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Abstract

Traumatic brain injury (TBI) has been named the most complex disease in the most complex organ of the
body. It is the most common cause of death and disability in the Western world in people <40 years old
and survivors commonly suffer from persisting cognitive deficits, impaired motor function, depression and
personality changes. TBI may vary in severity from uniformly fatal to mild injuries with rapidly resolving
symptoms and without doubt, it is a markedly heterogeneous disease. Its different subtypes differs in their
pathophysiology, treatment options and long-term consequences and to date, there are no pharmacologi-
cal treatments with proven clinical benefit available to TBI patients. To enable development of novel treat-
ment options for TBI, clinically relevant animal models are needed. Due to their availability and low costs,
numerous rodent models have been developed which have substantially contributed to our current under-
standing of the pathophysiology of TBI. The most common animal models used in laboratories worldwide
are likely the controlled cortical impact (CCI) model, the central and lateral fluid percussion injury (FPI)
models, and weight drop/impact acceleration (I/A) models. Each of these models has inherent advan-
tages and disadvantages; these need to be thoroughly considered when selecting the rodent TBI model
according to the hypothesis and design of the study. Since TBI is not one disease, refined animal models
must take into account the clinical features and complexity of human TBI. To enhance the possibility of
establishing preclinical efficacy of a novel treatment, the preclinical use of several different experimental
models is encouraged as well as varying the species, gender, and age of the animal. In this chapter, the
methods, limitations, and challenges of the CCI and FPI models of TBI used in rodents are described.
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1 Introduction

Traumatic brain injury (TBI) has been recognized as a silent epidemic
and is considered by the World Health Organization to be a health
threat at the order of HIV and malaria. Recent epidemiological data
suggest that the number of TBI victims worldwide is increasing [ 1-3]
and survivors of TBI commonly suffer from persistent functional defi-
cits, including personality changes, motor impairment and cognitive
problems, leading to an impaired capacity for work and a reduced
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quality of life. Current treatment options include optimized prehospi-
tal stabilization, rapid decompressive surgery when needed, neuro-
critical care and frequently prolonged neurorchabilitation. Despite
extensive preclinical and clinical studies for several decades, there is
still a lack of pharmacological alternatives [4]. The enormous hetero-
geneity of TBI has been noted in several recent overviews [ 5] which is
further exacerbated by individual injury factors, age and gender issues
and perhaps also the genetics and/or epigenetics of the individual
patient. The clinical reality of TBI makes the discovery of a single
treatment or pharmacological tool effective in each of the TBI sub-
types highly unlikely. Thus, the preclinical TBI research aiming to
develop novel pharmacological compounds or rehabilitative strategies
faces a challenge when aiming to mimic the clinical setting and it is
crucial that clinically relevant TBI models are used. The question is
then—how many animal models of TBI are needed to cover the clini-
cal aspects of TBI?

To date, the search of “traumatic brain injury” AND “animal
model” yields 159 hits on PubMed. Several models for repetitive,
blast, penetrating, focal and diffuse TBI combined with various
secondary insults such as hypotension and hypoxia have been
developed [6-11]. Although TBI models developed for higher-
order species such as the miniature swine and the primate models
are available, rodent models will likely continue to be used in the
vast majority of TBI research due to their accessibility and low
costs. It may be argued that the task of making rodent models
more clinically relevant is not to develop even more animal mod-
els—instead it is the refinement of the existing ones [ 12, 13]. Thus,
the selected study treatment may be tested in a range of other rel-
evant parameters such as strain, species, sex, and age of the animal.
The use of a rather limited number of animal models also carries
the advantage of enabling comparisons among different laborato-
ries. As such, the controlled cortical impact (CCI) and the fluid
percussion injury (FPI) models have been used in both rats and
mice and all have the advantage of being widely used and mimick-
ing certain aspects of human TBI.

The fluid percussion injury, initially established in the rabbit
[14], was in 1987 adopted for use in the rat by Dixon et al., [15],
the midline FPI model, and modified in 1989 by McIntosh et al.,
[16] who established the lateral FPI model. Despite presumed dif-
ficulties, both the lateral [17] and recently, the central (midline)
fluid percussion model [18, 19], could successfully be adopted to
mice. The basic principle behind this TBI model is that a brief
pressure pulse is transmitted to the exposed dura, allowing for a
degree of brain displacement resulting in cortical, hippocampal,
and brain stem injury as well as widespread axonal injury in brain
regions such as the corpus callosum, the fimbriae and the brain
stem. As described in the following paragraphs below, the brain
injury and behavioral deficit created will vary depending on the
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location of the craniectomy and the delivery and force of the
pressure pulse. Two common types of FPI models are in common
use—the lateral FPI model [16, 20, 21] where the pressure pulse
is delivered over one hemisphere and the central/midline CPI
model [15] where the pulse is delivered over the midline, resulting
in different brain injuries and behavioral deficits.

The controlled cortical impact (CCI) model of TBI, first used in
the ferret [22], was then adopted for use in the rat [23] and then to
the mouse [24]. This model uses a pneumatically or electromagneti-
cally [25] driven piston striking (most commonly) the exposed dura
allowing for brain penetration of a predetermined depth at a prede-
termined velocity. This model predominately produces a focal TBI
although diffuse neurodegeneration may be observed throughout
the rodent brain extending also into the contralateral hemisphere
[26]. Although not identical with CCI, the weight-drop model
originally developed by Feeney et al., [27], used by many labs includ-
ing ours [28], reproducibly resulted in a focal contusion extending
into the ipsilateral hippocampus when a weight was dropped from a
predetermined height onto the exposed dura with the head of the
rodent fixed. Arguably, this model may be less precise and adjustable
than the CCI, despite the commonly used term “controlled cortical
contusion model”, and it is less commonly used to date.

Due to the intrinsic differences between rodents and man, a TBI
model in the rat or the mouse may never replicate all aspects of the
immense complexity of human TBI, particularly with regards to the
complex cognitive and behavioral disturbances observed in TBI
patients. In order to mimic the clinical situation to the extent possi-
ble, a thorough understanding of the behavioral consequences of
the TBI models is crucial as well [29]. One example of such a strat-
egy is the evaluation of the long-term clinical problem of post-
traumatic epilepsy and both the CCI and lateral FPI models were
shown to cause delayed seizures post-injury [30]. The commonly
used CCI and FPI TBI models, in the view of this author, may be
the most clinically relevant ones available to date, and their histo-
logical and behavioral consequences have resemblance to certain
aspects of human TBI and their techniques the as well as their advan-
tages and disadvantages are outlined in the following paragraphs.

2 Materials

2.1 Animals

We use Sprague-Dawley male rats at a weight of 350400 g (9-12
weeks of age, Taconic M&B laboratory, Ry, Denmark) and
C57BL/6] mice at a weight of 25-28 g (age 9-12 weeks old; sup-
plied by Taconic, Denmark). The animals should be housed in a
colony maintained by trained staff including regular surveillance
for common viruses known to potentially infect rodent facilities.
All scientists involved in animal research must undergo authorized
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2.2 Surgical Setup

training in animal welfare, handling and ethics and each study must
be approved by the animal ethics board and follow the local and
national rules and regulations of animal experiments. Any measure
to reduce stress and suffering to the animal is taken (see Notes
1-5). The animals are housed at 24 °C in cages with three to five
mice or two rats per cage with free access to food and water in a
12-h light/dark cycle, and kept in the colony for a minimum of 1
week prior to any surgical procedures.

1. A surgical area, preferably sheltered from other lab spaces,
designed and devoted to animal surgery is used. The experi-
menter involved in the surgery should use a clean lab coat, a
surgical face mask, foot covering and gloves. A set of clean,
sharpened surgical tools should be available for smooth and
controlled surgery.

2. The setup for volatile anesthesia requires specialized equip-
ment including vaporizers. Leakage of volatile gases readily
occurs and poses an occupational hazard to the investigator
and scavenging systems must be in place and be regularly tested
by the responsible authorities and all staff must be trained
accordingly. Such scavenging systems for reducing exposure to
the researcher is paramount and may include carbon filters,
fume hoods or, preferably, a vacuum setup connected to an
exhaust system to minimize the risk of inadvertent exposure of
volatile anesthetics (se¢ Notes 6 and 7).

3. A heating pad, coupled to a rectal probe (CMA150, CMA,
Stockholm, Sweden), is needed to maintain the core tempera-
ture of the animal at 37 °C and is positioned under the animal
during surgery. The body of the animal is covered by towels to
reduce hypothermia.

4. A stereotaxic head holder (Kopf Instruments, Tujunga,
California, USA) including blunt ear pins to avoid ear drum
penetration (both rats and mice) and a snout clamp is used
for head fixation.

5. A surgical microscope and a light source is needed.

6. An electric razor for minimal hair trimming is used. The area is
sterilized by using sterile swabs with 70 % alcohol and bupiva-
caine at 5 mg/mL is used for local anesthesia in the scalp
(Marcain, AstraZeneca, Sweden).

7. Polyethylene tubing for arterial catheter and /or venous lines
it needed (rat; PE 50, Becton Dickinson, Franklin Lakes,
NJ, USA) and for intubation (rat) if needed (PE 205,
Becton Dickinson).

8. Artificial tear lubricants (Viscotears, Novartis, Inc., Basel,
Switzerland) is carefully placed on the cornea of the animal to
keep them from drying during surgery.
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9. A pencil is needed to carefully mark the exact location of the
craniotomy.

10. Trephines for mice and rats, preferably attached to a dental
drill, or a 1.0 mm diamond drill head attached to the dental
drill is needed. Q-tips and bone wax may be used to control
minor bleedings by gentle pressure.

The basic idea of FPI is that a short pressure pulse is delivered to
the brain via the intact dura mater, resulting in a rapid rise in intra-
cranial pressure [31] and a degree of brain displacement, which
leads to brain injury by cell death, opening of the blood-brain bar-
rier, axonal injury and a neuroinflammatory response [20]. The
pressure pulse is created by a pendulum striking a piston at the
proximal end of a fluid-filled cylinder and saline is being rapidly
injected into the closed cranial cavity of the animal (Fig. 1). The
severity of injury is regulated by varying the height from which the
pendulum is released, which results in variations of the pressure
pulse transmitted to the rodent.

1. The EPI device consists of a Plexiglas cylinder (Fig. 1) filled
with physiologic saline and at its distal end, there is a transducer
measuring the extracranial pressure wave and then a male Luer-
Lok fitting enabling it to be locked on the trauma cap attached
to the rodent’s skull for delivering of the pressure pulse. The
FPI device needs regular maintenance, including cleaning of
the cylinder and replacing the saline as well as lubricating the
plunger and its O-rings using for example petroleum jelly or

Fig. 1 Cartoon of the basic setup for fluid percussion brain injury. () The craniectomy for central (midline) FPI is
centered over the sagittal suture midway between bregma and lambda. The lower image shows the corre-
sponding impact area of the rodent brain. (b) When the pendulum (righ?) is released from a predetermined
height, it will strike the end of a Plexiglas cylinder filled with isotonic saline. The impact creates a pressure wave
of ca. 20 ms which is transmitted to the brain of the rodent using the techniques described in coming sections.
The rodent is held by the researcher’s hand and gently attached to the distal end of the cylinder via the Luer-Lok
setup cemented onto the skull of the rodent, over the craniectomy. Note the transducer located at the distal end
of the cylinder, reading the pressure changes which is displayed on a computer screen. (¢) To improve the drill-
ing for the craniectomy, we use a trephine attached to a dental drill at 5000 rpm. For best results of surgery,
including control of small bleedings and securing hat the dura is intact, a surgical microscope is preferred
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similar (Renolit, Mannheim, Germany). In modern EPI sys-
tems, there is less need for calibrating the pressure output from
the transducer and amplifier. The pressure is typically measured
in atmospheres of pressure per square inch (PSI) where one
atmosphere=14.7 PSI.

2. A hub of a needle needs to be mounted over the craniectomy
(Fig. 2) and this injury hub is created from a 23G needle
(Becton Dickinson, USA) with a razor blade or a pencil sharp-
ener. Its lower end needs to be angled to be closely fitted into
the craniectomy.

Fig. 2 In vivo, “real-life” central fluid percussion injury in the mouse. (a) The surgical draping has been removed
to better display the setup and the surgical area. Note the craniectomy (Cr) and the arrow pointing to the sagit-
tal sinus after removal of the bone. The head is firmly held in place by blunt ear pins and by a snout clamp. (b)
Lateral view. The mouse is placed on a heating pad to maintain core temperature, which is monitored. Note
the homemade nose cone delivering volatile anesthetics. The hub of a needle is placed over the craniectomy,
held in place by cement (Ce). The hub is then filled with saline (arrow) and checked that it remains in place
securing the tight closure of this now fluid-filled space. (¢) Typical reading of the pressure wave from the
transducer. In our experience, the peak pressure wave in mice may show some irregularities despite taking all
the measures described in the text. In rats, this peak is typically smoother without the “edges” shown in the
mouse. (d) Close-up of the transducer. It is crucial that this part is devoid of air and this area need to be flushed
with saline (S) prior to each injury and the pressure pulse controlled
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3. Dental cement (Dentalon Plus, Heracus Kulzer GmbH,
Hanau, Germany, Fig. 2) and two flat-ended anchoring screws
(rat) is used to anchor the hub over the craniectomy as well as

a strong adhesive (Loctite Precision Super-glue, Loctite,
Westlake, Ohio, USA).

2.4 Controlled Following a craniotomy centered over one hemisphere, the idea of

Cortical Impact the CCI model is that a piston will deliver a force to the exposed
and intact dura, allowing rapid deformation of the underlying
brain and resulting in necrotic and apoptotic cell death. Although
this model is clearly a focal TBI model, it also has diffuse injury
components [26].

1. We use a pneumatically controlled CCl-device (VCU
Biomedical Engineering Facility, Richmond, Virginia, USA)
with a flat tip (Fig. 3).

2. To produce the craniotomy, a prefabricated plastic plate may
be used to aid in drilling, although it is not used in our lab.

3 Methods
3.1 Animals 1. Rodents can be of any age, weight and strain. To reduce the
and Surgery stress reactions associated with the experiments, we recom-

mend pre-injury handling of the animals for five min twice
daily for 2 days before taking part in any behavioral experi-
ments (see Note 4).

Fig. 3 CCl procedure. Following cleaning of the scalp, a midline incision is made. Following craniotomy made
with a dental drill, a 5x6 mm (rats) or 4 x4 mm (mice) craniotomy centered over the right parietal cortex is
made. The piston (/eff) is gently attached to the exposed dura. To the right, the CCl apparatus including the
micrometer gauge is shown
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2. The weight and welfare of the animals must be monitored

pre- and post-injury, at least daily for the first three post-
injury days, then a minimum of twice per week. Animals los-
ing more than ca 15% body weight following the injury
should be excluded from the study (see Note 5).

. Carefully chose the anesthetics and remember that they all

influence the results of the injury in one way or the other.
Common choices are volatile anesthetics such as isoflurane or
halothane with sodium pentobarbital or xylazine/ketamine
used as alternatives (se¢ Note 6 and 7). A combination of these
anesthetic agents may be used, for instance by using sodium
pentobarbital to prepare for the injury. Then, after a 24 h
recovery, injury may be induced using for example isoflurane
or halothane anesthesia [19].

4. We prefer volatile anesthesia where the animal is induced in a

chamber with 4% isoflurane in air and then moved to the
stereotaxic frame where a mixture of isoflurane (1.2-1.4%)
and N,O/0, (70/30%) is delivered through a nose cone
or, in long experiments such as when using intracerebral
microdialysis, following intubation using PE 205 tubing
(Becton Dickinson) attached to a rodent ventilator (Ugo
Basile, Comerio, Italy).

. In rats, when for example electrophysiological experiments are

conducted, xylazine in combination with ketamine is an alter-
native anesthetic option. We use a 1:6 mixture of xylazine
(Rompun Vet, 20 mg/mL; Bayer Animal Health, Lyngby,
Denmark) and ketamine (Ketaminol Vet, 50 mg/mL, Intervet
Int., Boxmeer, the Netherlands), the mixture administered at a
volume of 0.14 mL /100 g body weight intramuscularly into
the right thigh. When needed, an i.m. supplemental dose of
0.2 mL of ketamine is used [32], se¢ Note 6.

. Intraperitoneal administration of 60 mg/kg sodium pentobar-

bital anesthesia is common particularly in rats where the dura-
tion from a single injection is approximately 60-90 min. The
depth of anesthesia may be assessed by for example the toe-
pinch reflexes prior to the incision and surgical procedures.

. The animal is then positioned in a stereotaxic system with the

head fixed with blunt ear pins and a bite plate/snout clamp
firmly fixing the head. In accordance with the limited shaving
used in clinical neurosurgery, we only trim the hair of the
rodent immediately prior to incision. The scalp is anesthetized
at the incision site using bupivacaine (Marcain, AstraZeneca,
Sweden) applied subcutaneously.

. Physiological parameters such as blood gases (pO,, pCO,),

blood pH or arterial blood pressure can be measured invasively
using for example tail or femoral artery cannulations and hepa-
rinized blood samples repeatedly analyzed using appropriate
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equipment during the procedure. The evaluations of these
physiological parameters should particularly be considered
when prolonged anesthesia is used, e.g., for experiments using
intracerebral microdialysis [28], and if a pharmacological com-
pound is evaluated.

. For all TBI models described in this chapter, a midline scalp

incision is made from between the eyes to the neck using a
scalpel. After the scalp is reflected, the fascia is scraped from
the skull to the crista temporalis with a sharp forceps.

Uninjured, sham animals undergo all of the procedures with
the exception of being subjected to the actual fluid pulse or
piston impact. For most TBI research, is recommended that
naive animals are also included [33].

Although clinical experience suggests that pain from a scalp inci-
sion as used in these TBI models is relatively short-lasting, post-
operative analgesia may be required and also frequently
mandated by the animal ethics committee. Although many anal-
gesic compounds may influence the pathophysiology of TBI,
opioids such as buprenorphine are commonly used (see Note 8).

. After the head is fixed in the stereotaxic frame and the scalp has

been reflected, a craniotomy is made which is 4.8 mm (rats) or
3.0 mm (mice) for both FPI models. In central (cFPI) models,
extreme caution must be taken not to injury the sagittal sinus ves-
sel (Figs. 1 and 2). Carefully elevate the bone flap, which may be
slightly adherent towards the midline and gently separate the dura
from the bone using a microspatula. Inspect the dura, it must be
intact and if it is not, the animal should be excluded from further
analysis. Carefully stop any bleeding from the bone edges, typi-
cally sufficient with gentle pressure from a Q-tip although a small
amount of bone wax may occasionally be needed (sec Note 9).

. The craniotomy is for lateral FPI placed over the left parietal cortex,

the medial edge 1 mm (mice) to 2 mm (rats) from the midline. For
central FPL it is placed at the midline over the superior sagittal
sinus, midway between bregma and lambda (Figs. 1 and 2).

. Anterior to the bregma and immediately posterior to the lambda,

two injury screws with flat distal ends are placed (in rats) lateral
to the midline to anchor the cement (see below). The skull bone
in mice is too thin to allow for the placement of injury screws.

. The injury hub, “the trauma cap”, is carefully placed over the

craniectomy by holding it with small forceps and secured using
Super-glue placed on the bony edges of the craniectomy.
Particularly in mice, the process of avoiding glue on the dura is
simplified by placing glue around the lower edges of the cap prior
to placing it over the craniectomy. It is of paramount importance
that glue is not placed on the dura and/or that is obstructs the
opening of the trauma cap—this will markedly attenuate the
pressure pulse delivered to the brain of the animal.
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10.

. Using a small plastic cup, a semifluid dental acrylic (Dentalon

Plus) solution is mixed. Use a 1 cc syringe to withdraw the
solution and to place it over the craniectomy site covering and
securing the injury screws and trauma cap. It is imperative that
the cement gets solid prior to induction of the injury.

. An important step is filling of the trauma cap with 37 °C saline

and this saline needs to stay in the cap (Fig. 2). If the fluid
levels sinks, this indicated incomplete closure between the cap
and the bony edges.

. Prime the FPI device by releasing the pendulum and verifying

a smooth curve on the reading from the transducer prior to
inducing the trauma (Fig. 2). If the curve is jagged, injection
of saline back and forth with a syringe attached to the trans-
ducer (Fig. 2) may clear the air from the system and improve
the pressure reading.

. Reduce the isoflurane and when the animals starts breathing

more shallowly, the animal is ready for trauma since injuring the
animal at a surgical plane of anesthesia may cause excessive mor-
tality. The animal is placed towards the male Luer-Lok end of the
FPI device, ensuring that there is a continuous saline pillar by
injecting saline over the injury cap when placing the animal
towards the Luer-Lok. The animal is held firmly without com-
promising breathing, the head supported against the FPI device.

. When the pendulum is released and the brain injury produced,

there is commonly brief seizure-like motor activity /tonic pos-
turing and an apnea. The pressure of the pulse must be
recorded. We use a cutoff limit of 60s apnea for both mice and
rats, if it is longer we exclude the animal from the study since
we cannot rule out additional hypoxia which could be a con-
founding variable. Since the post-injury apnea is an important
indicator of injury severity, absence of apnea may imply an
insufficient injury. Immediately after the injury, the animal
should be placed on its back and the duration of seizures and
apnea monitored and recorded (see Note 10).

Only animals with the expected /planned range of apnea should
be included and we consider this parameter to be an important
assessment of the injury. There is no universally accepted method
of determining injury severity when using the FPI method.
Usually, the injury response including the apnea as well as mor-
tality ranging from 10 to 20% (“moderate FPI”) to ca. 40%
(“severe FPI”) is considered and there should be evidence of
behavioral disturbance post-injury (se¢ Note 11). In addition,
depending on whether lateral or midline FPI is analyzed, there
should be histological evidence of an injury—e.g., a cortical con-
tusion, ipsilateral hippocampal injury and ipsilateral white matter
injury in the lateral FPI model and widespread axonal injury in
important white matter tracts including the brain stem in midline
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FPI (see Note 12). After the injury and resumption of breathing,
the animals are taken back to the heating pad and isoflurane anes-
thesia is reinstated. The trauma cap, injury screws and cement is
removed by firmly holding down the head and nose of the ani-
mal while gently pulling the block of cement upwards. The
dura must then be carefully checked for the presence of breach,
and if found the animal should be excluded, and the same
holds true if there is glue obstructing the craniectomy.

The CCI device (Fig. 3) uses a pneumatically [23] or, less com-
monly, an electromagnetically [25] controlled impact which may be
with high precision directed to the exposed dura at almost any cho-
sen angle. The material of the end of the rod may be either rigid or
a soft (e.g., silicone) and its shape can be either flat or rounded.
Depending on the diameter of the rod, the depth of the impact, the
velocity with which the rod strikes and its dwell time, i.e., the time
the rod remains at the target depth, the tissue injury will change.
The basic idea with CCI is to produce a focal TBI with tissue
destruction and cell death ipsilateral to the injury, particularly in the
injured cortex but also in the hippocampus and the underlying
white matter tracts. A motor impairment and learning and memory
deficits are also produced in this model in addition to a large tissue
loss, depending on the various parameters described above.

1. The anesthesia, placement of the animal and fixation of the
head is similar to what is described in the FPI section. Using
the diamond drill, a 4.0 mm diameter (mice) and a 5x6 mm
craniotomy (rat) is created. It is crucial that the dura is kept
intact and should be inspected for tears prior to induction of
the injury. For mice, the craniotomy is performed over the left
parietal cortex centered at 2.5 mm posterior to bregma and
2.5 mm lateral to the midline, anterior margin 1 mm posterior
to bregma with the lateral margin at the crista temporalis. We
use a flat 2.5 mm tip impounder striking the dura at 2.8-
5.0 m/s allowing a 0.5-1 mm compression of the brain in
mice [34]. In rats, we use a flat 4 mm diameter piston deliver-
ing the impact at 3 m/s allowing a brain deformation of
2.0 mm [35], see Notes 13-15.

2. After the injury, a dural breach is commonly seen at least with
the more marked compression depths. After the injury, the
rather large bone flap should be reattached using tissue adhe-
sive (e.g., Histoacryl®, B.Braun Surgical, S.A., Rubi, Spain).

3. Similarly for all the models mentioned above after TBI or sham
injury, the animal is, following closure of the wound by interrupted
and resorbable sutures, removed from the stereotaxic frame and
placed in a wake-up cage with an overhead heating lamp.

4. The animal remains in this cage until ambulatory after which it
is allowed to return to its home cage.
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3.4 Concluding
Remarks

The animal models discussed in the present chapter are common
worldwide and when used correctly, will continue to increase our
knowledge of clinical TBI. A vast majority of experimental TBI
research is performed on adolescent/young male animals and TBI
scientist should more actively expand their research into other age
groups, both genders and when pharmacological treatments are
evaluated, also attempt the use of prolonged and more clinically
relevant therapeutic windows. This author is not a strong believer
in attempting the development of yet additional TBI models unless
a specific TBI mechanisms not covered by the models described
here (e.g., penetrating TBI, blast) is targeted. The CCI model as
well as the lateral and central /midline FPI models can all be used
in both rats and mice and they likely cover a large proportion of the
heterogeneous TBI population (diffuse axonal injury, focal injury,
“mixed” TBI) observed clinically. Thus, continuous refinement of
the techniques and setup described here will likely continue to be
important aspects of future preclinical TBI research.

4 Notes

Despite all efforts put into these TBI models, they do not produce
human injuries due to many factors including different gray-white
matter ratios in rodents and humans, the lissencephalic design of
the rodent brain and the size differences resulting in considerably
different biomechanical properties. Importantly, no rodent model
adequately produce the long-lasting coma observed in severe
human TBI. Regardless of these difficulties, preclinical TBI
research is crucial in the development of novel treatment options.
For that reason, there are numerous factors which should be con-
sidered when designing rodent TBI research to enhance the pos-
sibility of successful clinical translation.

(A) Animals and preoperative considerations

Any effort should be made to reduce variability in research
and avoiding bias. All experiments should be planned to mini-
mize pain and suffering of the animals and if possible, reduce
the number of animals without compromising with scientific
and statistical quality.

1. Prepare thoroughly prior to the start of the investigations
including a careful review of existing literature. Are all eth-
ical permissions granted and is the experiment described
therein? What injury model best reflects the hypothesis of
the study and at what severity? What age and gender
should be used? What outcome measure should be used?

2. The investigator performing the surgeries and/or the
outcome evaluation must be blinded to the genotype of



Methods and Challenges In Experimental TBI 41

each animal, and describe it in the scientific publications.
There are several guidelines providing tools to avoid bias
in preclinical research, including the Collaborative
Approach to Meta-Analysis and Review of Animal Data
from Experimental Studies (CAMARADES) and
ARRIVE guidelines [36].

. Since rodents are social animals, single housing should
not be used and each cage should be equipped with suf-
ficient stimuli supporting the normal behavior of a rodent.

. Handling of the rodents prior to any experiment is rec-
ommended to reduce stress and anxiety, particularly
when behavioral outcome analysis is used [37].

. The included animals should preferably have a narrow
weight and age range. Any TBI-induced weight loss
should be monitored and documented and if it exceeds
more than ~15% of its original weight, or what is man-
dated by the animal ethics committee, the animal should
be excluded from the study and humanely euthanized.
Typically, FPI results in a higher degree of weight loss
than the CCI models and the more severe TBI, the more
profound the weight loss.

. All anesthetic agents have profound influence on cerebral
and systemic physiology and will influence the outcome
aimed to study. In general, sodium pentobarbital anesthe-
sia is not ideal due to its influence on brain energy metab-
olism, its variable duration—particularly when
supplemental doses are used—and its poor analgesic
effects. In addition, female animals require less pentobar-
bital doses to achieve the same plane of anesthesia as male
animals. Since it is used clinically for refractory intracranial
hypertension in humans, it has obvious effects on cerebral
physiology post-injury. It is the view of this author that
volatile anesthetic agents are to be recommended, not
because they are without influence on brain physiology,
although since they can be easily titrated and cause rapid
induction and resolution of the anesthesia [ 38, 39].

. Anesthetics and the surgery/injury itself will alter sys-
temic parameters and influence breathing and circula-
tion. Physiological monitoring is strongly recom-
mended, either noninvasively [40] using pulse oximetry
and/or a blood pressure cuft monitor, or invasively for
arterial blood pressure and arterial blood gases using a
catheter in either the tail or femoral artery [28].

. Post-operative pain analgesia is frequently mandated
where opioids such as buprenorphine are common
choices. If used at all, their potential influence on
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outcome following experimental TBI and the pathobiol-
ogy of TBI [41, 42] should be considered. In general,
nonsteroidal anti-inflammatory drugs (NSAID) are to
be avoided, due to their potential for vasoconstriction,
their possibility of increased hemorrhage and since they
are not indicated for use in acute clinical TBI.

(B) Fluid percussion injury

9.

10.

11.

The possibility of FPI to create widespread axonal injury, a
clinically relevant brain displacement, its resulting cognitive
deficits and the histological similarities to the human TBI set-
ting makes both the lateral and central /midline FPI models
useful and clinically relevant.

Many of the technical aspects of creating FPI are mentioned in
the Subheading 3. One crucial point is creating the craniotomy
and its margin must be very consistent between animals since
even small changes in craniotomy position will markedly alter
outcome of lateral FPI [43, 44]. The size of the craniectomy
must also be consistent since any change alters outcome [45,
46]. When the craniotomy is made using a dental drill, there
will be heat generated by the drilling and the site should be
regularly flushed with sterile saline at room temperature. During
the drilling, the bone plate should regularly be checked and
when it feels loose, it may be gently lifted by a pair of micro
tweezers. Again, the dura cannot show evidence of a dural
tear—if'it does, the animal must be excluded from further study.

At the moment of impact, there is, at least for an injury at a
moderate—severe level, a consistent apnea which we use as a
physiological measure of the impact and a “receipt” that the
injury was correctly delivered. Thus, we recommend that it be
monitored and measured. Unless systemic monitoring ensures
that hypoxia does not occur, we suggest a cutoff level of 60s.
If the apnea is of longer duration, it may introduce an addi-
tional insult to the injured brain and increase the variability of
the injury as well as increasing mortality. At impact of experi-
mental TBI, there may be acute electroencephalographic evi-
dence of seizures [47]. Whether the acute motor twitching,
which may be clonic in nature, observed at impact are in reality
seizures remains to be established although we argue that their
duration should be monitored.

One important issue of the FPI technique is how to determine
injury severity. Righting reflex time, level of atmospheres
and—perhaps most commonly—the mortality have all been
commonly used [21, 48]. At present there is no consensus on
how to assess injury severity. For instance, a 10-20 % mortality
is commonly used as a “moderate” injury and a pressure in
atmospheres of 0.9-2.1 a mild-moderate injury [48]. We aim
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for 3.0 £0.1 atm for the lateral FPI model and 2.4 +0.2 for the
central /midline FPI in rats and 1.4+0.1 atm for midline FPI
in mice [ 18] where the aim is a 30—45 s apnea, ca 10% mortal-
ity, a clear cognitive deficit in for example the Morris Water
Maze and a consistent and evident histological injury. Thus, it
may be argued that one sole parameter may not fully indicate
injury severity and comparisons among laboratories using the
atm reading also appears difficult. Thus, the FPI should be
titrated to the suggested outcome measure of the particular
study instead of using one single parameter. Also remember
that a “moderate” FPI is not equal to a “moderate” clinical
TBI using the Glasgow Coma Scale Score.

Histological parameters are important when assessing the qual-
ity of the FPI impact and there should be evidence of brain
stem and white matter injury in the midline FPI and a cortical
contusion, hippocampal injury, and white matter injury evi-
dent in for example the corpus callosum and the ipsilateral
external capsule following lateral FPI [19, 20, 49].

Controlled cortical impact

The CCI is easy to learn and master, it is fast and reproduc-
ible, is suitable for both rats and mice and is useful for the
study of for example the progression of cortical contusion
although it also produces white matter injury and neurode-
generation distant to the impact. Still, its role is mainly to
mimic the “focal” TBI observed in the clinical setting.

The crucial part of creating the CCI is the craniotomy which
can be performed similar to what is described for the FPI. Using
a dental drill at the carefully outlined area (some authors use a
prefabricated disc glued onto the exposed skull to aid in the
drilling), a standardized craniotomy can be produced.
Importantly, the commonly used size for the bone flap is large,
clinically approaching the size used for a decompressive craniec-
tomy allowing for brain swelling and bulging through the cra-
niotomy area. For that reason and to enhance clinical translation,
the bone flap should as soon as possible following the impact be
glued back using tissue adhesive (e.g., Histoacryl (see above),
or Dermabond, Ethicon, Somerville, NJ; [50, 511]).

Similar to the FPI, attempts have been made to characterize
the CClI into different severity grades. Similar to our use of the
Feeney weight-drop model, a compression depth of 1.5 mm
was suggested to be a mild injury, 2.0 mm a moderate, and
2.5 mm a severe injury keeping all other injury parameters
(speed, piston diameter, dwell time) the same [52]. However,
due to the highly variable use of different piston diameters and
materials, piston speed, dwell time and brain compression
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depths when the CCI is used, comparisons among laboratories
are difficult and a standardized grade of “mild”, “moderate,”
and “severe” has not been established.

15.

CCI should not be used at a very high severity level where a

large part of the hemisphere is injured, which in the clinical
setting is not an injury compatible with survival. Thus, if your
CCI produces a massive destruction of one hemisphere, con-
sider lowering not only the depth of brain compression but
also the speed of impact.

The author would like to thank Dr. Fredrik Clausen, Malin Olsen
(for designing the FPI cartoon), and Dr. Johanna Flygt for their
invaluable help with the animal models and for comment on the
manuscript; Dr. Tracy K. McIntosh and Dr. John Povlishock for
teaching the author the animal models described herein. This work
was supported by funds from the Swedish Research council,
European Union and the Uppsala University Hospital.
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