1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neurobiol Dis. Author manuscript; available in PMC 2018 March 30.

-, HHS Public Access
«

Published in final edited form as:
Neurobiol Dis. 2016 December ; 96: 216-226. doi:10.1016/j.nbd.2016.08.012.

Post-traumatic administration of the p53 inactivator pifithrin-a
oxygen analogue reduces hippocampal neuronal loss and
improves cognitive deficits after experimental traumatic brain
injury

Ling-Yu Yang?, Nigel H. GreigP, Ya-Ni Huang®°, Tsung-Hsun Hsiehd-€, David Tweedie®,
Qian-Sheng YuP, Barry J. Hoffer, Yu Luof, Yu-Chieh Kao9, and Jia-Yi Wang2h*

aGraduate Institute of Medical Sciences, College of Medicine, Taipei Medical University, Taipei,
Taiwan

bDrug Design & Development Section, Translational Gerontology Branch, Intramural Research
Program, National Institute on Aging, National Institutes of Health, Baltimore, MD, USA

¢Department of Nursing, Hsin Sheng Junior College of Medical Care and Management, Taoyuan,
Taiwan

dDepartment of Physical Therapy and Graduate Institute of Rehabilitation Science, College of
Medicine, Chang Gung University, Taoyuan, Taiwan

€Graduate Institute of Neural Regenerative Medicine, Taipei Medical University, Taipei, Taiwan

fDepartment of Neurosurgery, Case Western Reserve University School of Medicine, Cleveland,
OH, USA

9Translational Imaging Research Center and Department of Radiology, School of Medicine, Taipei
Medical University, Taipei, Taiwan

hDepartment of Physiology, School of Medicine, College of Medicine, Taipei Medical University,
Taipei, Taiwan

Abstract

Traumatic brain injury (TBI) is a major cause of death and disability worldwide. Neuronal
apoptosis in the hippocampus has been detected after TBI. The hippocampal dysfunction may
result in cognitive deficits in learning, memory, and spatial information processing. Our previous
studies demonstrated that a p53 inhibitor, pifithrin-a. oxygen analogue (PFT-a. (O)), significantly
reduced cortical cell death, which is substantial following controlled cortical impact (CCI) TBI,
and improved neurological functional outcomes via anti-apoptotic mechanisms. In the present
study, we examined the effect of PFT-a (O) on CCI TBI-induced hippocampal cellular
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pathophysiology in light of this brain region’s role in memory. To investigate whether p53-
dependent apoptosis plays a role in hippocampal neuronal loss and associated cognitive deficits
and to define underlying mechanisms, SD rats were subjected to experimental CCI TBI followed
by the administration of PFT-a or PFT-a. (O) (2 mg/kg, i.v.) or vehicle at 5 h after TBI. Magnetic
resonance imaging (MRI) scans were acquired at 24 h and 7 days post-injury to assess evolving
structural hippocampal damage. Fluoro-Jade C was used to stain hippocampal sub-regions,
including CA1l and dentate gyrus (DG), for cellular degeneration. Neurological functions,
including motor and recognition memory, were assessed by behavioral tests at 7 days post injury.
p53, p53 upregulated modulator of apoptosis (PUMA), 4-hydroxynonenal (4-HNE),
cyclooxygenase-1V (COX V), annexin V and NeuN were visualized by double
immunofluorescence staining with cell-specific markers. Levels of mRNA encoding for caspase-3,
p53, PUMA, Bcl-2, Bcl-2-associated X protein (BAX) and superoxide dismutase (SOD) were
measured by RT-gPCR. Our results showed that post-injury administration of PFT-a and,
particularly, PFT-a (O) at 5 h dramatically reduced injury volumes in the ipsilateral hippocampus,
improved motor outcomes, and ameliorated cognitive deficits at 7 days after TBI, as evaluated by
novel object recognition and open-field test. PFT-a and especially PFT-a (O) significantly
reduced the number of FJC-positive cells in hippocampus CA1 and DG subregions, versus vehicle
treatment, and significantly decreased caspase-3 and PUMA mRNA expression. PFT-a (O), but
not PFT-a, treatment significantly lowered p53 and elevated SOD2 mRNA expression. Double
immunofluorescence staining demonstrated that PFT-a (O) treatment decreased p53, annexin V
and 4-HNE positive neurons in the hippocampal CAL1 region. Furthermore, PUMA co-localization
with the mitochondrial maker COX 1V, and the upregulation of PUMA were inhibited by PFT-a
(O) after TBI. Our data suggest that PFT-a and especially PFT-a (O) significantly reduce
hippocampal neuronal degeneration, and ameliorate neurological and cognitive deficits in vivo via
antiapoptotic and antioxidative properties.
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1. Introduction

Traumatic brain injury (TBI) is a leading cause of death and long-term disability,
particularly in children and young adults as well as in the elderly (Hyder et al., 2007;
Rutland-Brown et al., 2006). Worldwide, in excess of 10 million suffer a TBI event making
it a major public health problem consequent to a range encompassing physical disabilities
long-term cognitive, behavioral dysfunction, psychological and social defects it causes
(Rutland-Brown et al., 2006; Zaloshnja et al., 2008). This translates within the US, alone, to
an estimated 1.4 million people that suffer a TBI annually, resulting in 235,000
hospitalizations and 50,000 deaths. In Taiwan, N100,000 people suffer a TBI annually,
costing the economy some US $350 million (Chiu et al., 2011; Lin et al., 2008).

It is well known that TBI induces both short and long-term cognitive dysfunction resulting
from neuronal loss within the hippocampus, which has been identified as a critical brain
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region involved in the biological basis of learning and memory (Scoville and Milner, 1957).
Such injury is often sub-divided into two fundamental phases. An initial primary damage
ensues at the moment of insult that includes contusion and laceration, diffuse axonal injury
and intracranial hemorrhage, and causes immediate (necrotic) cell death, which is followed
by an extended second phase. This involves cascades of biological processes initiated at the
time of injury that may persist over later days, weeks and perhaps, months, resultant to
neuroinflammation, glutamate toxicity, ischemia, oxidative stress, astrocyte reactivity,
blood-brain barrier changes, cellular dysfunction and apoptosis (Diaz-Arrastia et al., 2014;
Greig et al., 2014). Previous studies found that hippocampal-associated learning and
memory impairment were particularly vulnerable to secondary injury following TBI (Ariza
et al., 2006; Compagnone et al., 2009; Hicks et al., 1993). A diverse array of animal TBI
models, including controlled cortical impact (CCI) injury (Anderson et al., 2005; Hall et al.,
2005; Myer et al., 2006), lateral fluid percussion (LFP) (Lowenstein et al., 1992; Thompson
et al., 2005) and weight drop-induced closed diffuse injury (Golarai et al., 2001; Isaksson et
al., 2001; Rachmany et al., 2013), have shown that TBI induces neuronal apoptosis in
hippocampus. One study reported that hippocampal CA1, CA3 and dentate gyrus (DG)
neurons were significantly decreased in the ipsilateral injury site at 7 days after TBI (Myer
et al., 2006). They found severe CClI injury caused extensive neuronal death, rapid loss of
cortical tissue and consistent degeneration of hippocampal regions. Currently, there is no
effective treatment to restore cognitive functions.

It is important to understand the mechanism of hippocampal neuronal apoptosis underlying
learning and memory impairment following TBI. Apoptosis in neurons requires PUMA
translocation to mitochondria and binding to anti-apoptotic Bcl-2 family members, thus
freeing Bax or Bak to ultimately cause mitochondrial dysfunction. Subsequently,
cytochrome cis released from mitochondria to assemble in apoptosomes with apoptotic
protease activating factor 1 (APAF1), leading to caspase-dependent cell death (Culmsee and
Mattson, 2005). For the initiation of apoptosis in neurons, the tumor suppressor and
transcription factor p53 is an important upstream molecule for this mitochondrial
mechanism (Culmsee and Mattson, 2005). A number of in vivo and in vitro studies have
reported a relationship between increased protein/mRNA levels of p53 and neuronal
damage. In this regard, neuronal p53 expression was induced in rodent models of mild
cerebral concussion injury (Tashlykov et al., 2009), CCl injury (Plesnila et al., 2007),
neonatal ischemic injury (Nijboer et al., 2011), and focal reversible cerebral ischemia (Leker
et al., 2004). In addition, an elevation of p53 mMRNA/protein levels within hippocampal
regions has been reported in TBI and transient global ischemic brain injury animal models
(Muir et al., 1999; Napieralski et al., 1999; Niizuma et al., 2009; Schober et al., 2010).
Notably, in a mouse model of global cerebral ischemia, there was less degeneration of CAl
neurons in p53-deficient mice (p53~/) than in wild type mice (p53*/*) (Yonekura et al.,
2006), indicating that p53 is a gatekeeper in the biochemical cascade leading to neuronal
death. In this regard, Hong et al. reported that TBI-induced phosphorylation of p53 in
hippocampus results in the initiation of the process leading to apoptosis and cognitive
deficits (Hong et al., 2012).

A stable, water-soluble p53 inhibitor, pifithrin alpha (PFT-a) has been isolated from a
chemical library in a screen to reversibly block p53-dependent transcriptional activation and
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apoptosis associated with anticancer drug treatment in a mouse ConA cell line containing a
lacZ reporter gene under the control of a p53-responsive promoter (Komarov et al., 1999).
Translation of this approach to cultured neuronal cells demonstrated that PFT-a could
mitigate p53-dependent death in neural cells, including that due to glutamate excitotoxicity,
amyloid-p peptide and hypoxia, and resulted in the generation of yet more potent
tetrahydrobenzothiazole-based analogues (Zhu et al., 2002; Culmsee et al., 2001; Greig et
al., 2004). Studies subsequently have reported that p53 inhibition by PFT-a suppressed p53-
regulated apoptosis genes, including PUMA and BAX, and reduced neuronal dysfunction
and loss in ischemic reperfusion injury and stroke (Leker et al., 2004; Gupta et al., 2007;
Luo et al., 2009), TBI (Plesnila et al., 2007; Yang et al., 2015), Huntington’s disease (Bae et
al., 2005) and Parkinson’s disease (Duan et al., 2002) models. Moreover, a significant
increase in the number of surviving neurons in the hippocampal CA1 region was observed in
ischemic animals treated with PFT-a (Gupta et al., 2007). Likewise, PFT-a administration
an hour following injury ameliorated cognitive impairments following mild TBI-induced
secondary injury expansion after weight drop (Rachmany et al., 2013).

The stability and activity of the novel p53 inhibitor, PFT-a oxygen analogue (PFT-a (O))
has been found to be more effective than PFT-a in cellular studies (Greig et al., 2004; Zhu et
al., 2002). Our previous study demonstrated that in a well-characterized CCI rat model of
TBI that resulted in substantial primary injury to the nearby cerebral cortex, PFT-a (O)
significantly reduced cortical cell death and improved neurological functional outcome via
anti-apoptotic mechanisms (Yang et al., 2015). In the present study, in light of the role of the
hippocampus on cognition and memory we compared the activity of PFT-a (O) with PFT-a
on measures of cognitive functional recovery and hippocampal neuronal damage in the same
CCI model of TBI, to evaluate whether blocking p53 transcriptional actions could reduce
hippocampal neuronal apoptosis and, thereby, mitigate cognitive deficits resulting from
moderate TBI. Our hypothesis is that the vast majority of TBI-induced neuronal cell death
occurring within the hippocampus results from secondary apoptotic, rather than primary
necrotic cell death, and is thereby amenable to rescue by inactivating the gatekeeper, p53, to
the apoptotic cascade.

2. Methods

2.1. Animals

Male Sprague-Dawley (SD) rats (250-300 g, body weight) were used in accordance with the
international guidelines for animal research. The study design was approved by the Animal
Ethics Committee (Approval number LAC-2015-0051) of Taipei Medical University. All
animals were kept three per cage under a constant 12-h light/dark cycle, at room temperature
(21-25°C) and humidity (45-50%). Food and water were available ad libitum.

2.2. Animal model of traumatic brain injury (TBI)

The CClI injury procedure was performed as described previously (Chen et al., 2008; Yang et
al., 2015). Rats were randomly placed into 4 groups ((i) sham injury, (ii) CCI+ vehicle, (iii)
CCI + PFT-a and (iv) CCl+ PFT-a (O)). A CClI instrument with a rounded metal tip (5 mm
diameter), an impact velocity of 4 m/s and a deformation depth of 2 mm below the dura was
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used. Body temperature was monitored throughout surgery by using a rectal probe; the
temperature was maintained at 37.0 + 0.5° C using a heated pad during recovery from
anesthesia. Thereafter, animals were euthanized 24 h or 7 days after TBI and their brains
were processed for the following experiments to examine the neuroprotective effects of p53
inhibitors. These analysis times are in accord with peak levels of apoptosis, as well as
behavioral and imaging abnormalities and allow comparison with other studies (Obenaus et
al., 2007; Plesnila et al., 2007; Luo et al., 2009; Yang et al., 2015).

2.3. Drug administration

Synthesis of the p53 inhibitors, PFT-a (1-(4-methylphenyl)-2-(4,5,6,7-tetrahydro-2-
imino-3(2 H)-benzothiazolyl)ethanone hydrobromide salt) and the oxygen-containing
analogue PFT-a (O) (1-(4-methylphenyl)-2-(4,5,6,7-tetrahydro-2-imino-.3(2 H)-
benzoxazolyl)ethanone hydrobromide salt) was achieved by a published synthetic route (Zhu
et al., 2002) (Fig. 1A). Chemical characterization confirmed the structures of the final
products with a high purity (>99.5%) (for information on PFT-a (O), contact NHG
<greign@mail.nih.gov>). Animals were given PFT-a or PFT-a (O) (2 mg/Kkg, i.v.) or
vehicle (10% DMSO in saline) at 5-h post-injury. No temperature changes were observed
after PFT-a or PFT-a (O) administration. The time window for administration of PFT-a or
PFT-a (O) was selected on the basis of a previous study (Yang et al., 2015), in which times
of 5-h and 7-h post-injury administration were tested; the 5-h administration showed
maximal neuroprotective actions.

2.4. Cognitive behavioral tests

Cogpnitive behavioral testing was performed in rats before CCl and at 7 days after CCI. The
effects of TBI on cognitive performance were assessed using the following behavioral
paradigms: novel object recognition (NOR) and an open field test (OFT). These assessments
were conducted once per day at approximately the same time during the light phase of the
cycle. All tests were performed by an observer blinded to the experimental groups.

2.4.1. Novel object recognition paradigm—The NOR task was used to evaluate short-
term recognition memory, based upon the original Ennaceur and Delacour procedure
(Ennaceur and Delacour, 1988). The NOR procedure consists of three phases: habituation,
familiarization, and a test phase. The NOR testing chamber was an open-field black
plexiglass arena (60 x 60 x 100 cm in dimension). A video camera fixed on the wall above
the chamber recorded the test phase for analysis. In the habituation phase, each rat was
allowed 10 min to freely explore the empty arena over each of three days. After 3 days, in
the familiarization phase, each rat was permitted to explore and become familiar with two
objects (A + A) that were placed in symmetrical positions within the arena for 10 min. A test
trial was then performed 1 h following the familiarization phase. During this test trial, one of
the now familiar objects (A) was replaced by a novel one (B), and each animal was again
placed within the arena and allowed to explore for 10 min with the two objects (A + B). A
tracking system (EthoVision XT 11.0) was used to quantify the duration of time spent with
each object. A rat was scored as exploring an object when its nose approached an object at a
distance of <2 cm. Grounded on the innate tendency of rodents to be inquisitive, a normal
(uninjured) animal will spend more time exploring a novel object than a familiar one. The
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calculation of a discrimination index has been described in previous studies (Mugwagwa et
al., 2015), where the discrimination index % = [(time (in seconds) spent exploring the novel
object)/(total time (in seconds) spent exploring both objects)] x 100%. An uninjured normal
rat should be able to discriminate between the old and novel objects and perform better than
50%. The arena and all objects were thoroughly cleansed with 70% ethanol between each
evaluation to prevent odor recognition impacting the discrimination index.

2.4.2. Open field test—The OFT is often used to measure general locomotor activity and
anxiety-like behavior (Prut and Belzung, 2003). In the OFT, each rat was monitored by a
video camera in an open field black plexiglass arena (60 x 60 x 100 cm in dimension). The
total distance traveled and the movement time of each animal was recorded during a 10 min
testing period at 7 days after CCI. Each trial was recorded and analyzed using the
EthoVision XT 11.0 tracking system. The testing arena was thoroughly cleansed with 70%
ethanol between each testing period for each rat.

2.5. Brain magnetic resonance imaging (MRI) analysis

Animals from each treatment group were evaluated by MRI at 24 h and 7 days post TBI.
Each rat was anesthetized with 2.5% isoflurane by mechanical ventilation and placed in a
dedicated holder and positioned at the isocenter of a 7.0 Tesla small animal MRI scanner
(70/16 PharmaScan, Bruker Biospin GmbH, Germany) with a 72-mm volume coil as the
transmitter and a rat surface coil as the receiver. The brain was scanned from the brain stem
to the olfactory bulb with fast spin-echo T2-weighted imaging pulse sequences (TR/TE,
3000/37 ms). All images were multi-slice images acquired with a field of view of 20 x 20
mm and with a slice thickness of 1 mm with no gap. The pixel matrix was 256 x 256. These
original Bruker images were then converted to DICOM format with the software program
(Paravision 6.0.1) included with the scanner.

2.6. Brain tissue preparation and staining

Following terminal anesthesia, depending on whether biochemical or histological analyses
were to be performed, select areas of fresh brain tissue were rapidly removed without
fixation after cervical dislocation. These were snap-frozen in liquid nitrogen and stored at
—70°C until use. Alternatively, rats were transcardially perfused initially with phosphate-
buffered saline (PBS) and then with 4% paraformaldehyde. Brains were removed and post-
fixed in 4% paraformaldehyde overnight and transferred to PBS containing 30% sucrose and
0.1% sodium azide (Sigma Chemical Co., St Louis, MO, USA) for cryoprotection (with all
solutions maintained at pH 7.4 and 4C.) and were routinely processed and paraffin
embedded for histological evaluation.

2.6.1. Hematoxylin and eosin staining—Before Fluoro Jade C (FJC) or double
immunofluorescence staining, paraffin embedded brain sections were de-waxed and
rehydrated, and stained with hematoxylin and eosin (HE), according to standard protocols.
The histological results were blindly examined under light microscopy and used to locate the
hippocampal regions for observation.
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2.6.2. Fluoro Jade C staining—To visualize degenerating neurons, FJC staining was
performed as previously described (Yang et al., 2015). Specifically, a modified FJC ready-
to-dilute staining kit was used according to the manufacturer’s instructions (Biosensis,
TR-100-FJ, Thebarton, South Australia). De-waxed slides were incubated in a potassium
permanganate solution (1:15) for 10 min, rinsed in distilled water for 2 min, and then
incubated in FJC solution (1:25) for 30 min. The slides were thereafter washed and mounted
on coverslips with Vecta-shield mounting medium (Vector, Burlingame, CA, USA). To
quantify FJC-positive cells, three sections from each animal were evaluated and
representative images were captured using a fluorescence microscope with a blue (450-490
nm) excitation light.

2.7. Double immunofluorescence staining

To evaluate co-localization of neuronspecific nuclear protein (NeuN) with p53, annexin V, or
4-hydroxynonenal (4-HNE) and PUMA with COX 1V, we performed double
immunofluorescence staining. For immunofluorescence staining, adjacent sections to those
stained with HE were then blocked for 60 min in 5% BSA (Sigma Chemical Co., St Louis,
MO, USA). Thereafter, the following primary antibodies were used and incubated overnight
at 4°C: (i) mouse monoclonal anti-NeuN (Millpore; 1:500), (ii) rabbit polyclonal anti-p53
(GeneTex; 1:500), (iii) rabbit polyclonal anti-annexin V (Abcam; 1:500), (iv) rabbit
polyclonal anti-4-HNE (Abcam; 1:250), (v) rabbit polyclonal anti-PUMA (Abcam; 1:1000),
and (vi) mouse monoclonal anti-COX IV (Abcam; 1:250) antibody. Following incubation
with the primary antibody, the sections were washed and incubated with Alexa Fluor® 488
goat anti-rabbit IgG (Jackson; 1:200) and Alexa Fluor® 594 anti-mouse 1gG (Jackson;
1:200) at room temperature for 2 h. Sections were then mounted with Mounting Medium
H-1000 (Vector Laboratories). The numbers of NeuN/p53-, annexin V-, 4-HNE and PUMA-
COX 1V positive cells were counted in three sections by means of SPOT image analysis
software (Diagnostic Instruments, Sterling Heights, MI). Control samples were generated by
omitting the respective primary antibodies.

2.8. Quantitative reverse transcription-PCR (qRT-PCR)

Approximately 20 mg of fresh hippocampal tissue was immediately collected from the
ipsilateral (injured) hemisphere of euthanized rats, and processed for real-time quantitative
RT-PCR. Total RNA was extracted by using TRIzol reagent (Life Technologies, Carlsbad,
CA, USA). The purity and quality of RNA were confirmed by defining the ratio of
absorbance at 260 and 280 nm wavelengths (NanoDrop® ND-1000, Thermo Scientific). A
sample of 3 pg total RNA was treated with ReverTra Ace set (PU-TRT-100; Purigo) and
reverse transcribed into cDNA. For mRNA measurement; diluted cDNA was amplified using
the Rotor-Gene SYBR Green PCR Kit (Qiagen) in a Rotor-Gene Q 2plex HRM Platform
(Qiagen). Reaction conditions were carried out for 35-40 cycles (5 min at 95°C, 5 s at 95°C
and 10 s at 60°C). The primers used for the qRT-PCR assay were the following:

caspase-3, 5" -AATTCAAGGGACGGGTCATG-3" (forward) and 5'-GCTT
GTGCGCGTACAGTTTC-3" (reverse);

p53,5'-CCA TGG CCA TCT ACA AGA AGT-3" (forward) and 5'-TGTC
GTCCAGATACTCAGCATA-3 (reverse);
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PUMA, 5"-CATGGGACTCCTCCCCTTAC-3’ (forward) and 5'-CACCTA
GTTGGGCTCCATTT-3" (reverse);

BAX, 5"-GTGAGCGGCTGCTTGTCT-3" (forward) and 5'-GTGGGGGTCC
CGAAGTAG-3" (reverse);

Bcl-2, 5"-GTACCTGAACCGGCATCTG-3” (forward) and 5'-GGGGCCAT
ATAGTTCCACAA-3" (reverse);

SOD1, 5'-CGGCTTCTGTCGTCTCCTTGC-3" (forward) and 5'-GTTCAC
CGCTTGCCTTCTGC-3" (reverse);

SOD2, 5"-ACGCGACCTACGTGAACAATCT-3” (forward) and 5'-CAGT
GCAGGCTGAAGAGCAA-3" (reverse);

B-actin, 5'-GACCCAGATCATGTTTGAGACCTTC-3" (forward) and 5'-
GGTGACCGTAACACTACCTGAG-3" (reverse). The comparative threshold cycle
(Ct) value of the B-actin gene was used as reference. Relative transcript expression of
mRNA levels was calculated by the Ct method.

2.9. Statistical analysis

Data are presented as mean + standard error of the mean (SEM). Between-group
comparisons were made by one-way analysis of ANOVA with a post hoc test (Bonferroni) to
determine individual group differences. Differences between means were assessed at the
probability level of £<0.05, 0.01, and 0.001. Sigma Plot and Stat version 2.0 were used for
all analyses and generation of bar graphs.

3. Results

3.1. Post-injury treatment with PTF-a and the PFT-a (O) analogue reduced hippocampal
injuries caused by CCI (TBI)

MRI images were acquired at 24 h and 7 days from rats to assess progressive hippocampal
tissue damage induced by CCI (TBI). Representative T2-weighted MRI images from
animals with TBI and treated with vehicle showed clearly visualized brain injuries by the
apparent hyperintensities in their ipsilateral hippocampus at 24 h following injury; sham
animals, as expected, lacked hyperintensities or damage. The injury area in vehicle treated
TBI rats was further increased at 7 days following TBI, when compared to contralateral
hippocampus (Fig. 1B). By contrast, rats challenged with TBI and treated with PFT-a and,
particularly, with PFT-a (O) had a comparatively smaller injury volume in ipsilateral
hippocampus versus vehicle-treated TBI animals (Fig. 1B). This qualitative visual finding
provided a basis for the subsequent quantitative evaluation of PFT-a (O) and PFT-a
treatment on TBI induced damage.

On histological evaluation of areas within the hippocampus (Fig. 2 A and B), FIC-positive
cells with neuronal morphology were evident 24 h after CCl in the CA1 and DG regions
(Fig. 2 C and D). Notably, there was a significant decrease in the number of FJC-positive
cells in both TBI + PFT-a and TBI + PFT-a (O) groups in the CAL region (Fig. 2 E; P<
0.001). However, only PFT-a. (O), but not PFT-a treatment, significantly decreased FJC-
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positive cells within the DG region of hippocampus (Fig. 2 F; < 0.01). Remarkably, FJC
number within both CA1 and DG regions in the TBI + PFT-a. (O) group was not
significantly different from shams without TBI challenge.

3.2. Post-injury treatment of PFT-a or PFT-a (O) at 5 h ameliorated cognitive deficits and
anxiety-like behaviors after TBI

The NOR paradigm was used to examine visual recognition memory of rats in our study
(Fig. 3A). A cognitive deficit, measured by the NOR test after CCI, was evident in vehicle-
treated animals at 7 days. Specifically, 7 days after the TBI event the TBI + vehicle group
exhibited impairments in visual memory as reflected in a discrimination index that was
significantly lower than the sham group (discrimination indexes ~62% vs. ~48%, P< 0.05,
Fig. 3B). In contrast, TBI rats treated with PFT-a (O) 5 h post injury demonstrated complete
mitigation of any loss of visual memory, as indicated by the higher percentage of time
devoted to the exploration of the novel object in comparison to injured rats treated with
vehicle (discrimination index ~60% vs. ~48%, P < 0.05, Fig. 3B). The open field activity for
sham injury, TBI+ vehicle, TBI + PFT-a and TBI + PFT-a (O) rats are illustrated in Fig. 4.
Behavioral measures reported include movement pathway traveled within the chamber on
day 7 (Fig. 4A). Rats in the TBI-challenged vehicle and PFT-a. groups were significantly
less active than the sham group in relation to locomotor activity and total distance traveled in
the arena (Fig. 4B; £< 0.05). This TBI-induced deficit was ameliorated by administration of
the PFT-a (O) 5 h post injury (Fig. 4B). In addition, post-injury treatment with PFT-a (O)
produced a statistically significant increase in the time spent exploring compared to the
vehicle and PFT-a group (Fig. 4C; P< 0.05).

3.3. Post-injury PFT-a (O) treatment downregulated caspase-3, p53, and PUMA, and
upregulated SOD2 gene mRNA expressions in the hippocampus

To examine whether PFT-a or PFT-a (O) would inhibit transcriptional activity of p53, we
compared caspase 3, p53 and p53-regulated pro-apoptosis gene mMRNA levels (BAX, PUMA
and BCL-2) in sham, and TBI-challenged vehicle, PFT-a and PFT-a (O) treated groups by
reverse transcription followed by real-time PCR (quantitative RT-PCR). Our results
indicated that post-injury treatment with PFT-a or PFT-a (O) reduced caspase3 and PUMA
MRNA expression in rat hippocampus following CCI (Fig. 5A and C). Post-injury treatment
with PFT-a (O) but not PFT-a,, additionally, reduced p53 and increased SOD2 mRNA
expression in rat hippocampus following CCI (Fig. 5B and D; P < 0.05). Indeed, PFT-a (O)
elevated SOD2 mRNA versus the PFT-a group (P < 0.05), further differentiating these two
treatments.

3.4. Post-injury PFT-a or PFT-a (O) treatment reduced p53 and annexin V protein
expression in hippocampal neurons

To examine the effect of PFT-a or PFT-a. (O) on p53 protein expression,
immunohistochemistry was used to evaluate gene translation 24 h after injury in the
hippocampal region. Our results indicated that p53 positive cells did not co-localize with
astrocytes (figure not shown). In light of this, we evaluated whether the p53 protein was
expressed in neurons (Fig. 6A). We found that p53 co-localized to neurons and that p53-
positive staining neuron levels in the hippocampus were significantly elevated at 24 h
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following CCI injury (Fig. 6C; £< 0.001). We additionally assessed annexin V staining to
examine apoptosis in neurons, which was largely absent in sham but clearly evident in
vehicle-treated TBI challenged animals (Fig. 6B). Quantitative analysis revealed a 25% and
70% reduction in annexin V-positive neurons in PFT-a and PFT-a (O) treated TBI groups,
respectively, as compared to TBI + vehicle, which represented a significant decrease (Fig.
6D; £<0.001). Notably, treatment with PFT-a (O) showed fewer apoptotic neurons than the
PFT-a treated group (P< 0.001).

3.5. Post-injury PFT-a or PFT-a (O) treatment reduced PUMA/COX IV and 4-HNE expression
in hippocampal neurons

We evaluated 4-HNE staining to determine whether CCI TBI provokes oxidative stress, to
which neurons are highly vulnerable, and whether this could be suppressed by drug
treatment (Fig. 7A). We found that TBI induced 4-HNE protein expression within
hippocampal CA1 neurons, and that the number of 4-HNE-expressing cells was significantly
decreased in PFT-a as well as PFT-a (O) treated animals (Fig. 7C; £< 0.001). In this
regard, PFT-a (O) treatment again proved more effective than PFT-a (P < 0.001). To further
characterize the effect of PFT-a or PFT-a (O) on the inhibition of p53 transcriptional
activity, immunohistochemistry was used to evaluate PUMA/COX IV expression within the
hippocampal region (Fig. 7B). We found that PUMA co-localized with the mitochondrial
marker COX IV following CCI, and that TBI-induced PUMA/COX IV co-expressing cells
were significantly decreased by PFT-a and, in particular, by PFT-a (O) treatment (Fig. 7D;
P<0.05 and b0.001, respectively). Indeed, PFT-a. (O) provided significantly greater action
than did PFT-a (P<0.01).

4. Discussion

Our data demonstrates that post-trauma administration of the p53 inactivator PFT-a (O)
reduces hippocampal neuronal loss and improves cognitive deficits after CCl-induced
experimental TBI. PFT-a (O) and to a lesser extent PFT-a also reduced injury-induced
elevations of caspase3 and p53 expression in the neurons, and the former augmented SOD 2
levels. CCl resulted in substantial upregulation of PUMA mRNA and protein, and PFT-a
(O) or PFT-a attenuated PUMA mRNA transcription and protein synthesis within the
hippocampus. Our study hence supports a primary role for p53 in the delayed neuronal death
that occurs in hippocampus following a TBI incident.

Previous studies have reported that edema and hemorrhage are associated with structural
brain alterations on MRI (Graham et al., 2000; lwamoto et al., 1997). TBI-induced elevated
water content and decreased cell density may result in prolonged T2 relaxation times, and
thereby provide hyperintense signals on T2 weighted imaging. In this regard, the
hippocampal T2 relaxation time in the brain of animals subjected to CCI has been reported
to be significantly increased during the first 7 days post injury (Obenaus et al., 2007). In line
with this time course, we performed longitudinal T2 MRI on rats challenged with CCI and
without drug treatment, and verified substantial injury localized to the site of CCI, and
progressive injury expansion within the hippocampus between 24 h and 7 days post-injury.
Our T2 weighted images additionally demonstrated that a single PFT-a (O) treatmentat5 h
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following CCI dramatically decreased hippocampal injury volumes at 7 days following
injury (Fig. 1B). This provided a basis to quantitatively evaluate whether or not PFT-a. (O)
treatment had potential to preserve the integrity of the hippocampus and improve
experimental TBI behavioral outcomes.

Previous research has demonstrated that increased severity of impact to the head in a
preclinical animal closed head TBI model positively correlates with an elevation in the
number of pyknotic and apoptotic neurons within the hippocampus and cerebral cortex both
ipsi- and contralateral to injury (Tashlykov et al., 2009). In the present study, we verified the
development of diffuse neuronal cell death by the use of FJC, an anionic fluorescein
analogue that has the highest resolution of the currently available Fluoro-Jade dyes and
hence is broadly used in the ex vivo identification of degenerating neurons in the brain as it
can be combined with other stains (Schmued et al., 2005). Its use with the neuronal lineage
marker NeuN permits quantification of degeneration within the total neuron pool by
immunostaining (Yang et al., 2015). Moreover, we linked this p53-dependent neuronal cell
death to subsequent cognitive impairment, assessed at 7 days, by the use of p53 inactivators,
PFT-a and PFT-a (O).

Our current study followed our previous research (YYang et al., 2015) and used 2 mg/kg PFT-
a and PFT-a (O) doses within their previously ascertained therapeutic window to appraise
the role of p53 in the diffuse neuronal cell death that occurs following a moderate TBI
induced by CCI. A prior evaluation of PFT-a (8 mg/kg i.p.) in mice subjected to CCl
(Plesnila et al., 2007) found that elevated p53 expression was evident as early as 15 min and
persisted for 24 h in CCI challenged vehicle-treated animals. Nuclear translocation of p53
was evident and occurred predominantly in neurons, with increases in p53 levels strongly
correlating to cell death (Plesnila et al., 2007); PFT-a mitigated these actions with a window
of opportunity of 6 h. In our study, we therefore evaluated neuronal degeneration at 24 h
post-TBI by FIC/NeuN double-staining to define neuron loss at a time of peak neuronal
apoptosis (Zhou et al., 2012). Such staining with Fluoro Jade dyes compares favorably with
Tunnel staining (Chidlow et al., 2009), and hence has been extensively used to identify
neurodegeneration across multiple models of acute and chronic neural injury (Ehara and
Ueda, 2009).

In accord with previous studies evaluating PFT-a and analogues in the area of contusion
following CCI (Plesnila et al., 2007; Yang et al., 2015), PFT-a (O) administration within 5 h
effectively inhibited neuronal apoptosis in hippocampus, and proved to be more potent than
equimolar PFT-a. Among the key target genes regulated by p53 is PUMA (p53-up-regulated
modulator of apoptosis), a member of the Bcl-2 homology domain 3 (BH3)-only subgroup
of Bcl-2 family proteins (Han et al., 2001). PUMA is considered one of the most potent pro-
apoptotic proteins, as it avidly binds and inhibits all pro-survival Bcl-2 family proteins
(Willis and Adams, 2005) and can directly activate Bax in mitochondria (Cartron et al.,
2004). Consequently, the pro-apoptotic actions of p53 in neurons are considered to derive
from transcriptional activation of PUMA (Engel et al., 2010), in accord with the over
expression of PUMA alone in the absence of other insults being able to induce neuronal
apoptosis (Cregan et al., 2004). In the present study, in accord with prior reports in TBI
models (Plesnila et al., 2007; Sabirzhanov et al., 2016; Yang et al., 2015), PUMA was found
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up regulated in neurons and followed p53 expression. PFT-a. (O) and PFT-a effectively
suppressed this TBI-induced neuronal PUMA mRNA expression (Fig. 5). To determine the
involvement of mitochondria in TBI-induced neuronal death, the mitochondrial marker COX
IV was evaluated and found to co-localize with PUMA (Fig. 7). TBI-induced mitochondrial
dysfunction is recognized by elevated levels of oxidative damage, a loss of respiratory
function, a reduced ability to buffer cytosolic calcium, and results in lipid peroxidation-
mediated oxidative damage. 4-HNE, one of the toxic aldehydic byproducts of lipid
peroxidation (Esterbauer et al., 1991), has been shown to covalently bind to mitochondrial
proteins and, thereby, further impair their function and induce neuronal cell death (Mustafa
etal., 2010). In line with this, 4-HNE levels were elevated and co-localized with NeuN in
hippocampus following TBI (Fig. 7). Notably, this action was also mitigated by PFT-a (O)
and PFT-a.

Although within the present study we focused on neuronal dysfunction and apoptosis, TBI
injury is multifactorial and involves death of multiple cellular types including glial and
endothelial cells (Bralic and Stemberga, 2012). p53 plays an essential role in the regulation
of cell death across cell types. In accord with studies of PFT-a analogues, p53~/~ knockout
mice are reported to exhibit better motor function at 7 days after injury (Tomasevic et al.,
2010), which further supports that p53 is an important factor for functional outcome in TBI.
However, due to loss of p53 function across all cell types in traditional p53~~ mice and the
potential confounding factor of tumor development in these mice, the precise role of the p53
gene in different cell types during TBI-induced cell death remains unclear. An important
question as to whether p53 function determines the outcome of TBI by either directly
regulating the cell death of neurons or through indirect modulation of the microenvironment
in TBI injury remains to be answered. Transgenic mice carrying neuronal-specific ablation
of the p53 gene would therefore be useful in future studies to further elucidate the role of
p53 in neuronal death and functional outcome after ‘neuronal specific’ p53 deletion in TBI
models.

Over recent years it has been increasingly recognized that p53-dependent apoptosis can also
occur without p53 transcriptional activity, which involves a direct action at the mitochondria
(Vaseva and Moll, 2009). Characterized predominantly in tumor and non-neuronal cells, this
involves a cytoplasmic p53 pool that, in response to a stress, rapidly translocates to the outer
surface of the mitochondrial membrane. Here, it functions like a BH3-only protein by
interacting with pro-apoptotic (PUMA, Bax, Bak) and anti-apoptotic (Bcl-xL, Bcl-2)
members of the Bcl-2 family to support Bax/Bak-mediated permeabilization of the outer
mitochondrial membrane. This results in the release of cytochrome ¢ and the activation of
caspase 3-dependent apoptosis (Wang et al., 2014). Although it has been reported that the
apoptotic activity of p53 in postnatal cortical neurons does not rely on its direct action at the
cytosol/mitochondria but, rather, is fully mediated through its transcription-dependent
functions (Uo et al., 2007), several studies have subsequently suggested a role for
mitochondrial p53 in mediating neuronal apoptosis in cellular and in vivo models of
ischemia, excitoxicity and DNA damage (Dong et al., 2012; Martin et al., 2009; Nijboer et
al., 2008; Nijboer et al., 2011). An increasing number of target proteins have been described
for p53, and its context-dependent action appears to be governed by its levels of expression
and activity, its subcellular localization, and the accessibility of its interacting partners
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(Wang et al., 2014). Many of these factors remain unknown in TBI, and thus warrant further
research.

A relationship between TBI and the increased likelihood of developing dementia later in life
has been suggested from clinical studies. While the proposed link between TBI and the
subsequent development of dementia is still controversial, an ever expanding number of
epidemiological studies points towards a strong association between TBI and the
development of dementia syndromes (Abner et al., 2014; Barnes et al., 2014; Gardner et al.,
2014; Lee et al., 2013; Nordstrom et al., 2014; Seichepine et al., 2013; Wang et al., 2012) as
well as Parkinson’s disease later in life (Gardner et al., 2015). Furthermore, it is becoming
clearer that multiple mild TBIs associate with a high risk of chronic traumatic
encephalopathy (CTE), a dementia with distinctive clinical and pathologic features (Shively
et al., 2012; Gardner and Yaffe, 2015). Additionally, there is evidence that sub-concussive
head blows can induce acute brain changes as evaluated by imaging (Breedlove et al., 2012;
Bazarian et al., 2014; Merchant-Borna et al., 2016), changes in neurochemistry (Lin et al.,
2015) and cognitive function (McAllister et al., 2012), although the long-term consequences
of these changes remain to be determined. Data from our gene array studies in rodents
support a link between mild concussive and blast TBI and dementia as well as Parkinson’s
disease, illustrated by the identification of gene sets and pathways associated with AD and
Parkinson’s disease observed by Day 3 and 14 after injury (i.e., Blalock al Alzheimer’s
disease incipient; Alzheimer’s disease dn and up and Parkin pathway (Tweedie et al., 2013a;
Tweedie et al., 2016; Tweedie et al., 2013b). Parkin was recently identified as a p53 target
gene, as human and mouse Parkin genes contain functional p53 responsive elements, and
p53 increases the transcription of Parkin in both human and mouse cells (Zhang et al.,
2011). Hence, long-term studies may be warranted to evaluate whether p53 inactivators have
the potential to turn off TBI-triggered cascades, whether single or repetitive, leading to later
degenerations, as well as long term events deriving from sub-concussive injuries.

In conclusion, the neuroprotective effects of the transcriptional p53 inhibitor PFT-a (O)
appear to be significantly better than those of PFT-a.. Our studies support the notion that a
substantial neural population within the hippocampus is amenable to rescue following 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 as well.
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Fig. 1.
PFT-a (O) treatment substantially reduced TBI induced hippocampal injury. (A) Chemical

structures of PFT-a and PFT-a (O). (B) Representative spin-spin relaxation time (T2)-
weighted MRI images from rats in the TBI + veh, TBI + PFT-a and TBI + PFT-a (O)
groups evaluated at 24 h and 7 days post-injury (sham animals, as anticipated, lacked
hyperintensities or damage and are not shown). As illustrated in the two top images, vehicle-
treated TBI animals had severe ipsilateral hippocampal tissue damage, as evidenced by
hyperintensity abnormalities at 24 h to 7 days following CCI. In comparison at 7 days after
TBI, a single post-treatment at 5 h with PFT-a. (center panel) and, in particular, PFT-a (O)
(lower panel) resulted in less damage to the ipsilateral hippocampus versus TBI + veh.
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Fig. 2.
Pogst-injury administration of PFT-a (O) at 5 h after TBI significantly decreased FIC
positive cells in the CA1 and dentate gyrus (DG) regions of the hippocampus at 24 h. (A, B)
Representative HE-stained coronal sections showing the hippocampal CA1 and DG areas,
respectively, as indicated by the black square boxes (the brain sections shown are from a
sham control). These two areas were further evaluated to compare the fluorescent signals
between the 4 groups of rats in FJC-stained sections. (C) Photomicrographs of FJC-stained
CAL regions of interest in the four groups. (D) Photomicrographs of FJC-stained DG
regions. (E) There was a significant decrease in the number of FJC-positive cells in both TBI
+ PFT-a and TBI + PFT-a (O) groups in CA1 regions. (F) PFT-a (O) treatment
significantly decreased FJC-positive cells in the DG region of hippocampus. The total
number of FJC-positive cells was expressed as the mean number per field of view (0.259
mm?2). Data are expressed as mean + SEM. *p < 0.05, ***p < 0.001 versus sham group; # p
<0.01, ## p < 0.001 versus TBI + veh group, analyzed by one-way ANOVA. Bar = 100 pm.
(n=>5 in each group).
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Fig. 3.

Poi‘t-injury administration of PFT-a (O) at 5 h after TBI prevents object recognition
memory loss at 7 days after TBI. (A) The novel object recognition (NOR) task consists of
three phases: habituation, familiarization, and a novel object test phase. In the habituation
phase, each rat was allowed 10 min to freely explore the empty arena for 3 days. In the
familiarization phase, two alike objects were assessed for 10 min. One hour later, one of the
initial (old) objects was randomly replaced by a novel one, and the rat exploratory behavior
was analyzed over a 10 min period. (B) PFT-a (O) treatment reverses cognitive impairment
as indicated by spending more time devoted to the exploration of the novel object in
comparison to rats treated with vehicle. Data are expressed as mean + SEM. *p < 0.05
versus sham group; # p < 0.05 versus TBI + veh group, analyzed by one-way ANOVA (n=5
in each group).
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Fig. 4.

Pc?st-injury administration of PFT-a. (O) at 5 h mitigates anxiety-like behavior at 7 days
after TBI. The open field test (OFT) is often used to measure general locomotor activity and
anxiety-like behavior. (A) Representative traces of rat movement during performance of an
OFT. (B) The mean overall distance traveled by the TBI vehicle (Veh) rats was significantly
lower than the sham group. However, the mean distance was not different between sham and
PFT-a (O)-treated TBI groups. (C) Notably, the PFT-a. (O) treated group showed a
significantly increased moving time as compared to the TBI + Veh and TBI + PFT-a. groups.
Data are expressed as mean = SEM. (n =5 in each group). *p < 0.05 versus sham group; # p
< 0.05 versus TBI + Veh group; *p < 0.05 vs. TBI + PFT-a group.
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Fig. 5.

Tr%atment of PFT-a (O) at 5 h after TBI significantly decreased caspase-3, p53, PUMA and
increased SOD2 mRNA expression in the hippocampus at 24 h. The mRNA levels of (A)
caspase-3, (B) p53, (C) PUMA, BAX, Bcl-2 (D) SOD1 and SOD?2 in hippocampal tissue
from sham and TBI challenged vehicle (Veh) treated, and PFT-a. or PFT-a (O) groups were
analyzed by RT-PCR. Results are expressed as a fold change relative to that of sham
animals. PFT-a (O) significantly reduced TBI-induced caspase-3, p53 and PUMA, and
elevated SOD2 mRNA expressions in the ipsilateral hemisphere compared with vehicle-
treated rats. However, PFT-a (O) did not change the level of the BAX, Bcl-2 and SOD1
genes. Data are expressed as means £ SEM (n =5 in each group). * p < 0.05,**p < 0.01 vs.
sham; #p < 0.05, #p < 0.05vs. TBI + veh group; * p < 0.05 vs. TBI + PFT-a group.
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Fig. 6.

Post-injury administration PFT-a (O) at 5 h after TBI decreased p53 and annexin V positive
neurons in the hippocampal CA1 region at 24 h. (A) Co-immunohistochemistry of p53-
positive cells colocalized with NeuN positive cells in hippocampal CA1 region. (B) Co-
immunohistochemistry of Annexin V and NeuN in hippocampal CAL region. 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)
groups, respectively. Data represent the mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001
versus the sham group; ##p < 0.001 versus the TBI + veh group; ***p < 0.001 versus the
TBI + PFT-a group. Scale bar = 100 um. (n = 5 for each group).
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Fig. 7.

Post-injury administration PFT-a (O) at 5 h after TBI decreased 4-HNE/NeuN positive
neurons and PUMA-COX 1V positive cells in the hippocampal CA1 region at 24 h. (A) Co-
immunohistochemistry of 4-HNE positive cells colocalized with NeuN positive cells in
hippocampal CA1 region. (B) Co-immunohistochemistry of PUMA and COX IV in
hippocampal CAL1 region. 4-HNE or COX IV immunoreactivity is shown in green; NeuN
and PUMA is shown in red. Yellow labelling indicates colocalization. (C, D) There was a
significant decrease in the number of 4-HNE positive neurons and PUMA-COX IV positive
cells in TBI + PFT-a (O) group, respectively. The total number of PUMA-COX IV positive
cells was expressed as the mean number per field of view (0.259 mm?). Scale bar = 100 pm.
Data represent the mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001 versus the sham
group; ##p < 0.001 versus the TBI + veh group; ***p < 0.001 versus the TBI + PFT-a
group. Scale bar = 100 pm. (n =5 for each group).
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