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Traumatic brain injury (TBI) is the leading cause for high morbidity and mortality 
rates in young adults, survivors may suffer from long-term physical, cognitive, 
and/or psychological disorders. Establishing better models of TBI would further 
our understanding of the pathophysiology of TBI and develop new potential 
treatments. A multitude of animal TBI models have been used to replicate the 
various aspects of human TBI. Although numerous experimental neuroprotective 
strategies were identified to be effective in animal models, a majority of strategies 
have failed in phase II or phase III clinical trials. This failure in clinical translation 
highlights the necessity of revisiting the current status of animal models of 
TBI and therapeutic strategies. In this review, we elucidate approaches for the 
generation of animal models and cell models of TBI and summarize their strengths 
and limitations with the aim of exploring clinically meaningful neuroprotective 
strategies.
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1. Introduction

TBI is a serious problem worldwide. Approximately 10 million people worldwide suffer TBI 
each year, and a significant number of patients die as a result, or become temporarily or 
permanently disabled (1, 2). For example, in 2013, there were 2.5 million emergency hospital 
visits, 280,000 hospitalizations, and 56,000 deaths from TBI in the United States (3); 2.1 million 
patients, in Europe, were admitted to hospital due to TBI, 82,000 died (4). It was estimated that 
the death rate of TBI in China was about 13 cases per 100,000 people, similar to reported death 
rates in other countries (5). In addition, TBI has been confirmed to be closely associated with 
epilepsy, Alzheimer’s disease, Parkinson’s disease, chronic neuroinflammation and other diseases 
(2, 6–10). In order to find a rational treatment plan for TBI, a large number of in vitro, cellular 
and in vivo, animal models have been established to study the pathogenesis of TBI. Different 
animal models have been established to replicate different types of TBI. Although larger animals 
are more similar to humans in size and physiology, rodents have been widely used in TBI models 
because of their small size, low cost and easy quantification (10, 11). Early TBI models mainly 
simulated the biomechanical changes of brain injury, while the models created in recent years 
have been used to study molecular mechanisms and molecular cascades triggered by head 
trauma (11–13). In vitro TBI models are also potentially important tools to study its 
pathophysiology. Compared with in vivo models, in vitro models have the advantages of good 
repeatability, good controllability, lower experimental costs and fewer ethical problems. 
Therefore in vitro models allow us for large scale production, enabling for reliable and efficient 
drug screening. Common TBI models can be divided, according to the different modes of injury, 
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into mechanical injury, pressure injury, explosion injury and repetitive 
minor injury models. In this paper, we review, the above commonly 
used models, aimed at discovery of effective clinical 
neuroprotective treatments.

2. Mechanical force injury models

2.1. Mechanical force-induced TBI animal 
models

Mechanical force-induced TBI animal models commonly involve 
weight-drop (WD) and controlled cortical impact (CCI) models.

WD is a commonly used method causing brain damage by impact 
to the dura mater or skull with falling freely weights. A catheter is used 
to guide freely falling weights with damage controlled by the weight 
and height of fall (11, 13–15). The Feeney WD model involves mild, 
moderate and severe brain injury, simulating concussion and brain 
contusion, by direct impact to the dura mater causing cerebral cortical 
injury, with adjustment of the weight hitting the head and the height 
of free fall (16–21). However, craniotomy can lead to cortical 
contusion, hemorrhagic lesions, blood-brain barrier damage, immune 
cell infiltration, and glial cell activation, and prolong modeling time. 
Shapira Y and Flierl MA et al. (22,23) introduced the closed head WD 
rodent model by fixing the head on a hard platform to avoid the 
impact of accelerated diffusion damage on rats and mice later. Weight 
falls on the unprotected skull to replicate mixed focal/diffuse injury. 
Due to its simple installation, low cost, and the absence of craniotomy 
surgery, each modeling time can be controlled within 1 min without 
any other damage caused by craniotomy surgery, so it has been widely 
used. However, its drawbacks are the poor accuracy and repeatability 
of the injury site and the higher mortality rate.

The Marmarou WD model makes two improvements on the 
Feeney model: (1) Anesthetized rats were fixed to a sponge platform, 
ensuring instantaneous external force, but avoiding a second impact 
by pulling out the sponge platform after the blow. (2) A metal sheet 
with a diameter of 1 cm and a thickness of 0.3 cm is placed to ensure 
the dispersion of external force, simulating diffuse brain injury. The 
advantages of this model are simplicity and easy to control conditions. 
Its disadvantage is a higher fatality rate. Marmarou WD mainly 
replicates diffuse axonal injury caused by external violence injury such 
as high altitude fall injury and traffic accident, and Marmarou WD 
causes extensive and bilateral damage to neurons, axons, dendrites 
and microvessels, especially in the corpus callosum, internal capsule, 
optic nerve bundle and other parts. It may also lead to motor and 
cognitive deficits, such as difficulty walking and memory, which are 
related to the severity of the injury (10, 14, 15, 21, 24).

In the CCI model, impact force is generated by high-speed 
moving air driving metal to hit the exposed dura mater directly, 
causing a degree of brain damage. The CCI WD model is mainly used 
to replicate clinical situations such as cortical tissue loss, acute 
subdural hematoma, axonal injury, brain concussion, blood–brain 
barrier dysfunction and even coma after TBI. The investigators 
performed a comprehensive neuropathological assessment of TBI 
models of CCI, indicating that the associated brain injuries may 
be quite extensive, including acute cortical injury, hippocampal and 
thalamic degeneration, neuronal loss, vascular rupture, edema, and 
macrophage accumulation. The degree of injury was controlled by 

adjusting the duration, speed, and depth of the impact (24–27). 
Researchers used immature pigs to establish CCI WD models to 
mimic TBI damage in human children (28). The reason why piglets 
were chosen is that, unlike other animals, pig brain growth peaks 
around birth and changes in myelination and water content during 
development are similar to those in human brain development. After 
CCI, 1-month-old piglets exhibited focal pathophysiology, replicating 
the TBI reactions observed in preschool and early childhood, where 
brain swelling was the most prominent. The CCI model of piglets has 
also been used to identify relevant TBI biomarkers in peripheral blood 
and to experiment with intervention therapies that have been 
proposed for clinical translation. Compared with the Shohami, 
Feeney, Shapira and Marmarou WD models, the CCI model improved 
mechanical factors and significantly reduced the fatality rate. A brain 
stereo locator can also be used to accurately locate craniocerebral 
strike, with more accurate force. In addition, after impact, the impact 
head can be automatically and rapidly removed to avoid damage due 
to extrusion or secondary damage due to rebound (12, 26, 27). In 
conclusion, the CCI model is more accurate, reproducible and stable, 
assisting the study of TBI biomechanics.

2.2. Mechanical force-induced TBI cellular 
models

TBI cellular models involve mechanical transection and cell 
stretch injury. In vitro models of mechanical transection, use nerve 
cell protrusion on the petri dish separated from the cell body by a fine 
plastic needle, blade or laser, simulating a puncture wound, a 
penetrating skull fracture or various brain tissue lesions after 
TBI. Faden et al. (29) used an impact device with 28 stainless steel 
blades to induce mechanical damage on cultured rat cortical neuron 
cells. The cutting device produced uniform incisions in the cell layer 
of the 96-well tissue culture plate with a spacing of 1.2 mm. After 24 h, 
cell viability was measured by release of lactate dehydrogenase 
(LDH). The results showed that the cutting device directly caused cell 
death under the leaf, and within 24 h, the nerve cells around the 
wound gradually died. Cengiz et al. (30) cultured adult mouse dorsal 
root ganglion neurons and transected their elongated nerve fibers 
with a precise laser beam. The cell preparation was observed 
continuously with time-lapse microscope for 24 h. The more distal 
the incisions, the longer the degradation field, and thicker axons 
degraded faster than thinner axons. The advantage of this model was 
that the position of cutting and the degree of damage were controlled 
precisely. The model was then simplified by mechanical cutting of 
cultured rat cortical neurons using a simpler 200 μl yellow spear 
(diameter 1.5 mm) (31). This method can be used to establish TBI 
damage of different degrees according to different scratch areas. This 
simple model requires no special equipment and is easy to operate 
and effective. However, there is no strict standard for mechanical 
damage parameters, and damage is only graded by a number of 
damaged cells. In cellular models of stretch injury, different degrees 
of stretch caused altered cell morphology, to study biomechanical 
effects of TBI. widely used model employs compressed gas to deform 
a clamped circular plate, deforming attached nerve cells, resulting in 
mild, moderate or severe damage according to the different pressure 
(32–34). The disadvantages of this model include: uneven 
deformation at a high deformation rate, and the necessity to verify 
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cellular adhesion to the substrate. Another widely used model 
involves a microfluidic device applying gas pressure to a pneumatic 
channel below a flexible polydimethylsiloxane (PDMS) film, which 
deforms causing axon tensile damage (35). The advantage of a 
microfluidic device model is that specific areas of nerve cells (such as 
cell body or axon) can be  specifically damaged. However, its 
disadvantage is that bulky pneumatic devices are needed, and the 
equipment and instruments are complicated (36). Currently, stretch 
injury is considered the gold standard for simulating subfatal 
traumatic neuronal injury. Its advantages include standardized and 
reproducible damage, as well as direct, real-time measurement of all 
biomechanical aspects. It is the most widely used in vitro TBI model 
(37–39).

3. Pressure injury TBI models

TBI animal models of pressure injury largely include Fluid 
percussion injury (FPI) and Penetrating encephaliclide-like brain 
injury (PBBI). FPI causes brain tissue deformation and displacement 
through rapid injection of a certain amount of normal saline into the 
cranial cavity, resulting in brain injury. The severity of the resulting 
injury depends on the intensity of the pressure pulse. FPI can replicate 
human pathophysiological features such as intracranial hemorrhage, 
brain swelling and progressive gray matter damage after TBI. It is 
mainly used to replicate clinical TBI without skull fracture (40–46). 
The FPI model can be divided into central (sutures above sagittal), 
parsagittal (distance from midline <3.5 mm) and lateral (from the 
center line >3.5 mm; LFPI) model depending on the location of skull 
penetration. Early FPI models largely controlled damage severity by 
controlling the single variable of height of pendulum fall. In order to 
improve repeatability, Kabadi et al. (47) developed a microprocessor 
controlled pneumatic device enabling precise control of impact 
pressure and residence time to reduce the differences between tests. 
Cognitive dysfunction and neurobehavioral disorders generated by 
LFPI models are common clinical symptoms in TBI patients. However, 
due to brain stem damage and prolonged apnea, FPI models have a 
higher mortality rate than other models. The selection of craniotomy 
site in rat LFPI models is very important to the degree of injury. 
Therefore, the location of craniotomy should be precisely controlled 
to improve the reliability and repeatability of the model. The PBBI 
model simulates increased intracranial pressure with impact by a 
high-powered probe with a shock wave that creates a temporary 
chamber in the brain many times the size of the projectile itself. The 
degree of damage depends on the ejection path and the energy 
transferred. Several new PBBI rodent models have been developed. 
Davis et al. (48) projected the PBBI probe into the right hemisphere 
of the brain, through the bone window, to a depth of 1.2 cm. The 
elastic head of the probe was rapidly filled with water and expanded 
using a computer program, resulting in an oval balloon with a volume 
equal to 10% of the brain volume. These PBBI models caused white 
and gray matter injury, brain edema, epilepsy, cortical diffusion, glial 
cell proliferation, neuroinflammation and so on. and resulting sensory 
impairment and cognitive dysfunction. Compared with other TBI 
models, PBBI can cause extensive intracerebral hemorrhage in the 
entire primary lesion due to injury and the temporary lumen formed 
(49). PBBI model are the mechanisms of moderate to severe 
craniocerebral injury.

Pressure injury models include Compression and Vacuum assisted 
injury models. The pressure injury model in nerve cells replicates the 
closed brain injury or FPI model by applying pressure to cultured cells 
to cause damage. However, in order to get a cellular response, pressure 
must be increased far beyond the levels that occur during TBI. Under 
these hydrostatic pressure conditions, brain deformation is likely to 
be minor because brain tissue is almost incompressible and therefore 
much higher pressures (around 15 atmospheres) are required to cause 
damage. The researchers cultured nerve cells, connected to a sealed 
pressurizer, injecting a nitrogen and oxygen mixture, to give different 
levels of pressure. Cell volume increased after pressure, with edema 
became more obvious the higher the pressure. The pressure injury 
model simulates the clinical pathophysiology after TBI, and the 
method is simple, the conditions are easy to control, with the degree 
of injury titrated by adjusting the pressure value. It can be applied to 
the study of mechanical damage to nerve cells in the CNS, as well as 
to the study of secondary damage after TBI (50, 51). Negative pressure 
drainage nerve cell models damage axons by using microfluidic 
devices and laboratory vacuum. Once axonal growth reaches an 
adjacent compartment, brief vacuuming of the second compartment 
with a Pasteur suction tube by creates a bubble, shearing only the axon 
in the second compartment, causing axon damage without affecting 
the cell body, which can then be used to screen potential treatments 
for axon regeneration. Microfluidics and vacuum based damage 
mechanisms can also be  used to simulate and characterize acute 
axonal degeneration (AAD) (36). Zhou et al. (52) used a microfluidic 
vacuum inhalation injury model to examine the pathway leading to 
the observed reduced regeneration of mature axons after injury. In 
mature axons, the anabolic enzyme (SNPH) -mediated mitochondrial 
anchoring hinders mitochondrial transport, resulting in energy 
defects at the damaged site. Enhanced mitochondrial transport by 
deletion of the SNPH gene promotes axon regeneration after injury by 
increasing mitochondrial transport and maintaining ATP supply to 
damaged axons. Therefore, the vacuum inhalation injury model can 
characterize mitochondrial transport and energy supply of damaged 
axons, providing a new therapeutic strategy for axon regeneration 
(36). The disadvantage of the vacuum suction method is the high fluid 
resistance required between interconnected compartments to limit 
damage to specific neuronal areas. This resistance is usually provided 
by a microgroove in the microfluidic device allowing the duration and 
strength of the vacuum to be carefully adjusted to minimize damage 
to non-specific areas.

4. Blast-induced injury (BTBI) models

Craniocerebral blast injury is mainly caused by blast wave and 
projectiles; the main type of injury in modern warfare. Domestic and 
foreign scholars have established various models of BTBI. Among the 
most common are the free field explosion model, the Blast tube 
model, the small explosion source model, and the Advanced Blast 
Simulator; (ABS) (53–56). The ABS model does not use explosives, 
but rather compressed gas as power. A cylindrical tube is divided into 
two chambers; the pressurized and the test areas by a thin film of 
special material. When the pressure in the pressurized area rises to a 
certain extent, the diaphragm is broken and a shockwave is generated, 
causing damage to the animal’s head, placed in the test area. Uylissa 
A. Rodriguez et  al. (56) adopted a shock tube test area of 2 m 
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containing the rat’s head, with a compression area 2.54 m in length 
and a diaphragm thickness of 0.4 mm. An animal model of BTBI was 
established by pressurizing air to about 1,230 kPA to break the 
diaphragm causing a shock wave, resulting in head injury in the rat. 
Blast waves can damage cerebral blood vessels, neurons, glial cells 
and blood–brain barrier, leading to the activation of microglia and 
neuroinflammatory response (57, 58). Like other injury models, bTBI 
also exhibits pathological results such as ventricular enlargement, 
gray/white matter atrophy, axonal injury, cell apoptosis, and 
neuroinflammation (58, 59). The mechanism of brain damage caused 
by shock waves is currently unclear.

In the same way, cultured nerve cells and brain tissue sections 
were placed in the test area of the shock tube to establish a BTBI 
model in vitro. Campos-Pires et  al. (60) oriented the cells of the 
mouse hippocampal brain slice toward the shock tube, and 
established a trauma model with different impact pressures. The 
degree of damage degree increased with the increase in impact 
pressure peak and shock wave. The main mode of cell death induced 
by the shock wave was apoptosis. Researchers found that after cells 
were damaged by shock waves, the levels of adenosine triphosphate 
(ATP) decreased, while LDH and reactive oxygen species were 
upregulated (61, 62). Ravin et al. (63) used a pneumatic device based 
on an air gun to simulate the blast shock wave, and established a BTBI 
cell model by using primary cultured rat CNS cortical tissue and 
human CNS cortical tissue. They found that the expression of reactive 
astrocyte markers GFAP and protease matrix metallopeptidase 9 in 
human central nervous system cells significantly increased 24 h after 
shock wave stimulation. Interestingly, they found that human 
astrocyte were more responsive to injury than rat derived astrocyte. 
The ABS model has its own important shortcomings. First, the 
physical characteristics of the gas-driven shock wave may be different 
from that of the explosion shock wave; second, the diaphragm 
fragment may impact the subjects; third, the efflux effect generated 
near the tube outlet may have impacted the subjects (53). The main 
advantages of the ABS model are its high safety, indoor operation, 
and greatly reduced external interference. Shock waves of different 
sizes can be generated by adjusting the material of the diaphragm 
(64–66). The ABS model is the most widely used model in 
BTBI research.

5. Repeated minor trauma injury 
models (r-mTBI)

R-mTBI usually occurs in contact sports (eg. boxing, basketball, 
football, rugby) and in domestic violence (12, 67). There is growing 
evidence that repeated concussions can lead to behavioral 
abnormalities and pathological changes, and several models of 
r-mTBI have been established. These include the CCI, WD, FPI 
Blast-TBI, and Cell stretch injury models (68–72). R-mTBI over a 
short period of time can cause diffuse axonal injury and chronic 
neuroinflammation. These pathophysiological phenomena are 
closely related to neurodegenerative diseases such as Alzheimer’s 
disease and Parkinson’s syndrome. The microtubule associated 
protein tau is an indispensable part of the pathogenesis of 
Alzheimer’s disease (AD) and several related diseases called tau 
disease, where tau is deposited in the affected brain regions. Research 

has shown that changes in soluble tau proteins, including 
phosphorylation, are involved in inducing neuronal death. Therefore, 
the method of reducing tau phosphorylation may exert the 
neuroprotective effect of neurodegenerative diseases such as AD by 
reducing the generation of amyloid protein (73). Research has shown 
that tau phosphorylation may be regulated by metal ions such as 
iron, zinc, and copper, which are themselves associated with 
neurodegenerative diseases such as aging and Alzheimer’s disease 
(74). The results of most studies show that r-mTBI will lead to 
pathological tau formation, metal homeostasis disorder, tau 
hyperphosphorylation, astrocyte proliferation, microglia 
proliferation and brain atrophy, as well as progressive learning and 
cognitive disorders that continue to develop for a long time after the 
injury stops. Of course, it is important to emphasize that not all 
r-mTBI studies have reported tau pathology, which may be because 
TBI models There are differences in experimental design parameters, 
species, animal age, and detected time points (74). Although mild 
brain damage is often overlooked, with the intensification of 
population aging, r-mTBI will be increasingly studied by researchers. 
Therefore, developing sufficient r-mTBI models and considering 
more factors such as species, gender, age, acute phase, subacute 
phase, and chronic phase, provides more sufficient evidence on how 
r-mTBI leads to pathological tau formation, metal homeostasis 
disorders, and motor and cognitive deficits, thereby jointly leading 
to neurodegenerative diseases.

6. Conclusions and future directions

Although the application of TBI models in the study of brain 
injury has made some progress, there are still some insuperable 
shortcomings (Table 1). The brains of commonly used TBI model 
animals (especially rodents) are physiologically similar to human 
brains, to a certain extent, but there are still significant differences in 
brain structure and function, such as brain geometry, cranial Angle, 
cyclotron complexity, and gray to white matter ash ratio (12, 41). 
Many TBI model studies strictly did not measure physiological 
variables before and after TBI, including CO2, and O2 partial 
pressures, pH, blood pressure and brain temperature, etc. These 
variables are important in determining the body’s pathophysiological 
response to injury and treatment. In addition, age, sex and species 
have an impact on TBI results (3, 4, 76, 77, 79, 80), and more research 
is needed. The limitation of in vitro TBI models is that tissue cells may 
produce harmful stress responses in vitro. Secondly, tissue cells may 
have been damaged in the process of sampling, which may influence 
experimental tissue damage to a certain extent. In vitro TBI models 
should focus on reducing the influence of extracellular environment 
(such as blood, activated macrophages, etc.) on nerve cells and 
reducing the damage caused by tissue cells in the process of sampling 
(75, 78, 81–83). Sometimes studies based on in vitro and in vivo 
models produce conflicting results, but this does not mean that in 
vitro models are inaccurate and may relate to environmental 
differences (e.g., inflammatory responses, temperature regulation, 
oxygenation, or local ion concentrations) (12, 54, 82, 84–86). Both 
types of TBI models have advantages and disadvantages. Therefore, 
different types of in vitro and in vivo TBI models should be combined, 
when studying a new treatment or drug, to simulate different 
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pathobiological reactions caused during injury. Cross-validation in 
this way can make the experimental results more robust and reliable, 
and reduce the false positive neuroprotective effect of some drugs 
or treatments.
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TABLE 1 Characteristics of the commonly used TBI animal and cell models.

Types of TBI models Types of injury Limitations Advantages

Mechanical injury 

models

Animal models Feeney (16–20, 75) Contusion cerebral 

cortex;

Cerebral concussion

A bone window is required

High fatality rate

Simple methods;

Easy control

Shohami (21–24) Induced mixed;

Diffuse injury

High fatality rate;

Poor repeatability

Simple methods;

Low cost

Marmarou (10, 14, 15, 21) Diffuse injury;

Axonal injury

High fatality rate Simple methods;

Easy control

CCI (24, 25, 30–32, 68) Cortical loss;

Cerebral concussion

Expensive equipment;

A bone window is required

Good repeatability

Accuracy of injury

Cell models Transection (29–31) Axonal damage and 

puncture wounds

Need for standardization No special equipment and 

instrument conditions are 

required

Stretch (32–39, 76–78) Axonal damage to nerve 

cells

Complex instrument;

Expensive equipment

Precise damage to specific 

areas of the cell

Pressure injury models Animal models FPI (40–47, 70) Intracranial hemorrhage 

and brain swelling

The mechanism of injury is 

different from the clinical 

situation

Good repeatability;

High stability

PBBI (48, 49) Intracranial hemorrhage 

and increased 

intracranial pressure

Standardization and special 

equipment are required

The injury was similar to the 

clinical one

Cell models Compression (50, 51) Increased intracranial 

pressure was replicated

Pressure control device is 

required

Simple methods;

Easy control of conditions

Vacuum helper cell 

damage (36, 52)

Axonal damage to nerve 

cells

Pressure control needs to 

be refined

Accuracy of injury;

Simple methods

Blast injury models Animal models BTBI model (54–66) Blast shock wave damage Special equipment;

Jet flow effect

The injuries were similar to 

war wounds

Cell models ABS cell model (60, 61, 

63, 66)

Blast shock wave damage Diaphragm fragment shadow Indoor operation;

High safety

R-mTBI (12, 67–72, 74) Diffuse brain injury Need for standardization The injury was similar to the 

clinical one
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