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Abstract
Following traumatic brain injury (TBI) there is significant neuropathology which includes
mitochondrial dysfunction, loss of cortical grey matter, microglial activation, and cognitive
impairment. Previous evidence has shown that activation of the peroxisome proliferator-activated
receptors (PPARs) provide neuroprotection following traumatic brain and spinal injuries. In the
current study we hypothesized that treatment with the PPAR ligand Pioglitazone would promote
neuroprotection following a rat controlled cortical impact model of TBI. Animals received a
unilateral 1.5mm controlled cortical impact followed by administration of pioglitazone at 10mg/kg
beginning 15 minutes after the injury and subsequently every 24hrs for five days. Beginning one
day after the injury there was significant impairment in mitochondrial bioenergetic function which
was attenuated by treatment with Pioglitazone at 15 minutes and 24 hours (p<0.05). In an
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additional set of animals, cognitive function was assessed using the Morris Water Maze (MWM)
and it was observed that over the course of four days of testing the injury produced a significant
increase in both latency (p<0.05) and distance (p<0.05) to the platform. Animals treated with
Pioglitazone performed similarly to sham animals and did not exhibit any impairment in MWM
performance. Sixteen days after the injury tissue sections through the lesion site were quantified to
determine the size of the cortical lesion. Vehicle treated animals had an average lesion size of
5.09±0.73mm3 and treatment with Pioglitazone significantly reduced the lesion size by 55% to
2.27±0.27mm3 (p<0.01). Co-administration of the antagonist T0070907 with Pioglitazone blocked
the protective effect seen with administration of Pioglitazone by itself. Following the injury there
was a significant increase in the number of activated microglia in the area of the cortex adjacent to
the site of the lesion (p<0.05). Treatment with Pioglitazone prevented the increase in the number
of activated microglia and no difference was observed between sham and Pioglitazone treated
animals. From these studies we conclude that following TBI Pioglitazone is capable ameliorating
multiple aspect of neuropathology. These studies provide further support for the use of PPAR
ligands, specifically Pioglitazone, for neuroprotection.

2.1 Introduction
Traumatic brain injury (TBI) pathology results from both a primary injury and a secondary
injury cascade. The primary injury is due to biomechanical damage which results in the
shearing and compression of neuronal, glial, and vascular tissue. The cascade of secondary
injury damage, which occurs in the hours and days following the initial insult, is due to
activation of pathophysiological cascades, consisting of complex biochemical and cellular
pathways that influence progression of the injury, such as alterations in excitatory amino
acids (Yamamoto et al., 1999, Rose et al., 2002), increased reactive oxygen species (ROS)
production (Marklund et al., 2001, Hall et al., 2004, Tavazzi et al., 2005), disruption of
calcium homeostasis (Mattson and Scheff, 1994, Xiong et al., 1997, Sullivan et al., 1999b),
post-traumatic neuroinflammation (Morganti-Kossmann et al., 2001, Vlodavsky et al., 2006)
and mitochondrial dysfunction (Azbill et al., 1997, Xiong et al., 1997, Sullivan et al., 1998,
Sullivan et al., 1999a, Sullivan et al., 1999b). As a result of these secondary injury
processes, there are significant reductions in ATP levels, increases in lipid peroxidation,
release of cytochrome c and activation of apoptotic pathways (Sullivan et al., 1998, Sullivan
et al., 2002), all of which can lead to the initiation of cell death pathways. Mitochondria are
a major component of this secondary injury pathway because they function as a highly
sensitive gatekeeper of cell death mechanisms and as the primary energy producer for the
cell. As such, mitochondria play a pivotal role in cerebral energy metabolism, intracellular
calcium homeostasis, and ROS generation and detoxification.

Following TBI, a significant disruption of mitochondrial homeostasis has been documented
that results in a decline in cellular bioenergetics, increased mitochondrial ROS production
and a decline in synaptic equilibrium (Azbill et al., 1997, Xiong et al., 1997, Sullivan et al.,
1998, Sullivan et al., 1999a, Sullivan et al., 1999b). Therefore, following TBI, the degree of
mitochondrial injury or dysfunction can be an important determinant of cell survival or
death (for reviews see (Robertson, 2004, Sullivan et al., 2005, Robertson et al., 2006) and
therapeutic treatments designed to protect and stabilize the mitochondria have demonstrated
the ability to reduce injury in preclinical studies (Sullivan et al., 2000a, Pandya et al., 2007).
Although preclinical research has identified neuroprotective agents which target
mitochondrial function, inflammation, and oxidative damage, attempts to move therapies
into clinical usage have so far been unsuccessful (Schouten, 2007). Given the complexity of
the secondary injury, it has been suggested that drugs which target multiple pathological
pathways may yield more effective therapeutic approaches for TBI. The PPARγ agonist
Pioglitazone has been shown to reduce inflammation (Besson et al., 2005, Chen et al., 2007,
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Park et al., 2007, Hyong et al., 2008, Kapadia et al., 2008) and oxidative damage (Chen et
al., 2007, Yi et al., 2008), attenuate mitochondrial dysfunction (Hunter et al., 2007), and
reduce cell death (McTigue et al., 2007, Park et al., 2007) following CNS injury.
Pioglitazone's ability to target multiple injury mechanisms may provide it with an advantage
over other therapeutics for TBI which target a single secondary injury cascade. The
peroxisome proliferator-activated receptors (PPARs) are members of the nuclear receptor
superfamily, which regulate gene expression using various ligand-dependent and
independent molecular processes. Three different isoforms of the PPARs exist, which are
encoded by separate genes: PPAR-γ (NR1C3), PPAR-α (NR1C1), and PPAR-δ (NR1C2, β,
or NUC-1) (Dreyer et al., 1992, Michalik and Wahli, 1999, Torra et al., 2001). While these
isoforms have similar protein sequence and structure, they differ in their ligand-binding
domains and have different ligand specificity, tissue distribution, and biological actions
(Guan et al., 2002). The PPARs regulate inflammation mainly through their transrepression
capabilities although the transactivation of certain target genes can occur. Several
inflammatory signaling systems may be affected by PPAR-mediated transrepression such as
nuclear factor-kappa B (NFκB), activator protein-1 (AP-1), signal transducer and activator
of transcription (STAT), or nuclear factor of activated T cells (NFAT) (Ricote et al., 1998,
Delerive et al., 2001, Park et al., 2003, Bernardo and Minghetti, 2006). These pathways
immunoregulate macrophages, microglia, dendritic cells, endothelial cells, B cells, and T
cells (for reviews see (Clark, 2002, Daynes and Jones, 2002, Hunter, 2007)). Treatment with
Pioglitazone following LPS induced brain inflammation has shown the ability to prevent
both mitochondrial impairment and neuronal cell loss (Hunter et al., 2007). The therapeutic
use of various PPARs has shown benefit in multiple CNS injury models including spinal
cord injury (SCI) (McTigue et al., 2007, Park et al., 2007), traumatic brain injury (TBI)
(Besson et al., 2005, Chen et al., 2007, Chen et al., 2008, Yi et al., 2008), and stroke
(Collino et al., 2006, Allahtavakoli et al., 2009). Of the three known PPAR isoforms,
PPARα and PPARγ have been the most well studied in CNS injury and have been shown to
reduce lesion size both in SCI (McTigue et al., 2007, Park et al., 2007) and TBI (Yi et al.,
2008), reduce inflammation (Besson et al., 2005, Chen et al., 2007, Park et al., 2007, Hyong
et al., 2008, Kapadia et al., 2008), minimize oxidative damage (Chen et al., 2007, Yi et al.,
2008), spare neurons (McTigue et al., 2007, Park et al., 2007), and preserve behavioral
function (Chen et al., 2007, McTigue et al., 2007, Park et al., 2007, Chen et al., 2008).

The PPARγ agonists Pioglitazone and Rosiglitazone are both FDA approved drugs for
diabetes treatment (for review see (Sood et al., 2000)) and have been utilized as therapeutics
in animal models of CNS injury (Besson et al., 2005, Kiaei et al., 2005, Schutz et al., 2005,
Collino et al., 2006, Chen et al., 2007, McTigue et al., 2007, Park et al., 2007, Chen et al.,
2008, Feng et al., 2008, Hyong et al., 2008, Sun et al., 2008, Yi et al., 2008, Allahtavakoli et
al., 2009). Rosiglitazone has been previously shown to have a higher binding affinity for the
PPARγ receptor (Young et al., 1998), however, Pioglitazone has been shown to more readily
cross the blood brain barrier (BBB) (Berger and Moller, 2002) as well as partially activate
the PPARα receptor (Sakamoto et al., 2000). Pioglitazone's increased brain penetration and
activation of two separate PPAR pathways may yield a greater therapeutic potential for the
treatment of TBI (for review see (Kapadia et al., 2008)). Currently evidence exists showing
that activation of either the PPARα (Chen et al., 2007, Chen et al., 2008) or PPARγ (Yi et
al., 2008) pathways are protective in models of TBI, however, no studies currently exist
showing the effect of Pioglitazone following TBI. Because of the success of PPARγ agonists
in multiple models of CNS injury and their offer of a broad range of potentially protective
properties, we hypothesize that PPARγ activation by Pioglitazone will be beneficial in an
animal model of controlled cortical impact (CCI) that has hallmarks of human TBI. The
current project addresses the hypothesis that Pioglitazone will offer significant
neuroprotection leading to maintenance of mitochondrial function, sparing of cortical tissue,
attenuation of inflammation, and preservation of cognitive function following TBI.
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3. Results
3.1 Pioglitazone protects mitochondria from injury-induced mitochondrial dysfunction

Following TBI there is significant damage to the mitochondria resulting in impaired in
bioenergetic function. In order to elucidate the effect of Pioglitazone on mitochondrial
bioenergetic function, two different treatment paradigms for Pioglitazone administration
were utilized. In the first set of animals, Pioglitazone was administered 15min after the
injury (10mg/kg) and animals were sacrificed 25hrs after the injury. In the second set of
animals Pioglitazone was administered at 15min and 24hrs after injury (10mg/kg/injection)
and animals were sacrificed at 25hrs after the injury. Following injury in both sets of
animals, reductions in Pyruvate/Malate (PM), ADP, and FCCP (uncoupled) respiration rates
were seen in vehicle treated animals (Figure 1, *=p<0.01). With only a single 15min
injection there was a slight but non-significant increase in respiration rates following
Pioglitazone treatment (Figure 1A); however, when Pioglitazone was given at both 15min
and 24hrs after the injury a significant increase in mitochondrial function was observed
(*=p<0.01, Figure 1B), indicating that under these conditions Pioglitazone treatment leads to
preservation of the mitochondria's ability to produce ATP.

3.2 Pioglitazone treatment improves Morris Water Maze performance following TBI
Cognitive impairment is a significant pathological outcome with both human and rodent
cortical impact TBI. In order to assess the ability of Pioglitazone to reduce cognitive
impairment following injury, animals were administered vehicle, Pioglitazone, or
Pioglitazone plus the PPARγ antagonist T0070907 with an initial injection at 15 min post-
injury and subsequent injections at 24h, 48h, 72h and 96h after the first injection.
Pioglitazone and T0070907 were administered at 10 mg/kg at every dose. MWM
assessments were assessed 10 days post-injury and consisted of 4 days of trials. Following
repeated measures analysis of the MWM results, a significant effect of day (p<0.0001) and a
trend towards effect of treatment (latency p=0.0693; distance p=0.0648) were observed. To
further elucidate the effect of Pioglitazone on MWM behavior and increase statistical power,
groups were collapsed across days. When averaged across all testing days, the latency and
distance to the platform showed significant effects. Injured vehicle-treated animals showed
impairments in both distance (Figure 2A, *=p<0.05) and latency (Figure 2B, *=p<0.05) to
the platform and treatment with Pioglitazone significantly improved behavior. Treatment
with the PPARγ antagonist T0070907 and Pioglitazone together prevented the beneficial
effects of Pioglitazone following injury (Figure 2 p<0.05 Sham vs. Pio+Ant) since animals
given the antagonist with Pioglitazone performed similarly to injured vehicle-treated
animals, indicating direct involvement of the PPARγ receptor. No significant differences in
swim speed were observed among the treatment groups, suggesting that the differences in
MWM performance were not related to motor deficits.

3.3 Pioglitazone treatment reduces cortical damage following TBI
Quantification of the cortical lesion was utilized to assess the efficacy of Pioglitazone to
reduce the cortical tissue loss which occurs following CCI brain injury. Administration of
Pioglitazone and the antagonist T0070907 was conducted in the same manner as for the
behavioral analysis, with injections of 10mg/kg beginning 15 minutes after the injury and
continuing at 24h, 48h, 72h and 96h after the first injection. A moderate CCI injury (1.5
mm) resulted in a significant loss of cortical tissue (Figure 3). At 16 days post-injury, the
cortical contusion volume in the vehicle-treated control group was measured to be
5.09±0.73mm3 (Figure 3B). Treatment with Pioglitazone resulted in reduction of the lesion
size by 55% to 2.27±0.27mm3 which was significantly smaller compared to the vehicle
treated TBI group (Figure 3B, *=p<0.05). Co-treatment of Pioglitazone with the PPARγ
antagonist T0070907 abolished the effect seen with Pioglitazone treatment alone. Animals
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that were treated with Pioglitazone and the antagonist had an average lesion size of
4.32±0.60 mm3 which was larger than the lesion size in the Pioglitazone group (Figure 3B,
*=p<0.05 Pio vs. Pio+Ant), suggesting that the PPARγ receptor activation is involved in
Pioglitazone's ability to spare cortical tissue. Treatment with the PPARγ antagonist alone did
not result in a significant increase the size of the cortical lesion compared to vehicle treated
animals (Figure 3B).

3.4 Pioglitazone attenuates the neuroinflammatory response after TBI
Following TBI there is a significant increase in microglial activation and inflammation and
Pioglitazone was administered in attempts to reduce post-injury inflammation. At 16 days
after TBI, Pioglitazone-treated rats showed significantly fewer OX42-positive cells in the
injured cortex adjacent to the injury site, suggesting a reduction in both microglial activation
and macrophage infiltration. The effect of Pioglitazone on inhibiting the inflammatory
process was assessed by stereological quantification of the activated microglia. OX-42
immunoreactive cells exhibited two morphologies: resting microglia with small cell body
and multiple thin processes and activated microglia with enlarged amoeboid cell body and
pyknic processes. Following injury there was a significant increase in the number of
activated microglia (p<0.05 Figure 4B). In the injured cortex, the total number of activated
microglia was reduced in the Pioglitazone-treated group compared vehicle treatment (Figure
4B). Compared with animals which received a sham injury, animals treated with
Pioglitazone did not show a significant increase in the number OX-42 positive cells.
Treatment with the PPARγ antagonist T0070907 did not prevent the effect of Pioglitazone
on preventing the increase in inflammation, indicating that the effect was not dependent
upon the PPARγ receptor.

4.1 Discussion
Previous reports from our group have shown that following TBI there is significant
impairment of cortical mitochondria which begins acutely and substantially damages the
mitochondria over the course of the first day following the injury (Pandya et al., 2007,
Gilmer et al., 2009, Pandya et al., 2009). Interventions that are capable of protecting
mitochondrial function following TBI have been demonstrated to reduce cortical damage
and behavioral impairment (Scheff and Sullivan, 1999, Sullivan et al., 2000b, Pandya et al.,
2007, Pandya et al., 2009). In the present studies, mitochondrial function was analyzed one
day following the injury. We chose this time point based on previous experiments which
have shown that at this time point there is significant mitochondrial dysfunction in our
model of cortical impact injury (Pandya et al., 2009). We found that with Pioglitazone
treatment there are improvements in mitochondria function which are observed in the
Complex-I dependant, Pyruvate/Malate-driven, rates of oxygen consumption as well as the
State III (ADP-present) and maximal (uncoupled) respiration rates, a measure of electron
transport capacity/reserve (Figure 1B). From the mitochondrial experiments it can be
concluded that animals treated with Pioglitazone maintain more functional mitochondria
which are capable of producing more ATP and therefore providing the brain with the much
needed energy source required for normal function as well as post-injury protective and
reparative mechanisms.

The mitochondrial data from these experiments also suggests that at least part of
Pioglitazone's ability to improve mitochondrial function involves a direct effect on the
mitochondria since a single 15min post injury injection only produced a non-significant
trend towards improved mitochondrial bioenergetics (Figure 1A) while a subsequent
injection of Pioglitazone 1hr prior to analyzing the tissue resulted in a dramatic increase in
mitochondrial bioenergetic function (Figure 1B). Since the improvement in mitochondrial
function was only observed after giving the second injection, the mitochondrial effect is
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most likely not due to only an up regulation of protein expression. Previously published in
vitro experiments have shown that treatment with Pioglitazone can up regulate
mitochondrial electron transport proteins, however, these changes take at least 2 days to
produce significant increases in protein levels (Miglio et al., 2009). Up regulation of
mitochondrial protein expression is not likely the cause for the improvements in
mitochondrial function seen in these experiments after the first 24 hours of Pioglitazone
treatment, especially considering the rapid change in mitochondrial function observed 1
hour following the second Pioglitazone treatment. Treatment with Pioglitazone will likely
produce even greater improvements in mitochondrial function at time points beyond 24hrs
when significant increases in mitochondrial proteins are likely occur. The rapid increase in
mitochondrial function seen after the second injection of Pioglitazone may involve the
mitochondrial outer membrane bound protein MitoNEET. Previously it has been shown that
Pioglitazone binds to MitoNEET and stabilizes its conformational structure (Paddock et al.,
2007) and that knocking-out the MitoNEET protein results in reductions in mitochondrial
electron transport chain function(Wiley et al., 2007). In addition to Pioglitazone's ability to
rapidly increase mitochondrial function as seen in these studies, considering that
Pioglitazone treatment leads to reductions in oxidative damage (Chen et al., 2007, Yi et al.,
2008) and inflammation (Besson et al., 2005, Chen et al., 2007, Park et al., 2007, Hyong et
al., 2008, Kapadia et al., 2008) following injury, Pioglitazone treatment will promote a less
hostile cellular environment which will lead to reductions in secondary injury cascades that
cause further mitochondrial dysfunction and propagate bioenergetic impairments.

To further understand the effects of Pioglitazone following TBI, we wanted to determine if
Pioglitazone was capable of reducing lesion volume and improving cognition. PPAR
agonists with their anti-inflammatory (Besson et al., 2005, Chen et al., 2007, Park et al.,
2007, Hyong et al., 2008, Kapadia et al., 2008) and anti-oxidant (Chen et al., 2007, Yi et al.,
2008) properties, have been examined for protective properties in several models of CNS
injury and disease (Sundararajan et al., 2006), including spinal cord injury. Following spinal
cord injury Pioglitazone offers protection against the induction of inflammatory genes,
astrogliosis, and microgliosis even if treatment is delayed for up to two hours after the injury
(Park et al., 2007). Previously it has been shown that Pioglitazone protects against
intrastriatal lipopolysaccharide (LPS)-induced neurodegeneration by suppressing the
inflammatory response, reducing oxidative damage and preventing mitochondrial
dysfunction (Hunter et al., 2008, Xing et al., 2008). The neuroprotective actions of
Pioglitazone may be a general characteristic of PPARγ activation, as this phenomenon has
been noted in other models of CNS injury. For instance, Pioglitazone treatment in murine
models of Parkinson's disease promoted neuronal sparing within the substantia nigra
(Breidert et al., 2002, Dehmer et al., 2004). Potent neuroprotection of motor neurons was
also induced by Pioglitazone in transgenic mouse models of amyotrophic lateral sclerosis
(Kiaei, 2008). Additionally, several studies have detected enhanced neuroprotection and
decreased lesion sizes in animal models of stroke and intracerebral hemorrhage (Ou et al.,
2006, Victor et al., 2006). To determine if any measurable effect on cognition or lesion
volume was the result of activation of the PPARγ pathway, the selective PPARγ antagonist
T0070907 was co-administered with Pioglitazone. It has previously been shown that
following TBI the injury causes cortical damage which correlates well with cognitive
dysfunction as measured using the Morris Water Maze (MWM) (Marklund et al., 2001).
From these studies it was determined that Pioglitazone is capable preserving cognitive
function, as determined by MWM assessment. It was observed at 15 days post injury that
animals treated with Pioglitazone exhibited a decreased latency time and distance to the
platform compared to animals treated with either vehicle or animals treated with
Pioglitazone and the PPARγ antagonist T0070907 together (Figure 2). Since the PPARγ
antagonist was able to block the protective effects of Pioglitazone on MWM function,
activation of the PPARγ receptor is further implicated as a beneficial therapeutic strategy for
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TBI. Additionally, treatment with Pioglitazone resulted in a reduction of the size of the
cortical lesion at 16 days post injury with the size of the cortical cavity being reduced from
5.09±0.73mm3 (vehicle treated animals) to 2.27±0.27mm3 (Pioglitazone treated animals)
(Figure 3). Similar to the MWM testing, administration of the PPARγ antagonist T0070907
almost completely blocked the neuroprotective benefit of Pioglitazone on sparing cortical
tissue, indicating that activation of the PPARγ pathway is critical to attenuating cortical
tissue loss as well as cognitive deficits. As has been observed in other CNS injury models,
these studies show that following TBI Pioglitazone is capable of reducing neuronal cell loss
and improving behavioral outcomes.

To further elucidate the benefits of Pioglitazone following TBI, tissue was analyzed for
assessment of inflammation following injury. It has been established that TBI is
accompanied by a dramatic inflammatory response, which escalates over the first week post-
injury and is thought to contribute to the secondary pathology of TBI. Multiple studies link
agonism of PPARγ to the attenuation of inflammation (Jiang et al., 1998, Ricote et al., 1998,
Drew et al., 2006), such that PPARγ activation influences the development and intensity of
the inflammatory response. With the realization that inflammation plays a role in several
neurodegenerative diseases, researchers have searched for a role of PPARγ in
neurodegeneration. PPARγ activation regulates inflammation by decreasing the expression
of a variety of pro-inflammatory genes such as COX-2, iNOS, and several cytokines (Jiang
et al., 1998, Ricote et al., 1998, Kitamura et al., 1999, Bernardo et al., 2000) that have all
been associated with inflammation-induced neurodegeneration (Banati et al., 1993,
Przedborski et al., 1996, Minghetti and Levi, 1998, Liberatore et al., 1999, Heneka et al.,
2000, Arimoto and Bing, 2003, Vijitruth, 2006). Since evidence shows that PPARγ is
expressed throughout the brain (Moreno et al., 2004) in neurons (Braissant et al., 1996) and
glia (Cullingford et al., 1998, Heneka et al., 1999, Bernardo et al., 2000, Cristiano et al.,
2001), it is possible that PPARγ agonism will inhibit neuroinflammation and
neurodegeneration in multiple injury and disease states. Because of its wide range of
potential therapeutic efficacy, several clinical trials using synthetic PPAR agonists have
begun for the treatment of diseases involving aberrant or chronic immune/inflammatory
responses (Pershadsingh et al., 2004, Risner et al., 2006).

As has been previously shown for other PPARα (Chen et al., 2007, Chen et al., 2008) and
PPARγ(Yi et al., 2008) agonists, treatment with Pioglitazone resulted in a significant
reduction in inflammation following TBI in the present study. Following treatment with
Pioglitazone, reductions in the number of activated microglia was observed in the area of the
cortex adjacent to the site of the cortical lesion (Figure 4). In contrast to our data indicating
that the effect of Pioglitazone on the cortical lesion and cognitive function is dependent on
the PPARγ receptor, treatment with the PPARγ antagonist along with Pioglitazone did not
prevent the reduction in activated microglia in these experiments. These studies indicate that
Pioglitazone's ability to reduce inflammation following TBI is not dependent upon PPARγ
receptor activation. Additionally, since mitochondrial dysfunction can lead to cell death and
cause increases in inflammation, it is expected that the protective effects of Pioglitazone on
mitochondrial function (Figure 1B) are likely to lead to further reductions in post-injury
increases in inflammation. Regardless of the exact mechanism(s) by which Pioglitazone
leads to reductions in inflammation, the evidence from this study and studies in SCI (Park et
al., 2007) indicate that Pioglitazone treatment leads to significant reductions in inflammation
following injury.

5.1 Conclusions
These experiments are the first to show a therapeutic effect of Pioglitazone following TBI
and they fit well with what has been previous shown regarding the use of PPAR agonists in
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CNS injury. As has been observed in SCI (McTigue et al., 2007), Pioglitazone is capable of
reducing the tissue loss and improving behavioral outcome following injury. These
experiments also produce similar findings to studies that have utilized either PPARα or
PPARγ agonists following TBI that produce reductions in inflammation (Chen et al., 2007,
Yi et al., 2008), reduction in lesion volume (Yi et al., 2008), and behavioral improvement
(Chen et al., 2007, Chen et al., 2008). This is the first report to our knowledge of any PPAR
agonist showing protection of mitochondrial function following TBI. In conclusion, these
experiments show that following TBI Pioglitazone is capable of protecting mitochondria,
reducing inflammation, minimizing the cortical lesion, and improving cognitive function.
Given the results of these experiments and considering that Pioglitazone has been shown to
have better BBB permeability than the other PPAR agonist Rosiglitazone (Berger and
Moller, 2002), as well as partially activate the PPARα pathway (Sakamoto et al., 2000),
which has been shown to be efficacious following TBI (Chen et al., 2007, Chen et al., 2008),
we feel that Pioglitazone will be a more effective treatment for TBI than other PPAR
agonists previously utilized for the treatment of TBI.

6 Materials and Methods
6.1 Controlled Cortical Impact Brain Injury

Studies were approved by the University of Kentucky Institutional Animal Care and Usage
Committee. Fifty male Sprague Dawley rats weighing 250 grams (Harlan Laboratory, IN)
were utilized for these experiments. Rats were anesthetized with 2% isofluorane and placed
in a Kopf stereotaxic frame for positioning under a pneumatic impactor (Precision Science
Instruments). A 6 mm craniotomy was performed, with a hand trephine, lateral to the central
fissure on the left side of the skull centered between lambda and bregma. Animals in injury
groups received a unilateral injury directly to the surface of the brain. The injury parameters
consisted of a 1.5mm deep contusion at 3.5 meters/second for 500ms. Sham animals
received a craniotomy but did not receive an impact to the brain. Following the injury a
piece of Surgicel (Johnson&Johnson) sized to fit into the craniotomy was placed directly on
the brain. The skull cap was replaced and secured in place with dental acrylic. Once the
acrylic was allowed time to harden, the scalp incision was closed with surgical staples.
Animals were removed from isofluorane and placed in a clean cage and temperature was
maintained at 37°C with the use of a heating pad.

6.2 Pioglitazone Treatment
Pioglitazone and the antagonist T0070907 were prepared by adding 1mg of the compound to
25uL of 100% Ethanol, 1uL 38% HCl, and 25uL of 0.9% Saline. This mixture was vortexed
briefly and then 200uL of 0.9% Saline was added. This mixture was made fresh for each set
of injections. Pioglitazone or the PPARγ antagonist T0070907 were administered at 10mg/
kg/injection. The vehicle administration group was administered the same solution used to
dissolve the Pioglitazone and antagonist. All injections were administered intraperitoneally.
For mitochondrial analysis experiments treatments were started 15 minutes following the
injury and depending upon the study a second injection was administered 24 hours later. For
the behavioral and histological experiments treatment was begun 15 minutes after the injury
and continued with subsequent injections at 24h, 48h, 72h and 96h after the first injection.

6.3 Histological Analysis
Animals were anesthetized and transcardially perfused with saline followed by 4%
paraformaldehyde. The brain were removed and placed in 4% paraformaldehyde and 30%
sucrose in PBS for 24hrs. After 24hrs the brains were transferred to a 30% sucrose PBS
buffer without paraformaldehyde. Coronal sections 35μm thick were cut with a freezing
microtome throughout the rostral caudal extent of the damaged cortex. Sections were stained
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with neutral red and subjected to image analysis for lesion volume assessment. Quantitative
assessment of cortical damage employed an unbiased stereological protocol using the
Cavalieri method as previously described (Sullivan et al., 2000b, Sullivan et al., 2002). All
slides were assessed blindly with respect to treatment group. For immunohistochemistry,
sections containing regions of interest were incubated overnight at 4°C with a primary
antibody. The primary antibody for OX-42 (monoclonal, 1:2000, PharMingen, San Diego,
CA) was used to detect microglia. After washes and incubation with an appropriate
secondary antibody (Vector Laboratories, Burlingame, CA), immunoreactive cells were
visualized by the avidin-biotin immunoperoxidase method (ABC kits, Vector Laboratories)
with chromogen 3, 3'-diaminobenzidine tetrahydrochloride (Sigma). For each animal,
sections at an interval of 770μm throughout the injured cortex were utilized for microglia
counting. Five sections were selected for each animal and five non-overlapping adjacent
fields of each section were selected which surrounded the edge of the cortical lesion. A
Nikon Eclipse 80i light microscope with an attached Nikon microscope camera was used to
obtain data images using a 200× objective. The images were captured and imported into
Simple PCI image processing software (Compix Inc.) for quantification of activated
microglia based upon cellular morphology since OX-42 immunoreactive cells exhibited two
morphologies: resting microglia with small cell body and multiple thin processes and
activated microglia with enlarged amoeboid cell body and pyknic processes. Six animals per
group were utilized for both lesion volume analysis and quantification of activated
microglial cells.

6.4 Mitochondrial isolation and respiration analysis
Cortical mitochondria were isolated using differential centrifugation, nitrogen disruption,
and a Ficoll gradient. Animals were asphyxiated with CO2 and rapidly decapitated. A
cortical punch encompassing the injury site was removed and immediately placed in ice-
cold isolation buffer (215mM Mannitol, 75mM Sucrose, 0.1% BSA, 1mM EGTA, and
20mM Hepes at pH 7.2). Samples were homogenized and centrifuged at 1.3 rcf for 3
minutes, Following the first spin the supernatant was placed in a fresh tube and the pellet
was resuspended in isolation buffer and spun at 1.3rcf for 3min. The supernatant from the
first and second spins were collected in separate tubes and spun at 13,000rcf for 10 minutes.
The pellets from both tubes was combined, resuspended in 400ul isolation buffer and placed
in a nitrogen bomb at 1,200psi for 10min. The pressure in the nitrogen bomb was rapidly
released and the sample was placed as the top layer on a Ficoll separation column which
consisted of a 10% Ficoll layer and a 7.5% Ficoll layer. The Ficoll column with sample was
centrifuged at 32,000rpm for 30min at 4°C using a Beckman SW 55Ti rotor and ultra-
centrifuge. The final mitochondrial pellet was resuspended in isolation buffer without EGTA
to yield a final concentration of approximately 10mg/ml, and stored immediately on ice. To
normalize the results, the protein concentrations were determined with all the samples on the
same plate using the BCA protein assay kit and measuring absorbance at 560nm with a
Biotek Synergy HT plate reader (Winooski, Vermont). Mitochondrial oxygen consumption
was measured using a Clark-type electrode (Hansatech Instruments, Norfolk, England) in a
continuously stirred, sealed chamber at 37°C as previously described (Sullivan et al., 2003).
Isolated mitochondrial protein (100μg) was suspended in respiration buffer (215 mM
mannitol, 75 mM sucrose, 0.1% BSA, 20 mM HEPES, 2 mM MgCl, 2.5 mM KH2PO4 at
pH 7.2) in a final chamber volume of 0.25 mL. Mitochondrial bioenergetic analysis was
measured by the sequential administration of substrates: 5mM Pyruvate, 2.5mM Malate,
150nM ADP, 1uM Oligomycin, and 1uM FCCP. Three to four animals per group were
utilized for all mitochondrial studies.
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6.5 Morris Water Maze Behavioral Assessment
Water maze testing was begun 10 days post-surgery and consisted of four trials per day for
four consecutive days. The maze consisted of a dark black circular pool (170 cm diameter,
56 cm high) filled with water (27°C) to a depth of 30 cm. A clear circular Plexiglas platform
13 cm in diameter was placed 2 cm below the surface and served as the goal platform. A
video camera placed directly above the center of the pool recorded swimming performance.
Each video record was processed by a video motion analyzer (Videomex V; Columbus
Instruments, Columbus, OH). The swim speed was measured for each animal to ensure that
changes observed were not secondary to impairments in motor function. For each animal,
goal latency and distance traversed to the platform were measured for each of the four daily
trials and averaged. Four to six animals per group were utilized for Morris Water Maze
testing.

Research Highlights

• Pioglitazone attenuates mitochondrial dysfunction following TBI

• Pioglitazone attenuates cognitive dysfunction via a PPARγ mediated pathway

• Pioglitazone attenuates cortical tissue loss via a PPARγ mediated pathway

• Pioglitazone attenuates microglial activation via a PPARγ independent pathway
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Figure 1. Pioglitazone treatment attenuates mitochondrial dysfunction after TBI
In order to assess the ability of Pioglitazone to prevent the mitochondrial dysfunction which
occurs with this model of TBI, mitochondrial bioenergetic function was analyzed 1 day
following a controlled cortical impact TBI. A. Following a single injection of Pioglitazone
(10mg/kg) 15 minutes after the injury, no improvements in mitochondrial function were
observed. B. When Pioglitazone was administered at both at 15 minutes and 24 hours after
the injury (10mg/kg/injection) a significant increase in mitochondrial bioenergetics was
observed. These studies indicate that treatment with Pioglitazone at 15 minutes and 24 hours
is capable of preventing mitochondrial dysfunction following TBI.
(* p<0.01 by one-way ANOVA with SNK post-test).
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Figure 2. Pioglitazone treatment reduces cognitive impairment following traumatic brain injury
With this model of TBI there are impairments in Morris Water Maze (MWM) performance
following the injury. Pioglitazone was administered for 5 days following the injury in order
to determine if treatment with Pioglitazone is capable of preventing cognitive impairment
with the MWM test. Treatment with Pioglitazone produced a significant reduction in both
the distance and latency to find the platform following TBI. Additionally, animals which
were also treated with the PPARγ antagonist T0070907 exhibited no preservation of
function indicating that PPARγ receptor activation is required for Pioglitazone's ability to
preserve cognitive functioning. (* p<0.05 by one-way ANOVA).
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Figure 3. Pioglitazone treatment reduces cortical tissue loss
Following a cortical impact brain injury there is significant loss of cortical tissue which
occurs in the days and weeks following the injury, Pioglitazone was administered for 5 days
following a unilateral cortical contusion in order to access the ability of Pioglitazone to
reduce cortical damage. In these studies Pioglitazone treatment reduced the size of the lesion
which occurs in this CCI rat model of TBI. These studies also indicate that activation of the
PPARγ receptor is required for this aspect of Pioglitazone's neuroprotective function since
treatment with the PPARγ antagonist blocked the therapeutic effect. A. Representative
coronal sections stained with neutral red for animals treated with vehicle, Pioglitazone,
Pioglitazone and T0070907, or T0070907 alone at 16 days post-injury. Scale bar=1000 μm
B. Lesion volume quantification showed a significantly reduced lesion volume in
Pioglitazone-treated CCI animals when compared with the vehicle group and antagonist
treatment prevented this effect (*=p<0.05, one-way ANOVA with SNK post-test).
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Figure 4. Pioglitazone reduces post-injury microglial activation following TBI
With this cortical contusion model of TBI there is significant inflammation which occurs
following the injury. Pioglitazone was administered for 5 days following the injury in order
to assess its ability to reduce inflammation following TBI. In this model, Pioglitazone
attenuated the neuroinflammatory response in the injured animals. These studies also show
that Pioglitazone does not require the PPARγ receptor in order to reduce inflammation
following injury since treatment with the PPARγ inhibitor T0070907 did not block
Pioglitazone's neuroprotective effects. A. Immunohistochemistry for OX-42 was shown in
cerebral cortex adjacent to the cortical lesion. The bottom images are high magnification
views of the boxed regions. Scale bar = 100μm. B. Total number of activated microglia was
counted in the cortex and a reduction in the number of activated microglia was found in
Pioglitazone treated animals compared to vehicle treated animals. Compared with sham
animals, Pioglitazone treated animals exhibited no significant increase in activated
microglia. (* p<0.05 by one-way ANOVA with SNK post-test).
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