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Abstract

Blast traumatic brain injury (bTBI) has been shown to contribute to progressive neurodegenerative disease. Recent evidence
suggests that endoplasmic reticulum (ER) stress is a mechanistic link between acute neurotrauma and progressive tauo-
pathy. We propose that ER stress contributes to extensive behavioral changes associated with a chronic traumatic en-
cephalopathy (CTE)-like phenotype. Targeting ER stress is a promising option for the treatment of neurotrauma-related
neurodegeneration, which warrants investigation. Utilizing our validated and clinically relevant Sprague—Dawley blast
model, we investigated a time course of mechanistic changes that occur following bTBI (50 psi) including: ER stress
activation, iron-mediated toxicity, and tauopathy via Western blot and immunohistochemistry. These changes were asso-
ciated with behavioral alterations measured by the Elevated Plus Maze (EPM), Forced Swim Test (FST), and Morris Water
Maze (MWM). Following characterization, salubrinal, an ER stress modulator, was given at a concentration of 1 mg/kg
post-blast, and its mechanism of action was determined in vitro. bTBI significantly increased markers of injury in the cortex
of the left hemisphere: p-PERK and p-elF2a at 30 min, p-T205 tau at 6 h, and iron at 24 h. bTBI animals spent more time
immobile on the FST at 72h and more time in the open arm of the EPM at 7 days. Further, bTBI caused a significant
learning disruption measured with MWM at 21 days post-blast, with persistent tau changes. Salubrinal successfully reduced
ER stress markers in vivo and in vitro while significantly improving performance on the EPM. bTBI causes robust
biochemical changes that contribute to neurodegeneration, but these changes may be targeted with ER stress modulators.

Keywords: bTBI; ER stress; iron toxicity, salubrinal; tauopathy

Introduction

BLAST EXPOSURE has been linked to progressive neurodegen-
erative changes. Several former war fighters have been diag-
nosed with neurodegenerative tauopathy and chronic traumatic
encephalopathy (CTE) on postmortem examination." Shively and
colleagues found that war fighters exposed to blast had extensive
gliosis at the gray/white junction and vessel/brain interfaces.” The
injury associated with blast exposure is significantly different than
that obtained from rotational brain injury alone.® Blast exposure
causes a unique pressure spike that can disrupt the blood—brain
barrier (BBB) and contribute to the activation of secondary injury
cascades.* What is unknown, is how these secondary injury cas-
cades contribute to the pathologic and behavioral deficits associ-
ated with CTE.

One of the most significant and characteristic pathologic chan-
ges is the accumulation of tau neurofibrillary tangles at the glia

limitans and perivascular spaces.’ Puvenna and colleagues recently
showed that glymphatic clearance of tau is impaired following
repetitive traumatic brain injury in CTE specimens.® We expanded
upon these findings showing that TBI can contribute to tauopathy
leading to CTE, Alzheimer’s disease (AD), or, in rare cases, CTE/
AD.” Hyperphosphorylated tau aggregates around venules and
begins to form oligomers and neurofibrillary tangles. We recently
showed that this perivascular tau was associated with an increase in
endoplasmic reticulum (ER) stress activation.® Additionally, we
found that nicotinamide adenine dinucleotide phosphate (NADPH)
oxidative stress was increased in neuronal membranes surrounding
areas of acute BBB disruption.’

In this article, we show evidence of how secondary injury pro-
duces a CTE phenotype with our clinically relevant and validated
Sprague-Dawley blast model.'® Blast exposure caused early acti-
vation of ER stress in response to acute BBB disruption. The
opening of the BBB that we have previously reported occurs early
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post-injury.! This disruption allows further toxic particles, such as
iron, to enter the brain and cause additional damage. Iron enters the
brain from damaged red blood cells and heme degradation induced
by blast exposure. Nisenbaum and colleagues have reported that
iron-mediated toxicity can contribute to tau hyperphosphorylation
and additional biochemical changes such as the formation of re-
active oxygen species.'? ER stress weakens the cell, allowing iron
to accumulate within the cytoplasm and damage the plasma
membrane. We found that iron-mediated toxicity contributed to
both tau hyperphosphorylation and conformational changes with
our model. Salubrinal (Sal), an ER stress modulator, significantly
reduced the iron-mediated toxicity.

These biochemical changes were linked to depressive and im-
pulsive behavior measured with Forced Swim Test (FST) and Ele-
vated Plus Maze (EPM), respectively. The tau changes were also
associated with worsened cognitive performance measured with the
Morris Water Maze (MWM). Importantly, we present data showing
that ER stress modulation with Sal reduces acute injury cascades
and improves behavior on the EPM. Using an in vitro assay, we
found that Sal effectively reduced the neuroinflammatory marker
nuclear factor kappa B (NFxB). This is in agreement with our recent
article showing important “‘cross talk” between ER stress and
neuroinflammatory cascades.® Further work will mechanistically
verify how ER stress modulation functions to improve behavior.

Centerline Pressure x-t Diagram

1 T

-20 -10 0 10
X-Location (c¢m)

0 20 40 60 80
Pressure (psi)

Sensor

Holding
Pin

Membrane
Location

Driver
Bection

FIG. 1.

S-63

Methods
Model and drug

The Sprague-Dawley tabletop blast model produces a peak
impulse of 50 psi. Finite element modeling reveals that the wave
produced is 1 ms in duration (Fig. 1). The blast was delivered to the
right side of the rat’s skull with the head freely mobile and body
protected by PVC tubing. The West Virginia University Animal
Care and Use Committee approved this study, and all experiments
were conducted in accordance with the national guidelines for the
use and care of laboratory animals. A total of 120 3—6-month-old
male Sprague— Dawley rats were used for this study. Sal (Tocris)
was dissolved in 0.9% saline and administered at a concentration of
Img/kg at a single time 5 minutes post-blast. 0.9% saline was used
for the vehicle in rats not receiving Sal.

Study design

Rats for the biochemical characterization studies were divided
into control or blast groups based on time of euthanasia (30 min,
24 h, or 21 days). The time points were chosen to look at 1) acute
ER stress activation, 2) subsequent iron toxicity, and 3) tauopathy.
Sham rats were anesthetized but not exposed to blast. The n
numbers for each assay are outlined in detail subsequently. The rats
for behavior were divided according to assay and time point (72 h,
7 days, and 1 month).
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Cell culture

NG-108 cells were cultured in a humidified incubator (5%
CO, at 37°C) in T75 culture flasks. High-glucose (4.5g/L)
Dulbecco’s Modified Eagle Medium (DMEM) was supplemented
with 10% fetal bovine serum (FBS), penicillin, streptomycin, and
hypoxanthine-aminopterin-thymidine (HAT) medium. When cells
were 70% confluent, the media was replaced with differentiation
media (DMEM with 5% FBS, penicillin, streptomycin, HAT, and
0.5% dimethyl sulfoxide [DMSO]) and allowed to differentiate for
an additional 3 days.

Differentiated cells were seeded (1 x 10°) onto 12 well plates for
treatment (n=5). On each plate, wells were divided into four
groups: 1) control, 2) Sal, 3) tunicamycin (TUN) + DMSO, and (4)
TUN + SAL. TUN was administered (1 ug/mL) to cells for 6 h prior
to collection to activate the ER stress response, and Sal was ad-
ministered (100 uM) to cells 30 min prior to collection. Control and
TUN cells were administered DMSO (0.5%) 30 min prior to col-
lection. Cells were collected in 1% sodium dodecyl sulfate (SDS)
for measurement of protein expression.

Western blot analysis

For Western blot, frontal cortex was collected from blast and
control rats, which has been shown previously to correlate with
behavioral findings.'? In vitro cell collection was also conducted as
stated. Protein samples were prepared in 1% SDS, and the assay
was performed as previously described.'* Primary antibodies were
rabbit anti-phosphoPERK mAB (1:1000), anti-PERK mAB
(1:1000), and anti-phosphoeiF2« (1:1000) (Cell Signaling); mouse
anti-NFxB p65 (1:200) (Santa Cruz); mouse anti-AT8 (Thermo),
and mouse anti-CP13 (kindly gifted by Peter Davies). A rabbit anti-
f-actin mAB (1:10,000) (Cell Signaling) was used as an endoge-
nous control to normalize protein loading. Secondary antibodies
were IRDye® 800CW (goat anti-rabbit) and IRDye® 680RD
(goat anti-mouse) (LI-COR Biosciences). Images were collected
and analyzed with an Odyssey fluorescent scanner. Images were
converted to gray scale and the values calculated after back-
ground subtraction and then normalized to f-actin to measure
relative intensity.

Immunohistochemistry

Brains were rapidly removed and placed into an ice-cold pro-
tease/phosphatase inhibitor cocktail mix (Halt™'; Thermo Scien-
tific; Pittsburgh, PA). Tissues were flash frozen in liquid nitrogen
for storage at —80°C. Fixed brain tissue for the TBI and control rats
were prepared as previously described.'* Briefly, rats were an-
esthetized with 4% isoflurane and cardiac perfused with ice-cold
0.9% saline, followed by 4% paraformaldehyde for 15 min. Fol-
lowing perfusion, brains were removed and placed in 4% parafor-
maldehyde for 24 h. Following fixation, the frontal cortex was
sectioned into 4 mm slabs, which were then processed and em-
bedded in paraffin, as previously described.!> Brain slabs were
sectioned (10 pm), mounted onto slides, and prepared for staining.
Standard protocols for Perls DAB and cresyl violet were used for
the iron staining (Sigma Aldrich).

FST

Depressive-like behavior was assessed with the FST assay. Two
sets of rats were assessed: control and 72h post-blast (n=6 per
group). The apparatus was filled with water so that the rat could not
touch the floor. On habituation day, the rat was placed in the ap-
paratus for 15 min and monitored continuously. It was dried and
warmed on a heating blanket following the trial. On test day, the rat
was placed in the apparatus for 5 min and tracked with Any-Maze
Video Tracking software (Stoelting Co.). Time spent immobile and
time to first immobility episode was analyzed.

LUCKE-WOLD ET AL.

EPM

Impulsive-like behavior was investigated with the EPM assay.
Four sets of rats were assessed: control, Sal, 7 day blast, and 7 day
Sal + blast (n=9 per group). The two arms of the EPM were
50% 10cm and raised 60 cm from the floor. The closed arms had
black siding 30 cm tall. The rat was placed in the middle of the EPM
and tracking was performed with Any-Maze software for 5 min.
The percentage time spent in the open arms and distance traveled
was recorded and quantified.

MWM

Cognitive performance was evaluated with the MWM assay.
Three sets of rats were assessed: control, 7 days post-blast, and
21 days post-blast (n =10 per group). The circular pool was 180 cm
in diameter. In the pool, a 10x10cm platform was submerged
2.5cm below the surface of the water (20°C). The training para-
digm consisted of 6 days of acquisition with a hidden platform
followed by a probe trial on day 7. During spatial acquisition, rats
were placed into the maze apparatus four times from four different
locations. Each rat had a 2 min trial to locate the platform. Timing
stopped if the platform was found, but if the rat did not find it during
the 2 min session, it was placed on the platform for 15 sec. On probe
day, the rat was placed in the apparatus from a novel entrance point
for 1 min. An area encompassing 300% of where the platform had
been was outlined to indicate time spent in the appropriate region.
Any-Maze was used to measure the distance traveled and the la-
tency to reach the platform on acquisition days. On the probe trial
day, it was used to measure how long the rat spent in the area 300%
of where the platform had been.

Statistical analysis

Graphpad Prism software 5.0 (Graphpad Software, Inc.) was
used for statistical analysis. A ¢ test, one way ANOVA, or two way
ANOVA was used depending on the assay. > analysis was used to
quantify the iron staining. Tukey’s post-hoc comparison was used
for the one way and two way ANOVA. A p value of <0.05 was
considered statistically significant.

Results

Phosphorylation states of PERK
and elF2x are elevated after bTBI

To confirm ER stress activation following bTBI, two upstream
components of the PERK-mediated ER stress pathway, PERK and
elF2a, were investigated for their respective phosphorylation lev-
els. Western blot analyses showed a significant increase in PERK
phosphorylation at 0.5 h following blast in the left prefrontal cortex
(PFC) (r=8.59; p<0.01) (Fig. 2A). At 0.5 h following blast expo-
sure, a significant increase in e[F2o phosphorylation was also found
in the left PFC (r=5.45; p<0.05) (Fig. 2B). No differences were
seen in total PERK or total e[F2a expression from the same samples
(Fig. 2C,D), indicating a difference in phosphorylation state, but
not in total protein expression (Fig. 2E.,F). PERK and elF2u«
phosphorylation levels returned to baseline after 6h post-blast
(data not shown). Results showed a single moderate blast expo-
sure to activate upstream constituents of the PERK-mediated ER
stress pathway.

Iron-mediated toxicity is increased following bTBI
but is ameliorated by Sal administration

It has previously been reported that non-heme iron accumulates
in the brain after injury and contributes to robust cell loss.'® The
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FIG. 2. Western blot analysis shows an increase in PERK and elF2« phosphorylation following blast exposure at acute time points.
(A) Shows an increase in PERK phosphorylation at 30 min following blast exposure when compared with control animals (¢=28.591;
p<0.01). (B) Shows an increase in elF2o phosphorylation at 30 min following blast exposure when compared with control animals
(t=5.447; p<0.05). (C) Shows no increase in the expression of total PERK following blast exposure. (D) Shows no increase in the
expression of total elF2« following blast exposure. **p <0.01, *p<0.05. (E, F) Representative graphs showing relative differences.

mechanisms by which this occurs are not fully known. In Figure 3
we show robust iron accumulation within neurons of the frontal
cortex at 24 h post-TBI. A Xz test revealed that severe TBI (sTBI)
significantly increased the ratio of iron-positive stained cells
(Control =4/104, Blast=63/103, and Blast + Sal =24/108; x2 =59.46;
p<0.001). Not surprisingly, ER stress modulation with Sal sig-
nificantly prevented an increase in iron-positive cells, showing
enhanced neuroprotective properties.

Sal attenuated NFxB administration
after in vitro TUN administration

TUN is a potent inducer of ER stress. We recently reported
that ER stress activation contributes to robust neuroinflammation
in vivo mediated by NFkB.'® What was unknown, was how
ER stress modification altered the neuroinflammatory cascade.
The activation of the neuroinflammatory cascade may be the
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FIG. 3. TIron staining in the frontal cortex shows a significant increase following blast traumatic brain injury (bTBI). Scale bar=50um.

(A) Iron accumulation in vehicle control is minimal (4/104 cells). (B) Iron accumulation following bTBI is significant (63/103 cells).
(C) Iron accumulation following bTBI is prevented by the administration of salubrinal (Sal) (24/108 cells). }52 =59.46; p<0.001. Arrows
indicate representative cells where iron accumulation is pronounced in the cytoplasm.

contributing factor leading to iron toxicity. Figure 4 shows a sig-
nificant difference in NFkB activity between groups of NG108
cells (F(3,16,=4.987; p<0.05). TUN + DMSO produced a signifi-
cant increase in NFxB activity compared with control cells treated
with DMSO (¢=4.766; p <0.05) or SAL (¢=4.432; p<0.05). TUN
+ Sal significantly attenuated NFxB activity compared with TUN +
DMSO cells (¢=4.101; p<0.05). No difference between DMSO +
SAL and TUN + SAL was observed. Future studies will examine this
potential mechanism in relation to iron-mediated toxicity in vivo.

bTBI increases depressive-like behavior

A prominent symptom after blast TBI is the onset of depressive
behavior. Recently, Tucker and colleagues reported depressive-like
behavior in mice following bTBI.'® We show a similar phenotype
of depressive-like behavior in our rat blast model: 72 h after blast, a
significant difference between blast and control groups was seen for
time spent immobile (r=2.49; p<0.05). Blast rats spent 136.2+
35.84 sec immobile, whereas control rats spent 39.90+14.45 sec
immobile (Fig. 5A). No significant difference was seen for total
immobility episodes (t=1.2; p=0.26) (Fig. 5B). A significant dif-
ference was seen for time to first immobility session (r=2.24;
p <0.05). Blast-exposed rats had an average time of 9.35+6.16 sec

to first immobility episode, whereas control rats had an average
time of 73.52+28.03 sec to first immobility episode.

Impulsive-like behavior is prevented
by Sal administration

A prominent symptom following blast exposure is the devel-
opment of impulsivity.'® We have previously shown that the EPM
is useful in determining impulsive-like behavior in rats.'” In this
article, we found a significant difference between groups for time
spent in the open arm F(;04y=4.715; p<0.05 (Fig. 6). Multiple
comparisons revealed a significant difference between blast and
control groups (¢=4.09; p<0.05). Blast-exposed rats spent on
average 24.52sec in the open arm, whereas control rats spent
3.244 sec in the open arm. Sal ameliorated the increase seen with
blast (g=3.31; p<0.05). Sal-treated rats spent on average only
7.3 sec in the open arm.

Blast exposure increases tau hyperphosphorylation
and conformational change

Tau pathology is a characteristic change showing evidence
of neurodegeneration following neurotrauma.>® Tau can undergo
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FIG. 4. Salubrinal (Sal) significantly reduced the activation of
nuclear factor kappa B (NFxB) in vitro following endoplasmic
reticulum (ER) stress induction with tunicamycin (TUN). A sig-
nificant difference between TUN and control was seen for NFxB
activation in NG-108 cells following treatment (g=4.432;
p <0.05). Sal significantly reduced the increase by TUN (r=4.101;
p<0.05). *p<0.05 for Control versus TUN groups. #p <0.05 for
TUN versus TUN + Sal groups.

biochemical modifications such as nitration and hyperphosphorylation.
These modifications can lead to conformational changes in tau that
predispose to pathologic aggregation.?! We observed a significant
difference in tau changes between control and blast-exposed rats at
3 weeks post-injury. ATS8, a marker of tau hyperphosphorylation,
was significantly increased following blast (r=3.59; p<0.05).
CP13, a marker of tau comformational change, was also signifi-
cantly increased following blast (#=3.25; p <0.05) (Fig. 7).

Cognitive deficits are increased following
blast exposure

bTBI can increase learning deficits and accelerate degenerative
changes.”> MWM is a sensitive assay to detect these changes. We
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FIG. 6. Salubrinal (Sal) administration prevented the develop-
ment of impulsive-like behavior following blast exposure (n=9
per group). A significant difference was seen in time spent in the
open arm of the Elevated Plus Maze (EPM) between the control
and blast groups (¢=4.09; p<0.05). Sal administration success-
fully prevented this increase in exploratory behavior in the open
arm (¢g=3.31; p<0.05). *p<0.05 for Control versus Blast groups.
#p <0.05 for Blast versus Blast + Sal groups.

found a significant difference between groups in escape latency
(F2,19)=18.58; p<0.001). At 3 weeks, blast-exposed rats had di-
minished performance on acquisition trials compared with control
rats. Interestingly, a separate cohort of blast-exposed rats had no
significant differences from controls when measured at 1 week
post-injury. On the probe trial, a significant difference between
groups was observed (F7,=13.61; p<0.001). Rats exposed to
blast and aged for 3 weeks spent less time in the area where the
platform had been compared with controls (¢=6.51; P<0.01) and
with blast-exposed rats aged for 1 week (¢=6.44; p<0.01). No
significant difference in swim speed was seen between groups
(F2,7=0.209; p>0.05) (Fig. 8).

Discussion

Blast TBI can cause extensive changes to the brain that can lead
to behavioral deficits such as executive dysfunction, memory def-
icits, and cognitive impairments in war fighters.”* The underly-
ing pathophysiology behind these behavior changes is poorly
understood. In this article, we found that rats exposed to blast had
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FIG. 5. Blast exposure significantly increased depressive-like behavior (n=6 per group). (A) Rats exposed to blast spent more time
immobile compared with control rats (r=2.49, p <0.05). (B) No significant difference was seen on total number of immobility episodes.
(C) The latency to first immobility episode was significantly shortened for the blast-exposed rats (r=2.24, p <0.05). *p<0.05.
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FIG. 7. Blast exposure increases tauopathy changes. (A) ATS, a marker of tau hyperphosphorylation, was increased in the contra-
lateral cortex 3 weeks after blast exposure (r=3.59; p<0.05). (B) CP13, a marker of tau conformational change, was increased in the
cortex as well 3 weeks after blast exposure (r=3.25; p<0.05). *p<0.05.

increased depressive-like and impulsive-like behavior and cogni-
tive deficits. Interestingly, the timing of these changes was se-
quential. Rats displayed depressive-like symptoms at 72h post-
injury and impulsive-like behavior at 7 days. A separate cohort of
rats with the same blast conditions was used for the MWM testing.
Surprisingly, the 7 day blast group showed no changes in cognitive
performance whereas the 3 week blast group did. These changes are
in agreement with the progressive symptom development often
reported in patients with CTE.?* The more rapid progression seen in
the rodent model is likely the result of species differences and the
shortened life span of the animals compared with humans.

To investigate the underlying pathophysiology linking neuro-
trauma to neurodegenerative disease, we looked at the activation of
the ER stress response as well as iron-mediated toxicity. Chen and
colleagues proposed that iron accumulation released from de-
grading red blood cells contributes to robust inflammatory and
secondary injury responses in the brain.>> We found that ER stress
contributed to the activation of iron toxicity, but that Sal prevented
this activation. In our previous article, we found an association
among ER stress, oxidative stress, and neuroinflammation.?® Using
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in vitro investigation, we verified that reducing TUN mediated ER
stress significantly, mitigated the activation of NFxB. The reduc-
tion in neuroinflammation mediated by ER stress modulation may
have beneficial effects on behavior. Faden and colleagues have
shown that persistent neuroinflammation is the key player in the
development of chronic neurodegeneration.”’

Preliminary evidence showed that when we administered Sal
post-blast, impulsive-like behavior was prevented. As the injury
progressed with time, tau changes began to occur, and induced
impairment in learning as measured with the MWM. Gerson and
colleagues likewise showed that tau oligomer formation following
blast exposure could contribute to cognitive impairment.?' Going
forward, we want to investigate the progression of tauopathy at
later time points. This will include an assessment of both oligomer
formation and cis/trans tau configuration similar to that being
performed by Kanaan and colleagues in human CTE tissue.”® We
propose that as the rats age over a series of months, they will
develop progressive pathologic tau oligomers.

Most importantly, we will investigate whether ER stress mod-
ulation can prevent long-term behavior. We have shown in our
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recent Journal of Neurosurgery and Frontiers in Neuroscience
articles that reducing ER stress is protective at subacute time
points.®>'* A multi-drug regimen targeting different secondary in-
jury cascades at different sequential time points will likely have the
most efficacy. We have previously shown benefit in targeting the
NADPH oxidative stress response, which can preserve plasma
membranes and prevent iron damage.” Iron damage is further in-
creased post-blast disruption. Targeting BBB disruption and oxi-
dative stress may, therefore, be additional strategies to be used in
conjunction with ER stress modulation.

Conclusion

In conclusion, ER stress activation contributes to iron damage.
In vitro investigation confirmed that ER stress increases NFxB
activation, but that this can be prevented by the administration of
Sal. Sal reduced exploratory behavior on the EPM. Going forward,
we will investigate how tauopathy progresses and contributes to
long-term behavior changes. Once this has been characterized, a
multi-drug regimen will be established to prevent the onset and
duration of neuroinflammation. We propose that this multi-drug
regimen may prove beneficial in preventing neurodegeneration
following neurotrauma.
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