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Abstract: Traumatic brain injury (TBI) is a significant clinical problem, yet few effective strategies for treating it
have emerged. People that sustain and survive a TBI are left with significant cognitive, behavioral, and
communicative disabilities. Apoptotic neuronal death occurs following TBI. Prostate apoptosis response-4 (Par-4)
is a death domain-containing protein initially characterized as a critical regulator of apoptosis in prostate cancer
cells. We have recently generated and characterized Par-4 transgenic mice in which the expression of the par-4
transgene was limited to cells of neuronal lineage. We now provide evidence that, in cortical neurons from these
mice, Par-4 drastically increases apoptotic neuronal death in both in vitro and in vivo models of TBI. In vitro
experiments were performed in 7-day-old primary cultures of cortical neurons using a previously published,
scratch-induced mechanical trauma model. Neurons that overexpress Par-4 showed not only a significant
decrease in overall neuron survival after TBI compared to wild-type cells, but also exhibited a sharper decrease in
mitochondrial transmembrane potential, a higher degree of free radical accumulation, and earlier activation of
caspase-3 than wild-type cells did. In vivo experiments were performed utilizing a weight drop TBI model. A
significantly increased volume of cortical injury and exacerbated activation of caspase-3 were observed in Par-4
transgenic mice when compared to those in wild-type mice. These data suggests that aberrant Par-4 expression
exacerbates neuronal cell death following TBI by altering mitochondrial function, enhancing oxidative damage,
and execution of apoptosis via caspase activation.
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Introduction

Traumatic brain injury (TBI) is an insult or
injury to the brain, not of neurodegenerative
nature, but caused by some external force,
such as the head suddenly and violently
striking or being struck by an object. In the
United States, it is estimated that every 15
seconds, someone suffers from a TBl. Over 1
million people are treated in hospital
emergency rooms every year, where 50,000
deaths occur, and 80,000 become
permanently disabled because of TBI [1, 2].
The combined incidence of Alzheimer's
disease, Parkinson's disease, and multiple
sclerosis is less than the total number of TBIs
experienced. In addition, TBl is one of the
leading causes of death among all people
below the age of 50 in the United States [2].
The estimated cost for these injuries is more
than $60 billion per year [3, 4].

Neurological impairment due to TBI may be
temporary or permanent and can cause partial
or total functional disability [5]. TBI
symptomatology often suggests neuronal loss
or damage in key areas of the brain such as
the cerebral cortex, hippocampus, thalamus,
and the cerebellum [6-8]. Thus, victims of TBI
are often left with significant cognitive,
behavioral, and communication disabilities [6-
8].

Apoptosis may play a role in traumatic
neurodegeneration [5, 9-11]. Prostate
apoptosis response-4 (Par-4) is a pro-apoptotic
leucine zipper protein that plays an important
role in neuronal dysfunction and cell death in
neurodegenerative disorders [12-15]. Par-4’s
leucine zipper domain is involved in mediating
protein-protein interactions and is also
essential for pro-apoptotic functions in
neurons [15-18]. A rapid increase in levels of
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Par-4 expression has been shown to occur in
neurons undergoing apoptosis in a variety of
paradigms. For example, levels of Par-4 are
significantly increased in cortical, hippocampal,
and basal forebrain neurons in in vivo and in
vitro  models of Alzheimer's disease.
Significantly higher levels of Par-4 have also
been found in lumbar spinal cord samples
from ALS patients [15, 16]. Overexpression of
Par-4 increases neuron vulnerability to
apoptosis and exacerbates neuron cell death,
whereas blockade of Par-4 expression
attenuates neuronal cell death [16].

Mitochondria play an important role in
apoptosis. The organelle releases cytochrome
¢ in response to cell injury [19-23].
Cytochrome c release activates the caspases
(a family of proteases that cleave a variety of
intracellular proteins) which are the main
effectors of apoptosis. Caspase activation
leads to morphological changes in the cell
which include shrinkage, chromatin
condensation, DNA fragmentation, and plasma
membrane blebbing. Caspase-3 is the primary
executioner caspase. Once activated, caspase-
3 cleaves (and deactivates) essential survival
proteins such as PARP, XIAP and Lamin B.
Overall, these actions amplify the apoptotic
signaling cascade, leading to apoptotic cell
death [8, 24-28]. Brain trauma also produces
a significant amount of oxidative stress, which
is known to mediate cell death [24]. Free
radicals generated by oxidative stress destroy
biological molecules such as proteins, lipids,
and nucleic acids [28, 29].

We recently generated and characterized Par-
4 transgenic mice in which the expression of
the par-4 transgene was limited to cells of
neuronal lineage using the neuron-specific
enolase (NSE) promoter. Using a combination
of in vitro and in vivo cortical impact models of
TBI, we found that aberrant Par-4 expression
in these mice promotes apoptosis of cortical
neurons after  TBI by exacerbating
mitochondrial dysfunction, increasing
accumulation of oxidative free radicals, and
activating executioner caspase-3.

Materials and Methods

Generation and Characterization of Neuron-
Specific Par-4 Transgenic Mice

We have recently generated and characterized
mice transgenic for Par-4 in which expression
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of the par-4 transgene was limited to cells of
neuronal lineage using the NSE promoter. In
brief, the Par-4 transgenic mice were
generated by microinjection of the pNSE-par4
DNA construct into the pronuclei of fertilized
FVB/N ova using the Transgenic Core Facility
at the Oklahoma Medical Research
Foundation and procedures similar to those
described previously [30]. The pNSE-pard
transgenic construct was derived from pNSE-
bcl2 by removal of a Hind Ill and Cla | fragment
containing the coding sequence of the human
bcl-2 gene, and in frame ligation of a 1.0- kb
Hind lll/Cla | PCR fragment containing the
coding sequence of the rat Par-4 gene. The
pNSE-Par4 plasmid was then digested with
EcoR | to recover the approximately 4.0 kb
NSE-pard fragment that contains NSE
promoter, par-4 cDNA, pA, and SV40 sequence.
The purified NSE-Par4 construct was then
used for microinjection into zygotes from
inbred  strain FVB/N. Females were
superovulated and mated, zygotes were
harvested and fertilized zygotes were injected.
Injected zygotes which develop further to the
2-cell stage were reimplanted into the oviduct
of pseudo-pregnant Swiss-Webster recipient
females. All resulting pups were subject to
characterization for transgenic  founder
animals and further analysis. NSE promoter is
active in neurons from as early as E10. We
developed a quick PCR-based protocol for
genotyping of Par-4 transgenic mice. To
confirm the integration of the transgene,
genomic DNA from tail biopsies was used to
amplify a 236-bp simian virus 40 fragment
from pNSE-Par4 vector, which is detectable
only in mice transgenic for Par-4, but not in
wild-type mice. The primers used for the PCR
genotyping protocol were: SV40F: 5'-
caggaagctectetgtgtec-3’, and SV40R: 5'-
tgttgacatttgtgggetgt-3'. Relatively high levels of
expression of Par-4 in cortical neurons from
the transgenic mice were confirmed by
western blot analyses using a monoclonal
antibody raised against a recombinant protein
corresponding to amino acids 1-334
representing full length Par-4 of rat origin
(Santa Cruz Biotechnology, Inc.).

Culture of Primary Neurons

Dissociated cortical neuronal cultures were
prepared from postnatal day 1 mouse pups
using methods similar to those described
previously [15]. Briefly, cerebral cortical
tissues from Par-4 transgenic mice or wild-type
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control mice were removed and incubated for
15 min in Ca**- and Mg+ free Hank’s
Balanced Saline Solution (Gibco BRL)
containing 0.2%  Papain. Cells were
dissociated by trituration and plated into
polyethyleneimine-coated plastic dishes
containing Minimum Essential Medium with
Earle’s salts supplemented with 10% heat-
inactivated fetal bovine serum, 2 mM L-
glutamine, 1 mM pyruvate, 20 mM KCI, 10
mM sodium bicarbonate and 1 mM Hepes (pH
7.2). Following cell attachment (3-6 hr post-
plating), the culture medium was replaced with
Neurobasal Medium with B27 supplements
(Gibco BRL).

Delivery of Mechanical Trauma In Vitro

Neurons were grown to 7 days before injury
was induced using a published in vitro model
of TBI. This model comes from the laboratory
of Dennis Choi at the Stanford University
Medical Center in Stanford, California, that
allows neurons and their intrinsic responses to
be studied following mechanical injury without
complicating or disrupting normal systemic
functions. Neurons in culture were injured by
drawing a needle across the bottom of the well,
producing a linear tear across the well. A total
of four scratches were induced in each well,
two running vertically and two horizontally,
resulting in a total of 9 quadrants [31]. Cell
cultures were placed in an incubator at 37°C
until a designated post-trauma time point was
reached. Cultures were incubated without
change of medium. Experiments were
performed immediately after mechanical injury
(denoted by O hrs) and at 4, 8, 12, and 24 hrs
after trauma. Uninjured cultures were used as
controls.

Quantification of Cell Survival

Neuron survival was quantified by observing
neurons under phase contrast microscopy.
Viable neurons in premarked fields were
counted before experimental treatment and at
specified time points thereafter. Neurons with
intact neurites of uniform diameter and a cell
body with a smooth round appearance were
considered viable, whereas neurons with
fragmented neurites and vacuolated soma
were considered nonviable [32].

Measurement of Mitochondrial
Transmembrane Potential
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The dye Rhodamine 123 (Rhd123) was used
to measure levels of mitochondrial trans-
membrane potential, as previously described
[33, 34]. In brief, at designated time points
after injury, Neurobasal Medium was
withdrawn from each well. Cells were
incubated for 15 min in 0.5 mL Locke’s
Medium (154mM NaCl, 5.6 mM KCI, 2.3 mM
CaCl2, 1 mM MgCl2, 3.6 mM NaHCOs, 5 mM
glucose, 5 mM HEPES, pH 7.2) containing 5
UM of Rhd123. Cells were washed three times
with  PBS. Confocal images of cellular
fluorescence were acquired using a Nikon
microscopic image acquisition system. Levels
of fluorescence in neurons were quantified by
the average pixel intensity per cell using a
Kodak 1D 3.6 imaging analysis software.

Measurement of Cellular Hydrogen Peroxide
and Superoxide Levels

Hydrogen peroxide levels were measured by
microscopic analysis of cellular dichloro-
fluorescein diacetate, which is converted into
highly fluorescent dichlorofluorescein (DCF) by
hydrogen peroxide [29]. Levels of intracellular
superoxide anion radical were measured using
hydroethidine (HE), which is oxidized to
fluorescent ethidium cation by superoxide [35].
In brief, at designated time points, Neurobasal
Medium was withdrawn from each well. Cells
were incubated for 15 min in 0.5 mL Locke’s
Medium containing 5 uyM of DCF. Cells were
washed afterwards three times with PBS.
Microscopic images of cellular fluorescence
were acquired and levels of fluorescence in
neurons were quantified.

Measurement of Caspase-3 Activation In Vitro

Caspase-3 like protease activity was assessed
using a protocol that employs the biotinylated
caspase substrate N-acetyl-Asp-Glu-Val-Asp-
aldehyde (DEVD) [35]. In brief, Neurobasal
Medium was withdrawn from each well at
designated time points. Cultured cells were
fixed with 4% paraformaldehyde. Cells were
then exposed for 10 min to Locke’s solution
containing 0.01% digitonin and were then
incubated for 20 min in the presence of 10
pg/ml  DEVD-Caspase-3 Inhibitor 1, Biotin
Conjugate (Calbiochem). Cells were washed
three times with PBS (1mL per wash),
incubated for 5 min in PBS containing 0.2%
Triton X-100, and then incubated for 20 min in
the presence of streptavidin-Oregon Green
conjugate (Molecular Probes). Cells were
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washed twice in PBS, and images of cellular
fluorescence were acquired using confocal
laser scanning microscope. Levels of
fluorescence in neurons were quantified as
described for mitochondrial analysis.

Animals and Surgical Procedures In Vivo

A total of 80 animals were used in the present
study for in vivo experiments and were all
housed in group cages on a 12 hr light/dark
cycle with food and water available ad libitum.
All animal procedures were approved by the
institutional animal care and use committee
(IACUC). Mice were anesthetized with 2.5%
Avertin (0.583 g/kg body wt) and placed in a
stereotaxic frame before TBI. The head was
positioned in the horizontal plane with the
nose bar set at negative 1 [33]. A 3 mm
craniotomy was made 2 mm left laterally of
the saggital suture and centered between
bregma and lambda [35]. A small piece of
skull bone was carefully removed without
disruption of the dura [33]. Once exposed, the
cortex was injured using a published weight
drop procedure. A 10-gram, 2.5 mm in
diameter metal rod was positioned through a
guide shaft mounted to the stereotaxic frame.
The guidance tube was positioned directly over
the craniotomy site and the rod weight was
released from a height of 1 cm creating a
10g/cm impact on the exposed cortex [34].
After injury, Close Liquid Suture (BVC
Switzerland) was laid on the dura and allowed
to dry. The skin was then sutured together and
the animals were placed back in cages on a
heating pad to recover from the procedure.
Sham animals underwent the same
procedures without cortical impact [36-39]. All
animals survived the surgical procedures up to
48 hrs.

Perfusion and Quantification of Brain Damage
In Vivo

At designated time points of 8, 24, and 48 hrs,
animals were anesthetized with 2.5% Avertin
(0.583 g/kg body wt) and exsanguinated by
cardiac perfusion with saline followed by 4%
paraformaldehyde in 0.1 M phosphate buffer,
pH 7.3. Brains were removed and post-fixed
for 12-24 hrs [40]. Frozen brains were then
sectioned at 16 ym in the coronal plane with a
freezing microtome, where every third section
was mounted onto a glass slide. Glass slides
were previously coated overnight with PEI then
dried before mounting of brain sections onto
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slides. Nissl staining was used to quantify the
extent of damage sustained to the brain after
TBI, according to standard protocols [33].
Every third brain section was stained with
cresyl violet. Nissl stained images of each
section at the site of the injury and the
contralateral cortex were acquired using a
Nikon microscope. The extent of cortical injury
was quantified at 8, 24, and 48 hrs post-injury
by color images of Nissl-stained brain sections
at 10 x magnifications using a digital Nikon
camera mounted on a light microscope. Sham
operated animals were used as controls. The
area of healthy, uninjured tissue in each
hemisphere was measured using image
analysis software (NIH Image version J). The
area of the entire cortical region was
determined using the Cavalieri method [41].
The damaged cortex was characterized by
determining the volume of the cortical lesion
or the lack of staining in remaining tissue and
was clearly delineated from healthy tissue. The
amount of cortical damage was expressed as
a percentage of the total cortical volume [36].

Assessment of Caspase-3 Activation In Vivo by
Immunofluorescent Microscopy

Activation of caspase-3 following TBI in mouse
brain in vivo was assessed using a method
similar to that described previously [42]. A
polyclonal antibody specific for activated form
of caspase-3 (Cell Signaling Technology,
Danvers, MA, U.S.A.) was used that detects
endogenous levels of the large fragment
(17/19 kDa) of activated caspase-3 resulting
from cleavage adjacent to Aspl75. This
antibody does not recognize full length
caspase-3 or other cleaved caspases. In brief,
brain sections were incubated at 4°C overnight
in blocking solution (10% goat serum, 1% BSA,
0.1% Triton X-100 in PBS, pH 7.4). The
sections were then incubated with the primary
anti-activated caspase-3 antibody in PBS at
the 1:500 dilutions for 90 minutes. After three
washes in PBS, biotinylated anti-rabbit IgG
secondary antibody was applied to sections
and incubated at room temperature in the
dark for 1 hr. Sections were then washed three
times and incubated in the dark with
Fluorescein Avidin D for 10 min at room
temperature. Brain sections were washed for 5
min in PBS buffer. The sections were mounted,
analyzed, and digitally photographed. Images
of immunofluorescence of activated caspase-3
were acquired using a digital Nikon camera,
mounted on a light microscope with 10 x
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Figure 1 Neurons that overexpress Par-4 show an exacerbated rate of cell death following the mechanical
insult compared to wild-type neurons. A. Representative Western blotting analysis showing high level
expression of Par-4 protein in cortical neurons from transgenic mice. Primary cultures of cortical neurons were
established and western blot analyses were performed in 7-day old cultures using a monoclonal antibody
raised against a recombinant protein corresponding to amino acids 1-334 representing full length PAR4 of rat
origin (Santa Cruz Biotechnology, Inc.). Relatively high levels of Par-4 protein were detected in neurons from
Par-4 transgenic mice (lane 2), while only minimal levels of endogenous Par-4 were observed in normal
neurons from wild-type mice (lane 1). B. Genotyping of Par-4 transgenic mice using a PCR-based protocol. We
have developed a quick PCR-based assay of the DNA from tail biopsies to amplify a 236-bp simian virus 40
fragment from pNSE-Par4 vector, which is detectable only in mice transgenic for Par-4 (lanes 1-3), but not in
wild-type mice (lanes 4-6). C. Phase contrast images of cortical neurons from wild-type and Par-4 transgenic
mice before and after injury. Overall neuron survival decreases at each time point. D. Graph shows
percentage of surviving cells at each time point as indicated: uninjured (Un), immediately after injury (0), 4, 8,
12 and 24 hrs after injury. A higher percentage of cell death was observed in Par-4 transgenic cortical
neurons compared to wild-type neurons. Values are the means and standard derivations of determinations
from eight separate cultures (20-30 neurons analyzed per culture). ***p<0.001 compared with
corresponding values in cells from wild-type mice. ANOVA with Scheffe’s post-hoc tests.

objective. The average pixel intensity per cell in which expression of the par-4 transgene
was determined using the Kodak 1D 3.6 was limited to cells of neuronal lineage using

imaging analysis software.

Results

Par-4 Exacerbates Death of Cortical Neurons

Following Mechanical Injury In Vitro.

We recently generated Par-4 transgenic mice
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the NSE promoter. Transgenic mice were
characterized by both Western blot analysis of
Par-4 protein expression and PCR genotyping
of integration of the transgene. As shown in
Figure 1A, levels of Par-4 were clearly higher in
Par-4 transgenic mice than those in wild-type
animals. Genotype of the transgenic animals
were also confirmed using genomic DNA from
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Figure 2 Neurons that overexpress Par-4 exhibit enhanced mitochondrial dysfunction after mechanical injury
compared to wild-type neurons. A. Rhd123 fluorescence (a measure of mitochondrial transmembrane potential)
was measured before injury and at specific time intervals in both wild-type (top left) and Par-4 transgenic
neurons (bottom left). Fluorescence intensity diminishes after injury, indicating the mitochondrial membrane
potential has been compromised. B. Graph shows the mean average pixel intensity at each time point before
and after injury. Par-4 transgenic neurons have significantly lower fluorescence intensity, beginning immediately
after mechanical injury, when compared to wild-type neurons. Values are the means and standard derivations
of determinations from eight separate cultures (20-30 neurons analyzed per culture). ***p<0.001 compared
with corresponding values in cells from wild-type mice. ANOVA with Scheffe’s post-hoc tests.

tail biopsies to PCR amplify a 236-bp simian
virus 40 fragment from pNSE-Par4 vector,
which is detectable only in mice transgenic for
Par-4, but not in wild-type mice (Figure 1B).
Primary cultures of mouse cortical neurons
from wild-type and Par-4 transgenic mice were
established and cultured for 7 days.
Photographs of cells under the phase contrast
microscope were collected at time points
immediately after the scratch injury, denoted
by O hrs, and at 4, 8, 12, and 24 hrs and in
uninjured cultures as a control for both wild-
type and Par-4 transgenic cultures (Figure 1C).
Neuronal assessment was determined by
counting the number of healthy neurons within
2 mm of the injury (scratch mark). We
observed a progressive decline in the
percentage of surviving cells after the injury
induction in both wild-type and Par4
transgenic neurons (Figures 1C and 1D).
However, at 4 hrs, we observed a significant
difference in the percentage of cell survival
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after mechanical injury between wild-type and
Par-4 transgenic cultures. By 4 hrs,
approximately 50% of neurons that
overexpressed Par-4 were seen to be non-
viable. In contrast, it took nearly twice as long
(i.e., ~8 hrs) to see similar results in neurons
from wild-type mice. By 24 hrs, a small
percentage of neurons from the wild-type
remained viable, while neurons from Par-4
transgenic mice were almost entirely
eliminated. These results indicate that
overexpression of Par-4 exacerbates cell death
after mechanical injury in cortical neurons.

Par-4 Alters Mitochondrial Transmembrane
Potential in Cortical Neurons after Mechanical
Injury.

We next examined the effect of Par-4 on
mitochondrial function in cortical neurons after
mechanical injury. Experiments were
performed at several time points immediately
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after the scratch injury (i.e., ~O hrs) and at 4, 8,
12, and 24 hrs and in uninjured cultures as a
control for both wild-type and Par-4 transgenic
cultures. As seen in Figure 2A, Rhd123
fluorescence begins to diminish immediately
after the mechanical injury in Par-4 transgenic
neurons. Similar findings are not present in
wild-type cells until around 12 hrs after injury.
Figure 2B shows a progressive decrease in the
mitochondrial membrane potential, as
reflected by the attenuation of Rhd123
fluorescence in wild-type neurons, and an
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even sharper decrease in fluorescence from
neurons that overexpress Par-4. Consistent
with phase contrast imaging, we observed a
leftward shift in the curve for Par-4 transgenic
mice, indicating that the mitochondrial
membrane becomes compromised much
quicker in Par-4 transgenic neurons than in
wild-type neurons.

Par-4 Increases Accumulation of Superoxide
and Hydrogen Peroxide in Cortical Neurons
Following Mechanical Injury.
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Figure 3 Cortical neurons overexpressing Par-4 show an increased accumulation of superoxide and hydrogen
peroxide following mechanical injury compared to wild-type neurons. A. HE fluorescence (a measure of
superoxide levels) and C. DCF fluorescence (a measure of hydrogen peroxide levels) were measured before
injury and 12 hrs post injury in both wild-type (top) and Par-4 transgenic neurons (bottom). Fluorescence
intensity of HE and DCF increases 12 hrs post injury in wild-type and Par-4 transgenic cortical neurons. B. Bar
graph shows a higher accumulation of superoxide in neurons that overexpress Par-4 compared to wild-type
neurons. D. Similar results are observed for the production of hydrogen peroxide in neurons overexpressing Par-
4 when compared to wild-type neurons. Values are the means and standard derivations of determinations from
eight separate cultures (20-30 neurons analyzed per culture). ***p<0.001 compared with corresponding
values in cells from wild-type mice. ANOVA with Scheffe’s post-hoc tests.
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Figure 4 Par-4 overexpression in cortical neurons facilitates an earlier activation of caspase-3, contributing to a
quicker progression through cell death. A. Levels of DEVD fluorescence (a measure of caspase-3 activation)
were measured before injury and at specific time points after injury. Caspase-3 becomes activated after
mechanical injury in both wild-type (top left) and Par4 transgenic neurons (bottom left). B. Quantification of
DEVD fluorescence shows a higher degree of caspase-3 activation at each time point in Par-4 transgenic
neurons compared to that in wild-type neurons, except at 24 hrs, when essentially all neurons overexpressing
Par-4 have perished. Values are the means and standard derivations of determinations from eight separate
cultures (20-30 neurons analvzed per culture). ***p<0.001. ANOVA with Scheffe’s post-hoc tests.

Oxidative stress plays a major role in TBI-
induced neuronal injury. We measured levels
of intracellular superoxide anion radical with
hydroethidine, which is oxidized to fluorescent
ethidium cation by superoxide. The fluorescent
dye DCF was used to quantify relative levels of
intracellular hydrogen peroxide. Experiments
were performed in uninjured cell cultures and
12 hrs post injury in both wild-type and Par-4
transgenic neurons. As shown in Figure 3,
uninjured cells exhibited relatively low
amounts of superoxide and hydrogen peroxide

in both wild-type and Par-4 transgenic neurons.

However, at 12 hrs, there is a significantly
greater amount of superoxide and hydrogen
peroxide produced in Par-4 transgenic neurons
compared to that found in wild-type neurons.

Cortical Neurons Overexpressing Par-4 Show
an Increased Activation of Caspase-3.

Activation of caspase-3 represents a point-of-
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no-return step of execution of cell death in the
apoptotic pathways. We measured the amount
of activated caspase-3 following mechanical
injury to  cultured cortical neurons.
Experiments were performed at time intervals
immediately after mechanical injury (O hrs)
and at 4, 8, 12, and 24 hrs post-injury and in
uninjured cultures as a control, in both wild-
type and Par-4 transgenic neurons. Consistent
with data from cell survival and mitochondrial
membrane potential studies, we found a
significant increase in caspase-3 fluorescence
intensity as time progresses after injury in both
wild-type and Par-4 transgenic neurons (Figure
4A). However, we noticed an earlier activation
of caspase-3 in Par-4 transgenic neurons.
There was a great amount of caspase-3
activation by 4 hrs in Par-4 transgenic neurons,
whereas it took 8 hrs to see similar results
from wild-type cultures. This trend continues to
be evident at 8, 12, and 24 hrs after
mechanical injury (Figure 4B). By 24 hrs,
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essentially all neurons from Par-4 transgenic
mice have succumbed to cell death and this
may explain the decline in the overall amount
of DEVD fluorescence, whereas a small
percentage of cells from wild-type remain alive
and viable.

Cortical Damage Increases Following Weight
Drop Injury in Par-4 Transgenic Mice In Vivo.

We then performed in vivo experiments to
corroborate the data obtained in cell cultures.
We utilized a published weight drop model of
cortical impact. Relative area of cortical
damage was quantified by Nissl staining in
coronal brain sections. As shown in Figure 5A,
each animal demonstrates trauma to the
cerebral cortex directly below the impact site,

while the contralateral cortex remains
unaffected. The amount of cortical damage
progresses at each time point, with a larger
volume of cortical damage in mice that
overexpress Par-4. Figure 5B shows a
significant difference in volume of the cortical
lesion between Par-4 transgenic and wild-type
mice.

Activation of Caspase-3 Increases in Cerebral
Cortex of Par4 Transgenic Mice Following
Cortical Impact.

Using immunofluorescent histochemistry and
an antibody that recognizes activated caspase-
3, we examined if there was an increased
activation of caspase-3 in cortical neurons
from Par-4 transgenic mice after TBI in vivo. As
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Figure 5 Traumatic brain injury is exacerbated in Par-4 transgenic mice compared to wild-type mice. A. Coronal
sections through the damaged cerebral cortex of adult mice were stained with cresyl violet. Nissl staining was
measured in sham-operated mice and at 8, 24, and 48 hr intervals after cortical impact. Cortical damage is
observed in the ipsilateral cortex (Ips), while the contralateral cortex (Ctl) is unaffected in wild-type (top left) and
Par-4 transgenic mice (bottom left). B. Graph shows the percentage of cortical lesion volume in ipsilateral (Ips)
and contralateral (Ctl) sides of the cortical impact in both wild-type and Par-4 transgenic mice. A significantly
larger cavity was produced in the ipsilateral cortex (Ips) by 8 hrs and more prominently by 24 and 48 hrs after
cortical impact in mice that overexpress Par-4 when compared to wild-type mouse brains. The damaged portion
of the cortex was characterized by faint or lack of staining and was clearly delineated from healthy brain tissue.
The amount of cortical damage is expressed as a percentage of total cortical volume, calculated using the
Cavalieri principle (see Materials and Methods). Values are the means and standard derivation of
determinations made from coronal brain sections through the area of impact and the contralateral side of
impact. *p<.0.05, ***p<0.001 compared with corresponding values in sections from wild-type mice. ANOVA
with Scheffe's post-hoc tests
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Figure 6 Caspase-3 activation is significantly greater in transgenic mice that overexpress Par-4 compared to
wild-type mice. A. Coronal sections were immunostained with the mouse caspase-3 primary antibody, which
only recognizes and labels the cleaved, activated form of caspase-3. Caspase-3 activation was measured in
sham-operated mice and at 8, 12, and 24 hr intervals after weight drop. Caspase-3 activation increases at
each time point in the ipsilateral cortex (lps), while activation in the contralateral cortex (Ctl) remains
unchanged in both wild-type (top left) and Par-4 transgenic mice (bottom left). B. Graph shows a higher degree
of caspase-3 activation in Par-4 transgenic mice following cortical impact in the ipsilateral cortex (Ips), but not
in the contralateral cortex (Ctl). Values are the means and standard derivations of determinations made from
coronal brain sections through the area of impact and adjacent to the area of impact. ***p<0.001 compared
with corresponding values in cells from wild-type mice. ANOVA with Scheffe’s post-hoc tests.

seen in Figure 6A, the amount of caspase-3
activation in the cortical neurons was seen to
gradually increase after TBI in both wild-type
and Par-4 transgenic animals. However, there
was a significant difference in the amount of
caspase-3 activation between wild-type and
Par-4 transgenic animals. Animals that
overexpress Par-4 showed a much greater
degree of activation of caspase-3 in the
cortical neurons after TBIl. We also measured
caspase-3 activation in the contralateral cortex
where no differences between wild-type and
transgenic animals were observed (Figure 6B).
These in vivo data is consistent with data from
cell cultures, and provides physiologically
meaningful evidence for the involvement of
Par-4 in neuronal cell death following cortical
impact.

Discussion

Apoptosis represents one of the major
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mechanisms in neuronal injury following TBI
[6-8]. The generation and characterization of
neuron-specific ~ Par-4  transgenic  mice
provided a unique model to investigate the
roles of aberrant Par-4 expression in neuronal
apoptosis after TBI. Although mice that
overexpress Par-4 did not express an overt
abnormal phenotype, we found that they are
significantly more vulnerable to TBIl-induced
neuronal death. We used a combination of in
vitro and in vivo models of cortical impact
induced TBI, and found that Par-4 plays a
critical role in the progressive death of cortical
neurons. This conclusion is supported by
several pieces of experimental evidence
obtained from this study: (1) in both in vitro
and in vivo models, death of cortical neurons
following mechanical impact was significantly
exacerbated by Par-4 in transgenic animals; (2)
mitochondrial dysfunction and accumulation
of free radicals were significantly increased
after TBI in cortical neurons from Par-4
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transgenic mice; and (3) in both in vitro and in
vivo models, activation of caspase-3, a critical
executioner caspase in apoptosis, was
significantly enhanced by Par-4 after TBI.
These results identify Par- 4 as a critical
contributor to neuronal apoptosis in models of
TBI.

Several potential mechanisms may be
considered for the observed exacerbation of
cell death after TBI in cortical neurons that
overexpress Par-4. A shift in the balance
between pro- and anti-apoptotic factors
towards the expression of proteins that
promote cell death may be one underlying
mechanism. Of importance, Par-4-dependent
cell death seems to be mediated by decreased
transcription of the anti-apoptotic bcl-2 [43].
Ectopic expression of Bcl-2 abrogates Par-4
activity [43, 44]. At least in certain types of
cells, the cell death-enhancing actions of Par-4
seem to require Par-4 translocation from the
cytoplasm to the nucleus where it directly
regulates bcl-2 promoter activity [44, 45]. Thus,
it is possible that Par-4 functions as a
suppressor of bcl-2 transcription to enhance
neuronal death following TBI. Another potential
mechanism by which Par-4 enhance neuronal
death following TBI is through binding to the
atypical protein kinase C (CPKC). CPKC is
involved in activation of NF-xB, a transcription
factor that often confers anti-apoptotic activity
by enhancing the expression of inhibitors of
apoptosis (IAPs). Par-4 interacts with CPKC
and inhibits its activity. These potential
mechanisms need to be further investigated.

An essential role for Par-4 in TBl-induced
neuronal injury can be demonstrated by
examining if blocking Par-4 activity confers
significant protection against neuronal cell
death after TBI. Par-4 activity can be
significantly attenuated using several different
approaches. In previous studies, we have
found that Par-4 contains a leucine zipper
domain that mediates protein-protein
interactions essential for sensitization of cells
to apoptosis [15, 46-49]. Overexpression of a
deletion mutant of Par-4 that encodes only the
leucine zipper domain of Par-4 (Leu.zip) has
been shown to block Par-4 activity in a
dominant negative fashion by inhibiting
binding of other protein(s) with the full-length
Par-4 [15, 46-49]. We also found that
apoptosis antagonizing transcription factor
(AATF) is an endogenous interaction partner
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and potent antagonist of Par-4 activity [49]. In
addition, we have demonstrated that Par-4
expression can be effectively silenced by RNA
interference (RNAI) in vitro and in vivo [13, 40,
49]. Experiments are now underway in our lab
to determine if blocking Par-4 expression
would significantly reduce neuronal injury
following TBI.

TBlI is a major clinical problem with
exceptionally high morbidity and mortality.
There has been no effective treatment for TBI.
Although the precise mechanisms by which
Par-4 alters mitochondrial function and various
elements of neuronal cell death pathways
after TBI still need to be further investigated,
this study identifies Par-4 as a potential target
for developing therapeutic strategies for TBI.
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