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Abstract

Traumatic brain injury (TBI) is a major cause of death and disability worldwide. Programmed
death of neuronal cells plays a crucial role in acute and chronic neurodegeneration following TBI.
The tumor suppressor protein p53, a transcription factor, has been recognized as an important
regulator of apoptotic neuronal death. The p53 inactivator pifithrin-a. (PFT-a)) has been shown to
be neuroprotective against stroke. A previous cellular study indicated that PFT-a oxygen analogue
(PFT-a (O)) is more stable and active than PFT-a.. We aimed to investigate whether inhibition of
p53 using PFT-a. or PFT-a (O) would be a potential neuroprotective strategy for TBI. To evaluate
whether these drugs protect against excitotoxicity in vitro, primary rat cortical cultures were
challenged with glutamate (50mM) in the presence or absence of various concentrations of the p53
inhibitors PFT-a or PFT-a (O). Cell viability was estimated by LDH assay. In vivo, adult Sprague
Dawley rats were subjected to controlled cortical impact (CCI, with 4m/s velocity, 2 mm
deformation). Five hours after injury, PFT-a or PFT-a (O) (2 mg/kg, i.v.) was administered to
animals. Sensory and motor functions were evaluated by behavioral tests at 24 h after TBI.
Apoptotic cells and p53-positive neurons were identified by double staining with cell-specific
markers. Levels of mMRNA encoding for p53-regulated genes (BAX, PUMA, Bcl-2 and p21) were
measured by reverse transcription followed by real time-PCR from TBI animals without or with
PFT- a/PFT- a (O) treatment. We found that PFT-a (O) (10uM) enhanced neuronal survival
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against glutamate-induced cytotoxicity in vitro more effectively than PFT-a (10uM). In vivo PFT-
a (O) treatment enhanced functional recovery and decreased contusion volume at 24 h post-injury.
Neuroprotection by PFT-a (O) treatment also reduced p53-positive neurons in the cortical
contusion region. In addition, p53-regulated PUMA mRNA levels at 8h were significantly reduced
by PFT-a (O) administration after TBI. PFT-a (O) treatment also decreased phospho-p53 positive
neurons in the cortical contusion region. Our data suggest that PFT-a (O) provided a significant
reduction of cortical cell death and protected neurons from glutamate-induced excitotoxicity in
vitro, as well as improved neurological functional outcome and reduced brain injury in vivo via
anti-apoptotic mechanisms. The inhibition of p53-induced apoptosis by PFT-a (O) provides a
useful tool to evaluate reversible apoptotic mechanisms and may develop into a novel therapeutic
strategy for TBI.
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Introduction

Traumatic brain injury (TBI) is one of the most common causes of death and disability
worldwide. The estimated incidence and mortality after TBI is approximately 200 cases and
20 cases for every 100,000 people, respectively (Reilly, 2007). TBI can be caused by traffic
accidents, falls — particularly in the elderly - or violence, and represents a significant health
concern within the US. Owing to their rapid industrial and economic growth, developing
countries such as Taiwan have faced an enormous increase in the number of motorcycles,
which has subsequently caused a rapid increase in motorcycle-related TBI. It is necessary to
understand the mechanisms that contribute to dysfunction and death following serious
trauma, and at the same time to devise appropriate therapeutic ways to improve patient
prognosis.

The pathophysiology of TBI consists of two main phases: a primary (mechanical impact)
phase of damage, and a secondary (delayed) damage phase. A great deal of effort has
focused on various biochemical mechanisms involved in the secondary injury processes that
follow TBI (Andrews et al., 1990; Miller, 1986). Primary damage occurs at the moment of
insult, and includes contusion and laceration, diffuse axonal injury and intracranial
hemorrhage (LaPlaca et al., 2007; Spaethling et al., 2007). Secondary damage includes
altered neurochemical mechanisms, activation of degradative enzymes, swelling (edema)
and ischemia. Ischemia has been suggested as one of the most important mechanisms
underlying secondary brain damage following TBI, especially in severely injured patients
(Maas et al., 2000; van den Brink et al., 2000; van Santbrink et al., 2002; Verweij et al.,
2007).

In neurons, the transcription factor p53 is activated and results in delayed cell death after
TBI. At 6 h following TBI, a robust increase in p53-labeled cells was evident within the site
of maximal injury (contusion) in the cortex (Napieralski et al., 1999; Plesnila et al., 2007). A
stable p53-inhibitor, Pifithrin-a (PFT-a) has been identified, which prevents neuronal cell
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death by inhibiting p53 transcriptional activity, mitochondrial damage, and caspase
activation (Pietrancosta et al., 2006; Sohn et al., 2009). PFT a. compounds have proven
effective in preventing neuronal cell loss in models of stroke, PD and AD in tissue culture,
and in animals (Culmsee et al., 2001; Duan et al., 2002; Leker et al., 2004). For example, in
the middle cerebral artery occlusion (MCAQO) murine stroke model, PFTa compounds
decreased infarct volume by up to 50% in a concentration- and time-dependent manner, with
reductions occurring in the ischemic penumbra as opposed to the central core. Reduced
infarct size was associated with lower behavioral disability scores and was achieved within a
therapeutic window extending to 4 h. These actions were associated with lowered levels of
both induced- and phosphorylated p53, a reduced expression of its targeted genes, p21WAF
and Bax, and reduced activation of caspases in the infarct tissue. Immunohistochemical
staining for p53 and p21WAF within ischemic penumbra of treated vs. control mice
suggested that PFTa agents act at the level of p53 translocation into the nucleus to prevent
binding to specific DNA sites (Leker et al., 2004). In a regenerative stroke paradigm, these
p53 inhibitors proved effective in improving behavioral outcomes of animals when
administered a full 6 days post stroke (Luo et al., 2009). This was mediated via actions on
neurogenesis, which although stimulated by trauma, is a highly inefficient process. p53
inhibition not only increased the number of neural progenitor cells, but augmented their
survival, migration to areas of damage, and differentiation into neuronal phenotypes that
integrated effectively into the remaining neural network (Luo et al., 2009), thereby
suggesting therapeutic promise of p53 inactivators as both a protective as well as a
regenerative treatment strategy. Administration of these PFTa p53 inhibitors in cellular and
animal models of PD supported this potential by showing neuroprotective activity in
substantia nigra from MPTP-induced cell death (Duan et al., 2002), and also providing
neuroregenerative efficacy (Chou et al., 2011).

In this study, we attempted to interrupt the apoptotic cascade upstream of caspase activation
in an experimental model of TBI. In this regard, an important regulatory step in apoptosis
occurs at mitochondrial membranes where members of the Bcl-2 family of proteins either
promote (PUMA, Bax and Bad) or prevent (Bcl-2 and Bcl-XL) membrane permeability
transition (Polster and Fiskum, 2004; Yuan and Yankner, 2000). p53 may regulate delayed
neuronal death through transactivation of these pro-apoptotic genes after TBI.

Previous studies indicated that PFT-a oxygen analogue (PFT-a (O)) is more stable and
active in cellular studies than PFT-a (Greig et al., 2004; Zhu et al., 2002). We hypothesized
that post-injury treatment with PFT-a or PFT-a. (O) has therapeutic effect against TBI
through inhibiting p53 transcriptional activity. In the present study, the efficacy and
therapeutic window of these two p53 inhibitors were compared in TBI animal models.

Materials and methods

Synthesis of P53 inhibitors

Pifithrin-a (PFT-a.: 1-(4-methylphenyl)-2-(4,5,6,7-tetrahydro-2-imino-3 (2H)-
benzothiazolyl)ethanone) was synthesized as its HBr salt, according to the route of Zhu et al.
(Fig. 1A). In contrast to sulfur containing PFT-a., the oxygen containing close analogue
(PFT-a (O): 1-(4-methylphenyl)-2-(4,5,6,7-tetrahydro-2-imino-3(2H)-
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benzooxazolyl)ethanone) was prepared from 2-hydroxycyclohexanone dimer and
cyanamide. Specifically, 2-hydroxycyclohexanone dimer was reacted with cyanamide in a
95 °C oil bath to provide 2-amino-4,5,6,7-tetrahydrobenzoxazole, which was separated and
characterized. This 2-amino-4,5,6,7-tetrahydrobenzoxazole was then stirred with a-
bromomethyl ketone at room temperature for 2 days, and the precipitate was collected by
filtration and recrystallized from MeOH/EtOAC to provide PFT-a (O), which was then
prepared as a HBr salt. Chemical characterization confirmed the structures of the desired
compounds in high purity (>99%), which were dissolved in 100% dimethyl sulfoxide
(DMSO) for cell culture studies. In brief, neuronal cultures were challenged with excess
glutamate (Sigma, St Louis, MO) to evaluate PFT-a and PFT-a. (O) mediated
neuroprotective actions (see below).

Animal model of traumatic brain injury (TBI)

All animals were treated in accordance with the International Guidelines for animal
research, and the study design was approved by the animal ethics committee of Taipei
Medical University. Animals were housed in groups in a temperaturee- (21-25°C) and
humidity (45-50%)-controlled room with a 12-h light/dark cycle and ad libitum access to
pellet chow and water. All animals were randomized into 4 groups (sham injury, CClI
+vehicle, CCI+PFT-a and CCl+ PFT-a (O)). Male Sprague-Dawley rats (250-300 g, body
weight) were anaesthetized and placed in a stereotaxic frame. A 5-mm craniotomy was
performed over the left parietal cortex, centered on the coronal suture and 3.5 mm lateral to
the sagittal suture. Injury was made using a controlled cortical impact (CCI) instrument with
a rounded metal tip (5 mm diameter). A velocity of 4 m/s and a deformation depth 2 mm
below the dura were used as we previously described (Chen et al., 2008). Sham animals
received anesthesia and crainiotomy but no CCI. Body temperature was monitored
throughout the surgery by a rectal probe; temperature was maintained at 37.0+0.5°C using a
heated pad. Rats were placed in a heated cage to maintain body temperature, while
recovering from anaesthesia.

Drug Administration

CCl rats received vehicle (10% DMSO in saline), PFT-a or PFT-a (O) injections (2 mg/kg,
i.v.) at 5-hr (n = 5) or 7-hr (n = 5) post-injury. Notably, body temperature was evaluated in a
group of parallel TBI animals following vehicle, PFT-a or PFT-a (O) treatment over a
period of 3 h, and no changes in body temperature were evident. Furthermore, no
temperature changes were seen after PFT a or PFT a (O) in normal or sham animals as
well. All behavioral testing and histological analysis were carried out by experimenters
blinded to treatment conditions.

Primary rat cortical neuronal/glial cocultures

Primary neuronal/glial cocultures were isolated from cerebral cortex of 1-day-old neonatal
Sprague—-Dawley rats as previously described (Huang et al., 2009). These procedures were
performed according to the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee of Taipei Medical University, Taipei, Taiwan. Rat pup brains were removed
immediately after sacrificed and the cerebral cortex were placed in ice-cold Hank’s solution
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(without Ca2* or Mg2"). Cortical cells were dissociated and suspended in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco BRL, Grand Island, NY, USA) with 10% fetal
bovine serum (FBS). Thereafter, cells were plated at a density of 5x10° cells/ml, and then
incubated at 37 °C in a humidified incubator (5% CO, 95% air). All experiments were
performed in 13-14-day after the plating. We used immunostaining to determine the
percentage of the cell composition that was additionally followed by cell counting. Under
our culture conditions, the neuronal/glial cocultures consisted of approximately 40% to 42%
neurons, 40% to 45% astrocytes, and 8% t010% microglia, as previously described (Huang
et al., 2009).

Neuronal/glial cocultures were treated with glutamate (Sigma-Aldrich) to mimic TBI-
induced excitotoxicity in vitro. Different concentrations of glutamate were assessed to
induce excitotoxicity. The concentration of 50 mM glutamate, which was sufficient to cause
a mild cellular loss was selected for the following experiment. To evaluate neuroprotection
against excitotoxicity, different concentrations of PFT-a,, PFT-a. (O) or vehicle (0.1%
DMSO in PBS) was added at 30 min after glutamate challenge (50 mM) and cytotoxicity
was appraised at 24 h by lactate dehydrogenase (LDH) assay, as previously described
(Huang et al., 2009). LDH activity was determined by measuring optical absorbance at 340
nm wavelength, and scaled to the value of maximal death (100%) measured after freeze-
thaw treatment of sister cultures. LDH release was expressed as the percentage of values
relative to vehicle-treated control cultures.

Behavioral evaluation of neurological outcome

Behavioral testing was performed before CCI and at 24 h after CCI. The evaluation
consisted of a modified neurological severity score (MNSS) assessment, a tactile adhesive
removal test, an elevated body swing test and a beam walk test. All were performed by an
observer blinded to the experimental groups.

1 To compare neurological deficit severity in TBI rats, a mNSS which is a
composite of motor, sensory, reflex and balance tests was performed
(Chen et al., 2008). One point was scored for the inability to perform the
test or for the lack of a tested reflex; thus, the higher the score, the more
severe the injury. Neurological function was graded on a scale of 0-18
(normal score, 0; maximal deficit score, 18).

2. A tactile removal test was used to evaluate somatosensory function. Two
small adhesive-backed stickers (each 113.1 mm?2) were used as bilateral
tactile stimuli that were placed on the distal-radial region on the wrist of
each forelimb (Chen et al., 2008). Rats were pre-trained daily for 3 days
before CCI. The time required (not to exceed 180 s) for the rat to remove
the sticker from the forelimb was recorded for five trials at 24 h after CCI.

3. Body asymmetry was quantitatively analyzed with the use of the elevated
body swing test (EBST). Briefly, rats were examined for lateral
movement/turning when their bodies were suspended 10 cm above the
testing table by lifting their tails. A left/right swing was counted when the
head/torso of the animal moved more than 10° from the vertical axis after
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elevation by their tail. As CCI was performed on the left side, a resulting
weakness (hemiparesis) develops on the right side. The frequency of left/
right swings was scored across 20 consecutive trials and expressed as a
percentage [calculated by: (number of right-biased swings / the total
number of swings) x 100%]. An uninjured animal showed an equal
frequency to swing to either the left or right side.

4, The beam walk test was used to assess the fine motor coordination and
balance (Feeney et al., 1982). Each rat was placed on a bright light
platform and was allowed to walk along a narrow beam (2.5 x 122.0 cm)
to reach a darkened goal box at the end of the beam (Chen et al., 2008).
The beam-walk latency for a rat to reach the goal box was recorded (not to
exceed 60 s). Five trials were recorded 1 h before CCI (baseline) and at 24
h after CCI. The mean values of latency were then quantified.

Fluoro Jade C staining

Fluoro Jade C (FJC) is a polyanionic fluorescein derivative that selectively binds to
degenerating g neuronal cell, and is more specific and sensitive than Fluoro Jade B
(Schmued et al., 2005). We used Fluoro-Jade C ready-to-dilute staining kit for identifying
degenerating neurons (Biosensis, TR-100-FJ), with some modification. Tissue sections were
de-paraffinized, rehydrated, incubated in distilled water for 2 min. They were then incubated
in a solution of potassium permanganate (1:15) for 10 min, rinsed in distilled water for 2
min and incubated in FJC solution (1:25) for 30 min. The slides were then washed and
mounted on coverslips with Vecta-shield mounting medium (Vector). All sections were
observed and photographed under a fluorescence microscope with a blue (450-490 nm)
excitation light.

Contusion volume

To measure contusion volume, cresyl violet-stained sections were digitized and analyzed
using a 1x objective and computer image analysis system. Contusion volume measurement
was performed as previously described (Chen et al., 2007). Contusion area was calculated
from all images of cresyl violet-stained sections that contained contused brain; volume was
computed by summation of areas multiplied by inter-slice distance (500 um). Hemisphere
tissue loss was expressed as a percentage calculated by [(contralateral hemispheric volume-
ipsilateral hemispheric volume) / contralateral hemispheric volume) x 100%], as previously
reported (Zhang et al., 1998).

Immunohistochemistry

All sections were dried, rehydrated in phosphate buffered saline (PBS), and rinsed in PBS.
Sections were blocked for 60 min in 5% BSA (PBS containing 5% BSA and 0.2% Triton
X-100; Sigma) and incubated with the appropriate primary antibodies, either mouse
monoclonal anti-NeuN antibody (Millpore; 1:500, NeuN is a neuronal marker)/ anti-p53
antibody (GeneTex ; 1:500) / anti-annexin V antibody (Abcam ; 1:500) / anti-p-p53 antibody
(Cell signaling ; 1:1000) / or anti-PUMA antibody (Abcam ; 1:200) at 4°C overnight and
with secondary antibodies (Alexa Fluor® 488 goat anti-rabbit I1gG (1:200, Jackson
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ImmunoResearch, West Grove, PA); Alexa Fluor® 594 anti-mouse 1gG (1:200 dilution,
Jackson ImmunoResearch, West Grove, PA)) at room temperature for 2 h. Sections were
mounted with Mounting Medium H-1000 (Mector Laboratories, Burlingame, CA, USA). The
numbers of NeuN-, p53-, annexin V-, p-p53-, and PUMA-positive cells were counted in 5
randomly selected fields by means of SPOT image analysis software (Diagnostic
Instruments, Sterling Heights, MI)

Quantitative measurement of messenger RNA encoding for p53-regulated pro-apoptotic
genes

Total RNA of tissue (approximately 50 mg)/cells isolated from neuronal/glial co-cultures
was extracted by TRIzol reagent (Invitrogen, Life technologies, Carlsbad, CA, USA), as
recommended by the manufacturer. The concentration and purity of RNA were determined
by measuring absorbance at 260 and 280 nm wavelength. For reverse transcriptase (RT) and
cDNA synthesis, 3 pg RNA was performed using a total reaction volume of 20 pl with
ReverTra Ace set (no. PU-TRT-100; Purigo, Taipei, Taiwan). The RT products were chilled
on ice as templates in quantitative (real-time) PCR or were stored at —20 °C. For
quantification of mMRNA levels, we performed qPCR by using QuantiFast SYBR Green PCR
kit (Qiagen) with primers in a Rotor-Gene Q 2plex HRM Platform (Qiagen). The primers
were designed using published cDNA sequences: PUMA, 5’-
CATGGGACTCCTCCCCTTAC-3" (forward) and 5"-CACCTAGTTGGGCTCCATTT-3’
(reverse); Bax, 5'-GTGAGCGGCTGCTTGTCT-3" (forward) and 5’-
GTGGGGGTCCCGAAGTAG-3" (reverse); Bcl-2, 5'-GTACCTGAACCGGCATCTG-3’
(forward) and 5'-GGGGCCATATAGTTCCACAA-3” (reverse); Apafl, 5'-
CATGAGCTGAAGGGC CATA-3’ (forward) and 5 -GGCCATCTGAGACATTCCAT-3’
(reverse); p21, 5'-ACATCTCAGGGCCGAAAAC-3" (forward) and 5'-
GCGCTTGGAGTGATAGAAAT-3" (reverse); B-actin, 5'-
GACCCAGATCATGTTTGAGACCTTC-3’ (forward) and 5’-
GGTGACCGTAACACTACCTGAG-3’ (reverse). Reaction conditions were carried out for
35-40 cycles (5 min at 95 °C, 10 s at 95°C and 30 s at 60 °C). Finally, relative transcript
expression of p53-regulated pro-apoptotic mMRNA were normalized to B-actin, which was
used as an internal control, and were expressed as values relative to the control group using
the comparative cycle threshold (Ct) method.

Statistical analysis

Comparisons between four groups were conducted using one-way ANOVA with a post hoc
test; Bonferonni correction was used for repeated measures. All statistical analyses and bar
graph displays were performed using Sigma Plot and Stat version 2.0 from Jandel Scientific,
San Diego, CA. Data are presented as mean + standard error of the mean (SEM) values.

Results

Post-injury treatment with PTF-a and a PFT-a (O) analogue significantly reduced neuronal
injury
PTF-a and PFT-a (O) were both well tolerated across all groups of treated rats, and no
changes in body temperature (evaluated over a period of 3 h following administration) were
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evident — in line with our prior evaluation (Leker et al., 2004) in which, additionally, there
were no changes in the physiological parameters of blood pressure, heart rate and oxygen
saturation that were monitored for up to 1 h. Animals were euthanized after their functional
evaluation by transcardial perfusion under anesthesia, and brains were removed and
sectioned to measure brain contusion volume by cresyl violet staining at 8 and 24 h after
CCI. CCl resulted in a loss of cortical tissue in the ipsilateral (left) parietal cortex, as
reflected by gross reductions in cresyl violet staining intensity. In contrast, the
cytoarchitecture of the cortex remained normal on the contralateral (right) cortex, as
reflected by gross reductions in cresyl violet staining intensity (Fig. 1B). The volume of
contusion estimated from cresyl violet-stained sections after vehicle treatment in CClI rats
was significantly greater than the corresponding volume in sham animals. Post-injury
treatment of PFT-a or PFT-a (O) significantly reduced contusion volume at 1 day after CCI
(Fig. 1C; P<0.05). However, there was no significant difference in contusion volume
between the PFT-a and PFT-a (O) treatment. These changes were further evaluated
quantitatively. Specifically, we chose to appraise 8 and 24 h time points, based on the
literature of when apoptotic mechanisms would be expected to influence contusion volume
and given the well documented expression of caspase-3 in rat brain injury models.

As explained in the ‘Materials and methods’, the hemisphere tissue loss was expressed as a
percentage calculated by [(contralateral hemispheric volume-ipsilateral hemispheric
volume) / contralateral hemispheric volume) x100%]. The average contusion volume
percentages were 0.66%:x1.16% for the sham group at 8 h, and 11.25%+0.88%, 9.78%
+0.62%, and 8.54%+0.63% in CCl+vehicle, CCI+PFT-a, and CCI+PFT-a. (O) groups,
respectively (n=>5 in each group). The average contusion volume percentage at 24 h after the
CCl were 17.88%+1.75%, 11.45%+2.97%, and 8.83%=0.79% in CCl+vehicle, CCI+PFT-a,
and CCI+PFT-a (O) groups, respectively (n=5 in each group) (Fig. 1C).

Analysis by 2-way Anova indicated that at 8 h (mechanical injury) there was no difference
between treatment groups after injury, but all groups differed significantly from sham
(p<0.001). At 24 h, when the apoptotic process would be manifested, injury volume was
significantly influenced by treatment. The CCl+vehicle group was again significantly
different than the sham (p<0.001). At 24 h after CCI both the PFTa and PFTa (O) groups
were significantly different from the vehicle group (p<0.001). Indeed, there were no
differences between 8 h and 24 h contusion volumes for both the TBI challenged PFT-a and
PFT-a (O) treated groups (p=0.327 and p=0.864) respectively.

By subtracting the 8 h from the 24 h contusion volume data one can estimate that due to the
secondary apoptotic phase - which is a volume of 6.63% for CClI alone (vehicle), 1.68% for
CCI+PFT-a, and 0.29% for CCI+PFT-a. (O). One can then express the two latter as a
percent of the CClI vehicle value to gain an approximation of inhibition of the secondary
phase by the two treatments. In this regard, PFT-a inhibits this secondary phase by 74.7%
and PFT-a (O) inhibits it by 95.6%.

FJC-positive cells with neuronal morphology were evident 24 h after CCl in the cortical
contusion margin (Fig. 2A) but not in the contralateral hemisphere. A representative HE-
stained coronal section is shown in Figure 2B. PFT-a or PFT-a (O) significantly reduced
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(~50%) the number of FJC-positive cells compared with vehicle treatment (Fig. 2C;
£<0.001).

Post-injury treatment of PFT-a or PFT-a (O) at 5 but not 7 hr improved neurological
functional deficits after TBI

Motor coordination impairment, measured by the beam walking test, after CCI was evident
in vehicle-treated animals at 24 h (Fig. 3A). PFT-a or PFT-a. (O) treated rats at 5 h showed
significantly better performance in beam walking than vehicle-treated rats after injury.
Neurological function was measured by mNSS scores at 24 h after CCI in sham and CClI
rats indicated that the overall functional outcome caused by CCI was evident in the vehicle-
treated group. Post-injury treatment with PFT-a or PFT-a (O) given at 5 h improved
functional deficits after CCI as revealed by mNSS scores (Fig. 3B; A<0.001). Functional
evaluation measured by the elevated body swing test (EBST) at 24h after CCI in sham and
CCl rats indicated that impaired functional outcome, as measured by motor asymmetry,
caused by CCI was evident in the vehicle-treated group (Fig 3C). PFT-a (O) treated rats at 5
h improved functional deficits after CCI as revealed by reduction in contralateral swings
(Fig. 3C; £<0.05). Functional evaluation measured by tactile adhesive-removal at 24h after
CCl in sham and CClI rats indicated that functional deficits caused by CCI was evident in the
vehicle-treated group (Fig 3D) in which unilateral CCI resulted in a delay in the time needed
to remove the patch. Post-injury treatment with PFT-a or PFT-a (O) given at 5 h improved
functional deficits after CCl as revealed by tactile adhesive removal test (Fig. 3D; A<0.01).
Delaying PFT treatment until 7 h post injury greatly reduced its effectiveness across all tests
(Fig 3 A-D).

Post-injury PFT-a or PFT-a (O) treatment reduces p53-related protein and annexin V
expression in neurons

To examine the effect of PFT-a or PFT-a (O) on p53 and apoptosis-related protein
expression, immunohistochemistry was used to evaluate gene translation 8 h after injury in
the cortical contusion region. Our results indicate that p53 positive cells were not
colocalized in astrocytes (figure not shown). Therefore, we further evaluated whether the
p53 protein was expressed in neurons (Fig. 4A). We found p53 was colocalized in neurons
and p53 protein levels in the cortical contusion margin were significantly increased at 8 h
after injury. Post-injury treatment with PFT-a. or PFT-a (O) at 5 h significantly decreased
the number of p53 positive neurons (Fig. 4B; A<0.001). We also used annexin V staining to
examine apoptosis in neurons (Fig. 4C). Quantitative analysis revealed a 25% and 55%
reduction in annexin V -a-positive neurons in PFT-a and PFT-a. (O) treated groups,
respectively. Our results indicated that post-injury treatment with PFT-a. or PFT-a (O)
significantly decreased the number of annexin V positive neurons (Fig. 4D; A<0.001). In
addition, treatment with PFT-a. (O) showed fewer apoptotic neurons than the PFT-a treated
group (P <0.001).

Post-injury PFT-a (O) treatment downregulated apoptosis-related mRNA expression
induced by TBI

To examine whether PFT-a or PFT-a (O) would inhibit transcriptional activity of p53, we
compared p53-regulated genes mRNA levels (BAX, PUMA, Bcl-2 Apafl and p21) in sham,
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vehicle treated, and PFT-a or PFT-a (O) groups by reverse transcription followed by real-
time PCR (quantitative RT-PCR). Our results indicated that post-injury treatment with PFT-
a (O) reduced PUMA mRNA expression in rat cortex following CCI. However, PFT-a (O)
did not change the level of Bax, Bcl-2 Apafl and p21 genes (Fig. 5).

Post-injury PFT-a or PFT-a (O) treatment reduces phospho-p53 and PUMA expression in

neurons

To examine the effect of PFT-a or PFT-a (O) on the inhibition of p53 transcriptional
activity, immunohistochemistry was used to evaluate phospho-p53 expression in the cortical
contusion region. We found p-p53 was colocalized in neurons following CCI (Fig. 6A) and
that CCl-induced p-p53 protein levels within the cortical contusion margin were
significantly decreased in the PFT-a and particularly in the PFT-a (O) treatment groups
when administered 5 h following CCI (Fig. 6B; £<0.001). In addition, we evaluated PUMA
staining to confirm that PUMA was suppressed by PFT-a (O) (Fig. 6C). These results
indicated that CCl-induced PUMA expression was significantly decreased in the PFT-a (O)
treated group (Fig. 6D; P <0.001), more substantially than that achieved by PFT-a..

In Vitro Studies in primary cultured neurons/glia

To further examine mechanism of neuroprotection, PFT- a and PFT- a (O) were studied in
primary neuronal/glial cultures in vitro. Exposure of primary cultures of neurons/glial to
various concentrations of glutamate (1, 3, 10, 30, 50, 75 and 100 mM) for 24 h caused
significant reductions in cell viability (Fig. 7A). As a substantial but submaximal toxicity
was elicited by 50 mM glutamate, this concentration was used to further study the p53
inhibitors.

PFT-a or PFT-a (O) (3, 10, 20 and 30 uM) concentration-dependently attenuated cell loss
induced by glutamate (Fig. 7B). Immunocytochemical studies revealed that PFT-a and PFT-
a (O) protected neurons from glutamate-induced excitotoxicity (Fig. 8 A, B). Moreover,
microglial activation, as measured by ED1, and which was elevated by glutamate, was also
reduced by PFT-a and PFT-a (O) (Fig. 8 A, C). For both the reductions in neuron loss and
microglial activation, PFT-a (O) was more potent than PFT-a.. Finally, PFT-a (O)
significantly reduced the glutamate-induced elevation of PUMA mRNA, an important gene
in the apoptotic pathway (Fig. 9).

Discussion

Our data demonstrates that post-administration of imino-tetrahydrobenzothiazole- based p53
inhibitors PFT-a or PFT-a (O) significantly improved neurological functional deficits and
reduced contusion volume following CCI. PFT-a or PFT-a (O) also reduced injury-induced
elevations of p53 and annexinV expression in the neurons. CClI resulted in substantial
upregulation of PUMA mRNA and protein, and PFT-a or PFT-a (O) attenuated PUMA
mMRNA transcription and protein synthesis. There was no effect of either PFT derivative in
any animal group on body temperature, indicating hypothermia is not a confound to these
p53 inhibitor effects.
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Our results in rats support two previous studies in mice (Plesnila et al., 2007; Rachmany et
al., 2013), evaluating different types of injury and examining other behavioral tests and
neurochemical markers, that demonstrate the delayed (secondary) neuronal death associated
with TBI is p53-dependent and can be pharmacologically blocked to mitigate functional
impairments. In this regard, the p53 inactivator PFT-a has also been reported to be effective
in preventing neuronal cell loss in models of stroke, PD, AD and Huntington’s disease
models in vitro and in animals (Bae et al., 2005; Culmsee et al., 2001; Duan et al., 2002;
Endo et al., 2006; Leker et al., 2004; Zhang et al., 2009; Zhu et al., 2002). This is the first
study showing that the neuroprotective effects of PFT-a (O) are significantly better than that
of PFT-a in animals, which is in line with actions in cell culture where their 50% effective
neuroprotective concentration (EC50) values were 70 nM and 250 nM, respectively (Zhu et
al., 2002). Results from the present study also demonstrated a therapeutic window in TBI of
between 5 to 7 h for reversal of neuronal demise and behavioral abnormalities.

Extensive studies have demonstrated ischemia-induced p53-dependent apoptosis to have a
key role in delayed neuronal cell dysfunction and death occurring in cortical infarction and
stroke (Covini et al., 1999; Li et al., 1997; Li et al., 1994; Watanabe et al., 1999). A prior
study, evaluating PFT-a in a MCAO murine stroke model, reported a time- and
concentration-dependent decrease in infarct volume of up to 50%, with reductions evident
within the ischemic penumbra rather than the central core. Diminished infarct size was
accompanied by lower behavioral disability scores and attained within an optimal
therapeutic window of some 4 h. These actions were associated with lowered levels of both
induced-and phosphorylated p53 (Leker et al., 2004). Such p53 involvement in ischemic
neuron damage and its amelioration by PFT-a is in line with a reduced infarct volume
evaluated in p53 deficient mice (Crumrine et al., 1994). In these animals, a 50% decline in
p53 expression in heterozygous p53 knockout animals reduced stroke volume more
effectively than homozygous knockout mice, and suggests that partial rather than complete
inactivation of p53 is desirable. Notably, ischemic preconditioning that, similar to PFT-a,
provides neurons resistance to subsequent ischemia is associated with lowered p53 levels
(Tomasevic et al., 1999).

In an open head controlled cortical impact (CCI) model of TBI in mice that causes a cerebral
contusion similar to the present study, levels of p53 were reported raised within brain at 15
min following TBI (Plesnila et al., 2007). They were further elevated at 3, 6, and 12 h, and
sustained for some 24 h as evaluated at the rim and center of the contusion (Plesnila et al.,
2007). This rapid upsurge in p53 protein levels preceded neuronal cell death, and was
strongly correlated with the secondary expansion of contusion volume (Plesnila et al., 2007).
This is in accord with early heightened p53 expression following fluid percussion TBI injury
in the rat (Napieralski et al., 1999) and a time-dependent rise in caspase-3 activity within the
hippocampus of rats subjected to TBI-induced concussion and contusion (Nakajima et al.,
2010). Of interest, p53 levels within areas of contralateral brain not directly associated with
CCI were reported as not different from sham animals (Plesnila et al., 2007), albeit that a
diffuse neuron loss throughout the brain has been described across a number of TBI animal
models (Greig et al., 2014; Tashlykov et al., 2007; Tashlykov et al., 2009). The
administration of PFT-a. (6 mg/kg, but particularly 8 mg/kg, i.p.) either before or upto 6 h
following CClI, 3 h was optimal, markedly decreased the rise in p53 expression and
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mitigated the secondary brain tissue loss. Our results in rat are consistent with this prior
study in relation to the therapeutic window of opportunity, but were achieved with a lower
dose by use of a more potent p53 inactivator, PFT-a (O), and are in line with the PFT-a
dose effectively used in a mild concussive TBI model (2 mg/kg) (Rachmany et al., 2013).
They are additionally in line with cerebral ischemia studies, in which PFT-a. (2 mg/kg, i.p.)
mitigated the rise in p53 levels, reduced the infarct size and improved behavioral outcome
measures with a therapeutic window of 3 to 4 h (Leker et al., 2004; Zhu et al., 2002). In the
present study we found that administration of PFT-a. (O) (2 mg/kg, i.v.) at 5 h post-injury
reduced p53 translocation. Furthermore, the neuroprotective actions of PFT-a and PFT-a
(O) in our primary cultures challenged with glutamate are in line with, and extend, prior
studies mitigating excitotoxic and chemical-induced cell death (Culmsee et al., 2003;
Culmsee et al., 2001). Our present studies additionally demonstrated that PFT-a and, in
particular, PFT-a (O) mitigated microglial cell activation, a marker of neuroinflammation
(Felts et al., 2005) that is known to occur following a TBI insult (Tobinick et al., 2012; Greig
et al., 2014; Sharp et al., 2014; Baratz et al., 2015). This action on microglial cells may have
been a direct anti-inflammatory one, but more likely was a consequence of neuronal
neuroprotection - thereby limiting any induced neuroinflammation — and, again, in this in
vitro model temperature change is not a confound.

In large part, these effects are also in accord with rodent models of PD, in which both p53
knockout mice and mice pretreated with PFT-a. analogues were protected from MPTP-
induced dopaminergic neuron loss within the substantia nigra of the brain (Duan et al., 2002;
Trimmer et al., 1996). A similar protection was afforded by PFT-a against 6-
hydroxydopamine-induced neuron loss in cellular and animal PD models (Biswas et al.,
2005; Liang et al., 2007), as well as against neuron loss after proteasome inhibitors (Nair et
al., 2006) and paraquat (Yang and Tiffany-Castiglioni, 2008). Our studies, additionally, are
in line with PFT-a induced protection against mitochondria-associated cellular dysfunction
caused by the mutant huntingtin protein, mHtt, that upregulates p53 levels in Huntington’s
disease mHtt-transgenic mice (Bae et al., 2005), as well as PFT-a induced motor neuron
protection in spinal cord in a mouse model of amyotrophic lateral sclerosis associated with
spinal cord cell loss (Eve et al., 2007). Moreover, p53 is present in synaptosomes and is
critical in synapse loss that, likewise, can be protected by p53 inhibitors (Gilman et al.,
2003). This is relevant to axonal shearing consequent to TBI (Marklund and Hillered, 2011;
Whiting et al., 2006).

The mechanism underpinning the protective actions of PFT-a are reported mediated by
inhibiting interaction of p53 with the transcriptional activator p300, with the preservation or
enhancement of NF-xB binding to p300 (Culmsee and Mattson, 2005; Culmsee et al., 2003;
Gudkov and Komarova, 2010). In such a scenario, proapoptotic cascades are impeded and
prosurvival ones augmented, which is largely in accord with our cellular and in vivo data. In
light of extensive studies by Gudkov and Komarova (2010), we therefore propose that
acutely lowering p53 translocation may provide neuroprotection and neuroregenerative
efficacy after a TBI insult without acute or long-term toxicity.

As our data suggest that both PFT-a analogues protect neurons from glutamate-induced
excitotoxicity in vitro and improve neurobehavioral outcomes and reduce brain injury in
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vivo with a therapeutic window between 5 h to 7 h after TBI. Our studies reinforce the
usefulness of these agents as pharmacological tools to understand mechanisms underlying
delayed neuronal death and cognitive impairments induced by mTBI. In this study, we also
demonstrated that PFT-a (O) suppressed the mRNA expression of the pro-apoptotic gene
PUMA both in cellular and animal models of TBI. PUMA plays an important role in
mediating neuronal apoptosis (Jeffers et al., 2003). Indeed, the initial report of PUMA in an
animal neurologic injury model involved global ischemia in rats, where it was found
upregulated (Reimertz et al, 2003). This PUMA elevation has been confirmed in models of
global cerebral ischemia (Niizuma et al, 2008) and focal cerebral ischemia (Luo et al, 2009;
Kuroki et al, 2009). PFT-a mitigated the upregulation of PUMA in these models, supporting
p53 involvement (Luo et al, 2009; Niizuma et al, 2008). Likewise, Toth et al. reported that
PUMA was up-regulated by ischemia-reperfusion induced hypoxia in rat brain (Toth et al.,
2006), which can lead to caspase activation (Puthalakath and Strasser, 2002), with the
deletion of PUMA mitigating cell death and improving physiological function after
ischemia-reperfusion injury (Toth et al., 2006). Hence, p53 and PUMA appear to be key
regulators of neuronal cell death in stroke and across multiple physiologically relevant
insults (Engel et al., 2011), and their role in TBI, albeit less well investigated, appears to
likewise be important and could be further investigated in knockout models. In conclusion
and clearly evident herein, the neuroprotective effects of PFT-a (O) appear to be
significantly better than those of PFT-a (with the former providing some 95.6% inhibition
of the secondary apoptotic phase of cell death triggered by CCI, reductions in apoptotic
markers and improved behavioral outcome). Our studies support the notion that a substantial
neural population is amenable to rescue following a TBI, and add to the increasing weight of
evidence that inhibition of p53-induced apoptosis by a well-tolerated PFT-a analogue may
have the potential to develop into a novel therapeutic strategy for TBI and possibly other
tissue injuries of different causes.
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Fig. 1. Post-injury administration of PFT-a or PFT-a (O) at 5 h after TBI significantly reduced
contusion volumeat 24 h

(A) Chemical structures of PFT-a and PFT-a (O). (B) Coronal brain sections (cresyl violet
stained) from sham and TBI challenged rats treated with vehicle, PFT-a or PFT-a (O) at 24
h. (C) Contusion volumes induced by TBI at 8 h and 24 h (associated with the primary
mechanical injury and secondary apoptotic phases, respectively). All TBI challenged groups
were significantly different from the sham group at 8 and 24 h. Whereas the contusion
volume of TBI groups were not different from one another at 8 h, by 24 h it was
significantly reduced by PFT-a or PFT-a (O) (2mg/kg) treatment compared to the TBI
vehicle group. Data are expressed as means £SEM. * p <0.05, ** p <0.01, ***p<0.001
versus sham group; # p <0.05; ## p <0.01, versus TBI + veh group (n=5 for each group).
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Fig. 2. Post-injury administration of PFT-a (O) at 5 h after TBI significantly decreased FJC
positive cellsin the cortical contusion region at 24 h

(A) Photomicrographs of FJC-stained regions of interest in sham group, TBI + veh group,
TBI + PFT-a and TBI + PFT-a (O) groups. (B) The representative HE-stained coronal
section showing the area as indicated by the red square box to compare the fluorescent
signals between the 4 groups of rats (the brain section shown is from a sham control). (C)
There was a significant decrease in the number of FJC-positive cells in both TBI +PFT- a
and TBI +PFT- a (O) groups. The total number of FJC-positive cells was expressed as the
mean number per field of view (0.087 mm2). Data are expressed as mean = SEM. ## p
<0.001 versus TBI+veh group; *+* p <0.001 versus TBI+PFT- a group, analyzed by one-
way ANOVA. Bar= 50 um. (n=5 in each group).
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Fig. 3. Post-injury administration of PFT-a or PFT-a (O) given at 5h but not 7 h improved
functional outcomes as revealed by behavioral evaluation

(A) Motor coordination measured by beam walking test. (B) Neurological function
measured by mNSS. (C) Motor asymmetry measured by elevated body swing test (EBST)
(D) Sensory-motor function measured by tactile adhesive removal test. Data represent the
mean +SEM. *P<0.05, ***P<0.001 versus sham group; #/£<0.05, ##p<0.001 versus TBI
+veh group. (n=5 in each group). Note that when PFT was given at 7h post injury, it was
much less effective.
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Fig. 4. Post-injury administration of PFT-a or PFT-a (O) at 5 h after TBI significantly decreased
p53 and Annexin V positive neuronsin the cortical contusion region at 8 h

(A) Co-immunohistochemistry of p53 and NeuN in cortical brain tissue. (C) Co-
immunohistochemistry of Annexin V and NeuN in cortical brain tissue. p53 or annexin V
immunoreactivity is shown in green, and NeuN (a marker for neurons) is shown in red.
Yellow labelling indicates colocalization. (B, D) There was a significant decrease in the
number of p53 and Annexin V positive neurons in TBI + PFT-a and TBI + PFT-a. (O)
group, respectively. Data represent the mean +SEM. **p<0.01; ***p<0.001 versus the sham
group; #p<0.001; ##p<0.001 versus the TBI + veh group; **p<0.01; *+*p<0.001 versus the
TBI + PFT-a group. Scale bar=100 pm. (n=5 for each group).
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Fig. 5. Expression of p53-regulated mRNAs after CCl injury at 8 h, assessed by RT-PCR
The mRNA levels of PUMA, Bax, Bcl-2, Apafl, and p21 in brain tissue from sham, vehicle

treated, and PFT-a or PFT-a (O) groups were analyzed by RT-PCR. Fold change relative to
that of sham animals. PFT-a (O) significantly reduced TBI-induced PUMA mRNA
expression in the ipsilateral hemisphere compared with vehicle-treated rats. Data are
expressed as means+SEM. #p<0.05 vs. TBI + veh group (n= 5 in each group).
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Fig. 6. Post-injury administration PFT-a (O) at 5 h after TBI significantly decreased p-p53 and
PUM A positive neuronsin the cortical contusion region at 8 h
(A) Co-immunohistochemistry of p-p53 and NeuN in cortical brain tissue. (C) Co-

immunohistochemistry of PUMA and NeuN in cortical brain tissue. Phospho-p53 or PUMA
immunoreactivity is shown in green, and NeuN is shown in red. Yellow labelling indicates
colocalization. (B, D) There was a significantly decrease in the number of p-p53 and PUMA
positive neurons in TBI + PFT-a (O) group, respectively. Data represent the mean £SEM.
**p<0.01; ***p<0.001 versus the sham group; *p<0.001; ##p<0.001 versus the TBI + veh
group; **p<0.01; ***p<0.001 versus the TBI + PFT-a group. Scale bar=100 pm. (n=5 for
each group).
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Fig. 7. PFT-a and PFT-a (O) reduce glutamate-induced excitotoxicity in cortical cultures
(A) Cultured cells were exposed to various concentrations of glutamate (3, 10, 50, 75 and

100 mM) for 24 h. Cell death (%) was measured by LDH release. 50 mM glutamate was
chosen as the concentration for testing PFT analogues. (B) PFT- a or PFT- a (O) (3, 10, 20,
30 puM) was added 30 min after cells were exposed glutamate (50 mM) for 24 hrs in primary
cultures of neuron/glia. Cell death was measured by LDH activity in culture media which
was scaled to the value of maximal death (100%) measured after freeze-thaw treatment of
sister cultures. Data are expressed as means£SEM. *p<0.05; **p<0.01; ***p<0.001
compared with the control group; #p<0.05; #p<0.01; ##p<0.001 compared with the
glutamate treatment (n=3-5 in each group).
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Fig. 8. PFT-a or PFT-a(O) reduces glutamate-induced neuronal loss and activation of microglia
(A) Photomicrograph showing nuclear structure revealed by immunocytochemical staining

with NeuN and ED1 in control cultures, cultures treated with glutamate (50mM), cultures
treated with glutamate (50 mM) and PFT-a (10uM), and cultures treated with glutamate (50
mM) and PFT-a (O) (10uM) at 24 h after glutamate-induced excitotoxicity. Scale bar, 50 p
m. (B, C) Quantitative comparison of NeuN-positive (NeuN*) / ED1-positive (ED1%) cells in
control cultures, glutamate cultures, glutamate cultures treated with PFT-a., and glutamate
cultures treated with PFT-a (O). Data are expressed as meanstSEM. ***P <0.001 versus
control cultures; ###P<0.001 versus glutamate cultures. Bar= 50 um. (n=5 in each group).
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Fig. 9. PFT-a (O) suppresses glutamate-induced the expression of PUMA in cortical cells
The mRNA levels of PUMA, Bax, Bcl-2, Apafland p21 in glutamate-treated (50mM)

cortical cultures with PFT-a or PFT-a (O) (10 uM) were analyzed by gRT-PCR. Fold
changes relative to that of control cultures are shown. Reduction of the elevated messenger
RNA (mRNA) levels of PUMA in primary cultures by PFT-a (O) treatment at 24 hr after
glutamate-induced excitotoxicity. PFT-a (O) did not change the level of Bax, Bcl2
Apafland p21 genes. Data are expressed as meanstSEM. #p<0.05 vs. glutamate group (n=5
in each group).
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