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The Effects of Posttraumatic Hypothermia
on Diffuse Axonal Injury Following Parasagittal

Fluid Percussion Brain Injury in Rats

Helen M. Bramlett, Ph.D., and W. Dalton Dietrich, Ph.D.

Previous investigations have demonstrated the beneficial effects of mild hypothermia following different types
of traumatic brain injury (TBI). In some models, early cooling following TBI has been shown to reduce the
frequency of axonal damage, a major consequence of head injury. The purpose of this study was to evaluate the
effects of post-traumatic hypothermia in a model that has been shown to be sensitive to temperature manipu-
lations in the early injury setting. Animals underwent moderate parasagittal fluid percussion (FP) brain injury
and were then either randomized into normothermic or hypothermic groups. In the hypothermic groups, brain
temperature was reduced to either 30�C or 33�C 5 minutes after trauma and maintained for a 3-hour period.
Normothermic or sham-operated animals were held under normal temperature conditions. At 3 days after TBI,
animals were perfusion-fixed for a quantitative assessment of beta amyloid precursor protein (b-APP) immu-
nohistochemistry and silver staining. Traumatic injury led to a significant increase in the frequency of b-APP
immunoreactive profiles within both the corpus callosum, external capsule, and the internal capsule. While early
cooling revealed a trend for protection, no significant differences were shown between normothermic and
hypothermic animals in terms of the frequency of injured axons at 3 days post-trauma. These results emphasize
that axonal pathology is a major consequence of brain injury using this particular model. It is concluded that
longer periods of post-traumatic hypothermia may be required to chronically protect axon populations un-
dergoing a progressive injury.

Introduction

Traumatic brain injury (TBI) is a major health problem
in the United States, affecting approximately 500,000

people each year (Thurman et al., 1999). Brain trauma as a
result of blast injury and high-velocity projectiles have also
resulted in a high incidence of brain trauma to our military
personnel. Although significant amounts of research have
been conducted to evaluate the pathophysiology of TBI
(McIntosh et al., 1998; Bramlett and Dietrich, 2004; Raghu-
pathi, 2004), no successful treatments are currently available
to treat the devastating effects (Narayan et al., 2002; Langlois
et al., 2004). Recent studies have demonstrated the beneficial
effects of early cooling in various models of TBI (Dietrich and
Bramlett, 2010). In models of diffuse as well as focal brain
injury, therapeutic hypothermia has been shown to reduce
overall contusion volume, protect vulnerable brain regions
from irreversible neuronal damage, and limit altered blood–
brain barrier permeability. In several trauma models, early
cooling has also been reported to reduce the incidence of axonal

pathology demonstrated by various markers of axonal pa-
thology up to 24 hours after injury (Table 1; Marion and White,
1996; Koizumi and Povlishock, 1998; Maxwell et al., 1999; Büki
et al., 1999a; Suehiro and Povlishock 2001; Suehiro et al., 2001).

In addition to morphological protection, therapeutic hy-
pothermia reduces many of the pathophysiological mecha-
nisms felt to be associated with irreversible cell damage and
long-term functional deficits. In this regard, therapeutic hy-
pothermia has been reported to improve sensorimotor as well
as cognitive problems associated with moderate or severe TBI
(Bramlett et al., 1995; Dixon et al., 1998). In some clinical
studies, early cooling has also been reported to reduce mor-
tality and improve the functional consequences of severe TBI
(Marion et al., 1997; Jiang et al., 2000, 2006; Clifton et al., 2002;
Shiozaki et al., 2003; Qiu et al., 2007).

Based on the encouraging results from several single-
institutional studies, multi-center investigations have now
been conducted to evaluate whether therapeutic hypothermia
works in a large number of patients with severe TBI (Clifton
et al., 2002; 2011; Polderman, 2008). Unfortunately, therapeutic
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hypothermia in these studies has failed to improve long-term
neurological function. Some benefits, including helping to
control reactive intracranial pressure (ICP), have been dem-
onstrated. Obviously, more work is needed to determine what
specific population of severe TBI patients may most benefit
from this experimental therapeutic intervention. In this regard,
severe TBI is a heterogenous injury that may require specific
therapeutic strategies based on the dominant pathophysio-
logical processes occurring in the early treatment period.

Based on previous clinical and experimental data, we
performed a study to evaluate whether early cooling in an
established model of TBI would protect against axonal pa-
thology at either 30�C or 33�C. We determined at 3 days after
injury whether the early cooling decreased the frequency of
beta amyloid precursor protein (b-APP) expression and other
indicators of injured axons, including silver staining (Bram-
lett et al., 1997; Hall et al., 2008; Shitaka et al., 2011; Garman
et al., 2011). The b-APP immunocytochemical approach has
previously been shown to be sensitive to visualizing dam-
aged axons in the present model (Bramlett et al., 1997).
Quantitative data summarized in this study show that this
model produced a high frequency of damaged axons in
several white matter tracts. However, while cooling pro-
vided a strong trend for protection, the specific cooling
protocol investigated in this study failed to significantly re-
duce the frequency of these damaged processes at 3 days
post-trauma.

Materials and Methods

Animals

Male Sprague-Dawley rats (n = 29) each weighing approx-
imately 250 g (obtained from Charles River Breeders) were
used for the experiments. Animal care was in accordance with
the guidelines set forth by the University of Miami Animal
Care and Use Committee adhering to the guidelines for
experimental animals at the National Institutes of Health.
Animals were kept at a constant-temperature-controlled
room (72�F) for at least 7 days before the study and exposed to
a 12-hour light–dark cycle. Rats were allowed free access to
water, but food was withheld overnight before surgery.

Traumatic brain injury

Animals were prepared for parasagittal fluid percussion
(FP) injury as previously described (Dietrich et al., 1994; Lo-
tocki et al., 2009; Atkins et al., 2010). Rats were initially an-
esthetized with 3% halothane, 70% N2O, and 30% O2 and
received a 4.8-mm craniotomy (3.8 mm posterior to bregma,
2.5 mm lateral to the midline) to anchor the modified plastic
18-gauge syringe hub (8 mm length, precision guide needle;
Becton Dickenson) over the exposed dura of the right parietal
cortex. Twenty-four hours after the craniotomy, animals were
anesthetized with 3% halothane, 70% N2O, and 30% O2 and
then intubated and mechanically ventilated (Harvard Appa-
ratus) with 0.5% halothane, 70% N2O, and 30% O2. To facili-
tate mechanical ventilation, Pancuronium bromide (0.5 mg/
kg, iv) was administered through the femoral artery. To en-
sure consistent physiological responses among animals, the
femoral artery was cannulated to monitor blood gases (PO2

and PCO2), pH, and mean arterial pressure, which were
maintained within normal physiological ranges at 15 minutes
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before TBI and up to 4 hours after TBI. Sham and TBI animals
were attached to the FP device (Dixon et al., 1987), and the TBI
animals received a moderate FP pulse (1.90–2.21 atm) deliv-
ered to the right parietal cortex. The sham animals underwent
all surgical procedures except for the FP pulse.

Temperature manipulation

Rectal and temporalis muscle thermistors measured core
and brain temperatures, respectively, using self-adjusting feed-
back warming lamps (Suzuki et al., 2003). The post-TBI brain
temperature was maintained for 3 hours at normothermic
(TBI-N, n = 9), mild (33�C) hypothermic (TBI-33, n = 9), or
moderate (30�C) hypothermic (TBI-30, n = 11) temperature.
Post-traumatic brain hypothermia was achieved within 10
minutes following FP injury by blowing cooled air directly onto
the skull with a small fan. Normothermic animals were main-
tained at a brain temperature of 36.6�C to 37.2�C for 3 hours as
well. At the end of the cooling period, the animals were re-
warmed to normothermic temperatures within 15 minutes and
awoke within 1 hour post-temperature manipulation.

Histopathology

At 3 days after TBI or sham procedures, animals were an-
esthetized using 3% halothane, 70% NO2, and 30% O2 and
transcardially perfused with saline followed by a fixative
(FAM, a mixture of 40% formaldehyde, glacial acetic acid, and
absolute ethanol; 1:1:8 by volume). The paraffin-embedded
brains were sectioned every 300 lm by taking two consecutive
tissue sections (10 lm thick). The sections were rehydrated
and placed in 6% H2O2 to block the endogenous peroxidase
acitivty. Tissue was rinsed and placed in a citrate buffer
and microwaved. Sections were then dipped in phosphate-
buffered saline (PBS) and incubated with normal horse serum.
A primary antibody (Boehringer Mannheim, clone 22C11,
b-amyloid precursor protein; dilution 1:500) was applied and
the slides were placed in the refrigerator overnight. To test for
nonspecific staining, the negative controls were conducted
where the primary antibody was omitted during the tissue
processing. Further rinsing was done with PBS and a sec-
ondary antibody was applied. Avidin-Biotin (Vector) complex
was used for antibody detection along with diaminobenzidine
(DAB) to increase the staining intensity. Slides were washed in
0.5% Triton X-100, followed by 1% cupric sulfate to further
intensify staining. Counterstaining was done with hematox-
ylin and tissue was then dehydrated and coverslipped.

Silver staining

Adjacent serial sections were stained using the Sevier-
Munger method (Sevier and Munger, 1965). Sections were
mounted, deparaffinized, and then washed with distilled
water. Slides were placed in a 20% silver nitrate solution in a
water bath (65�C) and then rinsed. Following rinsing, an
ammoniacal silver mixture was used to fully develop the
stain. The sections were then washed with tap water followed
by sodium thiosulfate, washed again, and then dehydrated
and mounted. Sections were quantified by counting the re-
traction balls or densely stained neurons within the following
structures: cortex, subthalamic radiation (STR), thalamus,
internal capsule (IC), and external capsule (EC) (level 3.8
posterior from bregma).

b-APP regional quantification

b-APP profiles were identified by their dark brown ap-
pearance and elongated or circular shape. These reactive
profiles appear to be retraction balls/bulbs or reactive axonal
processes. Profiles were counted per high microscope field at
400 · for the following structures at various coronal levels
according to Paxinos and Watson (1982): dorsolateral stria-
tum (0.8 posterior to bregma), IC, STR, and cerebral cortex (3.8
posterior to bregma). Counts were also performed in the EC at
3 coronal levels (0.8, 3.8 and 6.3 posterior to bregma).
Averages were computed for each animal from two serial
sections per coronal levels per structure.

Statistical analysis

Histopathological data were expressed as mean + standard
error ( + SEM). Group differences were assessed using one-
way analysis of variance followed by posthoc analysis
using Fisher’s Least Significant Difference (LSD).

Results

All physiological variables except for post-TBI brain tem-
perature were within normal ranges before and following the
traumatic insult (Table 2). TBI hypothermic animals at 33�C
were significantly different from the other two groups on a
few pre- and post-TBI measurements, all the values were
within the normal range. The normothermic brain tempera-
ture was 36.7 + 0.1 and the two hypothermic groups were
33.1 – 0.1 and 30.1 – 0.1 postinjury. Following the hypother-
mic period, the temperature was normalized over a course of
15 minutes to a normothermic level.

Qualitative histopathology

b-APP staining was evident in both hypothermic and nor-
mothermic groups. There was no apparent difference in the
pattern of staining between groups. Figure 1 shows a b-APP
stained section of the EC at the epicenter of the trauma. In ad-
dition, a silver stained section is shown in Figure 1 showing

Table 2. Physiologic Variables

(Mean – Standard Error of Mean)

Normothermia
Hypothermia

(30�C)
Hypothermia

(33�C)

Pretrauma
pH 7.43 – 0.01 7.46 – 0.01 7.44 – 0.01
pCO2 38.9 – 0.8 39.4 – 0.7 41.7 – 0.6a,b

pO2 152.1 + 7.5 138.1 – 7.6 140.4 – 7.7
MABP 112.0 – 5.1 119.2 – 2.0 126.0 – 2.4a

Brain temperature 36.7 – 0.1 36.7 – 0.1 36.6 – 0.1
Post-trauma

pH 7.43 – 0.01 7.43 – 0.01 7.43 – 0.01
pCO2 38.0 – 1.1 40.2 – 1.0 41.5 – 1.6
pO2 151.3 – 10.8 152.2 – 6.6 144.4 – 6.5
MABP 105.2 – 7.9 116.4 – 2.4 122.5 – 2.1a

Brain temperature 36.6 – 0.1 30.1 – 0.1a 33.1 – 0.1a,b

All physiological variables were within normal range throughout
the experiment.

ap < 0.05 compared with normothermia
bp < 0.05 compared with hypothermia (30�C)
MABP, mean arterial blood pressure.
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again the presence of axonal pathology using this classic tech-
nique. Note the retraction balls in both sections at higher mag-
nification (Fig. 1). b-APP also appears to accumulate in neurons
(Fig. 1e) with corresponding accumulation using the classical
silver stain (Fig. 1f). Subcortical structures, such as the IC, also
exhibited both b-APP reactive profiles (Fig. 1g) and silver
stained retraction balls (Fig. 1h). Although it appears that the
silver stained sections contained a smaller number of profiles
compared to the b-APP staining within most structures, there
was no obvious difference between any temperature groups.

b-APP and silver profile assessment

There was no significant difference in the number of
either b-APP or silver stained profiles between either the
normothermic TBI group or mild/moderate hypothermic

groups. b-APP profile counts showed no significant difference
between the groups in the striatum (Fig. 2A), cortex (Fig. 2B),
thalamus (Fig. 2C), STR (Fig. 2D), IC (Fig. 2E), or EC (Fig. 2F).
However, there were some trends for a decrease in the num-
ber of silver profiles within specific white matter tracts (IC and
STR), but again these were not significant (Fig. 3).

Discussion

The present data showed that following moderate FP brain
injury, a consistent pattern of b-APP immunoreactive and
silver stained axonal profiles were seen within vulnerable
brain regions throughout the forebrain of the traumatized
animal at 3 days after injury. A high frequency of abnormal
axons appeared adjacent to the contusion site as well as in
some white matter areas more remote from that focal site of

FIG. 1. b-APP immunore-
activity and silver staining
after moderate TBI. (a) b-APP
immunoreactive profiles
within the lateral external
capsule after TBI (280 · ). (b)
Silver-stained retraction balls
within the lateral external
capsule after TBI (280 · ). (c)
Higher magnification of im-
munoreactive profiles within
the lateral external capsule
(1,120 · ). (d) Similar staining
patterns are seen with the
silver staining at higher
magnification of the lateral
external capsule (1,120 · ). (e)
High magnification of cortical
neuronal perikarya flooded
with b-APP immunoreactiv-
ity (1,120 · ). (f) Numerous
cortical neurons displayed
silver staining at high mag-
nification (1,120 · ). (g) High
magnification of b-APP im-
munoreactive profiles within
the internal capsule (1,120 · ).
(h) Retraction balls are also
present within the internal
capsule using a silver stain
(1,120 · ). b-APP, b-amyloid
precursor protein; TBI, trau-
matic brain injury.
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damage. These findings are consistent with previously pub-
lished studies showing that experimental brain injury pro-
duces a significant amount of diffuse axonal injury that
mimics some of the pathological findings seen with human
brain trauma (Adams et al., 1989; Blumbergs et al., 1994;
Sherriff et al., 1994; Gentleman et al., 1995; Povlishock and

Christman, 1995; Bramlett et al., 1997; Van Den Heuvel et al.,
1998). However, in contrast to published studies, we did not
show a significant effect of early cooling on the frequency of
these immunoreactive profiles. Quantitative assessment
showed that early cooling to 30�C or 33�C provided partial
protection in several brain regions by reducing the number of

FIG. 2. Bar graph of mean + SEM numbers of b-APP-positive axonal profiles per microscopic field in gray and white matter
structures. (A) b-APP profiles in the dorsolateral striatum. (B) Cortical b-APP profiles within the lateral cortex. (C) b-APP
profiles in the thalamus. (D) b-APP immunoreactive profiles in the subthalamic radiation. (E) Reactive profiles within the
internal capsule. (F) b-APP profiles in the external capsule with higher levels present at more posterior levels. No effect of
mild or moderate hypothermia versus normothermia after TBI was found between groups within any structures analyzed.
SEM, standard error of mean.
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b-APP or silver immunoreactive profiles. Interestingly, we
observed no additional beneficial effect of reducing the brain
temperature to 30�C in this study.

There are several potential reasons why early hypothermia
using the present experimental procedure did not have a
significant effect on protecting axons from damage. In con-

trast to other published studies, we used a moderate para-
sagittal FP brain injury that produces severe white matter
damage in the brain regions adjacent to areas of evolving
contusion formation and focal blood–brain barrier disruption
(Dietrich et al., 1994; Lotocki et al., 2009). While previous
studies have identified axonal damage to result from primary

FIG. 3. Bar graph of mean + SEM number of silver positive profiles per microscopic field in gray and white matter
structures. (A) Cortex. (B) Thalamus. (C) Subthalamic Radiation. (D) Internal Capsule. (E) External Capsule. No significant
differences were observed between groups in any structure analyzed.
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axotomy or tissue tears in human specimens (Bramlett et al.,
1997; Graham et al., 2000), other studies have also emphasized
secondary axonal pathology that is more gradual and pro-
gressive in maturation (Povlishock, 1992). In this regard, al-
terations in axolemmal integrity, activation of calpain,
disruption of microtubules, and axonal transport as well as
changes in the neurofilament structure and phosphorylation
status and mitochondrial damage have been documented
(Povlishock and Christman, 1995; Saatman et al., 1996; Max-
well et al., 1997; Okonkwo et al., 1998; Büki et al., 1999a, 1999b).

Specific populations of damaged axons may therefore be
more severely injured in the current model compared to what
was previously evaluated in the models of more diffuse ax-
onal injury. Indeed, studies by Povlishock and colleagues
(1983) have concentrated on axon perturbations occurring in
the brain stem levels remote from overt damage including
contusion formation or hemorrhagic damage (Koizumi and
Povlishock, 1998; Büki et al., 1999a). In this regard, differences
between animal models including the lateral FP brain injury
and impact injury have been suggested to underlie variations
seen with drug treatments targeting axonal damage (Fujita
et al., 2011). Thus, the degree of axonal injury may be too
severe for therapeutic hypothermia in the present paradigm
to provide long-lasting benefits. In the current study, we also
used a silver staining approach to identify patterns of axonal
damage. Recently, Brody and colleagues (Shitaka et al., 2011)
have emphasized different patterns of axonal damage that can
be visualized using APP and silver methods. Silver staining
appears to be more widespread and intense than APP im-
munohistochemistry. It would be important in future studies
targeting axonal protection to utilize multiple markers of ax-
onal pathology.

Studies using a stretch injury model to optic nerve axons
have also reported that hypothermia reduced the number of
axons labeled with antibodies against b-APP (Saatman et al.,
1996; Maxwell et al., 1999). In one study, morphometric evi-
dence that post-traumatic hypothermia reduced the loss of
axonal microtubules and compaction of neurofilaments at the
acute stages of injury was evaluated (Maxwell et al., 1999).
Hypothermia may therefore improve the outcome following
brain and other injuries by reducing the degree of cytoskeletal
pathology generally observed after an axonal injury
(Okonkwo et al., 1998). In this regard, Taft and colleagues
(1993) have reported that post-traumatic hypothermia inhib-
its the trauma-induced reductions and hippocampal micro-
tubule-associated protein 2 (MAP2). Hypothermia may
protect in specific situations where progressive cytoskeletal
pathologies underlie the axonal vulnerability. In contrast,
under more severe conditions, pharmacological approaches
targeting cytoskeletal damage may be required in addition to
early cooling.

There are several factors that are known to be important in
whether early cooling leads to benefits in protection against
structural damage to neurons, oligodendrocytes, blood ves-
sels, and cell processes (Dietrich and Bramlett, 2010). One
factor that is critical is the duration of cooling. Early studies
with cerebral ischemia, for example, showed that while re-
strictive periods of cooling provided some degree of protec-
tion early after injury (Dietrich et al., 1993), long-term
protection was only seen when more prolonged cooling pe-
riods were evaluated (Colbourne et al., 1997). In the present
study, we only cooled for 3 hours immediately after the

traumatic insult. It may therefore be important in future
studies to test whether a longer period of cooling leads to
axonal protection at clinically relevant post-traumatic time
periods. Interestingly, few studies have evaluated the bene-
ficial effects of therapeutic hypothermia past 24 hours after
TBI (Table 1). The present 3-day data therefore emphasize a
need for more chronic survival studies when evaluating
treatments to target axonal injury in the future.

Another factor that may influence the degree of protection
seen with post-traumatic hypothermia is the temporal profile
of the rewarming period. A slow rewarming period after the
hypothermic treatment has been used to maximize the chan-
ces of demonstrating axonal and neuronal cell protection
(Matsushita et al., 2001; Suehiro and Povlishock, 2001a). Im-
portantly, Povlishock and colleagues (Shiozaki et al., 2003)
have reported that rapid rewarming after hypothermia ne-
gates the beneficial effects of the therapeutic treatment in
terms of axonal pathology. The type of anesthetic that is used
in an injury paradigm may also influence the injury cascades
that may affect the ability of a therapeutic intervention to be
protective. In this study, we utilized halothane, which is
known to be a vasodilator (Staunton et al., 2000). However,
work from our laboratory has previously shown that hypo-
thermia is protective in the current model in terms of various
morphological and behavioral outcome measures using hal-
othane. Thus, in the present study our rewarming procedure
as well as the choice of halothane may have been suboptimal
to demonstrate significant axonal protection.

Hypothermia alone may not be potent enough to target
the severe axonal pathology seen in the present TBI model.
Importantly, studies from several laboratories have assessed
the effects of cooling plus pharmacological treatments on
axonal protection and functional recovery (Dietrich et al.,
1995; Suehiro et al., 2001; Fujita et al., 2011). To this end,
Marion and White (1996) showed that post-traumatic
hypothermia delayed up to 24 hours after a cortical impact
injury significantly decreased the frequency of immunoreac-
tive damaged axons when 21 aminosteroids were combined
with the cooling protocol. In a recent study by Suehiro and
colleagues (2001), postinjury cooling combined with cyclo-
sporine A also enhanced the protection seen in terms of
damaged axons. Thus, there is a need in future studies to
evaluate combination therapies, including hypothermia plus
drugs on long-term axonal pathology targeting specific
pathophysiological mechanisms underlying axonal vulnera-
bility after TBI (Okonkwo and Povlishock, 1999; Margulies
et al., 2009).

Recently, post hoc analysis of the National Acute Brain In-
jury Study: Hypothermia II was reported (Clifton et al., 2011).
Interestingly, although outcome was not significantly affected
by early hypothermic treatment following severe TBI in this
patient population, it appeared from a subgroup analysis that
there was a significant interaction between the hypothermic
treatment and presence of surgically removed hematomas
compared to the diffuse brain injury group. When the treat-
ment was assessed in each subgroup, hypothermia patients
who underwent surgical removal of intracranial hematomas
had significantly fewer poor outcomes than patients with
normothermia. In contrast, evidence was also reported that
patients with diffuse brain injury who were treated with hy-
pothermia had poorer outcomes compared to normothermia.
Thus, it might be hypothesized that hypothermia may work
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best in patients where decompression surgeries are performed
under hypothermic conditions to reduce reperfusion injury
(Qiu et al., 2007; Yokobori et al., 2011). If this is the case, then
perhaps hypothermia may benefit some subpopulations of
severely injured patients with focal brain injuries that can be
surgically manipulated with early surgical procedures. Al-
though this preliminary analysis does not suggest that hy-
pothermia cannot protect against diffuse axonal injury, it is an
interesting clinical observation that needs to be pursued in
future experimental and clinical programs. Alternatively,
hypothermia may not be protective in all forms of axonal
injury across the wide spectrum of injury severity.

In summary, we demonstrated that a significant amount of
diffuse axonal injury occurs in vulnerable brain regions after a
moderate parasagittal FP brain injury in rats. In contrast to
other trauma models, this animal model produces a significant
amount of focal and acute vascular and neuronal damage.
Early cooling followed by a 3-hour period of hypothermia
failed to significantly reduce the frequency of b-APP immu-
noreactive and silver-stained axons in several brain regions.
This lack of efficacy may result from the use of a focal TBI
model, a relatively short duration of cooling, or a nonoptimal
rewarming phase. In future studies, longer cooling periods
and the possible addition of pharmacological agents that tar-
get specific pathophysiological mechanisms underlying axo-
nal damage may yield better findings. Finally, additional
studies are required in the field to identify therapeutic strate-
gies including cooling protocols that chronically protect
against axonal vulnerability.
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