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Abstract: According to the World Health Organization, Traumatic brain injury (TBI) is the major
cause of death and disability and will surpass the other diseases by the year 2020. Patients who suffer
TBI face many difficulties which negatively affect their social and personal life. TBI patients suffer
from changes in mood, impulsivity, poor social judgment and memory deficits. Both open and closed
head injuries have their own consequences. Open head injury associated problems are specific in na-
ture e.g. loss of motor functions whereas closed head injuries are diffused in nature like poor memory,
problems in concentration etc. Brain injury may have a detrimental effect on the biochemical processes
responsible for the homeostatic and physiological disturbances in the brain. Although significant re-
search has been done in order to decrease the overall TBI-related mortality, many individuals suffer
from a life-long disability. In this article, we have discussed the causes of TBI, its consequence and the
pathobiology of secondary injury. We have also tried to discuss the evidence-based strategies which

are shown to decline the devastating consequences of TBI.

Keywords: Traumatic Brain Injury (TBI), pathology of brain injuries, secondary cascade, excitotoxicity, inflammation, phar-

macological therapy.

1. INTRODUCTION

Traumatic brain injury (TBI) is one of the major causes
of morbidity and mortality, globally. It has a huge socio-
economic burden on the healthcare system worldwide. It has
been estimated that about 69 million people suffer from TBI
each year, worldwide out of which Mild TBI cases are nearly
55.9 million while 5.48 million people suffer from severe
TBI based on an estimate [1]. In the US alone, the preva-
lence of TBI progressed from 0.5 million in the year 2002 to
over 2.3-3.17 million individuals in the year 2016-2017[2].
A meta-analysis reported worldwide prevalence of TBI by
World Health Organization’s (WHO) region wise classifica-
tion of the countries showing highest incidence of TBI in
regions of America-United States and Canada (1299 cases/
100,000 people, 95% CI) and European region with 1012
cases/100,000 people (95% CI) while the lowest in African
region with 801 cases/100,000 people (95% CI). The extrap-
olation of this data to regional population showed highest
volume of TBI in South-east Asian and Western Pacific
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regions, annually with 18.3 million and 17.3 million cases,
respectively [1]. The incident of TBI in early life has been
found to be associated later with the onset of neurodegenera-
tive disorders. TBI results from the penetration of any exter-
nal physical force into the head causing rapid movement of
the brain within the skull. This causes a primary injury that
affects neuronal cells, blood vessels, microglia and astro-
cytes [3]. A severe primary injury initiates a complex cas-
cade of cellular and molecular events including inflammato-
ry, neurochemical and metabolic alterations which contribute
to delayed secondary injury [4-12]. Primary injury is a non-
reversible and non-curable whereas secondary injury is most-
ly reversible and can be prevented with suitable surgical in-
terventions and intensive therapeutic measures [13, 14].

The term TBI is more complex than it seems to be and
includes coup-contrecoup brain injury, concussion, brain
contusion, diffuse axonal injury (DAI), second impact syn-
drome (SIS), shaken baby syndrome and penetrating injury.
A coup-contrecoup brain injury occurs both at the site of
impact as well as at the opposite side of the brain. Examples
for coup-contrecoup brain injuries include serious car acci-
dents, forceful falls, blows to the head and acts of violence.
A concussion is the most common brain injury, which affects
brain functioning temporarily. It is a mild injury and usually
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associated with headaches, nausea, blurry vision, trouble
with thinking, disturbances in memory and sleep or mood
changes. A contusion is another form of mild injuries that
involves bleeding under the skin and often occur in conjunc-
tion with the concussion. Axonal damage after TBI may be
focal, multifocal or diffuse. Whereas, diffuse axonal injury,
is a type of TBI that happens when the brain rapidly shakes
inside the skull and the long connecting fibres (axons) in the
brain get damaged. DAI may cause injury to many parts of
the brain and may even induce coma as a resultant effect.
One of the rarest types of brain injury that is mainly found in
athletes is SIS. A second brain injury to the patients of SIS
may lead to diffuse cerebral swelling, brain herniation and
even death within a few minutes. Apart from the individual’s
age and gender, various other factors including severity, lo-
cation and type of injury play an important role in determin-
ing the outcome of TBI [2, 7]. The severity of TBI has been
categorized based on the Glasgow Coma Scale (GCS). Pa-
tients are scored based on the clinical symptoms. It is the
overall score that decides whether the injury is mild (score:
13-15), moderate (score: 9-12) or severe (score: <9) [15].
Depending upon the type and severity of TBI, the signs and
symptoms may appear immediately after the TBI or may
take some days or even weeks. In mild cases, there might be
some temporary changes that last only for a few seconds to a
few minutes while in severe cases the symptoms persist for
several minutes and sometimes even to hours. Patients who
survive with TBI often face problems such as anxiety,
memory impairments, and behavioural changes. Pharmaco-
logical interventions have been promising in dealing with
sub-acute as well as chronic phases of TBI. Pharmacological
interventions in sub-acute phases aim to prevent the second-
ary injury whereas in the chronic phase they mainly help the
patient to combat the complications of secondary brain inju-
ry. Despite the complex nature of TBI, research has been
able to explore some of the factors that are responsible for
the TBI mediated consequences across the life span of an
individual.

1.1. Factors Affecting the Outcome of TBI
1.1.1. Polytrauma

Multi-trauma/polytrauma is defined as the condition,
which involves significant injury to more than one body re-
gion and is a common consequence of vehicle accidents, war
injuries, and slips/falls [16]. Most common type of multi-
trauma is traumatic brain injury associated with bone frac-
ture. These co-existing conditions induce a complex post-
fracture healing process [17, 18]. TBI patients with skeletal
injuries are associated with higher level of serum pyridino-
lene cross-linked carboxy-terminal telopeptide (1CTP) and
insulin-like growth factor binding protein-3 (IGFBP-3)
which suggests decreased collagen breakdown in TBI pa-
tients [17]. Similarly, extracranial injury may have a poten-
tial influence on TBI outcome as disrupted blood-brain bar-
rier (BBB) and immune-privilege brain become vulnerable to
secondary damage after TBI [19]. Immune cells located at
the site of fracture proliferate and secrete a range of pro-
inflammatory cytokines into the blood circulation including
interleukin (IL)-1B, tumour necrosis factor (TNF)-a and IL-6
that evokes an extensive inflammatory response [20]. Con-
sidering the compromised endothelial integrity of BBB post-
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TBI, cytokines may have unprecedented access into the in-
jured brain, modulate the neuroinflammatory response and
worsens TBI outcomes [21-23]. Few animal model studies
reported increased levels of circulating inflammatory cyto-
kines when peripheral bone fracture and TBI were combined.
A novel mouse model of polytrauma involving the combined
injuries of tibial fracture and closed-skull TBI demonstrated
that mice afflicted with both a tibial fracture and TBI had
worsened behavioural abnormalities and brain damage com-
pared with mice given only a TBI, due to the presence of
aggravated neuroinflammation, edema, and BBB disruption
[24].

1.1.2. Infection

Followed by a moderate or severe TBI, most patients
require hospitalization especially in an intensive care unit
(ICU). As per the Centres for Disease Control and Preven-
tion (CDC) reports, approximately 2.87 million TBI related
hospital visits occurred in 2014, out of which 0.288 million
TBI related hospitalization. Few findings from experimental
models where induction of a peripheral infection or sepsis
have been shown to increase the mortality rate and worsen
neurobehavioral outcomes in rodents with TBI. During the
period of hospital stay, patients are at risk of developing
hospital-acquired (nosocomial) infections, especially when
the stay exceeds 7 days of ICU hospitalization. Infections
acquired after a TBI lead to longer hospitalization and ICU
stays, from 6.5 days in non-infected patients with versus 15.2
days in infected patients [25]. Hospital-acquired pneumonia
has been reported to worsen post-TBI outcomes and lead to
increased intracranial hypertension leading to a longer hospi-
tal stay when compared to non-infected TBI patients. Pa-
tients with TBI needs regular mechanical ventilation, to
avoid airway obstruction and exacerbation of injuries [26].
Ventilator use is the most common cause of in-patient respir-
atory tract infections, ventilator acquired-pneumonia (VAP)
is associated with the nasal entry of pathogens such as Pseu-
domonas aeruginosa, Staphylococcus aureus, Enterobacte-
riaceae, Streptococcus pneumonia and Haemophilus
influenza [27]. Device and hospitalization-associated expo-
sure of CSF to the environment are independent risk-factor
for infections like meningitis and surgical site infection (SST)
[28]. A study reported that insertion of ventricular drain has
led to the 3.6-fold and 5.7-fold rise in rates of SSI and men-
ingitis, respectively; while insertion of lumbar drain caused a
30.4-fold and 48.9-fold increase in SSI and meningitis, re-
spectively [29].

2. PHYSIOLOGICAL AND PATHOBIOLOGICAL
CONSEQUENCES AFTER TBI

It is very crucial to accentuate that human TBI is a heter-
ogeneous group of disorder with a varying magnitude of
pathogenic combinations. The sequela of events resulting
from the primary insults to brain and the consequent trickling
of secondary cascades, in turn, potentiates the progression of
primary pathogenic factors. The primary brain damage and
secondary pathological cascade consequent to TBI are sum-
marized in Fig. (1). These consequences are further catego-
rized into physical and biochemical changes.
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Fig. (1). A cascade of the primary and secondary pathological events after traumatic brain injury (TBI). Primary injury includes struc-
tural damage that cannot be reverted by therapeutic interventions, and only sensitive to preventive measures. On the other hand, early second-
ary injury includes necrotic and apoptotic cell death due to the release of excitatory neurotransmitters leading to oxidative stress, mitochon-
drial dysfunction, damage to the structural proteins and inflammation. Although the short-term inflammatory phase is beneficial because of
the activation of microglia which causes phagocytosis of debris and regeneration. But the prolonged inflammation worsens the outcome of
TBI. The intermediate phase which includes the release of TNF-o and IL-B within 1 hour of injury and persists for three weeks overlaps with
carly features of TBI. At last, all these pathogenic events culminate into progressive tissue loss and behavioural changes like motor, sensory,
cognitive deficits, post-traumatic epilepsy and electrophysiological changes. AMPA: a-amino-3-hydroxy-5-methyl-4-isooxazolepropionic
acid Receptor; Cyt C: Cytochrome c; ER: Endoplasmic reticulum; ICP: Intracranial pressure; NMDA: N-methyl-D-aspartate Receptor;
ROS: Reactive oxygen species. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).
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2.1. Physical Changes
2.1.1. Changes in Cerebral Blood Flow

The brain utilizes approximately 20% of the entire oxy-
gen volume consumed by the body supplied through the cer-
ebral blood flow (CBF) [30, 31]. CBF is auto-regulated
through negative feedback mechanism under the control of
myogenic, sympathetic mechanism and metabolic processes.
Under normal physiological condition where it remains di-
rectly proportional to Cerebral Perfusion Pressure (CPP) and
inversely proportional to Cerebral Vascular Resistance
(CVR) [31-33]. CPP represents the difference between mean
arterial pressure (MAP) and intracranial pressure (ICP) [34].
As a consequence of TBI, cerebral blood flow gets impaired
due to changes in CPP, marked by low ICP (5mm Hg or
less) and altered MAP levels, and an increase in CVR. CPP
changes mainly because of two reasons- Firstly, due to re-
duction in MAP resulting because of hypotension caused by
impaired physiological autoregulation mechanisms including
prostaglandin dependent vascular regulation [8, 35, 36], as
well as reduction in nitric oxide and cholinergic neurotrans-
mission [37, 38]. Secondly, because of edematous fluid ac-
cumulation leading to a dramatically increase in ICP. Thus,
the changes in MAP/ICP can cause a drastic decrease in
CPP. This compromised cerebrovascular autoregulation is
unable to maintain the CBF to meet brain metabolic demand
[33], and results in brain ischemia which further worsens the
neurological outcomes after TBI [39-41]. In the early stages
of TBI, hyperaemia may occur which leads to vasoparalysis
and a subsequent increase in cerebral blood volume influ-
ences the change in ICP. Both cerebral ischemia and hyper-
aemia show a mismatch between cerebral blood flow and
metabolism. For example, low CBF with normal metabolism
rate leads to an ischaemic situation and high CBF with nor-
mal metabolic rate leads to a hyperemic situation [42-44]. In
severe TBI patients, the normobaric and hyperbaric hyperox-
ia is given to stabilize mitochondrial function, which results
in the increased generation of ATP and metabolic rates of
oxygen in the brain. In addition, normobaric hyperoxia has
no significant impact on the improvement of metabolic rates
of oxygen as compared to hyperbaric hyperoxia. Further
suggestive of that the demand of oxygen supply is dependent
on the magnitude and duration of hyperoxia and might not
improve the oxygen demand in areas of low cerebral blood
flow [45-47]. Therefore, after TBI, there is an acute hyper-
perfusion phase and then ischemic phase that persists for a
longer time.

2.1.2. Disruption of the Blood Brain Barrier (BBB)

A continuous layer of brain capillary endothelial cells
together with pericytes, a basal lamina and astrocytes form
BBB. Tight junctions exist between endothelial cells which
form a metabolic and physical barrier restricting the move-
ments of macromolecules between blood and brain and
thereby maintain cerebral homeostasis [48]. After TBI, BBB
dysfunction may occur as a direct consequence of endotheli-
al cells damage immediately or after several days [22, 35,
49-51]. The processes underlying the disruption of BBB are
the production of free radicals and inflammatory mediators
(interleukins, TNF-a efc.), up-regulation of matrix metallo-
proteinases and vascular endothelial growth factor (VEGF)
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[50]. The increased BBB permeability results in the activa-
tion of astrocytes and microglia. The subsequent immune
responses involve changes in extracellular homeostasis and
neuronal excitability due to alteration in glutamate and po-
tassium buffering or extravasation of inflammatory media-
tors [52-54]. BBB dysfunction also leads to edema formation
and increase in ICP which is responsible for the impairment
of cerebral blood flow and ultimately in the development of
an ischemic zone and secondary lesion progression.

2.1.3. Edema Formation

The fluid accumulation inside the brain after TBI is
called cerebral edema [55-57]. It is a life-threatening compli-
cation and mainly classified into two types: (a) cytotoxic, (b)
vasogenic brain edema (Fig. 2).

2.1.3.1. Cytotoxic Brain Edema

An increase in intracellular fluid content leading to cellu-
lar swelling after TBI is known as cytotoxic brain edema.
The failure of the ATP-dependent Na'/K" pumps due to en-
ergy failure is mainly responsible for cytotoxic brain edema.
Na'/K' pump failure leads to an increase in cellular ionic
content and an overall increase in cell osmolality which re-
sults in the movement of water from the extracellular to the
intracellular compartment. Cytotoxic edema is not only re-
sponsible for an increase in brain swelling and a rise in ICP
but also adversely affects the cellular function by altering
intracellular metabolic concentration [58-60]. However, di-
rect quantification of functional outcomes associated with
neuronal functions, plasticity and behaviour in diffuse TBI is
challenging. As mild to moderate TBI insults does not have
any changes in the focal tissue damage and are usually char-
acterised by the axonal swelling and bulbs [61, 62]. After
cytotoxic edema, the outpouring of Na' from blood vessels is
hastened as the body tries to compensate for the decrease of
extracellular Na" and fluid [63]. The intravascular Na" out-
flow stimulates extravasation of fluid without disruption of
BBB and causes fluid accumulation inside the brain paren-
chyma known as ionic edema. Therefore, cytotoxic edema
indirectly causes an increase in brain volume and ICP [64].

2.1.3.2. Vasogenic Brain Edema

It is characterized by mechanical or functional break-
down of BBB [65, 66]. It occurs due to the movement of
water from the vasculature to the extracellular space in re-
sponse to an osmotic gradient created by the leakage of vas-
cular components in the brain parenchyma. It is responsible
for an increase in brain water content, brain swelling and
ultimately an increase in ICP [59]. Several cell components
including membrane channels, auto destructive enzymes,
receptors and vascular permeability factors play a role in
TBI-induced vasogenic and cytotoxic edema. Some of these
are discussed in below section.

2.2. Biochemical Changes
2.2.1. Aquaporins (AQPs)

AQPs are integral components of the cell mammalian
membrane and belongs to a family of pore forming proteins
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Fig. (2). Pathophysiology of vasogenic and cytotoxic edema after traumatic brain injury: Vasogenic edema: After brain insult, disrup-
tion of the endothelial tight junctions in the BBB leads to the accumulation of fluid and albumin content in brain parenchyma. Cytotoxic
edema: Brain injury induces depletion of ATP production, ultimately responsible for the disturbance in the functioning of ATP-dependent
pumps (e.g. Na"-K" pump). These events cause intra-extracellular ion imbalance. Finally, there is an excessive inflow of Na' ions and extra-
cellular fluid resulting in cell swelling. Ionic edema: Due to the depletion of extracellular Na™ by the excessive inflow into cells that is a
compensatory outflow of Na" and fluid from blood vessels into cerebral parenchyma. Brown spheres: albumin; Gray spheres: Na* ions. (4
higher resolution/colour version of this figure is available in the electronic copy of the article).

[67]. There are 13 AQPs known to exist in mammals, in
which AQP1, AQP4 and AQP9 are found to be highly ex-
pressed in the brain [68]. AQPI is highly expressed in the
choroid plexus and takes part in the formation of cerebrospi-
nal fluid [69], whereas AQP9 is found in some astrocytic
processes at the glia limitans [70]. AQP4 is prominently ex-
pressed in the astrocytic foot process surrounding capillaries
and involves in maintaining brain water balance by manag-
ing water fluxes into and out of the brain parenchyma [71-
74]. Increased expression of AQP4 after TBI is responsible
for the development of edema [75, 76]. AQP4 plays contrary
roles in the pathogenesis of cytotoxic and vasogenic edema.
In cytotoxic edema, AQP4 causes the excessive inflow of
extracellular fluid into cells whereas in vasogenic edema it
helps in the removal of fluid accumulated in the ECF of
brain parenchyma by facilitating its reabsorption of fluid.
Therefore, AQP4 inhibitors are found to be beneficial in cy-
totoxic edema by reducing intracellular fluid accumulation,
while AQP4 activators are expected to be effective in vaso-
genic edema acting through clearing the accumulated fluid in
the brain parenchyma [64].

2.2.2. Matrix Metalloproteinases (MM Ps)

MMPs are a family of zinc-endopeptidases capable of
digesting extracellular matrix proteins such as collagen, lam-
inin and fibronectin [77]. Although MMPs support the tissue
remodelling by promoting angiogenesis, their over-activation

is responsible for the degradation of basal-lamina around
brain micro-vessels leading to BBB hyper-permeability [78].
In TBI, the up-regulation of MMPs has been correlated di-
rectly to the severity of injury [79-82]. Up-regulation of
MMPs especially MMP-9 was observed in astrocytes, mi-
croglia, neurons and endothelial cells after experimental
brain injury. MMP-9 is also identified as a key-mediator of
BBB disruption after brain injury [83-86].

2.2.3. Vasoactive Agents

It is well demonstrated that inflammatory, vasoactive
agents can increase the BBB permeability resulting in cere-
bral edema [87]. Classical as well as neurogenic inflamma-
tion, have been found to be involved in producing cerebral
edema after brain injuries. In terms of classical inflamma-
tion, the bradykinin family of kinins is known for its in-
volvement in the development of edema following acute
brain injury [88]. Kallikrein cleaves the kininogen and forms
bradykinins with two active peptides (bradykinin and
kallidin), producing their actions through two subtypes (B,
and B, receptors) of bradykinin receptors. Bradykinin peaked
within 2 h of TBI whereas bradykinin receptors (B; and B,)
were found to be significantly up-regulated after 24 h of
brain insult [89]. Although both B, and B, receptors were
significantly expressed, only B, receptors knockout mice had
shown a significant reduction in edema and improvement in
functional outcomes after TBI [89]. This study suggested
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that bradykinin B, receptors play an important role in edema
formation after TBI. Treatment with B, receptor antagonist
has also shown a reduction in ICP and contusion volume in a
focal contusion model [90]. Tachykinins, the other distinct
family of kinins have been suggested to involve in the devel-
opment of neurogenic inflammation. Neurogenic inflamma-
tion is a process that comprises vasodilation, plasma extrava-
sation and neuronal hypersensitivity. It is caused by the vari-
ety of neuropeptides released from sensory neurons [91].
Calcitonin gene-related peptide (CGRP) and substance P are
the two main neuropeptides implicated in neurogenic in-
flammation that causes vasodilation and enhances plasma
protein extravasation respectively [59].

2.2.4. Sulfonylurea Receptor-1 (SUR-1)

The non-selective (ATP-sensitive) NCCa-ATP channel,
was primarily recognized in native reactive astrocytes
(NRAs) and later on recognized in neurons and capillary
endothelial cells following TBI or stroke. The (SUR-1) re-
ceptor regulating NCCa-ATP channel, is a 30-pS channel
that allows the conduction of monovalent cations [92, 93].
This channel is not physiologically expressed but gets up-
regulated in neurons, astrocytes, and capillary endothelial
cells after TBI. Even after expression, these channels remain
in the inactive state and only get activated after depletion of
intracellular energy stores. Activation of these channels leads
to cell depolarization, cytotoxic edema and oncotic cell death
[94, 95]. SUR-1 receptors present in capillaries also result in
the formation of vasogenic edema [92, 96, 97]. Sulfonylurea
inhibitors such as glibenclamide are known to exhibit antago-
nistic action on SUR-1. In TBI, treatment with glibenclamide
showed beneficial effects by reducing the edema formation in
rats [98-100]. Glibenclamide completed phase 2 clinical trial
(ATRAL) and entered phase 3 trial (CHARM) where it
seems to be a better alternative compared to the currently
available option to treat edema-associated brain swelling i.e.
Decompressive Craniectomy [101].

2.2.5. Ionic Homeostasis Imbalance

Immediately after TBI, damage to the neuronal mem-
brane, axonal stretching and opening of voltage-gated K"
channels take place [5]. In addition, non-specific depolariza-
tion mediated increase in intracellular Ca*" ions contribute to
the release of the excitatory neurotransmitter including glu-
tamate. The released glutamate acts on N-methyl-D-aspartate
(NMDA), D-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onic acid (AMPA) and kainate receptors which exacerbate
the K" outflux [102]. Under normal physiological conditions,
excessive K' is taken up by the surrounding glial cells. Ex-
tracellular K™ and intracellular Ca*" increases cortical spread-
ing, metabolic alterations, activation of auto-destructive en-
zymes, free radical production and decreases ATP produc-
tion mediating neuronal damage inside the brain [5, 103].

2.2.6. Excitotoxicity

The term excitotoxicity refers to a pathological condition
that occurs due to the over-stimulation of the amino acid
neurotransmitter receptors especially glutamate, mediating
neuronal injury and death [104, 105]. Excitotoxicity is a se-
rious and important neurodegenerative mechanism among all
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the processes that contribute to both necrotic and apoptotic
neuronal cell death following TBI [106-108]. Excitotoxicity
attains greater emphasis as it fundamentally suggests the
basic mechanism by which the neuronal cells die under
pathological conditions. In addition, excitotoxicity represents
the massive release of excitatory neurotransmitters in the
synaptic and extra-synaptic regions. Glutamate is an im-
portant excitatory neurotransmitter, present in small concen-
tration and is highly regulated by mechanisms involving en-
zymes and transporters in the neuronal and glial cells. How-
ever, under pathological conditions like neurodegenerative
disorders, TBI, stroke and ischemia these mechanisms are
futile in maintaining the amino acid concentration at physio-
logical range in the CNS. As a consequence of oxidative
stress, due to rapid Ca®" influx and excessive ROS genera-
tion from the mitochondria. Increased ROS levels result in
the breakdown of cell membrane, ultimately influencing the
functions of neuronal cells [109-111].

As mentioned earlier, the most devastating feature of
excitotoxicity is massive calcium influx and potassium efflux
[112]. Neuronal calcium level increases through various
mechanisms. TBI is a mechanical injury, calcium enters
through the plasma membrane pores formed by tear and
shear forces during primary insult [113-115]. The mechani-
cal strain can alter the function of voltage-gated Na" chan-
nels. Increased entry of Na' ions in the cell and decreased
Na'/K" ATPase pump activity is responsible for the depolar-
ization of the cellular membrane, which then could activate
voltage-gated Ca>" channels. Also, a high intracellular Na”
concentration could cause Na'/Ca®" exchanger to operate in
the reverse direction, which further leads to increased Ca*
inside the cell [116, 117]. The increased cytoplasmic Ca**
levels lead to the excessive release of glutamate, which pro-
duces neurotoxicity by overstimulating glutamate receptors.
On the other end, the dysregulated concentrations of gluta-
mate are also associated with the activation of ion channels
(voltage-gated calcium channels) resulting in the rapid influx
of Ca”" ensuing cell death. Moreover, the overstimulation of
NMDA receptor is thought to be a major route of Ca*" entry
in the cell [118, 119], and AMPA receptors are primarily
more permeable to Na'. However, increased intracellular
Na' levels result in persistent depolarization of the cell
membrane, activates NMDA and VGCCs ultimately increas-
es the concentration of cytoplasmic Ca®". The increased in-
tracellular calcium further results in the release of Ca*" from
intracellular stores like endoplasmic reticulum [108]. This
massive rise in intracellular Ca®" leads to various down-
stream neurotoxic effects like mitochondrial dysfunction,
stimulation of enzymes (caspases, calpains, endonucleases,
lipases etc.), production of free radicals, degradation of the
integrity of cellular membrane, DNA damage and finally
apoptotic and necrotic cell death [108, 120].

2.2.7. Inflammation

Inflammation is the prime or basic immune mechanism,
which gets activated in response to invading pathogens or
even due to changes in the normal tissue homeostasis. It is
usually a beneficial process which protects tissues from
harmful substances by restricting their survival and prolifera-
tion, ultimately promoting repair and remodelling of tissue
matrix [121]. Following tissue injury, M1 stage gets activat-
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ed which is characterised as the ability of cells to secrete
increased pro-inflammatory cytokines and oxidative sub-
stances for mediating phagocytosis. The persistent activation
of inflammatory responses might result in the potentiation of
pro-inflammatory cytokines having deleterious roles in the
CNS and periphery [121, 122]. However, extensive and un-
regulated release of pro-inflammatory cytokines is in turn
equally associated with the release of anti-inflammatory cy-
tokines, contributing to the progression of neurodegenerative
disorders including TBI and ischemia [66].

Brain injuries both primary mechanical insults and sec-
ondary injury result in the impairment of cellular pathways
and functions following any trauma or TBI [122]. In addi-
tion, TBI stimulates several immune and inflammatory tissue
responses. Activation of glial cells and astrocytes, recruit-
ment of leukocytes, neutrophils, macrophages and cytokine
release is more prominently reported after TBI as part of
immune cell activation, which directly gets scavenged to the
targeted site of injury [115, 122, 123]. Similarly, neuroin-
flammation shows dual opposing roles, as activated astro-
cytes and glial cells also secrete several neurotoxic substanc-
es which have challenging roles in the potentiation of TBI
and neuronal cell apoptosis. Therefore, limiting the process
of inflammation serves in attenuation of secondary injury
and neuronal cell death. For example, minocycline has
shown promising therapeutic benefits in several experi-
mental models of TBI, which acts by reducing the activation
of microglial cells and cellular inflammatory components
following TBI [124-127]. Several other anti-inflammatory
agents have also shown significant effects on the recovery of
neural functions [128].

The brain is considered as “immune-privileged” organ as
it has a highly selective and tightly regulated BBB that
blocks the entry of many foreign pathogens and immune
activators [129]. For instance, data from animal studies have
suggested that the inflammatory stimulus lipopolysaccharide
(LPS), showed delayed response in the brain as compared to
other tissues [130]. In TBI, BBB integrity gets compromised
exposing the brain cells to peripheral blood products, tissue
and cellular debris, prostaglandins and free radicals. These
events generate complex immune responses by activating the
release of chemokines, adhesion molecules and mobilize
glial and other immune cells in the brain [19, 131-133]. The-
se cells then infiltrate the injured tissue along with macro-
phages and T-cell lymphocytes [134]. Activated polymor-
phonuclear leukocytes (PMNL) adhere not only to the dis-
torted layer but also to the intact endothelial layer (Fig. 3).
The infiltration of these immune cells is facilitated via the
up-regulation of endothelial cellular adhesion molecules
such as P-selectin, intracellular adhesion molecule (ICAM-1)
and vascular adhesion molecule (VCAM-1). Proinflammato-
ry mediators such as TNF-a, interleukin-1p and interleukin-6
become upregulated within few hours after injury. Direct and
indirect release of neurotoxic mediators like, nitric oxide,
neutrophils, microfilaments and cytokines lead to the pro-
gression of tissue damage and tissue scar formation. Further
additional release of vasoconstrictors (prostaglandins and
leukotrienes) and adhesion of leukocytes and platelets pro-
duce microvascular obliteration, BBB lesion, and edema
formation. Consequently, it aggravates secondary brain dam-
age and decreases tissue perfusion [6, 129, 132]. However, it
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is equally important to view the harmful effects of microglial
cells, as on one end it results in the clearance of dead cells
during acute phases of injury, while on the other side aids in
neuronal impairment which later contribute to the pathogen-
esis of neurodegenerative disorders.

2.2.8. Activation of Auto-destructive Enzymes

Several enzymes like calpains and caspases (members of
a family of cysteine proteases), endonucleases, phospho-
lipases and nitric oxide synthase efc., get activated after TBI.
Most of these auto-destructive enzymes are stimulated due to
an increase in intracellular [Ca®];. The neuron-specific iso-
form of calpains are activated by pmolar [Ca*']i range, a
level that is achieved by ischaemic and excitotoxic insult
following TBI [112, 135]. Cytoskeletal proteins like spectrin,
tubulin, tau, microtubule-associated protein and neurofila-
ments act as substrates for calpains [136, 137]. Several other
cell components like cell adhesion molecules, proteases,
phosphatases, glutamate receptor and transporter also serve
as the substrates for calpains. Therefore, TBI-induced over-
activation of calpains can be attributed to abnormal and irre-
versible changes in the membrane and cytoskeleton of the
brain cells [136]. These changes are detrimental to the struc-
tural integrity of the cell leading to increased membrane
permeability to ions and macromolecules.

Activation of caspases (a hetero-tetramers) has been
widely implicated in apoptotic events after CNS injuries,
including TBI [136, 138]. Caspases are expressed as inactive
pro-forms i.e., zymogens which concomitantly gets activated
by both extrinsic and intrinsic pathways [114, 139-141]. In
the extrinsic pathway, specific ligands bind to receptors on
the cell surface that directly cause caspase activation through
adapter proteins. The binding of TNF/lymphotoxin to TNF
receptor-1 or fas triggers the activation of caspases [142,
143]. In the intrinsic pathway, caspases get activated intra-
cellularly by the generation of signals from mitochondria.
Cytochrome c (Cyt C) released from mitochondria binds to
the caspase-activating factor Apaf-1 which oligomerizes
with procaspase-9 resulting in induction of pro-caspase-3
[144]. Activated caspases are involved in the breakdown of
several groups of the substrate, including enzymes and pro-
teins which have been implicated in the maintenance of
structural integrity, signal transduction, transcription and
DNA repair [145]. Degradation of these proteins is responsi-
ble for the membrane blebbing, DNA fragmentation or con-
densation and formation of apoptotic bodies and finally cell
death [138]. Endonucleases activation after TBI leads to
DNA damage and delayed cell death [119, 146]. Phospho-
lipase C (PLC) and Phospholipase A, (PLA,) are activated
due to increase in [Ca®]i [147, 148]. The activation of PLA,
elicits release and accumulation of free arachidonic acid,
changes membrane permeability and increases free radical
generation. Activation of PLC results in activation of
IP3/DAG second messenger pathway and ultimately increas-
es cytoplasmic Ca®" influx from intracellular and extracellu-
lar stores [148, 149]. Additionally, DAG mediated activation
of protein kinase C (PKC) also potentiates the activity of
NMDA receptors and VGCCs which further enhance the
intracellular Ca*" levels. Enhanced intracellular Ca*" binds to
enzyme calmodulin and potentiates its activity leading to
activation of the nitric oxide synthase (NOS) [150, 151].
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Excessive production of nitric oxide (NO) is detrimental to
neuronal functioning. Excess NO binds to the superoxide
radicals and forms peroxynitrite (ONOO-) which is a highly
potent oxidant and has been implicated in oxidizing DNA,
proteins and membrane lipids [151]. Superoxide radicals
remain under the strict control of endogenous free radical
scavenger i.e., Superoxide Dismutase (SOD). However, fol-
lowing traumatic insult, there is excessive production of su-
peroxide radicals, SOD becomes saturated, allowing a high
level of peroxynitrite generation and finally leading to neu-
ronal damage [119].

2.2.9. Metabolic Alterations

The cerebral oxygen and glucose consumption (as re-
flected by cerebral metabolism) are rapidly reduced after
TBI along with the reduction of phosphocreatine and ATP
levels (as reflected by cerebral energy state). This occurs
with considerable temporal and spatial heterogeneity [152-
154]. Primary insults result in cell death in a limited region
of actual impact but metabolic dysfunction spreads in the
remote areas of the brain. In the early phase of the injury,
glucose utilization increases for the first 30 min and then
continuously decreases for the next 5-10 days [103]. The
early hyper glycolysis is due to the disruption of ionic gradi-
ents across the neuronal cell membrane which causes poten-

lood-Brain Barrier; IL-6: Interleukin-6; IL-8: Interleukin-8; TNF-a: Tu-
cellular adhesion molecule; IL-10: Interleukin-10; TGF-B: Transforming
available in the electronic copy of the article).

tiation of energy-dependent ionic pumps [9]. The initial
phase of hypermetabolism is followed by a long phase of
hypo-metabolism where the cells are not able to convert glu-
cose into ATP. This impairment in oxidative metabolism
leads to anaerobic metabolism in order to meet energy needs.
The anaerobic metabolism leads to the formation of lactic
acid. This accumulation of lactic acid in extracellular space
may lead to acidosis, membrane damage, disruption of BBB
cerebral edema and ultimately neuronal dysfunction [9, 155].

2.2.10. Oxidative Stress

Oxidative stress is centrally involved in the progression
of several diseases including TBI and neurological disorders.
And is characterized by the imbalanced redox states that are
associated with excessive formation of free radicals such as
reactive oxygen species (ROS) and reactive nitrogen species
(RNS) [156]. TBI causes mechanical stress to brain tissue
and can initiate sudden biochemical changes at the time of
impact that initiates oxidative stress cascades [157]. Conse-
quently, nervous system is highly susceptible to changes in
redox potential as it’s an organ with the high demand of ox-
ygen supply and composed of abundant lipids [158, 159].
Imbalanced redox potentials in nervous tissue may damage
the brain severely through mechanisms such as an increase in
intracellular free Ca®", release of excitatory amino acids, and
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neurotoxicity [160]. Aggravated oxidative stress may, in
turn, activate several processes inducing cellular damage,
mitochondrial dysfunction, impairment of the DNA repair
mechanism thereby initiating neurodegenerative cascades
involving synaptic disconnection and impaired transport of
mitochondria to synapses infuriating the neuronal response
to TBI[161-166].

In addition, production of ROS and RNS following TBI
is one of the major and most confirmed aspects of secondary
injury. Superoxide radical is one of the supreme and primary
radicals produced almost immediately following TBI [115,
137, 167, 168]. It is generated by the reduction of one elec-
tron of molecular oxygen. Various processes including the
increase in the mitochondrial permeability, enzymatic auto
degradation of biogenic amine neurotransmitters, oxidation
of extravasated haemoglobin, inflammation, conversion of
xanthine dehydrogenase to xanthine oxidase, Ca>" dependent
activation of phospholipases and the downstream arachidon-
ic acid events contribute to the generation of free radicals
[169]. After TBI the microvascular superoxide radical pro-
duction is increased and the severity of brain injury can be
estimated by measuring biochemical modifications such as
ROS-mediated damage. An increase in ROS production has
been identified as an important mechanism by which neu-
ronal plasticity is affected during injury [170-172]. Moreo-
ver, imbalance in the enzymatic functions may potentiate the
generation of superoxide, cellular tissue damages and cer-
tainly, if left untreated, leads to cell death and disease. How-
ever, superoxide is not an exclusive oxidant but its activity
gets enhanced upon interaction with other active oxidant
molecules like NO and peroxynitrite [173]. Under physiolog-
ical conditions, endogenous antioxidant mechanism i.e. su-
peroxide dismutase enzyme converts superoxide radical
(O,-) into hydrogen peroxide (H,O,) and reduces the damag-
ing effect of superoxide radical. But, following TBI, super-
oxide dismutase enzyme activity is reduced resulting in a
massive increase in superoxide radicals which may damage
the cell membrane, protein and DNA [13, 174].

TBI induces the levels of inducible nitric oxide synthase
(iNOS) in the regions of the brain. The induction of iNOS is
associated with the release of NO which plays a definite role
in the disease pathogenicity [175, 176]. Peroxynitrite (PN,
ONOO-) is another free radical donor and one of the most
principle reactive species involved in the progression of sec-
ondary injury. It is produced by the chemical union of super-
oxide radical (O, *-) and nitric oxide (NO¢). Nitric oxide and
superoxide radicals are not as reactive as peroxynitrite [177].
In addition, peroxynitrite anion can also combine with CO,
and formed nitrosoperoxocarbonate (ONOOCO2) which
readily decomposes and give nitro (*NO,) and carbonate
radical (¢COs3). Collectively, peroxynitrite anion gets decom-
posed and formed highly reactive *OH, *NO; and *CO; [13].
These all free radicals produced following TBI lead to lipid
peroxidation, protein nitration and mutation in DNA. Based
on the definite role of NO in exacerbating disease patho-
genicity in coordination with increased oxidative radicals, it
can be suggested that controlling the production of NO might
act as a better therapeutic target. In particular, recent evi-
dences have suggested that selective NOS inhibitors were
effective in reducing the injury in the immature brains fol-
lowing ischemia [178-181]. In addition, decrease in ascor-
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bate radical formation after TBI by antioxidants have also
suggested the definite role of oxidative stress and secondary
damage [182]. Ascorbate represents as a cofactor for NO
release from S-nitrosothiols and its deficiency result to ac-
cumulate the NO reserves. Interestingly, despite the availa-
bility of S-nitrosothiols, reduced NO production is largely
associated with hypoperfusion after TBI in infants and chil-
dren [183]. Efficiently, S-nitrosothiols prevents the participa-
tion of NO in the formation of peroxynitrite, thus increasing
BBB functions. The exciting role of NO either constructive
or destructive has been an excellent topic of further consid-
eration, and few elegant reviews can be referred on the role
of NO [184-189].

The central nervous system contains a large amount of
iron which is responsible for the increase in susceptibility of
the brain to oxidative damage especially lipid peroxidation.
Under normal physiological conditions, iron is tightly regu-
lated in neuronal tissue. But, following TBI, acidosis and
haemorrhages cause disturbances in iron homeostasis [190].
Moreover, extravasated haemoglobin due to the rupturing of
cerebral blood vessels and haemorrhage is another source of
iron. Haemoglobin itself increases the production of super-
oxide radicals. The iron leaked following TBI is also respon-
sible for the generation of hydroxyl (OHe) radicals when
ferrous ion undergoes oxidation by its reaction with H,0,.
The hydroxyl radical is an extremely hostile oxidant that can
damage most biological molecules [13]. Several pieces of
evidence reported that lipid peroxidation products contribute
to Ca”" toxicity in the cell by the accumulation of 4-HNE
that inhibits the activity of glutamate transporters on astro-
cytes prolonging the NMDA receptor-mediated influx of
Ca® [191]. Lipid peroxidation can also be responsible for
dysregulation of Ca**ATPase resulting in ionic imbalance
[192]. These hostile products cause a defect in the mitochon-
drial capacity to sequester ions leading to mitochondrial dys-
function [174, 193]. Previous studies suggest that loss of
synapse takes place following TBI and are typically associ-
ated with sensory, motor, and cognitive impairments in vari-
ous neurodegenerative conditions, such as major depressive
disorder, Alzheimer's disease, Huntington disease, and amy-
otrophic lateral sclerosis (ALS), as well as aging [194]. Ap-
parently, the dysregulation in the protein processes is associ-
ated with the onset of neurodegenerative disorders (Fig. 4).
There exists an association between the TBI and AD pathol-
ogy, and the pathological hallmarks of AD are characterised
by the presence of amyloid-f (AB) plaques and neurofibrilla-
ry tangles of p-Tau. It has been suggested that oxidative im-
balance and resultant neuronal damage may play a critical
role in the initiation and progression of AD through aggra-
vated production of hyperphosphorylated tau and amyloid
plaques, accelerating the vicious pathogenic cycle. Uryu et
al., evaluated the levels of 8,12-is0-iPF20-VI (isoprostane
analysis) a marker estimated for lipid peroxidation in urine
and brain samples and suggested that repetitive TBI aggra-
vates the oxidative stress and causes accumulation of Af
impacting cognitive functions in WT and Tg mice [195].
Another important piece of evidence comes from the fact
that edaravone (a free radical scavenger) reduced cognitive
impairment by attenuating axonal injury and oxidative dam-
age in post-TBI conditions [196]. The defects in antioxidant
defence mechanisms resulted in increased AP deposition in



The Complexity of Secondary Cascade Consequent to Traumatic Brain Injury

Neuronal
damage

Excitotoxicity

itochondrial dysfunction
Blood brain barrier disruption
Oxidative stress

Current Neuropharmacology, 2021, Vol. 19, No. 11 1993

——

Lipid peroxidation
Glutathione ROS
Catalase ey (R
Superoxide dismutase Protcins, lipids, DNA

g

lmbalanced redox states

Ny N

APP processing, AR accumulation

Secretases,
APP cleavage

<& BACE

Protein oligomers

Tau

AB fibgils/ L 'Neuroﬁbrillary tangles
h S r Lewy bodies
plaques L AN S

Protein degradation
. —e
a-synuclein Misfolding

|

a-synuclein

.m' aggregation/

Fig. (4). Selective pathways demonstrating the role of oxidative stress in the progression of neurodegenerative disorders after TBI: TBI in-
duces neuronal loss, accompanied by primary and secondary events. These events are associated with mitochondrial dysfunction, imbalanced
redox potential, blood brain disruption and oxidative stress. In addition, increased calcium ion concentration mediated excitotoxicity results in
the exacerbation of oxidative stress. Oxidative radicals, in turn, aggravates the tissue damage resulting in the cleavage of APP protein, phos-
phorylation of Tau and misfolding of a-synuclein protein pathways. Consequently, the alteration in the processes results in cell death leading
to the exacerbation of neurodegenerative pathologies. AB: Amyloid-f; AD: Alzheimer disease; APP: Amyloid precursor protein, PD: Parkin-
son disease; RNS: Reactive nitrogen species; ROS: Reactive oxygen species. (4 higher resolution/colour version of this figure is available in

the electronic copy of the article).

transgenic mice with APP mutation [197]. Plassman ef al., in
a population based retrospective study, demonstrated that
young adults with moderate and severe head injuries are
linked with AD and other dementia pathology in the later
stages of life [198]. Consequently, the considerable ROS
formation increased by the electron transport system within
the mitochondria under stressful conditions and aging consti-
tutes a major risk for developing Alzheimer's disease (AD),
when no efficient antioxidant system is available [199].
Moreover, several other studies have documented that TBI
plays a critical role in the progression and development of
AD [200-202]. Autopsy studies have demonstrated that AB-
plaques were reported in 60% of patients surviving a moder-
ate-to-severe TBI [203]. Moreover, PET neuroimaging has
revealed the greater Ap accumulation in the posterior cingu-
late region in individuals surviving a moderate-to-severe TBI
compared to healthy controls denoting white matter injury
[204]. Levels of the proteins involved in AP production
(BACEI, PS1 and APP) are increased in the injured cortex
after TBI, and follow a time course similar to that of Af
[205-207]. Altogether, it can be anticipated that targeting

APP secretases might be an efficient challenge in reducing
the AP deposition, as it clearly establishes a foundational
basis for the over accumulation of AR and TBI. Several
mechanisms have been expressed stating the link between
early development of AD pathology and TBI [208, 209]. Of
particular note, emerging evidences from several studies
make it unlikely to come to an end line, suggesting more
wealth of knowledge on the molecular mechanism needed to
be reviewed for the better understanding of the disease
pathologically [210, 211].

Similarly, individuals after TBI experience varying am-
plitude of neurodegenerative manifestations. For example,
emerging evidences from human studies have provided a
biological basis for the association between TBI and Parkin-
son's disease. The neuropathologic hallmark of PD is the
abnormal accumulation of a-synuclein forming Lewy bodies
and Lewy neurites. Furthermore, alpha-synuclein, a protein
associated with Parkinson’s disease and Lewy body demen-
tia, has been found elevated on autopsy in 20% of patients
with a prior history of TBI [212]. Following severe TBI, a-
synuclein may be elevated in the CSF and injured axons of
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patients died with TBI [213]. Few studies have shown that
the expression of alpha-synuclein-positive dopaminergic
neurons in the substantia nigra pars compacta was elevated
in the ipsilateral hemisphere of a rat TBI model at 60 days
post-injury when compared to the contralateral hemisphere
of the same injured brain region, and either hemisphere of
the sham non-injured rat on the other hand [214]. The level
of protein oxidation in the substantia nigra of Parkinson’s
patients was double than seen in healthy subjects, while on
the other hand, elevated levels of malondialdehyde (thiobar-
bituric acid reactive substances) and HNE have been report-
ed in the substantia nigra and striatum of Parkinson’s disease
patients which suggests the role of oxidative stress in post-
TBI associated Parkinson's disease progression [215-217].

2.2.11. Mitochondrial Dysfunction

Mitochondria, which is considered as “power-house” of
the cell because it meets around 95% energy demand of the
cell, is a membrane-bound organelle, that possesses two
membranes i.e. inner and outer membrane. The outer mem-
brane allows movement of certain ions and small molecules
whereas the inner membrane-house the components of the
electron transport chain (ETC). Neurons are highly depend-
ent on the mitochondria for their energy demand to maintain
excitability which is necessary for impulse conduction, neu-
rotransmission, synaptic plasticity [218]. Therefore, mito-
chondrial function is essential for the survival of neurons.
Mitochondrial damage has been implicated following TBI.
There are two main contributors to mitochondrial damage.
Lipid peroxidation and protein nitration which produces re-
active substances and glutamate neurotoxicity [219]. Firstly,
a high level of 4-Hydroxynonenal (4-HNE) and 3-
Nitrotyrosine (3-NT) are responsible for the impairment of
oxidative metabolism and depletion of ATP stores [220,
221]. Secondly, excessive glutamate release causes the overac-
tivation of NMDA receptor, leads to the accumulation of the
large amount of cytosolic Ca*" and overloading of the mito-
chondria with Ca®". This cause impairment of mitochondrial
respiration, oxidative phosphorylation, ion transport and de-
crease in mitochondrial Ca** buffering capacity (Fig. 5) [13,
219, 222]. Enhanced intracellular Ca®" also causes the for-
mation of mitochondrial permeability pore (mPTP) in the
inner membrane of mitochondria and dumping of Ca** pool
from the mitochondria matrix to the cytoplasm [222]. This
mPTP allows the solutes of molecular mass less than 1500
Dalton to pass freely across the inner mitochondrial mem-
brane. The condition of mitochondrial functions determines
the modes of cell death either necrotic or apoptosis [13].

2.2.12. Protein Abnormalities

Traumatic brain injury activates multiple secondary inju-
ry pathways, increasing the risk for developing multiple neu-
rodegenerative diseases. Although many proteins are found
to behave abnormally after TBI, few proteins, which have
gained more attention, are discussed below.

Neurofibrillary tangles are abundantly found and widely
distributed in approximately one-third of TBI cases. The
hyperphosphorylation of tau has been implicated in the path-
ogenesis of a number of neurodegenerative diseases and has
been identified as a component of secondary injury in TBI.
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Tau is a microtubule-associated phosphoprotein that is essen-
tial for polymerization and the stabilization of microtubules,
axonal transport, and neuronal health. Physiologic tau phos-
phorylation is vital to life as a productive response to a varie-
ty of stressors produced inside the body. Hyperphosphoryla-
tion of tau may result from an imbalance in the activity of
tau protein kinases and tau phosphatases. The conversion of
physiologic tau to filamentous tau through hyperphosphory-
lation leads to destabilization of microtubule and is responsi-
ble for the formation of neurofibrillary tangles. Some studies
have shown distinct pathological patterns of tau protein ab-
normalities in brain injury, however, the clinical correlation
is still elusive [223]. Zanier et al., have shown widespread
and progressive tau hyperphosphorylation in a mice model
of head trauma. The brain extract of these mice showed po-
tential transmissibility of the fau pathology in naive mice.
Similarly, larger spreading of tau hyper- phosphorylation
was observed in patients with single head trauma [224]. In
another study, higher expression of different variant of tau
phosphorylation for brain dysfunction (cis P-tau) was report-
ed compared to pathological variant of tau (trans P-tau) in
severe form of TBI and can be used as a biomarker for sec-
ondary damage of TBI [225]. TBI-induced tau oligomers
cause cognitive impairment and accelerate the onset of pa-
thology in mice overexpressing human tau at both long and
short term after TBI [226]. Asparaginyl endopeptidase, a
cysteine proteinase is known to induce tau hyper-
phosphorylation in repetitive mild TBI [227]. Similarly, re-
petitive TBI events exacerbate the accumulation of misfold-
ed amyloid-beta along with tau which spread through a pri-
on-like process and trigger neurodegeneration [228, 229].
Alteration of tau dynamics and protein misfolding induces
inflammatory cascade, which may persist for decades after
the occurrence of initial TBI event [230].

TDP-43, a DNA/RNA binding protein that controls the
expression of multiple genes, is associated with several neu-
rodegenerative diseases including amyotrophic lateral sclero-
sis, Alzheimer's disease, Huntington's disease etc. Under
normal physiological conditions, TDP-43 primarily resides
in the nucleus, whereas during pathological stress, it might
undergo pathological modifications such as C-terminal trun-
cation, phosphorylation, and aggregation, causing impair-
ment of functions [231]. Several preclinical studies, using
fluid percussion injury (FPI) or cortical contusion injury
(CCI) or blast model in rodents have shown that TDP-43 was
phosphorylated, mis-localized, and cleaved into TDP-25 and
TDP-35 following injury. This had accelerated neuronal loss
and induction of functional deficits [232-234]. TDP #4311
transgenic mice had significantly impaired cognition as
measured by the Y maze following FPI [233]. In human,
single TBI event did not show aggregation of phosphorylated
TDP-43 at acute and sub-acute term while increased cyto-
solic levels of pTDP-43, which indicates a fundamental dif-
ference in the aggregation of protein on single or repetitive
injury [235].

3. BIOMARKERS FOR TBI

Biomarkers detected from body fluids can aid as poten-
tial evaluation tools for TBI patients by acting as intrinsic
indicators of cerebral damage thereby providing information
about the cellular, biochemical and molecular environments.
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Biomarkers in TBI are very vital as they provide insights
into injury-induced cellular, biochemical and molecular
changes that are difficult to detect using imaging techniques.
They have the potential to be used as evaluation and prog-
nostic tools. However, the search for specific TBI bi-
omarkers is very challenging due to the enormously complex
processes of numerous pathophysiological events that take
place after brain injury. Major hallmarks of primary injury
after a TBI event are tissue deformation, axonal shearing,
contusion, necrosis and blood barrier function. The main
features of secondary injury after TBI events are cerebral
edema, increase in inflammatory cytokines, mitochondrial
damage, excitotoxicity and ischemia.

The presence of neurofilaments, tau protein, amyloid-f3
peptides, and spectrin breakdown products following axonal
injury were observed on microdialysis in severe TBI patients
[236]. The neuroglia ratio, which is measured as the correla-
tion between ubiquitin carboxy-terminal hydrolase-L1
(UCH-L1) and glial fibrillary acidic protein (GFAP), is also
considered as a marker of severity of the axonal injury [236,
237]. Neuroinflammatory processes play a crucial role dur-
ing the secondary cascade of TBI. Increase on IL-18 has
been reported in TBI patients with severe disabilities and
cognitive impairment. Various MMPs, which have modula-

tory role on cytokines and cytokine receptors, are also corre-
lated with the TBI and neuroinflammation after TBI. High
levels of MMP-8 and MMP-9 after TBI are reported with
increased levels of proinflammatory cytokines such as IL-1a,
IL-2, and TNF-a [238]. Contrary to that, low levels of MMP-
7 have been reported with increased levels of IL-18, IL-2
and IL-6 in patient with TBI [239]. Decrease serum adi-
ponectin levels are also associated with increased mortality
and poor outcomes in TBI patients [240].

Both high intracranial pressure (ICP) and cerebral hy-
poperfusion (CH) are the outcomes of the inflammatory pro-
cesses associated with secondary injury. In a study involving
patients with increased ICP and CH, elevated serum levels of
the cytokines IL-6, IL-8, and TNF-o were detected. The lower
serum levels of ceruloplasmin were found in patients with ICH
than in patients without ICH [241]. Creatine, a metabolite of
L-arginine was another biomarker tested in relation to in-
creased ICP. Serum creatine levels were found to be lower in
severe TBI patients with ICH than in those without ICH [242].
While high levels of astroglia-derived S100B in the cerebro-
spinal fluid (CSF) during both ICP and CH, were observed.
Furthermore, high CSF levels of C-fau protein is also correlat-
ed with ICH. Higher lactate to pyruvate ratios shows an in-
creased risk of developing ICP in TBI patients [236].
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In TBI, a biochemical cascade of secondary injury trig-
gers both necrosis and apoptosis. Caspase-3 and other pro-
and anti-apoptotic proteins are increased after severe TBI.
Activated caspase-9 and Cyt C in the CSF of patients with
severe TBI are detected. In several TBI clinical studies, co-
agulation abnormalities are observed in approximately half
of the total patients [243]. Higher levels of fibrinolytic mark-
ers such as prothrombin time (PT), partial thromboplastin
time (PTT), fibrin degradation products (FDP), and D-dimer
test were reported. PT and FDP were associated with an in-
creased risk of mortality after TBI events. In another study,
higher levels of procoagulant microparticles were present in
CSF and plasma, resulting in a poor outcome [244].

4. THERAPEUTIC APPROACHES IN THE TREAT-
MENT OF TBI

In TBI sufferers, the primary insult occurs at the time of
mechanical impact as discussed and is refractory to any ther-
apeutic strategies. The secondary injury phase encompasses
the extremely complex and extended reaction from the gene
level to macroscopic one and highly sensitive to therapeutic
interventions. Therefore, secondary injury forms the basis for
developing and deciding the array of neuroprotective thera-
pies [245]. Different experimental models of TBI have been
proved to be very useful in understanding the complex
mechanism following trauma and assess the potential of
pharmacological interventions. However, in spite of the en-
couraging results in preclinical studies, most of the com-
pounds failed in subsequent clinical trials. A number of rea-
sons like time of treatment, drug-dosing schedules, and
mixed-injury severities have been suggested for these fail-
ures [246]. To date, no effective treatment has been identi-
fied for TBI because of the heterogeneous nature of the pa-
thology. Another important fact is that most pharmacological
strategies have used drugs that hit a single pathophysiologi-
cal target, although diverse mechanisms are involved in sec-
ondary brain injury. The recent discovery of novel modalities
of regulated cell death opened an entirely new therapeutic
perspective. Cell death following TBI is considered as a ma-
jor cause for late pathological outcomes and disability in
head injury survivors. Various druggable targets such as anti-
excitotoxic agents, inhibitors of the inflammatory cascade,
cytokines, growth factors, neurorestorative agents, anti-
oxidants and inhibitor of apoptosis have been explored to
interrupt the cell death in acute brain injury and late second-
ary damage (described in Table 1).

4.1. Neuroprotective Approach Through Inhibition of
Excitotoxicity and Inflammation

Cellular excitotoxicity is associated with a massive re-
lease of neurotransmitters and contributes to the initiation of
acute cellular loss (primary injury) and secondary injury cas-
cades. The excitatory amino-acid glutamate causes over
stimulation to neurons and astrocytes through ionotropic and
metabotropic Zglutamate receptors (NMDA, AMPA) leading
to altered Ca™", Na' and K' fluxes. Increased intracellular
Ca®" further triggers a vicious cycle of detrimental metabolic
and uncoupling events. Thus, ligands targeting glutamate
receptors (NMDA/AMPA antagonists) have been investigat-
ed for the beneficial effect in TBI. Both competitive and
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non-competitive NMDA antagonists have been tested for the
neuroprotective potential in experimental models of TBI.
Several NMDA antagonists have demonstrated neuroprotec-
tion in preclinical and early clinical studies as mentioned in
table 1. However, there were many difficulties associated
with the clinical use of NMDA antagonists. It is very diffi-
cult to optimize the dose of these agents as the glutamate
surge in humans varies from the 10-50 folds after the injury.
Secondly, it is hard to achieve the neuroprotection or rescue
the neuronal cells once the NMDA receptors get activated or
after the glutamate surge which limits the window of use for
NMDA antagonists [247]. Third, the competitive antagonists
must reach in sufficient concentration to the target region of
the brain to overcome the glutamate surge. But the concen-
tration of these drugs may be limited due to compromised
flow in the damaged tissue. These antagonists may also
cause other CNS and peripheral adverse effects if used in
high doses. These difficulties have contributed to the failure
of many promising therapeutic agents targeting the NMDA
receptors following a traumatic injury including NMDAR
antagonists MK-801, Magnesium, while on other hand cer-
tain agent like Ketamine, Memantine have proven effica-
cious in neurological symptoms attenuation. PERK (PKR-
like ER Kinase) inhibitor GSK2656157 rescued dendrite and
memory loss in primary neurons in mice. AMPA receptor
antagonists are also under development which are well ab-
sorbed orally (described in Table 1).

Similar to the direct inhibitor of glutamate binding with
receptors, ion channel blockers offered neuroprotection
against the post-injury glutamate surge. Ca®" channel block-
ers (eliprodil, ifenprodil, CP101606 etc.,) also called NMDA
non-competitive antagonist, showed significant neuroprotec-
tion in initial preclinical studies. CP101606 inhibit selective-
ly NR2B receptor especially in hippocampus and cortex and
has a better safety profile at 3-fold of therapeutic concentra-
tion in TBI patients, but the randomized control trial for
Traxoprodil (CP-101,606) didn’t showed significant im-
provement in GOS score or mortality although improvement
in these parameters were marked. D-Cycloserine also re-
stored the LTP which is impaired in the hippocampus and
accelerated the neurobehavioral and cognitive recovery pro-
cess in mice. The complexity of NMDAR in TBI pathophys-
iology complicates the translational drug development pro-
cess [248]. Aptiganel, another similar agent that inhibits the
Ca®" transport through binding on NMDA receptor offered
neuroprotection against secondary cascade followed by TBI
episode. Blocking another cation Na’ channel has been in-
vestigated for excitotoxicity in epilepsy and secondary injury
after TBI. Remacemide has been shown to reduce the 70%
Ca®" in cortical neurons in a model of glutamate surge [249].
Similar to remacemide, sipatrigine and BW 1003C87 also
reported to block glutamate surge by inhibiting sodium
channel, however, the clinical utility of these agents remains
to be established [250]. Intracellular free magnesium cation
(Mg is also found to significantly decreased persistently
till 4 days after TBI episode and it correlates well with the
severity of the injury or axonal damage [251, 252]. Mg®"
supplement significantly improved motor recovery however,
the learning outcome did not improve in both clinical and
preclinical investigations [253]. Here it is pertinent to men-
tion that the schedule of the first administration of Mg2+ sup-
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plement is very critical. According to the studies, early ad-
ministration of Mg*" (within 24 hours after injury) showed
clinical improvement in TBI patients. However, late admin-
istration have failed to improve the clinical outcomes [253].

Activation of the inflammatory cascade is another con-
cern after excitotoxicity which needs to be controlled for
subsequent secondary outcome followed by TBI. Several
studies reported the upregulated levels of inflammatory me-
diators within 6 hours of injury like TNF-A, IL-6, IL-1B,
CCL2, CCL3, CXCL1, CXCL-8, CXCL2, CXCL10, CCR2,
CCR5, CXCR4 AND CX3CRI1. Thus, anti-inflammatory
agents may offer neuroprotection following TBI by attenuat-
ing the robust early phase upregulation of inflammatory me-
diators due to the injury retarding or inhibiting the secondary
injury and the chronic neuropathological outcomes [248].
Broad-spectrum anti-inflammatory agents (such as glucocor-
ticoids and progesterone) have been found to be effective in
alleviating neuroinflammation in animal studies but failed to
improve the behavioural outcome [254, 255]. CRASH, a
Randomized placebo-controlled trial, tested the efficacy of
methylprednisolone infused to TBI adult patients within 8h
of injury resulting to a higher mortality rate [248]. Proges-
terone, a potent steroidal anti-inflammatory agent, act by
inhibiting the TNF-A as well as reduces the inflammation
related factors like Complement factor C3 and microglial
cell activation inhibition. It also prevents excitotoxicity and
decreases apoptosis by inhibiting biochemical alterations like
Ca®" flux, NO production and reduces levels of Caspase-3.
Vasogenic edema is reduced due to effect of progesterone on
reconstituting BBB and Aquaporin-4 water transporters. The
drug went through clinical trial phase 2 randomized con-
trolled trial (PROTECT) and phase 3 trial (SYNAPSE). The
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efficacy of drug in clinical trial was limited and not as ex-
pected from the pre-clinical excellent response. Hence, the
study concluded that progesterone showed no clinical ad-
vantage compared to the placebo for severe TBI [256].

Similarly, nonsteroidal anti-inflammatory agents (NSAIDs
acting via inhibiting COX-1/COX-2) have been shown to
reduce the inflammatory mediators in experimental models
of TBI, however, their effects are not sufficient to inhibit the
tissue damage and improve the neurological functions [257].
Inhibitors of pro-inflammatory cytokine TNF-a (TNF-a an-
tagonist such as etanercept and 3,6-dithiothalidomide) could
also be effective in combating neuroinflammation as they
showed a decrease in IL-6, IL-1B and TNF-a levels at 3 days
post-injury [258, 259]. Etanercept has shown promising ef-
fect by attenuating the neuronal and glial apoptosis, micro-
glial activation, cerebral damage and ultimately leading to
improved cognition and motor ability. Minocycline, a tetra-
cycline-class antibiotic, has also gained considerable atten-
tion due to its anti-inflammatory potential following brain
injury [260]. Statins (inhibitors of HMG CoA reductase en-
zyme) have also been investigated for combating inflamma-
tion after brain injury [261]. Similarly, nicotinamide has also
offered neuroprotection after brain injury through inhibiting
both excitotoxicity and inflammation [262]. Among inflam-
masome family members, the nucleotide-binding domain
leucine-rich repeats family protein 3 (NLRP3) is the most
extensively studied following TBI and gained attention as a
novel target for the treatment of TBI. Rapamycin, dexme-
detomidine and JC124 (small molecule inhibitors for
NLRP3) significantly reduces the levels of inflammatory
markers IL-1B, TNFa, iNOS and caspase-1 in a post-injury
treatment paradigm [263-266].

Table 1. Pharmacological strategies for treatment and prevention secondary cascade consequent to TBI.
S. No. Category Drugs Mechanism of Action Refs.
Reduce the functional activity of the brain and the cerebral metabolic rate of
1. Anaesthetic agents Barbiturates, Xenon gas oxygen, thereby lowering the cerebral metabolic demand, the cerebral blood [267]
flow and intracranial pressure.
Selfotel competitively inhibits NMDA receptors, Dexanabinol non
2. Anti-excitotoxic agents NMDA blockers competitively inhibits NMDA receptors and Traxoprodil is a non-competitive | [268-270]

NMDA antagonist.

Anti-inflammatory drugs Methylprednisolone, COX-2

Levodopa with carbidopa

3. . inhibitors, interleukin-10, Anti-inflammatory and immune system modulatory actions. [245,271]
and immune modulators s eer . .
3,6’-dithiopomalidomide

5 Apoptosis inhibitors Calpa}n 2.1n-d caspase Epoxy derivatives and some al(.ie.hydes inhibit calpains. Z-DEVD-FMK [272, 273]

inhibitors inhibits caspase.
6. Ca®" channel antagonists Nimodipine Prevents cerebral vasospasm. [270]
7 Cholinergic agents Citicoline, Rivastigmine Counteracting excitotoxicity, maintaining cellular ad-eI-1051ne -5’- triphosphate [274]

level, stimulating neuronal plasticity.
Amantadine enhances dopamine release or inhibits its reuptake
presynaptically whereas postsynaptically increases the number and alters the
configuration of dopamine receptors. It also competitively antagonizes the

; e NMDA receptor.

8. Anti-parkinsonian drugs Amantadine, Bromocriptine, [275, 276]

Bromocriptine has antagonistic action on D, receptors strongly and to a lesser

A combination of levodopa and carbidopa directly increases the level of

extent on D, receptor.

dopamine in the brain.

(Table 1) contd....
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S. No. Category Drugs Mechanism of Action Refs.
Progesterone, Thyrotropin- Reduce edema, modulate glial cell activity, decrease lipid Peroxidation,
9. Hormones releasing hormone and decreases the expression of pro-inflammatory genes, attenuate mitochondrial [277]
analogues dysfunction, decrease proapoptotic and increase anti-apoptotic enzymes.
M lotropi .
10. USCUIOTOPIC Papaverin Prevents cerebral vasospasm. [278]
vasodilators
1. Nootropics Pyritinol Facilitates the passing of glucos? across the blooq brain barrier and increases [279]
its metabolism in neuronal tissues.
. . . Increases aerobic neuronal metabolism, stimulation of protein synthesis,
Peptide mixtures with . . S . . . . . . ;
12. . . Cerebrolysin, Actovegin inhibition of reactive oxygen species formation, anti-excitotoxic and anti- [280, 281]
neurotrophic actions . .
apoptotic action.
Vitamins and nutritional B vitamins, tioctic acid, Magnes-ium isa neuroprotectiyfz element, iF is a non-competitive NMDA
13. . . antagonist as well as a competitive antagonist at all voltage-gated calcium [282]
supplements selenium, magnesium
channels.
. . . . Inhibits the reuptake of serotonin and improves neurobehavioural,
Selective Serotonin Fluoxetine, Paroxetine, L. L . . L. .
14. S . . neurocognitive, neuropsychiatric deficits especially agitation, depression, [283]
reuptake inhibitors Citalopram, Sertraline .
psychomotor retardation and recent memory loss.
It binds to dopamine transporters and inhibits reuptake and rise extracellular
15. Psychostimulants Methylphenidate dopamine l‘evels, particularly in the-frontal cqrtex..lt also increases th_e level [284]
of norepinephrine and serotonin in the brain. It improves the attention,
concentration and motor performance in subjects experiencing TBI.
It regulates inhibitory control by affecting the neurotransmitter GABA. It
16. Anticonvulsant drugs Valproic acid imp.rclJves neurocognitive symptoms like memory aqd problem-solving 285, 286]
capability as well as neuropsychiatric and neurobehavioural symptoms like
depression, mania, destructive and impulsive behaviour, restlessness.
MSCs produce several growth factors like Brain-Derived Growth Factor
(BDNF), Vascular Endothelial Growth Factor (VEGF) and basic Fibroblast
. B s 1 cell i i
17, Neurorestorative agents one marrow stromal cells Grox{vt.h F‘actolr (bFGF) and these factors enl}ar}ce angiogenesis and va§cular [287-289]
(MSCs), Erythropoietin stabilization in lesion boundary. Erythropoietin enhances neurogenesis and
improves sensorimotor and spatial learning functions in rat and mouse
models.

4.2. Oxidative Stress Pathway Targeting in TBI

Several drugs regulating the oxidative stress cycle are
under different phases of drug development process. PEG-
SOD was evaluated in clinical trial which failed to show
positive outcomes for neurological symptom improvement or
patient survival. Superoxide free radical scavengers OPC-
14117 was evaluated for HIV-associated cognitive impair-
ment, showing improvement in cognitive scores. This sug-
gests further investigation of drug for TBI may be beneficial.
The nitric oxide synthase (NOS) inhibitor like NG-nitro L-
arginine methyl ester and 7-nitroindazole showed its efficacy
only when administered within an hour of injury in mice,
limiting its therapeutic window post-TBI. Ronopterine (4-
aminotetrahydrobiopterin, VAS203) has completed phase 2
clinical trial and now entered phase 3, NOSTRA (NOS inhi-
bition in TBI), with no marked alteration in the pressure gra-
dients in brain (ICP, CPP) but has shown an improved
Glascow Outcome Score (GOS) with few side effects at
higher doses like transitory acute kidney injury. Lipid Perox-
idation (LP) inhibitor, tirilazad, has shown potency to neu-
ronal recovery and survival but in the phase 3 clinical study
it didn’t showed must efficacy in altering the GOS score but
has lowered the mortality in patients. Melatonin and N-acetyl
cysteine amide act by Nrf2-ARE signalling, N-acetyl seroto-
nin (melatonin precursor) directly scavenge the oxidants
while it indirectly acts through antioxidant enzyme, both
shows neuroprotective action but clinical study data is lim-
ited for these agents [248, 290].

4.3. Neuroprotective Approach Through Inhibition of
Cell Death and Apoptosis

Several drugs targeting apoptosis have been investigated
in brain injury which includes caspase inhibitors, neuronal
apoptosis inhibitory protein (NAIP) modulators, PARP in-
hibitors etc. NPS1506 is a modulator of NAIP and NMDA
antagonists has been studied in phase-II clinical studies
[291]. Rapamycin activated mitophagy combined with
MCC950 (NLRP3 inhibitor) attenuates neuroinflammation,
mitochondrial damage and cell pressure, and demonstrate
better neuroprotective effects post-TBI [264]. Similarly,
dexmedetomidine (an inhibitor of apoptosis and NLRP3) has
shown a significant reduction in the apoptotic cell death with
improvements in behavioural outcomes on post-injury ad-
ministration alone and in combination with BAY 11-7082
(NF-kB inhibitor) [265]. Another apoptotic inhibitor, tau-
roursodeoxycholic acid (TUDCA) is also evaluated to show
beneficial effects after post-injury treatment via regulation of
Akt-related anti-apoptotic signalling pathways [292]. Simi-
larly, post-traumatic administration of the novel p53 inacti-
vator pifithrin-o oxygen analogue offers protection against
brain injury-induced neuronal apoptotic loss in hippocampal
and improves cognitive deficits in rats [293]. PARP inhibi-
tors (such as PJ34, CV1013, GPI 6150 efc.,) have also shown
beneficial effects in TBI mediated cell death and neurologi-
cal outcome in preclinical as well as clinical studies [294,
295]. Although, several other classes of molecules (such as
inhibitors of toll-like receptor pathway/mTOR pathway/p53
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etc.,) have been tested for their therapeutic potential in brain
injury-induced secondary cell death and apoptosis, details
description of each is out of scope within this manuscript
[296].

4.4. Neuroprotective Approach by Targeting Proteopathy

One of the major consequences of the severe traumatic
brain injury is the accumulation of abnormal protein aggre-
gates, which interrupts the axonal transport or induces in-
flammation. After a moderate or severe traumatic brain inju-
ry, there is a formation of abnormal tau protein aggregates.
New tau therapies have shown a promising ability to prevent
or reduce tau lesions results from TBI. Some of the strate-
gies, which target the abnormal protein aggregation, are dis-
cussed below.

As discussed above, the major function of tau protein is
to promote microtubule assembly and maintain microtubule
structure. This physiological activity of tau depends upon its
extent of phosphorylation. In TBI, tau is abnormally hyper-
phosphorylated and disrupts the microtubule assembly. Pro-
tein phosphatase 2A (PP2A), a heterotrimeric protein,
dephosphorylates tau and regulates key signalling pathways
in the brain. PP2A contains two subunits: a catalytic C-
subunit (PP2Ac) and a regulatory B-subunit (PP2A/PRSS)
[297]. Regulatory B-subunit represents the major tau phos-
phatase in the brain and is essential for the dephosphoryla-
tion of tau protein. It has been reported that experimental
brain insults in rats decreased PP2A/PR5S5 protein expression
and PP2A activity followed by hyperphosphorylation of tau
[298, 299]. Similar effects of PP2A/PRS55 on tau were found
in post-mortem brain samples collected from human TBI
patients. Therefore, targeting PP2A/PR55 pharmacologically
with sodium selenate may be a new therapeutic approach to
reduce the hyperphosphorylation of tau and improve out-
come following TBI [300].

Phosphorylated tau exists in two conformations, cis p-tau
and trans p-tau, which are regulated by the peptidyl-prolyl
isomerase Pinl. Pinl converts the phosphorylated T231-P
motif in tau (p-tau) from the toxic cis form to the physiologic
trans isomer. Cis p-tau is an early driver of neurodegenera-
tive disease after brain injury and is responsible for their
progression [301, 302]. Mild TBI leads to moderate and tran-
sient cis p-tau induction whereas severe TBI or repetitive
concussions can lead to robust and persistent cis p-tau induc-
tion. In addition, cis p-tau accumulates in the dystrophic neu-
rites of neurons as AD progresses [303]. Tau becomes re-
sistant to dephosphorylation on failure of PP2Ac stabiliza-
tion ability and prone to aggregation [302]. Another study
has reported that tau knockout model has prevented axo-
nopathy and memory deficits in rmCHI [304]. Immunother-
apy can be another promising approach against p-tau tangles
by targeting the cis P-tau. It has been observed that treating
TBI with cis antibody neutralised the noxious cis P-tau thus
prevented the widespread tauopathy and neuronal death
[302]. Cis mAb enters neurons via FCy receptors and targets
intracellular cis p-tau thereby rendering cis p-tau degrada-
tion. In in-vitro stressed neuron models and in in-vivo TBI
mouse models, cis p-tau monoclonal antibody (mAb) treat-
ment eliminated cis p-tau induction as well as neurotoxicity
induced by it [303]. It also restored many neuropathological
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and functional outcomes in TBI mouse models. In another
study, 2-weeks treatment of TBI mice with cis mAb was able
to eliminate cis p-tau effectively and beneficial in reversing
of post-TBI structural pathologies [305]. Hence, targeting cis
p-tau can be considered as a potential and effective therapy
against TBI.

4.5. Pharmacotherapy for Controlling Brain-functional
Deficits

The nature of TBI-induced behavioural, cognitive, and neu-
rological deficits is under-diagnosed or poorly understood.
The nature of post-injury functional deficits varies on the
severity of the injury and post-injury period. There is grow-
ing evidence that pharmacological treatment not only im-
proves the functional deficits but also enhances recovery in
TBI patients. Pharmacotherapy for TBI that have a direct
impact on brain functionality can be classified into the fol-
lowing major categories.

4.5.1. Psychostimulants

These are used to treat post-injury attention deficit hyper-
activity disorder (ADHD), motor performance deficiency
and deficits in work performance, mood alertness etc.
Methylphenidate (inhibitor of dopamine transporter) is being
used in the acute phase after TBI (<1 month) and results in
better control over the attention, seizures, concentration and
motor performance. However, the benefits are limited to
work performance and alertness on long term use of
methylphenidate (more than 3 months post-TBI). Dexam-
phetamine and lisdexamfetamine have also shown effective
in controlling post-injury agitation and improvement in the
speed of information processing, executive function, and
working memory in TBI patients on 3 weeks and 12 weeks
treatment respectively. However, the evidence for improve-
ment in recovery is still needed to investigate in detail [284,
306-308].

4.5.2. Antidepressants

Depression is another major disability in TBI patient,
which is characterized by prolonged and persistent sadness,
anhedonia, lack of motivation, disturbance sleep and appetite
patterns and/or suicidal thoughts. Selective serotonin
reuptake inhibitors (SSRIs such as sertraline, paroxetine and
fluoxetine, citalopram) have been found potentially useful
for the treatment of agitation, depression, psychomotor retar-
dation, memory loss, and pathological crying in TBI patients
in subacute and chronic settings. Unlikely to methylpheni-
date, SSRIs are not effective in short term treatments (<3
months). Similarly, bupropion (norepinephrine/dopamine-
reuptake inhibitor; NDRI) is also equally effective in
controlling post-TBI restlessness. These pharmacological
interventions are also useful in the treatment of TBI-induced
anxiety disorder and other neurological outcomes [283, 309-
312].

4.5.3. Anti-convulsants

Post-TBI seizures involve the release of excessive neuro-
transmitters and disturbed ionic homeostasis, which further
complicates the existing damage [286]. Phenytoin, pheno-
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barbital and carbamazepine are considered to be effective in
the prevention of provoked seizures after TBI and epilepto-
genesis in TBI patients. Similarly, valproic acid enhances
GABA mediated inhibitory control which not only benefits
in post-injury seizure but also helps in the stabilization of
CNS and excitotoxicity. The newer anticonvulsants particu-
larly levetiracetam offer advantages due to a better pharma-
cokinetic profile and fewer drug-drug interactions. Another
anticonvulsant, gabapentin (an inhibitor of 025-1 submits of
the L-type calcium channel) has been shown to have an an-
tiepileptic effect on chronic administration. These anticon-
vulsants have proven to be beneficial in the first 7 days post-
injury [313-315].

4.5.4. Other Agents

Quetiapine and risperidone (antagonists for D, and 5-HT,
receptors) are being to treat post-TBI mania [316]. Dopa-
minergic system modulators (amantadine and bromocriptine)
are also found to be effective in controlling post-TBI memory,
attention and motor function deficits [276]. Modafinil, a
GABA modulator, is also found to be beneficial in treating
TBI-induced narcolepsy and hypersomnia [317].

The nature of TBI sequelae is complex and heterogene-
ous. The use of the above described pharmacological inter-
ventions is limited to improvement in the behavioural, cogni-
tive and neurological symptoms. Their role in controlling the
pathological progression of secondary injury is yet to be es-
tablished.

4.6. Limitations of Current Clinical Study Design for TBI

The failure reasons predicted based on present and past
event of failure of such clinical study includes several factors
like insensitivity of available outcome measures, lack of ear-
ly endpoints and biomarkers to guide clinical trial develop-
ment of agents with neuroprotective ability. Additionally, the
currently available approaches for TBI characterization are
unidirectional, i.e. only GCS or GOS score are being evalu-
ated for the outcome measure limiting the therapeutic indi-
vidualization for TBI management.

CONCLUSION

Increasingly, experimental evidences over the decades
have been instrumental in realising the role of diverse mech-
anisms underlying the disease pathogenicity. The heteroge-
neity and involvement of multiple mediators contributing to
the complexity of secondary neurological damage. Thus,
complicates the development of effective strategies for neu-
roprotection. Because of the complications, diagnostic and
therapeutic challenges are being pronouncedly encountered
in TBI. Attempts to provide protection by targeting a single
cascade may become inadequate. Scientists are diverting the
therapeutic strategy from a solo target to a multi-target di-
rected ligand development like in case of Alzheimer’s Dis-
ease drug discovery. Such approach might prove beneficial
in TBI which is known to have extremely complicated path-
ophysiological mechanisms and features. In major challeng-
es, it is still persisted to understand the specific mechanism
of cellular damage after TBI. Other, specific challenges are
identification brain injury regions, meaningful surrogate
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markers, selection of the most appropriate target signal, tim-
ing of administration, methods of administration to achieve
CNS effects and dose to elicit the central effect etc. Research
efforts are in progress to develop effective clinical strategies
such as polypharmacy, combination treatments either in se-
quence or in a cocktail to provide optimum benefits to the
TBI-patients.
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