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Abstract

Previous studies have demonstrated that moderate hypothermia reduces histopathological damage
and improves behavioral outcome after experimental traumatic brain injury (TBI). Further
investigations have clarified the mechanisms underlying the beneficial effects of hypothermia by
showing that cooling reduces multiple cell injury cascades. The purpose of this study was to
determine whether hypothermia could also enhance endogenous reparative processes following
TBI such as neurogenesis and the replacement of lost neurons. Male Sprague-Dawley rats
underwent moderate fluid-percussion brain injury and then were randomized into hormothermia
(37°C) or hypothermia (33°C) treatment. Animals received injections of 5-bromo-2'-deoxyuridine
(BrdU) to detect mitotic cells after brain injury. After 3 or 7 days, animals were perfusion-fixed
and processed for immunocytochemistry and confocal analysis. Sections were stained for markers
selective for cell proliferation (BrdU), neuroblasts and immature neurons (doublecortin), and
mature neurons (NeuN) and then analyzed using non-biased stereology to quantify neurogenesis in
the dentate gyrus (DG). At 7 days after TBI, both normothermic and hypothermic TBI animals
demonstrated a significant increase in the number of BrdU-immunoreactive cells in the DG as
compared to sham-operated controls. At 7 days post-injury, hypothermia animals had a greater
number of BrdU (ipsilateral cortex) and doublecortin (ipsilateral and contralateral cortex)
immunoreactive cells in the DG as compared to normothermia animals. Because adult
neurogenesis following injury may be associated with enhanced functional recovery, these data
demonstrate that therapeutic hypothermia sustains the increase in neurogenesis induced by TBI
and this may one of the mechanisms by which hypothermia promotes reparative strategies in the
injured nervous system.
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Introduction

Traumatic brain injury (TBI) is a major clinical problem in the United States affecting both
civilian and military populations (Faul, et al., 2010, Maas, et al., 2008, Martin, et al., 2008).
Although a significant amount of information is now known regarding the pathophysiology
of brain injury (Bigler and Maxwell, 2011, Bramlett and Dietrich, 2004), the successful
translation to the clinic of therapeutic interventions shown to be promising in animal models
has yet to be achieved (Maas, et al., 2010). One potential therapy that improves outcome in
specific patient populations is therapeutic hypothermia (Bernard, et al., 2002, Eicher, et al.,
2005, Holzer, et al., 2005, Marion and Bullock, 2009, Shankaran, et al., 2005). Therapeutic
hypothermia reduces histopathological damage caused by brain injury by targeting multiple,
specific secondary injury mechanisms such as elevations in intracranial pressure and
inflammation (Bratton, et al., 2007, Dietrich and Bramlett, 2010, Jiang, et al., 2006, Marion
and Bullock, 2009, Polderman, 2008, Qiu, et al., 2007). To facilitate the translation of
hypothermia therapy to specific TBI patient populations, it is important to understand not
only the secondary injury mechanisms targeted by hypothermia, but also the potentially
reparative mechanisms that may be regulated by hypothermia (Clifton, et al., 2011, Dietrich,
etal., 2009).

In the adult brain, stem cells reside in specific anatomical regions such as the subgranular
zone (SGZ) of the hippocampus and the subventricular zone (SVZ) (Doetsch, et al., 1997,
Eriksson, et al., 1998, Gage, et al., 1998, Gould, et al., 1999, Johansson, et al., 1999). The
potential for neurogenesis to occur in the adult nervous system has stimulated investigations
into whether this cellular process plays a role in functional recovery after adult brain injury
(Emsley, et al., 2005). Indeed, various studies have reported evidence for increased
neurogenesis in animal models of global and focal cerebral ischemia, epilepsy and TBI
(Arvidsson, et al., 2002, Braun, et al., 2002, Covolan, et al., 2000, Felling and Levison,
2003, Jessberger, et al., 2007, Jin, et al., 2001, Kee, et al., 2001, Liu, et al., 1998, Parent, et
al., 1997). In the area of TBI, stimulation of neurogenesis has been observed in both the
SVZ and SGZ using cell proliferation markers such as 5-bromo-2'-deoxyuridine (BrdU)
(Chirumamilla, et al., 2002, Dash, et al., 2001, Emery, et al., 2005, Kernie, et al., 2001, Sun,
et al., 2005). In a study by Urrea et al. (2007), BrdU and NeuN double-staining provided
evidence that some of these newly generated cells develop neuronal phenotypes as soon as 5
days after injury. Other studies have provided evidence that some of these proliferating cells
become neurons using doublecortin (DCX), which selectively marks migrating neuroblasts
and immature neurons (Barha, et al., 2011, Brown, et al., 2003, Couillard-Despres, et al.,
2005, Francis, et al., 1999, Gleeson, et al., 1999, Rao and Shetty, 2004, Rola, et al., 2006,
Verwer, et al., 2007). Neurogenesis and glial proliferation in the SVZ have been reported to
persist for up to a year after brain trauma, but whether this is sustained in the SGZ of the
hippocampus is unclear (Atkins, et al., 2010, Chen, et al., 2003, Gao, et al., 2008). Taken
together, these data indicate the potentially important role of neurogenesis in the endogenous
reparative response of the brain after TBI (Blaiss, et al., 2011).

New findings indicate that some anti-inflammatory treatments may actually improve
recovery by promoting neurogenesis (Barha, et al., 2011, Pedersen, et al., 2009, Whitney, et
al., 2009). Because hypothermia is a potent anti-inflammatory agent (Chatzipanteli, et al.,
2000, Globus, et al., 1995, Goss, et al., 1995, Kinoshita, et al., 2002, Vitarbo, et al., 2004,
Whalen, et al., 1997), this suggests that TBI-induced neurogenesis may potentially be
affected by temperature manipulations In global ischemia, hypothermia has been found to
either increase or have no effect on the survival of newly generated dentate granule cells
(Lasarzik, et al., 2009, Silasi and Colbourne, 2011), but whether hypothermia affects TBI-
induced neurogenesis is unknown. Thus, we determined whether posttraumatic hypothermia
would sustain the increase in neurogenesis observed in the SGZ of the hippocampus after
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TBI using a trauma model known to be sensitive to mild hypothermia (Atkins, et al., 2007,
Bramlett, et al., 1997, Dietrich, et al., 1994, Lotocki, et al., 2006).

Materials and Methods

Animals

Male Sprague-Dawley rats (n=42, 276-395 g, Charles Rivers Laboratories, Wilmington,
MA, USA) were used in all experiments. Animal care was in accordance with the guidelines
set forth by the University of Miami Animal Care and Use Committee and the NIH Guide
for the Care and Use of Laboratory Animals. Animals were housed in a constant
temperature-controlled room (22°C) for at least 7 days before the study and exposed to a 12-
hour light-dark cycle. Rats were allowed free access to water and food, but food was
withheld overnight before the brain injury surgery.

Fluid-percussion injury surgery

The parasagittal fluid-percussion (FP) injury surgery was performed as previously described
(Atkins, et al., 2010, Lotocki, et al., 2009). Rats were anesthetized with 3% isoflurane, 70%
N0, and 30% O, and received a 4.8 mm craniotomy (3.8 mm posterior to bregma, 2.5 mm
lateral to the midline) to anchor a modified plastic syringe hub (3.5 mm inner diameter,
PrecisionGlide Needle; Becton Dickinson, Franklin Lakes, NJ, USA) over the exposed dura
of the right parietal cortex.

Twenty-four hr after the craniotomy, animals were anesthetized with 3% isoflurane, 70%
N0, and 30% O and then intubated and mechanically ventilated (Stoelting, Wood Dale,
IL, USA) with 0.5-1.0% isoflurane, 70% N0, and 30% O,. To ensure consistent
physiological responses among animals, the femoral artery was cannulated to monitor blood
gases (pO, and pCOy), blood pH, and mean arterial blood pressure (MABP), which were
maintained within standard ranges from 15 min prior to TBI and for up to 4 hr after TBI.
Pancuronium bromide (1.0 mg/kg) was intravenously administered to facilitate mechanical
ventilation. A subgroup of sham-operated (n=6) and TBI rats (n=6) received an
intraperitoneal (IP) injection of BrdU (50 mg/kg) a marker for DNA replication at both 24 hr
and 30 min before injury (Gratzner, 1982, Miller and Nowakowski, 1988). Additional IP
injections of BrdU were given every day after surgery until sacrifice.

To induce TBI, a moderate FP pulse (1.8-2.1 atm) was delivered to the right parietal cortex.
Sham animals underwent all surgical procedures except for the FP pulse. Rectal and
temporalis muscle thermistors measured core and brain temperatures, respectively, using
self-adjusting feedback warming lamps (Atkins, et al., 2010, Lotocki, et al., 2009). Moderate
hypothermia was induced by blowing cold air over the animals’ heads starting 30 min after
TBI to maintain a brain temperature between 33.0-33.6°C. Sham animals received
normothermia treatment identical to the normothermia TBI animals. Normothermic animals
were maintained at a brain temperature of 36.6-37.2°C. After TBI or sham injury,
hypothermia was maintained for 4 hr followed by a slow rewarming period at ambient
temperatures of 22-23°C.

Immunohistochemical analysis

At 3 (n=21) or 7 days (n=21) after TBI or sham procedures, animals were anesthetized using
3% isoflurane, 70% N,O and 30% O and transcardially perfused with saline (80 ml) and
then with 4% paraformaldehyde (4°C, 350 ml). The brains were cryoprotected with 30%
sucrose in phosphate-buffered saline (PBS) and sectioned in PBS (60 pum thick) with a
sliding microtome (LEICA SM200R, Leica Microsystems, Inc., Buffalo Grove, IL, USA).
Serial sections spaced 360 um apart were immunostained with anti-doublecortin (1:500,
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Santa Cruz Biotechnology, Santa Cruz, CA, USA) as previously described (Atkins, et al.,
2010) or with mouse anti-BrdU antibody (1:100, Roche, Indianapolis, IN, USA).
Development of the immunostaining was done with anti-goat 1gG (1:200, Vector
Laboratories, Burlingame, CA, USA), anti-mouse 1gG or anti-rat 1gG at a concentration of
1:200, ABC Elite (Vector Laboratories) and 2.5% nickel ammonium sulfate 0.05% 3,3'-
diaminobenzidine, and 0.001% H,0, in acetate-imidazole buffer (NiDAB, Vector
Laboratories). All of the sections were then dehydrated and cover-slipped. A subgroup of
sections were double-labeled using mouse anti-BrdU antibody (1:10, Roche, Indianapolis,
IN, USA) and goat anti-doublecortin (1:150, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) or mouse anti-NeuN antibody (1:150, Chemicon Inc., Billerica, MA, USA) in
combination with anti-mouse and anti-goat Alexa Fluor Dye (488 and 594, Invitrogen,
Eugene, OR, USA) as secondary antibodies for confocal imaging. Control sections without
primary antibody were evaluated for non-specific labeling.

Stereological cell counting

Prior to stereology, antibody penetration was verified to be complete in all sections at 63x
magnification. The dentate granule cell layer was contoured using a BX51TRF Olympus
microscope (Olympus America, Center Valley, PA, USA) at 10x magnification in
combination with Stereolnvestigator software v9.10.2 (MicroBrightfield, Inc., Williston,
VT, USA). The observer was blinded for all analyses. Quantitative assessment of the BrdU
and DCX immunoreactive cells were conducted according to methods previously described
by Lotocki and colleagues (Lotocki, et al., 2011). Sections between bregma levels —3.6 and
—4.8 mm, near the epicenter of the injury (bregma —3.8mm), were chosen for analysis. A
counting grid of 70x70 um was placed over the dentate granule cell layer. Section thickness
was determined to be 15 um, the optical dissector height was set at 9 um, and guard zones
were set at 3 um. At 63x magnification (NA 1.42), a 35x35 um counting frame was used for
counting 38-145 randomly placed sampling sites. Q values for the DCX cell counts ranged
between 197-677, the CE range was 0.04-0.07 and the CV range was 0.073-0.237. The CE?/
CV2 values for the DCX cell counts were 0.07 for the 3 day normothermia group, 0.11 for
the 3 day hypothermia group, 0.06 for the 7 day hypothermia group and 0.27 for the 7 day
hypothermia group and 0.32 for the sham group. Images were taken with a BX51TRF
Olympus microscope (Olympus America) and a Microfire A/R camera (Optronics Goleta,
CA, USA) at 20x and montaged using the virtual slice module in the Neurolucida software
program (MicroBrightfield, Inc.).

Statistical analyses

Results

Physiological parameters were analyzed using one-way ANOVA test with Tukey’s multiple
comparison post test. BrdU counts were analyzed using a one way ANOVA with Fisher
LSD procedure and DCX counts were analyzed using a two-way ANOVA followed by a
Fisher LSD posthoc test. Significance was defined when p<0.05. All analyses were
performed using SigmaStat 3.01 Software (Systat Software Inc.San Jose, Ca, USA).

Physiological studies

All physiological variables were within normal ranges (pH, pO,, pCO,, MABP) before and
following the traumatic insult (Table 1). Significant differences were seen in the animals’
temperature recordings within the hypothermia group compared to normothermia. No other
significant differences in physiological measurements were seen between the experimental
groups.
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BrdU findings

At both 3 and 7 days after TBI, BrdU immunoreactive cells were observed within the
ipsilateral and contralateral dentate gyrus of the hippocampus (Fig. 1). These
immunoreactive cells frequently resided in the subgranular zone at the junction between the
granular cell layer and the hilus of the hippocampal dentate gyrus. In the hypothermic
animals, clusters of BrdU positive cells could be frequently seen in the dentate gyrus.

Importantly, TBI animals that received posttraumatic hypothermia had an increase in a
number of BrdU-positive cells in the granular cell layer and SGZ of the dentate gyrus
compared to normothermic animals at seven days posttrauma. Quantitative data supported
the concept of increased cellular proliferation in the contralateral dentate gyrus at 7 days
after TBI in both normothermic and hypothermic animals compared to sham-operated
groups (*p<0.03 vs sham-normo, **P<0.03 vs sham-hypo, Fig. 2). At 7 days, the frequency
of BrdU positive cells was significantly increased in the ipsilateral TBI-hypothermic group
compared to both sham-operated groups (*p<0.03 vs sham-normo, **P<0.03 vs sham-

hypo).

Doublecortin results

Similar to that seen with BrdU, a high frequency of DCX immunoreactive cells were
observed at 3 and 7 days after TBI. Visualization of cell bodies, axons and dendrites of the
stained cells are clearly seen within the ipsilateral hemisphere (Fig. 3). At 7 days after
injury, a high frequency of DCX/NeuN stained cells were present within the subgranular
zone of the hippocampus.

To quantify the number of DCX immunoreactive cells in the dentate gyrus, immunostaining
using DCX and DAB was performed. As shown in Fig. 4, a high frequency of
immunoreactive cells were observed throughout the subgranulayer of the dentate gyrus.
Immunoreactive cells displayed extensive processes extending throughout the cellular layers
of the DG. As seen in Fig. 4C, there was an apparent increase in the frequency of DCX
stained cells in animals where posttraumatic hypothermia was produced. Frequently, an
aggregation of immunoreactive cells could be visualized in hypothermic TBI rats.

Quantitative assessment supported an increased frequency of DCX stained cells at 7 days as
compared to sham-operated and normothermic TBI animals. Two-way ANOVA was
significant (p<0.05) for group, time and group x time for both ipsilateral and contralateral
hemispheres (Fig. 5). Posthoc analysis for the ipsilateral, injured hemisphere indicated that 3
day normothermic animals were significantly different from 3 day sham values (*p<0.05).
Furthermore, ipsilateral and contralateral hemispheres for the 7 day DCX immunostained
cells were significantly elevated in TBI-hypothermic animals compared to 7 day sham
(*p<0.05) and TBI-normothermic (**p<0.05) groups. Confocal images showed double-
labeling of DCX positive cells with BrdU, indicating evidence for local neurogenesis and
cell survival at 7 days after TBI (Fig. 6)

Discussion

TBI produces long-term neurodegenerative changes and a spectrum of behavioral
abnormalities resulting from regional patterns of cell death and circuit dysfunction
(Bramlett, et al., 1997, Dixon, et al., 1999, Pierce, et al., 1998, Smith, et al., 1997). Recent
experimental studies have concentrated on developing therapeutic strategies that protect
vulnerable brain regions from secondary injury mechanisms as well as promote endogenous
reparative strategies (Hallbergson, et al., 2003, Picard-Riera, et al., 2004, Raghupathi and
Mclntosh, 1998). Ultimately, an approach whereby the therapeutic benefit is both
neurorestorative and neuroprotective may be most beneficial in terms of promoting
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functional recovery in patients with severe TBI (Lu, et al., 2011, Urrea, et al., 2007). Our
data demonstrate that early cooling after moderate TBI leads to a sustained increase in
neurogenesis in the dentate gyrus as compared to normothermic injured animals. These
findings suggest that in addition to protecting the traumatized brain from structural damage,
early cooling may promote cellular reparative strategies important for memory functioning
(Blaiss, et al., 2011, Kitamura, et al., 2009).

Previous studies have reported increases in cellular proliferation in the dentate gyrus and
SVZ after TBI and other CNS insults (Blaiss, et al., 2011, Dash, et al., 2001, Kernie, et al.,
2001, Parent, et al., 1997, Ramaswamy, et al., 2005, Richardson, et al., 2007, Whitney, et
al., 2009, Yu, et al., 2008). These studies have found that several cell types proliferate after
TBI, including microglia-macrophages and astrocytes, as well as neurons (Chirumamilla, et
al., 2002, Urrea, et al., 2007). Chen and colleagues (2003) used markers of cell proliferation,
including Ki-67 and the proliferative cell nuclear antigen, to detect metabolically active cells
and neurogenesis for up to 1 year following trauma in the SVZ. Thus, data from a variety of
studies provide evidence for neurogenesis being activated after trauma, which may
contribute to the spontaneous behavioral recovery seen after TBI (Kernie, et al., 2001).
However, a concern of adult neurogenesis after TBI or other CNS insults is that the increase
in cell proliferation and survival of immature neurons does not last, with more chronic
studies showing decreases in immature neuronal cell markers at 12-16 weeks post-injury
(Atkins, et al., 2010, Gao, et al., 2008, Potts, et al., 2009, Rola, et al., 2006, Takasawa, et al.,
2002, Whitney, et al., 2009). Thus, although there appears to be an initial burst in cellular
proliferation and neurogenesis in the SGZ after trauma, these early events may not be
adequate to maintain this population of cells (Dash, et al., 2001, Urrea, et al., 2007). This is
an important consideration since newly generated cells in the DG need at least four weeks to
become functional neurons (Kempermann, et al., 2004, Koch, et al., 2008).

In this regard, despite the burst of neurogenesis in the early recovery stages after TBI, many
studies have documented chronic hippocampal learning deficits (Bramlett, et al., 1997,
Dash, et al., 1995, Pierce, et al., 1998, Smith, et al., 1991). Similarly, studies using genetic
ablation or pharmacological interventions that inhibit neurogenesis indicate that
neurogenesis is critical for specific aspects of spatial memory formation (Doetsch, et al.,
1999, Lau, et al., 2009, Noonan, et al., 2010). In a study by Blaiss and colleagues (2011), the
selective ablation of dividing stem cell progenitors with ganciclovir resulted in a reduction
in the progenitor pool and impaired cognitive recovery in a nestin-HSV-TK transgenic
trauma model. Thus, evidence currently supports a functional role for adult neurogenesis in
memory formation during normal adult brain maturation and after CNS injury, suggesting
that therapies that sustain the increase in neurogenesis after TBI may promote recovery of
hippocampal functioning (Deng, et al., 2010).

Recent data indicate that immature neurons generated after TBI or other brain insults may be
particularly sensitive to environmental factors as well as secondary injury consequences,
again questioning the long-term benefits of this cellular response to trauma (Whitney, et al.,
2009). In a study by Back and colleagues (2002), progenitor cells were shown to be highly
vulnerable to hypoxic ischemic injury. The release of inflammatory factors from resident
microglia and activated astrocytes as well as the recruitment of monocytes and lymphocytes
from the blood circulation may also contribute to the suppression of long-term neurogenesis
after TBI (Liu, et al., 2005, Peng, et al., 2008, Whitney, et al., 2009). Interestingly, evidence
for blocking inflammatory events after CNS injury may augment neurogenesis (Whitney, et
al., 2009). In one study, interleukin-6 blockage alone appeared sufficient to restore
neurogenesis, a consequence associated with decreased microglial activation (Vallieres, et
al., 2002). Nitric oxide (NO) is produced by multiple cell types after brain injury, and
previous studies have reported that NO produced by nNOS inhibits neurogenesis (Moreno-
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Lopez, et al., 2004, Packer, et al., 2003). Other investigations emphasize the vulnerability of
immature neurons to cell death through apoptotic mechanisms (Ekdahl, et al., 2003). In this
regard, excitotoxic damage, the production of oxygen free radicals and inflammation has
been reported to be sensitive to posttraumatic temperature manipulations (Chatzipanteli, et
al., 2000, Globus, et al., 1995, Kinoshita, et al., 2002, Lotocki, et al., 2006, Vitarbo, et al.,
2004). In the present study, early cooling after TBI increased cellular proliferation and the
frequency of DG DCX-immunoreactive cells at the 7 day posttraumatic period. Taken
together, these findings indicate that posttraumatic cooling could target early progenitor cell
death mechanisms involving excitotoxicity or inflammatory events, resulting in longer
survival and the subsequent differentiation of immature cells.

Another mechanism that hypothermia may be working through to sustain neurogenesis is
through inhibiting apoptosis of the newly generated neurons. In a study by Atkins and
colleagues (2007), posttraumatic hypothermia potentiated extracellular signal-regulated
kinase 1/2 (ERK1/2) activation and its downstream effectors including the transcription
factor cAMP response element-binding protein (CREB). In that study, ERK1/2 was
selectively activated within dentate granular cells particularly at the SGZ. In culture, neural
progenitor cell proliferation has been reported to occur through fibroblast growth factor
activating the ERK1/2 pathway (Kalluri, et al., 2007). In the non-injured brain, infusion of
brain-derived neurotrophic factor (BDNF), an activator of ERK1/2 signaling, induces
hippocampal neurogenesis and neuronal differentiation and survival (Kirschenbaum and
Goldman, 1995, Leventhal, et al., 1999, Scharfman, et al., 2005, Suh, et al., 2009).
Conditions like physical exercise and enriched environments increase endogenous BDNF
levels as well as stimulate SGZ neurogenesis and improve outcome after TBI (Gaulke, et al.,
2005, Kempermann, et al., 1997, Komitova, et al., 2005, Lee, et al., 2000, Passineau, et al.,
2001, Rossi, et al., 2006, Russo-Neustadt, et al., 2004). Thus, the effects of hypothermia on
the ERK1/2 pathway and pro-survival signaling in immature neurons could explain, in part,
the beneficial effects of early cooling on cognitive recovery after TBI.

Posttraumatic epilepsy (PTE) is commonly observed in patients with moderate to severe TBI
and promotes secondary injury processes and long-term cognitive deficits (Bao, et al., 2011,
Vespa, et al., 2010). In models of epilepsy, evidence for acute increases in heurogenesis,
similar to that seen after TBI have been reported (Parent, et al., 1997, Scott, et al., 2000).
Although severe seizures caused higher levels of cell proliferation in the DG than mild
seizures, less new cells differentiated into neurons after severe seizures (Bonde, et al., 2006).
In a recent study by Atkins and colleagues (2010) posttraumatic cooling reduced the
incidence and severity of PTEs. However, numbers of DG DCX-positive cells remained
reduced in both normothermic and hypothermic PTE animals at 12 weeks compared to sham
controls. Based on these and other published data from the ischemia field regarding chronic
neuronal protection (Corbett, et al., 2000, Dietrich, et al., 1993), it may be interesting to
suggest that extended post-traumatic cooling durations may also be required to promote the
long-term survival of immature neurons after TBI (Silasi and Colbourne, 2011). Also, the
possibility of combining early cooling with pharmacological agents that induce neurogenesis
may also be important to consider for future investigations (Pieper, et al., 2011).

In summary, our data show that early cooling may sustain early endogenous reparative
strategies after TBI. These studies emphasize that therapeutic hypothermia, in addition to
reducing early injury cascades, may also promote cell proliferation and neurogenesis within
vulnerable brain regions. These findings may help clarify the mechanisms by which
hypothermia promotes cognitive function in the early stages after TBI. Additional work is
necessary to clarify the molecular processes by which temperature is affecting this important
cellular response to injury. It is anticipated that this line of research could promote the
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successful translation of therapeutic hypothermia to the clinical arena for specific TBI
patient populations to provide better functional recovery.
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Fig. 1.

Representative BrdU immunostained micrographs of the ipsilateral dentate gyrus 7 days
post-injury. A. Non-injured sham-operated normothermic (37°C) dentate gyrus shows few
BrdU positive cells. B. Induced hypothermia (33°C) in sham-operated control animals also
results in few BrdU positive cells. C. At 7 days after moderate fluid percussion brain injury,
an abundant proliferation of BrdU positive cells is observed. D. Post-traumatic hypothermia
appears to increase numbers of BrdU stained cells compared to normothermic TBI. Insert
shows local aggregates of positive cells in dentate gyrus.
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Fig. 2.

Mean (£SEM) bar graph summarizing unbiased stereological quantitative cell counts of
BrdU-positive cells in sham-operated and F-P injured rats. White bar represents ipsilateral or
injured hemisphere and black bar represents contralateral hemisphere. At 7 days after
normothermic TBI, contralateral numbers of BrdU positive cells are increased compared to
sham-operated rats (*p<0.03 vs sham-normo, **P<0.03 vs sham-hypo). At 7 days after F-P
injury, post-traumatic hypothermia leads to increased numbers of positive cells within the
ipsilateral and contralateral dentate gyrus compared to normothermia treated animals
(*p<0.03 vs sham-normo, **P<0.03 vs sham-hypo).
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Fig. 3.

Confocal microscopy images double-labeled with NeuN (red) and DCX (green) at 7 days
after F-P injury. A. DCX immunopositive cells are primarily located throughout the granular
layer of the dentate gyrus on the injured hemisphere (Bar 100 um). B-D. Higher
magnification of the inset area showing DCX (B), NeuN (C) and double-labeled cell bodies
and processes (D). Note the cellular processes extending throughout the granular cell layer
of the dentate gyrus (Bar 10 um) .
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Fig. 4.

Immunocytochemical stained images show DCX positive cells in the dentate gyrus of
representative animals 3 and 7 days after TBI. A. Sham-operated animal, B. Normothermic
TBI animal and C. Hypothermic TBI animal. An apparent increased frequency of DCX
stained cells is observed with post-traumatic hypothermic treatment (Bar 250 um). Insert
shows local aggregates of positive cells in the dentate gyrus (Bar 50 pm).
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Bar graphs summarizing nonbiased stereological DCX-positive cell counts at 3 and 7 days
after injury (mean £ SEM). White bars represent ipsilateral or injured hemispheres and black
bars represent contralateral hemispheres. Three day data were only statistically significant
for the ipsilateral hemisphere of the TBI-normothermic group. These TBI animals had a
small but significant reduction of DCX-positive cells compared to 3 day sham (*p<0.05 vs
3d Sham). In contrast to the 3 day data, there were more robust findings for the 7 day TBI-
hypothermic animals. These data were statistical significant (*p<0.05 vs 7d sham, **p<0.05
vs 7d Normo) for both sham and normothermic animals in both ipsilateral and contralateral
hemispheres. Therefore, hypothermia increases the number of DCX positive cells after TBI.
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Fig. 6.

Confocal micrographs demonstrate double-labeled neurons with A. BrdU (pink) and B.
DCX (green) at 7 days after F-P injury in a hypothermic rat. C. A subpopulation of BrdU
and DCX immunostained cells were observed thoughout the subgranular layer of the DG.
Images generated from xz and xy planes further demonstrate BrdU labeling within the DCX
labeled cell. (Bar 10 um).
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