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Abstract
Traumatic brain injury (TBI) is one of the main causes of death and disability in both civilian and military population. TBI 
may occur via a variety of etiologies, all of which involve trauma to the head. However, the neuroprotective drugs which 
were found to be very effective in animal TBI models failed in phase II or phase III clinical trials, emphasizing a compelling 
need to review the current status of animal TBI models and therapeutic strategies. No single animal model can adequately 
mimic all aspects of human TBI owing to the heterogeneity of clinical TBI. However, due to the ethical limitations, it is dif-
ficult to precisely emulate the TBI mechanisms that occur in humans. Therefore, many animal models with varying severity 
and mechanisms of brain injury have been developed, and each model has its own pros and cons in its implementation for 
TBI research. These challenges pose a need for study of continued TBI mechanisms, brain injury severity, duration, treat-
ment strategies, and optimization of animal models across the neurotrauma research community. The aim of this review is 
to discuss (1) causes of TBI, (2) its prevalence in military and civilian population, (3) classification and pathophysiology 
of TBI, (4) biomarkers and detection methods, (5) animal models of TBI, and (6) the advantages and disadvantages of each 
model and the species used, as well as possible treatments.

Keywords Fluid percussion injury · TBI models · Biomarkers · TBI pathology · Blast TBI

Introduction

Traumatic brain injury is a major public health crisis Trau-
matic brain injury (TBI) is a disruption of normal functions 
of the brain caused by an external force to the head, and has 
been recognized as a global public health crisis (CDC 2020; 
NINDS 2020). Approximately, 50 million people suffer 

from brain injury every year, with increase in prevalence by 
8.4% between 1990 and 2016, and 80% of the TBI comes 
from the developing countries (GBD 2019). According to 
a CDC report from 2008 to 2014, the highest rates of TBI 
are observed in children < 5 years (1592/100 000 popula-
tion), and > 75 years (2232/100 000 population). TBI-related 
emergency department visits were approximately 2.5 mil-
lion followed by 282,000 TBI-related hospitalizations, and 
56,000 TBI-related deaths each year, contributing 30% to all 
injury-related deaths (CDC 2019). Several factors have been 
identified for the increased TBI cases over the last several 
years, including our awareness about the acute and chronic 
neurodegenerative effects of sport-related concussion, and 
the brain injuries sustained by approximately 20% of U.S. 
military service members deployed to Iraq (Operation Iraqi 
Freedom — OIF), and Afghanistan (Operation Enduring 
Freedom — OEF) wars (Elder et al. 2019).

The leading causes of TBI Falls. According to the data 
from the CDC and National Institute of Neurological Disor-
ders (NINDS), falls are the most common causes of TBI, and 
occur most frequently among the youngest and oldest age 
groups. From 2006 to 2010 alone, falls caused more than half 
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(55 percent) of TBIs among children aged 14 and younger. 
Among Americans aged 65 and older, falls accounted for 
more than two-thirds (81 percent) of all reported TBIs. Blunt 
trauma. Accidents that involve the head being struck by or 
against an object, particularly sports-related injuries (contact 
TBI), are a major cause of TBI. Anywhere from 1.6 mil-
lion to 3.8 million sports- and recreation-related TBIs are 
estimated to occur in the United States annually. Vehicle-
related injuries. Pedestrian involved in traffic accidents, as 
well as speed-driven accidents involving motor vehicles and 
bicycles, are also very common causes of TBI. In young 
adults aged 15–24 years and > 65 years, motor vehicle acci-
dents are the most likely cause of TBI. Assaults/violence. 
Assaults include abuse-related TBIs, such as head injuries 
that result from domestic violence or shaken baby syn-
drome, and gunshot wounds to the head. TBI-related deaths 
in children age 4 and younger are most likely the result of 
assault. Explosions/blasts. These non-contact types of blast 
traumatic brain injuries (bTBI) are caused by blast trauma 
from roadside bombs, became a common injury to service 
members in recent military conflicts. The majority of these 
bTBIs were classified as mild head injuries. Regardless of its 
cause, TBI often results in physical, cognitive and behavioral 
impairments, leading to temporary or permanent dysfunction 
(Gwarzo et al. 2021).

Classification of TBI TBI can generally be classified as 
either closed head injury (CHI), which does not involve 
skull fracture. In contrast penetrating brain injury (PBI) 
often result in skull fracture due to gun- shot wound or sharp 
objects. PBI is less common than CHI, but constitutes the 
most severe form of TBI. CHI is the most common type 
of TBI which is mainly caused by an external impact from 
sudden, violent motion that does not lead to skull fracture. 
In particular, CHI is more common in military and sports 
population than general civilians; caused by either a direct 
blow to the head, face, neck or elsewhere on the body with 
an “impulsive” force transmitted to the head (Silverberg and 
Iverson 2013; Theadom et al. 2020), and in some cases, by 
bullets or projectiles impacting the Kevlar helmet (Lindquist 
et al. 2017; Missliwetz and Wieser 1989).

Types of CHI include concussion, contusion, diffuse 
axonal injury, and intracranial hematoma (epidural hema-
toma, subdural hematoma, subarachnoid hemorrhage, and 
intra-parenchymal hemorrhage) (Hoogenboom et al. 2019).

In terms of severity, TBIs can be classified into two broad 
categories: A Mild TBI: The individual is usually awake. 
The symptoms may include a brief loss of consciousness, 
confusion, headache, disorientation, and memory loss 
(Silverberg et al. 2020). A Severe TBI: There is a loss of 
consciousness for several hours, or even weeks, and could 
result in permanent disability. The severity of TBI in humans 
can be determined by means of the Glasgow Coma Score 
(GCS), which is based the type of eye opening, speech, and 

motor response (Teasdale and Jennett 1974). A GCS of 3–8 
is categorized as a severe brain injury, 9–12 moderate, and 
13–15 a mild brain injury. However, the verbal evaluation 
score poses a critical challenge in infants, preverbal children. 
In addition, most of the patients with mild TBI recover in 
few weeks, but approximately 10–15 percent of TBI patients 
do not recover even after 1 year, and may continue to have 
chronic and often debilitating post-concussive signs result-
ing in neurodegenerative consequences including dementia, 
Alzheimer’s and Parkinson’s diseases (Graham and Sharp 
2019). Unfortunately, only few therapeutic interventions 
have been successfully translated to the clinic. These rea-
sons behind the failures of drug trials are (1) our inadequate 
knowledge about the basic mechanisms of TBI which can be 
translated to human brain injury mechanisms, and (2) lack 
of brain injury mechanisms targeted effective therapeutic 
strategies.

The need for animal models to study TBI Due to the ethi-
cal implications and logistical issues associated with human 
studies, the vast majority of TBI research is conducted using 
animal models. Animal TBI models have been employed 
using a variety of species including cats, dogs and non-
human primates to study the underlying pathophysiology, 
genotype–phenotype relationships, long-term outcomes, and 
proof-of-concept models in brain injury research (Wojnaro-
wicz et al. 2017). However, the use of rodent TBI models 
has dominated the laboratory research due to (1). Simplicity 
of performing surgery, (2). Large number of animals can be 
included in each group to provide adequate statistical data 
analysis and detect the true differences between the groups, 
and (3). Low cost of purchasing animals, handling and lodg-
ing. In contrast, experiments in large animals involve (1). 
Controversial ethical issues, (2). The requirement of com-
plex surgical facilities for post-operative care, (3). Difficulty 
in performing behavioral testing, (4). The participation of 
experienced veterinarian staff, and (5). Abundant funding.

Animal models of focal and diffuse injuries

During TBI, the brain damage can be either focal (confined 
to one localized area of the brain) and/or diffuse (spread in 
more than one areas of the brain). These focal and diffuse 
types of TBI are common in sports and military population. 
As shown in Fig. 1, Using rats and mice TBI models, brain 
injury has been induced in three complementary settings: 
focal impact, diffuse impact, and non-impact TBI using a 
well-characterized rotational acceleration device to impart 
a single rapid (12–20 ms) acceleration-deceleration rotation 
models. Focal impact brain injury animal models are fur-
ther divided into (1) weight drop (WD), (2) fluid percussion 
(FP), and (3) controlled cortical impact (CCI) models. The 
focal injury animal model is best for studying TBI caused by 
direct blunt trauma. In this method, a craniotomy is mostly 
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performed to expose the dura. Using a rod with computer 
guidance, the exposed tissue is subject to blunt force. The 
depth and force of the impact is measured (Dixon et al. 
1991). This method is called the controlled cortical impact 
(CCI) brain injury.

Advantages of CCI over other TBI models

The impact of injury can be better controlled, and reduces 
the risk of rebound injury. Using the CCI model of TBI, 
researchers are able to control the depth, duration or dwell 
time, and velocity of injury as well as choose what size and 
shape of tip to use. The velocity of the piston is monitored 
by a sensor and can be controlled to promote uniform injury 
across test animals. These measurements allow the research-
ers to create a more reliable and reproducible pattern of 
injury leading to a fewer variable data set. Cognitive deficits 
after CCI are highly dependent to both the depth of deform-
ity and the impact velocity. The impairments can persist for 
up to 1 year and associated with brain atrophy and progres-
sive reduction in cerebral blood flow. Mild-to-moderate 

TBI can cause transient interruption of BBB integrity and 
thereby provide a mechanism for subsequent brain injury 
(Hoogenboom et al. 2019). Neuro-immune changes are a 
probable consequence of BBB alterations and may be an 
important initial component of long-term cognitive, sen-
sory–motor and behavioral impairments associated with 
TBI.

Disadvantages of CCI over other TBI models

In CCI, following a midline incision to expose the skull, a 
craniotomy of 5 mm diameter (injury window) is required, 
which is an invasive procedure that causes several compli-
cations including the disruption of the blood–brain bar-
rier (BBB) induced by tissue shearing. This could produce 
immediate neuropathology due to hemorrhage and ischemia. 
And disruption of the tight junctions and alteration of the 
activation states of BBB cells (endothelium, astrocytes, 
microglia, pericytes and neurons) could result in acute or 
chronic neurodegenerative conditions. These changes may 
also manifest in decreased cognitive functioning (Dixon 
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Fig. 1  Traumatic brain injury, classification and evaluation: In ani-
mals, TBI can be induced by CI, weight drop method, FPI, CHI-
MERA, blast tube (in closed lab environment) or blats explosives in 
open spaces. Most of these brain injuries are classified as primary 
(direct effect of an object on brain), or secondary, injury due to the 
progression of neuronal cell death mechanisms. Blast TBIs are clas-
sified as Primary, secondary, Tertiary and Quaternary. Primary 
bTBI is caused mainly by the direct effect of blast overpressure on 

tissue.  Secondary bTBI is caused by the flying objects from bomb 
explosion leading to the multiple injuries and bleeding. Tertiary 
bTBI is caused by the high-energy explosions; occurs when people 
fly through the air and strike other objects. Quaternary bTBI com-
prises all other injuries caused by explosions of improvised explosive 
devices. Severity of TBI can be evaluated by blood-based biomarkers, 
neurobehavioral tests, mortality rate and immunohistochemistry
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et al. 1987, 1991). Even moderate elevations in intracra-
nial pressure (ICP) after CCI in mice without decompres-
sive craniectomy were associated with increased axonal 
injury and white matter atrophy indicating the damaging 
effects of CCI alone on the progression of brain injury mech-
anisms (Friess et al. 2015).

Weight drop method of inducing TBI

Noticing the above criticism, the weight drop (WD) method 
of inducing TBI was developed to create both focal and dif-
fuse brain injury studies in rats and mice. In the WD model, 
the injury is produced by a free-falling weight guided in 
a tube that is dropped directly on the cranium, the skull, 
or skull with helmet. The helmet is also a method to dif-
fuse the injury and producing a contusion (Dail et al. 1981; 
Feeney et al. 1981; Morales et al. 2005). The severity of 
the injury can be adjusted by the height and mass of the 
weight dropped. Marmarou et al. 1994 refined his widely 
used weight drop TBI model (Marmarou et al. 1994). Mar-
marou’s Sprague Dawley (SD) rat model is very similar to 
the Shohami model that uses a brass weight dropped through 
a Plexiglas tube from an experimentally defined height. The 
weight can be increased from 20 gm up to 200 gm in 50-gm 
increments by attaching extra 50-gm brass weights. The 
weight drop height can be increased up to 2 m. Instead of 
placing the rats head on a firm plastic disk, the head rests on 
a foam bed, to prevent skull fracture. In addition, the central 
portion of the exposed skull is covered with a metal helmet 
(metal disk 10 mm diameter, 3 mm thick), which acts as the 
impact site for the weight, and this also helps prevent skull 
fracture. To better propagate diffused axonal injury (DAI) 
in models, the group used the weight drop model as a base, 
but instead of fixing the cranium of the animal, the skull was 
allowed to rotate downward upon impact. It is theorized that 
this downward motion may contribute to a more widespread 
and reproducible pattern of DAI (Marmarou et al. 1994).

Advantages of weight drop method over other TBI models

An advantage of WD models is that it is cost-effective 
and relatively easy to use. The magnitude of tissue dam-
age exerted in this model is regulated by simple force and 
acceleration calculations using the mass of the weight and 
distance it is traveling. Weight drop models are used primar-
ily to recreate mild injuries and generate a diffuse pattern of 
injury (Ma et al. 2019). This model has been demonstrated 
to induce varying degrees of diffuse axonal injury, depend-
ing on the amount of impact energy produce to generate 
intracranial pressure, subarachnoid and ventricular hemor-
rhage, as well as brainstem petechial bleeding persisting 
vasoconstriction of cerebral micro vessels and hypo-perfu-
sion of the cerebral microcirculation (Logsdon et al. 2015). 

The lesions produced by dropping a 450 gm weight form 2 m 
were categorized as “severe” TBI, comparable to a human 
GSC score of < 8.

Disadvantages of weight drop method over other TBI 
models

Limitations of weight drop method exist, such as uninten-
tional skull fracture, risk of a second rebound injury, and 
inaccuracy with regard to the impact site (Rostami 2012; 
Briones 2015). Despite the several advantages of this model, 
there is skepticism that DAI cannot be produced from the 
acceleration of the head alone (Li et al. 2011). In addi-
tion, there is the argument that the differential in size and 
relative anatomy between rodent and human skulls cannot 
accurately reflect how acceleration forces interact upon the 
human skull. Other criticisms of this model include the 
lack of reproducibility as well as a noted increased mor-
tality rate seen in subjects who did not receive ventilatory 
support (Xiong et al. 2013). Finally, the accuracy of tissue 
deformation using this model has been questioned based on 
the variable rebound impact and variable impact velocity 
due to differences in machinery set up.

The fluid percussion injury (FPI) method of inducing TBI

In the FPI model, the primary brain injury is inflicted by a 
pendulum striking a piston at the end of a tube filled with 
fluid creating an fluid impulse that hits the exposed dura 
through a Luer lock implanted surgically through a craniot-
omy (Thompson et al. 2005). For detailed video of FPI pro-
cedure, please refer to (Alder et al. 2011).There are several 
variations in the piston device used, including compressed 
nitrogen, electromagnetic, or pneumatically driven pis-
tons (Bodnar et al. 2019). The percussion briefly displaces 
and deforms the brain tissue, and the severity of the injury 
depends on the strength of the pulse. Fluid percussion can 
induce mild, moderate, or severe brain injury in mice and 
rats of any age.

Fluid percussion injury (FPI) models present the condi-
tions of clinical TBI without skull fracture. FPI can effi-
ciently replicate intracranial hemorrhage, brain swelling, and 
progressive gray matter damage. The midline FPI (MFPI) 
model produces a diffuse, concussive-like TBI in rodents, 
whereas lateral FPI  (LFPI) produces a mixed focal and 
diffuse injury. To this end, the primary FPI neuropathol-
ogy is diffuse axonal injury, rather than noticeable cell death.

However, there are continuous and chronic cell death 
mechanisms generated around glial cells at the impact site 
leading to progressive neurodegeneration beginning seconds 
after injury and lasting years post-injury. This occurs pre-
dominantly in the cortex, hippocampus, thalamus, striatum, 
and amygdala (Bramlett and Dietrich 2002; Cernak 2005; 
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Liu et al. 2010). This differential in location of regional neu-
ronal loss appears to produce neurobehavioral impairments, 
such as changes in reflexes and cognitive function. Neurobe-
havioral deficits assessed are commonly motor, cognition, 
and depression/anxiety behaviors using a variety of different 
testing methods (Bodnar et al. 2019).

Advantages of fluid percussion method over other TBI 
models

Among the TBI models, FPI is the most established and 
commonly used model to evaluate focal, diffuse or mixed 
focal and diffuse brain injury. It is reproducible and is 
standardized to allow for the manipulation of brain injury 
severity, such as mild, moderate and severe TBI. The fluid-
percussion injury model enabled the researchers to study 
possible behavioral outcomes to perform large-scale studies 
of experimental therapeutics to obtain meaningful statisti-
cally significant results. Fluid percussion was later adapted 
for use in ferrets, pigs, and smaller animals, such as rats 
and mice, providing the means of studying TBI in experi-
mentally and genetically altered animals. Thus, FPI model 
has since become the most well-characterized and exten-
sively used model of experimental TBI (Lyeth 2016). FPI 
also recapitulates brain injuries observed in humans, thus 
rendering it clinically relevant, and allows for exploration 
of novel therapeutics for clinical translation.

Disadvantages of fluid percussion method over other TBI 
models

In this model, it becomes critical to accurately place the 
craniotomy to ensure reproducibility. The need for crani-
otomy in FPI is a disadvantage, not only because of the 
equipment placement reproducibility, complexity of proce-
dure and instruments, but also because it causes pathology 
independent from TBI. Therefore, its use for studying CHI 
is inappropriate. Another weakness of this FPI model is the 
lack of any produced fracture of the skull, thus reducing its 
accuracy in recreation of moderate and severe TBI events 
(Xiong et al. 2013). Additionally, the mortality of animals 
in FPI is higher than others due to a compromised brainstem 
and resulting apnea (Cernak 2005).

All three above-mentioned techniques of generating TBI 
in rats and mice are known to cause a deformity in the under-
lying cortex, resulting in cortical tissue loss, hemorrhage, 
axonal injury, concussion, contusion and BBB dysfunction 
similar to those seen in patients (Chen et al. 1996; Schmidt 
and Grady 1993; Whalen et al. 1998; Xiong et al. 2013). 
CCI is considered a superior focal impact model, because 
it provides better control over factors, such as the duration 
and velocity of impact, and the depth of resulting damage 
in the brain, and also eliminates the risk of a rebound injury 

(Briones 2015; Rostami et al. 2012). A limitation of these 
CCI, WD and FPI animal TBI models is that the injuries are 
commonly induced by direct contact with the brain through a 
craniotomy, while the animal’s head is immobilized, condi-
tions which typically do not characterize human brain injury. 
Various researchers have tried to overcome these limitations 
by designing the following Closed-head impact model of 
engineered rotational acceleration (CHIMERA).

Closed‑head impact model of engineered rotational 
acceleration (CHIMERA)

The recently developed nonsurgical CHIMERA mice/rat 
model of TBI requires only isoflurane anesthesia. This 
model enables immediate neurological severity evaluations 
using loss of righting reflex (LRR), Neurological Severity 
Score (NSS), and chronic behavioral changes including the 
passive avoidance (PA), Barnes maze (BM), elevated plus 
maze (EPM) and rotarod (RR) tasks (Tucker et al. 2021). 
CHIMERA is ideal for studies investigating multiple impacts 
as well as the long-term consequences of impact TBI, which 
involves impact to the intact unrestrained head can overcome 
this limitation (Namjoshi et al. 2013). The chimera model 
has been used to produce precisely controlled injuries, and 
allows for kinematic analysis of head movement at the time 
of impact, which can be correlated with behavioral, histo-
logical and biochemical outcomes (Namjoshi et al. 2017). 
After injury, damage to the brain tissue can be evaluated 
with various markers to determine injury severity and its 
progression over time.

Rodent models of blast traumatic brain injury (bTBI)

The primary and secondary effects of bTBI can be induced 
in animals through live-fire testing, compressed-gas shock 
tubes, combustion shock tubes, and small explosion shock 
tubes in small animals, such as rats and mice, and large ani-
mals including pig (Axelsson et al. 2000; Rubovitch et al. 
2011; Yarnell et al. 2013). Number of shock-tube models 
for bTBI in rats and mice have been developed to represent 
‘mild–moderate–severe’ brain injury scale using a single or 
a set of repeat blast intensities ranging from 10 PSI to 20 
PSI. Despite the recent advancement of bTBI research in 
animal model, there is lack of consensus and information 
about the rationale for selection of range of blast overpres-
sure and impulse as accepted predictors of bTBI because it 
is difficult to replicate human bTBI which is mainly caused 
due to the detonation of an improvised explosive device 
(IED) causing primary, secondary and tertiary mechanisms 
of bTBI.

A small animal model of rats and mice using an overpres-
sure blast to the head has recently been described (Guley 
et al. 2016). This system also uses blast overpressure to 
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create a focal closed head mild TBI in mice. In anesthe-
tized mice and rats, the body and head are both cushioned 
and secure allowing for minimal movement and accelera-
tion–deceleration forces to be applied to the animal. Higher 
psi blasts can be applied to create higher levels of injury and 
subsequent neurological deficits. As shown in Fig. 2, the 
shock tube model is a two-chambered model which uses a 
compression chamber and an expansion chamber separated 
by a diaphragm. When the compression chamber is pres-
surized, the membrane ruptures, and the expansion cham-
ber carries high-velocity pressure waves. The thickness of 
the membrane dictates the peak overpressure that is gener-
ated making injury highly reproducible (Long et al. 2009). 
The mechanism of injury is based on the movement of the 
brain inside the skull caused by rapidly rotating the head in 
a closed head animal model (Elder and Cristian 2009). The 
location of the animal in the shock tube creates different 
mechanical loading. This model has been used in a variety of 
animals including rodents, swine, and primates and is known 
to cause DAI, edema, and ischemia of tissue (Garman et al. 
2011; Ryu et al. 2014).

Advantages of blast injury method over other TBI models

Practical and safety concerns make the shock tube the most 
frequently used model of blast injury (Agoston and Kam-
naksh 2015). This model is useful as it allows precise control 

of blast wave intensity and thus more reproducibility than 
explosion modeling; the energy created does not decay like 
field explosion (Reneer et al. 2011; Zhu et al. 2013). This 
model also minimizes the ocular and head acceleration blast 
effects unlike other closed head models, and works to elimi-
nate the contribution from head acceleration, lung damage, 
cardiovascular pressure surges, or injury to other structures 
from secondary and tertiary blast injuries. It has been found 
to recapitulate the sensory, motor and emotional deficits seen 
after mild bTBI in humans. Overpressure in blast results in 
complex structural, cellular and molecular changes as well 
as axonal pathologies (Wojnarowicz et al. 2017).

Disadvantages of blast injury method over other TBI

Challenges are encountered when considering differences 
between a given animal and humans in respect to criteria, such 
as brain surface, geometry, white/gray ratios and size. When 
considering the mass of the human brain versus the brain of 
a rodent model, there is a differential in the mass effect cre-
ated during a dynamic injury. In a smaller brain, a similar 
force would create less of a strain. This leads to the need to 
scale up injuries in rodents to create a similar effect (Margulies 
et al. 1990). Shock tube methods have not been standardized, 
with variations occurring in explosive used, tube design, spe-
cies, location in the tube, body shielding, and head mobility 
(Albert-Weißenberger et al. 2012). Shock tube models often 

Fig. 2  Blast-tube for laboratory use. The Advanced Blast Simulator 
consists of a high-pressure driver, transition section, test section, and 
end wave eliminator/muffler. The pressure driver is 6 in × 24 in × 
11 in the shock tube. The transition section is designed to gradually 
widen the blast wavefront planar when it arrives at the test section. 

The anesthetized rat is placed within the driver chamber at 60   cm 
from the Mylar membrane while breathing room air. When com-
pressed air is used, the normal operating pressure in the high -pres-
sure drive is about 40 – 160 psi and the peak pressure of the blast is 
about 6 – 16 psi at the test section
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have accompanying hypoxia, blood pressure surges from com-
pression of lungs, heart and aorta and resultant blood vessel 
damage. bTBI is rarely an isolated injury and is often accom-
panied by other injuries, such as burns, limb amputation and 
shock (Earle et al. 2007). Because of this, there is interest in 
creating polytrauma models to incorporate the added com-
plexities. Field models are a more complex recreation of bTBI 
that has the potential to recreate primary through quaternary 
injury. However, polytrauma models are complicated when 
considering incorporating seizures, post-traumatic stress disor-
der (PTSD) and depression, three very relevant comorbidities 
(Earle et al. 2007).

Outcomes of brain injury are dependent on mimicking the 
known consequences of bTBI severity and duration on human 
neuropathology. However, the limited knowledge of human 
neuropathology making it often necessary to instead focus 
on physical and neurobehavioral conditions associated with 
TBI. Other differences in rodent models versus human injury 
become apparent when trying to model repeated mild bTBI as 
one must consider the temporal differences in animal pathol-
ogy versus humans. For example, the period of increased vul-
nerability is measured in hours in rodents as compared to days 
in humans (Povlishock 2013). Additionally, the classification 
of mild, moderate and severe injury in animal models of TBI 
is non-standardized (Bodnar et al. 2019).

In summary, while each model has its own unique advan-
tages, it is important to note that no injury model accurately 
reproduces the complete spectrum of pathologies observed 
in human TBI. Among the three commonly used TBI ani-
mal models are, such as fluid percussion, cortical impact 
and weight drop/impact acceleration. The fluid percussion 
device produces an injury through a craniectomy by apply-
ing a brief fluid pressure pulse on to the intact dura. Con-
versely, cortical impact injury delivers mechanical energy to 
the intact dura via a rigid impactor under pneumatic pres-
sure. The weight drop/impact model is characterized by the 
fall of a rod with a specific mass on the closed skull.

Also, these animal TBI models require the use of anes-
thetic agents at the time of injury for ethical reasons. Since 
certain anesthetics, such as isofluorane and ketamine, have 
been shown to be neuroprotective, improving functional and 
histological outcomes in TBI models when present at the 
time of injury (Rowe et al. 2013; Statler et al. 2000, 2006). 
This approach may contribute to reduced clinical transla-
tion as patients are devoid of anesthetic agents at the time 
of injury.

Pathophysiological mechanisms of TBI

Metabolic and ionic disturbances in TBI

The intracellular cascade after head injury is extremely com-
plex and involves fluctuations in metabolic, inflammatory, 

neuroendocrine pathways and ionic potentials. These fluc-
tuations have been shown to produce deleterious impacts 
upon cellular plasticity, immune-excitotoxicity, intracellular 
calcium and binding proteins, caspase cascades, apoptosis, 
cerebral blood flow, glucose metabolism, free-radical pro-
duction, cytoskeleton breakdown, DNA damage, and nitric 
oxide and superoxide anions (Blaylock and Maroon 2011). 
Neuronal, axonal, and glial cell injury all occur in bTBI 
with white matter being the more vulnerable location and 
correlated to the burden of neurocognitive impairment (Bau-
man et al., 2009; Cernak et al. 2001; Giza and Hovda 2001).

Potassium efflux and sodium and calcium influx occur 
after mechanoporation of lipid membranes (Giza and 
Hovda 2001). Intracellular calcium becomes dysregulated 
by altered permeability of cell surface receptors leading to 
degenerative and excitotoxic mechanisms that are damaging 
to the cell. Inflammation, vascular dysfunction, white mat-
ter disease, myelin damage, axonal damage and free-radical 
generation are all induced by calcium-induced phospholi-
pase activation. Calcium-induced proteolysis (as well as 
sheer force of injury) breaks down cytoskeletal structure and 
axon transport. A breakdown in the electron transport chain 
occurs in these times of stress leading to decreased mito-
chondrial calcium loading capacity and ultimately activation 
of the caspase-dependent apoptosis pathway. Activation of 
ROS can generate mitochondrial damage and apoptosis as 
well (Kelley et al. 2007). The presence of increased calcium 
alters ATP production by impairing oxidative phosphoryla-
tion and glycolysis (Giza and Hovda 2001).

Glucose is the obligate mitochondrial fuel source of the 
mammalian brain. Approximately 85% of brain glucose uti-
lization is directed toward fueling sodium/potassium pumps 
that restore membrane potential. In an injured state, these 
pumps shift into overdrive to restore the altered cellular elec-
trochemical balance requiring an increase in energy demand 
(Giza and Hovda 2001). Neurons lack carbohydrate storage 
and rely on peripheral glucose uptake past the BBB (Prieto 
et al. 2011). GLUT1 transporter is highly expressed in the 
human brain and is responsible for regulating nutrient trans-
port depending on the metabolic state. SGLT1 also plays a 
role, more so in states of ischemia-hypoxia (Vemula et al. 
2009). The time of increased energy demand is known to 
be a state of increased vulnerability in repeat injury (Giza 
and Hovda 2001). In the injured brain, the mitochondrial 
dysfunctions compromise the cellular ATP production 
through mitochondrial oxidative phosphorylation sys-
tem (OXPHOS). Since energy demands for the survival 
of the injured cells are increased immediately after TBI, 
the exhausted mitochondria get damaged and release free 
radicals through its dysfunctional electron transport chain 
(Lifshitz et al. 2003). Following the increased free radicals, 
mitochondrial membrane permeability is compromised, and 
the pro-apoptotic protein cytochrome-c, located between the 
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inner and outer membranes of the mitochondria, is released 
into the cytoplasm leading to neuronal cell death as a sec-
ondary event of TBI (Giza and Hovda 2001; Robertson et al. 
2007).

Mechanisms of neuronal cell death following TBI

Neuronal cell death occurs due to both apoptotic and necrotic 
mechanisms of cellular degeneration (Cernak et al. 2005; 
Kato et al. 2007). The initial cell insult occurs from the 
impairment of axonal transport. Axons swell within hours 
of trauma which can be observed by immunohistochemistry 
staining (Povlishock and Becker 1985; Smith et al. 1995). 
The disruption in transport results in accumulation of phos-
phorylated neurofilament proteins in cell bodies leading to 
activation of microglia and thus initiating an inflammatory 
process. In response to this inflammatory process, glutamate 
receptors may become sensitized, GABA receptors may 
become internalized, the immune system is impacted, vas-
culature is compromised, and the blood–brain barrier (BBB) 
becomes damaged (Kaur et al. 1995; Säljö et al. 2000). This 
loss of membrane integrity leads to reduced barrier protec-
tion and susceptibility to neuro-inflammation (McKee et al. 
2013; Tagge et al. 2018). TBI-induced mitochondrial dam-
age, brain metabolic failure, and neurodegenerative proteins 
are related to cognitive deficits in rat models (Ariyannur 
et al. 2021).

Neutrophils initially line the vasculature and then migrate 
to the contusion and surrounding tissue by twenty-four 
hours post injury followed by infiltration of parenchymal 
macrophages (Johnson et al. 2015). Microglia prolifera-
tion, astrocyte hypertrophy and leukocytosis have all been 
observed following TBI in rats. Microglia are the predomi-
nant immune cell in a healthy brain and function on a daily 
basis to phagocytize apoptotic cells with neurons acting as 
key immunomodulators controlling microglia activity (Wof-
ford et al. 2019). In addition, it has been shown that damage 
to substantia nigra in TBI is linked with microglial activation 
and subsequent increased risk of the development of Parkin-
son’s disease (Kelley et al. 2007; Loane et al. 2014). Long-
term, animal models show chronic microglial activation is 
linked to progressive brain atrophy in mice (Hyder et al. 
2002; Johnson et al. 2013). Non-traumatic sources of brain 
insult may be instigators of microglial priming in advance 
of TBI or mTBI, therefore worsening TBI or mTBI outcome 
(Kelley et al. 2007). 

Clinical biomarkers and future outlook

The need for effective clinical interventions in chronic 
neurological diseases following TBI is in desperate need. 
The identification of serum biomarkers can be done by 
determining the qualitative and quantitative changes in a 

serum component at different time points post injury. By 
comparing the temporal pattern of the changes with changes 
detected after other forms of TBI, the biomarker allows dif-
ferentiation of different injury mechanisms and comparison 
of the onset, extent and duration of the injury (Agoston and 
Kamnaksh 2015). A number of reports exist on clinical stud-
ies of plasma or CSF from trauma victims using bioassays 
for quantitation of breakdown products of neuronal, glial, 
astrocytic cells or the myelin sheath. For example, levels of 
glial-derived proteins, such as glial fibrillary acidic protein 
(GFAP), astrocyte-derived protein, such as S100b, and the 
neuronal-derived neuron-specific enolase (NSE) or myelin 
basic protein, in peripheral blood, have been used to predict 
outcome after severe traumatic brain injury (Berger et al. 
2005; Ingebrigtsen et al. 1999; Raabe et al. 1999).

It has been suggested that a panel of biomarkers or a com-
bination of biomarker assays and functional or radiological 
tests would have more usefulness in predicting TBI than 
a single stand-alone assay (Berger 2006). This is because 
of (1) the complexity of the brain tissue, in which injury 
to multiple cell types of varying degrees of severity will 
give varying outcomes, and (2) the varying half-life of bio-
markers, causing them to be undetectable if assayed at an 
inappropriate time, i.e., the half-life for S100B is less than 
60 min, making the detectability of S100B in the blood a 
rapid and transient event. Because of the difficulty in inter-
preting any one individual bioassay, the statistical probabil-
ity of detecting the TBI would be higher if multiple param-
eters are involved rather than any single event. However, 
current pharmaceutical and surgical approaches are limited 
and complicated by the complexities of the biochemical 
pathways involved in injury (Giza and Hovda 2001). There 
is a growing call for non-drug and non-surgical methods of 
treatment.

Available treatment strategies for TBI

Literature regarding treatment of TBI is extensive and will 
be briefly discussed here. One theme that transcends cur-
rent treatment modalities is uncertainty regarding its efficacy 
and an inability to transition pharmaceutical measures to 
the clinical setting (Hyder AA et al. 2007). Much of the 
treatment used in the current clinical setting is focused on 
education and supportive care rather than interventions; 
there is an ongoing failure of clinical trials for TBI treat-
ment. The importance of proper supportive measures cannot 
be understated. Patients suffering from TBI are tradition-
ally placed in low-stress environments to include minimiz-
ing auditory, visual, and emotional triggers. Despite these 
measures, outcomes are traditionally poor and prolonged. 
Research regarding the use of proper nutrition, vitamins and 
supplements as an adjunct to clinical therapies is ongoing 
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and to date has yielded mixed results (Lucke-Wold BP et al. 
2018).Many interventional options have been explored but 
require further research.

Psychotherapy (individual and group) emphasizes emo-
tional and behavioral therapies specifically combating the 
common behavioral changes after TBI including anger, 
depression, anxiety, and aggression. Studies show that cre-
ating coping skills and advising on anger management tech-
niques can reduce patient aggression and improve outcomes 
of TBI injury (Sinnakarppan I et al. 2005). Eastern medical 
techniques such as acupuncture and mind body practices 
may be helpful in some circumstances, however not in an 
acute trauma setting. Hyperbaric oxygen therapy (HBOT) is 
the inhalation of 100% oxygen under pressure greater than 
1 atmosphere absolute (ATA) (1 ATA = 101.3 kPa). Stud-
ies have showed improved cerebral blood flow following 
HBOT in patients with chronic brain injury (Golden  ZL 
et al. 2002). Positive effects such as improved quality of 
life in patients with post-concussion syndrome or mild 
TBI have also been noted (Harch PG et al. 2012). In severe 
TBI, HBOT is thought to even reduce mortality and lead to 
enhanced functional outcomes (Rockswold GL et al. 1992). 
Erythropoietin (EPO) promotes proliferation and differen-
tiation of red blood cells physiologically in the body. Addi-
tional effects are enhancement of anti-apoptotic, anti-inflam-
matory, and neuroprotective effects. Of note, data show that 
recombinant human EPO mobilized endothelial progenitor 
cells and angiogenesis to improve the functional prognosis 
of TBI in rats (Wang L et al. 2015 ). More researches are 
needed for human studies.

The use of non-invasive brain stimulation includes repet-
itive transcranial magnetic stimulation (rTMS). This is a 
painless, non-invasive, easily operated treatment with few 
known adverse reactions and success in treating depression 
and schizophrenia. rTMS alters neuronal excitability by 
generating excitatory (> 5 Hz) or inhibitory (1 Hz) activity 
allowing manipulation of the patients neuronal function in 
a situation of high neuronal stress.8

Conclusion

Most of these animal models of TBI described above are 
mimetic of clinical TBI, and could be utilized to better inves-
tigate drivers of acute and chronic neuro-inflammation that 
are translationally relevant to clinical presentations. In the 
future, we aim to elucidate the specific passive and active 
immune modulators that are received by immune cells and 
influence their phenotype.

In a research field where inter-laboratory comparisons 
are difficult; this review illustrates the need to provide a 
degree of standardization of the methods used across labo-
ratories. Due to the complex pathophysiology and various 

etiologies of TBI, bTBI, and DAI, multiple models have 
been brought forward in the attempt of creating accurate 
models of TBI injury patterns. Rodent models have proven 
vital in the research of TBI and bTBI. These models have 
been employed in the furthering of understanding of patho-
physiology, associated injury patterns, development of tar-
geted therapies and pharmaceutical interventions for the 
treatment of TBI. Despite these advancements, however, 
this review has shown that there still remain concerns, and 
challenges in the reproducibility, standardization, reliability, 
and accuracy of these models. In the future, we should aim 
to elucidate the multiple mechanism targeted TBI treatments 
based on personalized needs of patients.
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