to enter TBI patients into
clinical trials before 6 hours, in part because of the informed consent issues. It is also rare
for preclinical studies to examine pharmacokinetic or pharmacodynamic profiles of the
drugs being examined, or brain levels of drugs in relation to therapeutic actions.

Preclinical study design and statistical analyses also differ considerably from those used
clinically. Whereas clinical studies generally employ an intent-to-treat analysis, this is
virtually never done preclinically. In addition, power analysis is not generally performed to
determine the optimal animal sample size; rather, animal numbers are often determined
either arbitrarily, or worse, the sample size may be increased incrementally during the study
until statistical significance has been achieved. Randomization of treatment and blinding are
also important factors that must be included in preclinical experimental design. Another
problem is that clinical trials usually include a range of injury severities, whereas preclinical
studies use well-defined, highly controlled animal models of preselected severity. They also
preferentially use young healthy animals of a single sex to increase reproducibility, despite
the fact that TBI is highly heterogeneous clinically. Further, TBI models typically examine
the effects of local contusion or diffuse axonal injury in models that do not include
significant secondary insults such as ischemia, hypoxia or associated systemic injuries,
despite the fact that these insults are common in clinical TBI (Graham et al., 2005).

Thus, a number of conceptual and methodologic issues have undoubtedly contributed to the
difficulty in translating promising neuroprotective treatments from animal to human.
Nonetheless, many of these shortcomings can be addressed with improved preclinical
screening of drugs. Recommendations regarding preclinical experimental design for the
evaluation of neuroprotective agents for TBI have been made (Loane and Faden, 2010), and
they build on the STAIR criteria for development of neuroprotective treatments for stroke/
ischemia (STAIR, 1999; Fisher et al., 2009), and are in line with NIH guidelines for
effective therapies for TBI (Saatman et al., 2008; Margulies and Hicks, 2009). Prehospital
studies may focus on hyperacute treatment strategies that target early mechanisms such as
glutamate release, but the methodologic and randomization issues for such studies in a
disorder as heterogeneous as TBI would be major (see Ch. 23). Computational models will
be an important tool aiding the design of novel and more effective pharmacologic
interventions based on proven structures (Faden et al., 2003a, b, 2004). However, the
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heterogeneity of clinical TBI and the complex nature of the secondary injury process
represent the most significant hurdles to future clinical trial successes. Comparative
effectiveness studies in humans can be very important for agent development but depend
upon evidence for an agent shown to be effective, which has not yet occurred for TBI (see
Ch. 29). It is unlikely that targeting any single secondary injury factor will result in
significant improvement in outcome after TBI. Therefore, simultaneous targeting of several
injury factors using multipotential drugs may maximize the likelihood of developing a
successful therapeutic intervention to improve outcome in TBI patients.

Multipotential drug treatment strategies for traumatic brain injury

Statins

Given the multifactorial nature of the secondary injury processes after trauma, it is unlikely
that targeting any single factor will result in significant improvement in outcome after TBI
in human injury (see Ch. 28). Conversely, simultaneous targeting of several injury factors
using multipotential drugs (Table 22.1) may maximize the likelihood of developing a
successful therapeutic intervention to improve outcome in TBI patients. Due to space
limitations, only a limited number of promising pharmacologic agents currently under study
can be detailed here. Several of the neuroprotective agents discussed have been shown to
improve outcome in multiple models of CNS injury, target multiple secondary injury
pathways, and are currently or likely to be studied in randomized clinical trials for head
injury (Fig. 22.2). In addition, we also discuss some emerging multipotential strategies that
show particular promise in preclinical TBI studies and warrant further investigation.

The 3-hydroxy-3-methyglutaryl coenzyme A (HMGCoA) reductase inhibitors (statins) are
inhibitors of cholesterol biosynthesis, but have additional pleiotropic properties (Cucchiara
and Kasner, 2001) that make them potentially attractive neuroprotective agents (Wible and
Laskowitz, 2010). At the microvasculature level, statins increase endothelium-derived nitric
oxide production (Eto et al., 2002), reduce vascular inflammation (Maeda et al., 2003), and
limit hemorrhagic stroke (Delanty et al., 2001); after experimental TBI, they reduce post-
traumatic hypoperfusion and rebound hyperemia (Wang et al., 2007). Statins protect cortical
neurons from NMDA-induced excitotoxic death (Zacco et al., 2003), and improve neuronal
survival in TBI models (Lu et al., 2004, 2007; Qu et al., 2005; Wang et al., 2007). They
decrease apoptosis after trauma (Wu et al., 2008a), and favorably alter the ratio of
antiapoptotic to proapoptotic factors (Lu et al., 2007). Statins may also promote the growth
and differentiation of new neurons (Lu et al., 2007; Wu et al., 2008b); increased
neurogenesis may reflect upregulation of neurotrophic factors such as brain-derived
neurotrophic factor (BDNF) (Wu et al., 2008b) and vascular endothelial growth factor
(VEGF) (Chen et al., 2005).

Statins exert potent anti-inflammatory effects, in part by decreasing the formation of
isoprenoids. In TBI models, statins have been shown to limit production of proinflammatory
mediators, glial cell activation and cerebral edema, while increasing BBB integrity (Chen et
al., 2007, 2009; Wang et al., 2007). They decrease IL-1 (Chen et al., 2007, 2009), TNF-a
(Chen et al., 2007, 2009; Wang et al., 2007), IL-6 (Wang et al., 2007; Chen et al., 2009) and
intracellular adhesion molecule 1 (ICAM-1) (Chen et al., 2009) expression levels after TBI.
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Inhibition of the Toll-like receptor 4 and the nuclear factor kB (NF-xB) signaling pathways
are potential mechanisms by which statins may modulate the inflammatory response (Chen
et al., 2009).

Preclinical studies demonstrate that statins target multiple secondary injury pathways and
improve functional outcome after TBI (Lu et al., 2004, 2007; Qu et al., 2005; Chen et al.,
2007, 2009; Wang et al., 2007, Wu et al., 2008a). Furthermore, the therapeutic window for
this class of drugs is relatively large, with treatment 24 hours after TBI resulting in long-
term functional improvements and reduced neuronal cell loss (Lu et al., 2004, 2007).
Importantly, statins are well tolerated, easy to administer, have well-defined side-effects, are
easily monitored, and have a long clinical track record in critically ill patients (Tseng et al.,
2005). A small (n = 22) prospective, randomized, double-blind phase 11 clinical trial in TBI
has been performed using rosuvastatin in patients with moderate TBI (GCS of 9-13).
Treatment showed a modest improvement in TBI-associated amnesia and disorientation time
scores within the first 2—3 weeks, although scores were similar in treatment and placebo
groups at 3 months follow-up (Tapia-Perez et al., 2008). Further investigations are required
for this class of drugs and other phase 11 clinical trials to evaluate rosuvastatin and
atorvastatin in the treatment of head injury are planned. Of note, high dose statin treatment
(atorvastatin) reduced the overall incidence of strokes and of cardiovascular events in a large
scale double-blind, randomized, placebo-controlled clinical trial (ClinicalTrials.gov number,
NCT00147602), despite a small increase in the incidence of hemorrhagic stroke (Amarenco
et al., 2006).

Progesterone

Progesterone is a neurosteroid whose receptors are expressed in the CNS of both males and
females (Camacho-Arroyo et al., 1994). Neuroprotective effects for progesterone have been
reported in experimental spinal cord injury (SCI) (Gonzalez Deniselle et al., 2002), stroke
(Jiang et al., 1996), and TBI (Roof and Hall, 2000). Roof and colleagues (1993) observed
that female rats performed better than males in the Morris water maze after experimental
TBI and that progesterone-treated male rats were less impaired in the task than vehicle-
treated animals (Roof et al., 1994). These effects were associated with a reduction in
neuronal cell death (He et al., 2004). Progesterone attenuates glutamate excitotoxicity
(Smith, 1991), modulates apoptotic pathways (Djebaili et al., 2005; Yao et al., 2005), and
decreases diffuse axonal injury (O’Connor et al., 2007); it also reduces membrane lipid
peroxidation (Roof et al., 1997), possibly by upregulating superoxide dismutase (Moorthy et
al., 2005). Treatment limits inflammation after TBI, attenuating NF-xB, p65 and TNF-a
expression (Pettus et al., 2005; Pan et al., 2007). Progesterone also reduces edema after
injury (Roof et al., 1996; O’Connor et al., 2007) through mechanisms that may include
inhibition of Na*,K*-ATPase, modulation of vasopressin (Vink and Nimmo, 2009; Vink and
van den Heuvel, 2010), or maintaining BBB function by upregulating P-glycoprotein (Cutler
et al., 2007).

Although progesterone has been shown to have neuroprotective activity in models of
experimental stroke, SCI, and TBI, recent reports question its effectiveness in trauma
models. Importantly, a systematic review of progesterone treatment in CNS injury raised
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concerns about the methodologic quality of the TBI studies, and quantitative evaluation
revealed possible experimental bias in these studies (Gibson et al., 2008). In addition, a
highly regarded neurotrauma group failed to observe any protective effects of progesterone,
at doses reported to be effective by others, in well characterized models of either TBI or SCI
(Fee et al., 2007; Gilmer et al., 2008). Moreover, a clinically relevant therapeutic window
has not been examined in most published neurotrauma studies, with the majority evaluating
very early treatment times (i.e., 0-2 hours) after injury (Gibson et al., 2008).

Despite the limitations of the preclinical data, two randomized, double-blind, placebo-
controlled phase 11 clinical trials for progesterone have been conducted (Wright et al., 2007;
Xiao et al., 2008). Although these trials used different doses and treatment regimens, both
indicated trends toward improved outcome in progesterone-treated patients. In the ProTECT
Il trial moderate to severe TBI patients (n = 100) were randomized to receive progesterone
or lipid vehicle within 11 hours of injury (Wright et al., 2007), and the study was powered to
detect predetermined safety measures such as hypotension, pneumonia, and hepatotoxicity.
There were no differences in these safety measures between progesterone and placebo
groups, although death within 30 days of injury was lower in the progesterone group.
However, the number of patients studied was limited and randomization in the ProTECT I
trial was 3:1, resulting in relatively few vehicle treated controls. In the other phase Il trial
only severe TBI patients (n = 159) were enrolled and randomized to receive progesterone or
matching placebo within 8 hours of injury (Xiao et al., 2008). Patients who received
progesterone had a higher favorable outcome, as measured by GOS at 3 months postinjury.

Based upon the positive trends in the phase Il studies, two phase 111 multicenter clinical
trials are now in process in moderate to severe TBI patients. The ProTECT Il trial (NINDS/
NIH) examines intravenous (V) progesterone initiated within 4 hours of injury (with waiver
of informed consent to allow such early intervention) and continued for 72 hours, which is
then tapered off over 24 hours for a total of 96 hours infusion (h = 1140 moderate to severe
TBI) (Stein and Wright, 2010). The SyNAPSE phase 11 trial (BHR Pharma) is a global,
multicenter trial of BHR-100 (IV progesterone infusion) with treatment to be initiated within
8 hours of injury and duration of infusion is 120 hours (n = 1200 severe TBI patients) (Stein
and Wright, 2010). Unfortunately, the ProTECT I11 trial was stopped early in 2014 after the
independent Data and Safety Monitoring Board determined that the data indicated it was
very unlikely that progesterone treatment would demonstrate better outcomes compared to a
placebo control in this trial. The SyNAPSE phase 111 trial is nearing completion, and final
results are expected in May 2014.

There are significant impairments of aerobic metabolism early after TBI (Vespa et al.,
2005). Mitochondrial failure leads to energy and ionic imbalances, reduced brain ATP
levels, changes in mitochondrial permeability transition, release of cytochrome ¢ and
induction of proapoptotic events (Mazzeo et al., 2009). The immunosuppressant drug
cyclosporine A (CsA; INN ciclosporin) attenuates mitochondrial failure by binding to
cyclophilin D and stabilizing the mitochondrial permeability transition pore (Szabo and
Zoratti, 1991). Treatment with CsA reduced axonal damage in diffuse axonal injury models
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(Okonkwo and Povlishock, 1999; Okonkwo et al., 1999) and decreased lesion size following
CCI TBI (Sullivan et al., 2000a, b). Improved outcome was associated with preserved
mitochondrial function (Sullivan et al., 1999b) or structural integrity (Mbye et al., 2009;
Okonkwo et al., 1999). CsA attenuates lipid peroxidation and free radical oxidative damage
to mitochondrial proteins (Mbye et al., 2008, 2009). Given these multipotential effects and
long therapeutic window (up to 24 hours (Sullivan et al., 2000a)), CsA appears to be an
attractive candidate for clinical investigation.

A prospective randomized, placebo-controlled, double-blinded clinical trial of CsA was
performed at two centers for severe human TBI. Patients treated with CsA showed
significantly lower lactate/pyruvate ratios (Mazzeo et al., 2008), which may reflect
improved metabolism (Vespa et al., 2005). Larger phase Il clinical trials for CsA are in
preparation. Potential advantages for CsA are that it is FDA approved for other uses and off-
patent. However, CsA shows relatively poor brain penetration, has a biphasic drug-response
curve, and prolonged use adversely impacts the immune system (Margulies and Hicks,
2009).

Diketopiperazines

Diketopiperazines are cyclized dipeptides that were developed through a rational drug
design program based on the tripeptide thyrotropin-releasing hormone (TRH) (Faden et al.,
2005a). TRH and TRH analogs inhibit multiple secondary injury factors and processes
(Faden et al., 2005a). They were shown to be highly neuroprotective in experimental
neurotrauma across many laboratories and a small clinical randomized study of TRH in
human SCI was promising (Pitts et al., 1995). Four structurally different diketopiperazines
demonstrated significant neuroprotective properties both in vitro and in animal TBI studies
(Faden et al., 2005b). One of these (35b) showed effectiveness across TBI models and
species. In neuronal cell cultures, 35b provided neuroprotection in multiple models of
necrotic and apoptotic cell death (Faden et al., 2003b). Intravenous administration of 35b
reduced both lesion volume and improved functional recovery after FPI in rats and CCl in
mice (Faden et al., 2003a, b). The therapeutic window was at least 8 hours. Treatment also
significantly reduced apoptotic cell death (Faden et al., 2003b). Effects appeared to be
pleiotropic, with treatment reducing multiple potential secondary injury factors (cyclins,
calpains, cathepsin), while upregulating various endogenous neuroprotective and
neurotrophic factors (BDNF, HSP-70, HIF-1) (Faden et al., 2004, 2005b). In addition, data
are available regarding pharmacokinetics, brain penetration after systemic administration
and preclinical toxicology in the rat. Similar pleiotropic neuroprotective effects were
reported with another diketopiperazine — cyclo-L-glycyl-L-2-allylproline (NNZ 2591) — in
rats with hypoxic-ischemic brain injury (Guan et al., 2007). NNZ 2591 treatment improved
functional recovery and long-term histologic outcomes, and reduced caspase-3 mediated
apoptosis and microglial activation (Guan et al., 2007). Given their multipotential
neuroprotective effects in experimental TBI models, their clinically relevant therapeutic
window, and their safety profile, the diketopiperazines are attractive candidates for further
clinical investigation.
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SUR1-regulated NCca.a1p channel inhibitors

Edema and progressive secondary hemorrhage are important secondary injury mechanisms
that contribute to neurologic impairments in patients after TBI. Recent studies suggest that
upregulation of sulfonylurea receptor 1 (SUR1)-regulated NCc,.a1p channels in
microvascular endothelium play a key role in these secondary injury pathways (Simard et
al., 2008). Pharmacologic blockade using the SUR1 inhibitor glibenclamide reduced edema,
secondary hemorrhage, inflammation, apoptosis, and lesion size in experimental TBI and
subarachnoid hemorrhage models (Simard et al., 2009a, b). In particular, glibenclamide
treatment significantly reduced neuronal degeneration and apoptosis within the hippocampus
after TBI and was highly effective in sparing rapid spatial learning in the Morris water maze
test (Patel et al., 2010). Glibenclamide treatment is also neuroprotective in numerous models
of preclinical stroke and neonatal hypoxia-ischemia (Simard et al., 2012). At present, a
prospective multicenter, placebo-controlled, double-blind phase Ila trial of RP-1127
(glyburide for injection; Remedy Pharmaceuticals Inc., NY) is underway to test the effect of
RP-1127 in patients with moderate-to-severe TBI (ClinicalTrials.gov Identifier:
NCT01454154).

Cell cycle inhibitors

The cell cycle is upregulated in both mitotic (astrocytes and microglia) and postmitotic
(neurons, oligodendrocytes) cells of the brain after CNS injury, and post-traumatic cell cycle
activation is associated with caspase-mediated neuronal cell death and glial cell proliferation
(Di Giovanni et al., 2005). Cell cycle inhibitors have been extensively studied for their role
in cancer treatment, and inhibitors such as flavopiridol, roscovitine, and olomoucine have
been shown to exert powerful neuroprotective effects in in vitro model systems for neuronal
apoptosis (Padmanabhan et al., 1999; Verdaguer et al., 2004; Cernak et al., 2005), and they
also produce potent inhibitory effects on the proliferation and activation of astrocytes and
microglia (Cernak et al., 2005; Di Giovanni et al., 2005; Hilton et al., 2008). Given the
multipotential properties of cell cycle inhibitors they are considered to be promising
candidate drugs for the treatment of TBI.

In experimental studies treatment with flavopiridol, an inhibitor of all major cyclic-
dependent kinases (CDKSs) after LFP TBI in rats significantly reduced lesion volume, and
improved long-term cognitive and sensorimotor recovery (Di Giovanni et al., 2005). In
addition, flavopiridol treatment blocked caspase-mediated neuronal cell death and
significantly reduced glial cell activation, and these changes were associated with the
suppression of the cell cycle in neurons, astrocytes, and microglia within the injured cortex.
Follow-up studies demonstrated that delayed treatment with flavopiridol as late as 24 hours
postinjury resulted in significantly reduced TBI lesion volumes (Cernak et al., 2005).
Roscovitine is a more selective cell cycle inhibitor, which acts specifically on CDKs 1, 2,
and 5 (Meijer et al., 1997), and it too had significant neuroprotective actions in rat and
mouse TBI models. In addition to improving functional recovery and reducing the TBI
lesion, central and systemic administration of roscovitine markedly reduced microglial-
mediated neuroinflammation and associated neurodegeneration up to 28 days postinjury
(Hilton et al., 2008; Kabadi et al., 2012a).
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In addition, a more potent second-generation roscovitine analog, CR8, provides significant
neuroprotection in both mouse CCI and rat LFP experimental TBI models. Central
administration of CR8, administered at 3 hours post-CCl, attenuated cell cycle activation
pathways and reduced post-traumatic apoptotic cell death at 24 hours postinjury as well as
significantly attenuated sensorimotor and cognitive deficits, decreased lesion volume, and
improved neuronal survival in the cortex, CA3 and dentate gyrus region of the hippocampus
and thalamus (Kabadi et al., 2012b). Significantly, systemic administration of CR8 markedly
improved cognitive performance after TBI (Kabadi et al., 2012b). Administration of CR8 at
3 hours after LFP reduced markers of cell cycle activation, attenuated neuronal loss in the
cortex, hippocampus and thalamus as well as limited cortical microglial and astrocyte
activation (Kabadi et al., 2014). Furthermore, CR8 treatment attenuated sensorimotor and
cognitive deficits, alleviated depressive-like symptoms, and decreased lesion volume
(Kabadi et al., 2014). The role of cell cycle activation in post-traumatic secondary injury has
also been confirmed using genetic deletion of cyclin d1, a key modulator of the cell cycle.
Animals lacking cyclin d1 expression demonstrated significantly reduced microglial
activation and improved histologic and functional outcomes after TBI (Kabadi et al., 2012c),
thereby underpinning the key role that cell cycle activation plays in the neuroinflammatory
response to TBI. Several cell cycle inhibitors have been studied in randomized clinical trials
for cancer (Fischer and Gianella-Borradori, 2005). Although they are toxic when
administered chronically, cell cycle inhibitors have required only single dose administration
to exert powerful therapeutic effects in experimental TBI models. Therefore, given their
clinically relevant therapeutic window and their multipotential neuroprotective effects, cell
cycle inhibitors such as flavopiridol or roscovitine are attractive candidates for future
clinical translation.

CONCLUSION

TBI is a highly complex disorder, which is characterized by multiple interacting secondary
injury cascades. The focus on highly selective “laser-guided” neuroprotective strategies has
given way to the concept of multipotential drugs that modulate multiple secondary injury
pathways. The potential limitations of using single models and species for preclinical
screening of neuroprotective agents has been increasingly underscored, as have the
methodologic differences between clinical and preclinical trials. At the same time, there has
been increasing attention directed toward methodologic issues in clinical trial design and
analysis. In the future, it will be important to better facilitate bidirectional translational
research between preclinical and clinical investigators — which should serve to improve both
approaches to animal modeling and the design of clinical trials. Future advances in clinical
data sharing (e.g., using common data elements) should improve TBI classification in ways
that may lead to delineation of specific patient subgroups that may benefit from better
targeted neuroprotective strategies.
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Table 22.1

Multipotential drugs for traumatic brain injury

Multipotential drug

Targeted secondary injury mechanism

Reference

Statins

Progesterone

Ciclosporin

Diketopiperazines

Cell cycle inhibitors

PARP inhibitors

Excitotoxicity
Apoptosis
Inflammation
Edema

BBB disruption
Excitotoxicity
Apoptosis
Oxidative stress
Inflammation
Edema

Mitochondrial dysfunction

Lipid peroxidation and oxidative stress
Apoptosis
Endogenous neuroprotective pathways

Apoptosis
Inflammation

Apoptosis

Inflammation

(Zacco et al., 2003)

(Lu etal., 2007, Wu et al., 2008a)

(Chen et al., 2007, 2009; Wang et al., 2007)
(Wang et al., 2007; Chen et al., 2009)
(Chen et al., 2009)

(Smith, 1991)

(Djebaili et al., 2005; Yao et al., 2005)
(Roof et al., 1997)

(Pettus et al., 2005; Pan et al., 2007)

(Roof et al., 1996; O’Connor et al., 2007)

(Okonkwo and Povlishock, 1999; Sullivan et al., 1999b; Mazzeo et al.,
2009; Mbye et al., 2009)

(Mbye et al., 2008, 2009)
(Faden et al., 2003b, 2005b; Guan et al., 2007)
(Faden et al., 2004, 2005b)

(Padmanabhan et al., 1999; Verdaguer et al., 2004; Cernak et al., 2005;
Hilton et al., 2008)

(Cernak et al., 2005; Di Giovanni et al., 2005; Hilton et al., 2008; Kabadi
etal., 2012a,b, 2014)

(Yuetal., 2002)

(Kauppinen and Swanson, 2005; Hamby et al., 2007; Kauppinen et al.,
2009; Stoica et al., 2014)

PARP, Poly (ADP-ribose) polymerase.
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