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Abstract
Neurodegeneration after traumatic brain injury (TBI) is increasingly recognized as a key factor contributing to
poor chronic outcomes. Activation (i.e., phosphorylation) of the protein kinase R-like endoplasmic reticulum ki-
nase (PERK) pathway has been implicated in neurodegenerative conditions with pathological similarities to TBI
and may be a potential target to improve TBI outcomes. Here, we aimed to determine whether a moderate TBI
would induce activation of the PERK pathway and whether treatment with the PERK inhibitor, GSK2606414,
would improve TBI recovery. Male mice were administered a lateral fluid percussion injury (FPI) or sham injury
and were euthanized at either 2 h, 24 h, or 1 week post-injury (n = 5 per injury group and time point) to assess
changes in the PERK pathway. In the injured cortex, there was increased phosphorylated-PERK at 2 h post-FPI and
increased phosphorylation of eukaryotic translation initiation factor a at 24 h post-FPI. We next examined the
effect of acute treatment with GSK2606414 on pathological and behavioral outcomes at 4 weeks post-injury.
Thus, there were a total of four groups: sham + VEH (n = 9); sham + GSK4606414 (n = 10); FPI + VEH (n = 9);
and FPI + GSK2606414 (n = 9). GSK2606414 (50 mg/kg) or vehicle treatment was delivered by oral gavage begin-
ning at 30 min post-injury, followed by two further treatments at 12-h increments. There were no significant
effects of GSK2606414 on any of the outcomes assessed, which could be attributable to several reasons. For
example, activation of PERK may not be a significant contributor to the neurological consequences 4 weeks
post-FPI in mice. Further research is required to elucidate the role of the PERK pathway in TBI and whether
interventions that target this pathway are beneficial.
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Introduction
Traumatic brain injury (TBI) is induced by mechanical
forces applied to the brain and is a common consequ-
ence of vehicular accidents, slips/falls, assaults, as well
as work-, sport-, and military-related injuries.1 It is a
leading cause of death and disability worldwide, and
there is currently no effective treatment known to mit-
igate the neurodegenerative aftermath that occurs in
TBI survivors.1 Studies have identified the misfolding
of several proteins in the outcomes of TBI.2–9 Proteins
are synthesized and regulated in cells throughout the
body and are essential for many cellular pathways.
Consequently, dysfunctions involving important pro-
teins may have significant repercussions, and the ab-
normal folding and accumulation of proteins, such as
tau, transactive response DNA-binding protein 43, and
amyloid-b, have all been implicated as neurotoxic fac-
tors in TBI.2,3,5–7,10

Unfolded protein response (UPR) is a stress re-
sponse of the endoplasmic reticulum (ER) that is trig-
gered by the abnormal folding of proteins and aims to
alleviate cellular stress.10 The initial goal of the UPR is
to restore proteostasis by reducing protein translation,
degrading the misfolded proteins, and increasing the
transcription of UPR-responsive genes.10 However, if
homeostasis cannot be restored, the UPR will trigger
apoptosis. To achieve proteostasis, the UPR involves
three major signaling pathways (protein kinase R-like
endoplasmic reticulum kinase [PERK]; inositol requir-
ing enzyme 1; and activating transcription factor 6)
that work in parallel. Activation of the PERK signaling
cascade initially results in the repression of protein syn-
thesis, but eventually triggers apoptosis if proteostasis
is not achieved.10,11 Activation of inositol-requiring
enzyme 1 and activating transcription factor 6 path-
ways promotes the upregulation of UPR-responsive
genes.10 Of the three UPR pathways, there is growing
evidence that PERK-UPR response is involved in a num-
ber of neurodegenerative conditions that share patho-
logical similarities with TBI, including Alzheimer’s
disease, amyotrophic lateral sclerosis, and frontotem-
poral dementia.11

Considering the potential role of PERK-UPR re-
sponse in these serious neurological conditions, thera-
peutic interventions that block PERK activation are
now being developed and tested. For example, in
pre-clinical models of frontotemporal dementia,12 sub-
arachnoid haemorrhage,13 and prion disease,14 treat-
ment with the potent and selective PERK inhibitor,
GSK2606414,15 demonstrated neuroprotective effects.

Of particular relevance, a recent study by Sen and col-
leagues found that GSK2606414 treatment prevented
loss of dendritic spines and improved memory out-
comes in mice after a focal brain injury.16

Although these findings are supportive of a neuro-
toxic role for PERK-UPR signaling in a number of
conditions with pathological similarities to TBI, it is
unknown whether the PERK-UPR pathway is affected,
and whether GSK2606414 treatment is beneficial, in a
clinically relevant model of mixed focal-diffuse TBI.
Therefore, this study first characterized activation of
the PERK-UPR pathway in a mouse model of TBI
(i.e., the lateral fluid percussion injury [FPI]), which
models focal/diffuse TBI pattern, at a number of time
points post-injury. Next, we examined the effect of
GSK2606414 treatment on pathological and behavioral
outcomes 4 weeks after FPI.

Methods
Subjects
A total of 76, 10-week old, male C57BL/6 mice were
obtained from the Australian Research Council (Perth,
WA, Australia). Before injury, all mice were experimen-
tally naı̈ve and were group-housed under a 12-h/12-h
light/dark light cycle with ad libitum access to food
and water. After a sham or FPI procedure, mice were
individually housed for the remainder of the study.
All procedures were approved by The Florey Animal
Ethics Committee (14-007UM) and were in compli-
ance with the ARRIVE (Animal Research: Reporting
of In Vivo Experiments) guidelines and the Australian
Code of Practice for the Care and Use of Animals for
Scientific Purposes by the Australian National Health
and Medical Research Council.

Experimental groups
To characterize the activation of the PERK-UPR path-
way after TBI, a total of 35 mice were assigned to re-
ceive either an FPI (n = 20) or sham injury (n = 15)
and either a 2-h recovery, 24-h recovery, or 1-week
recovery. Five mice given an FPI died immediately
after the injury and were therefore excluded from the
study (25% mortality rate). Thus, there were a total
of six groups: FPI +2-h recovery (n = 5); sham +2-h re-
covery (n = 5); FPI +24-h recovery (n = 5); sham +24-h
recovery (n = 5); FPI +1-week recovery (n = 5); and
sham +1-week recovery (n = 5).

To examine the effect of GSK2606414 treatment
on FPI outcomes, a total of 41 mice were randomly
assigned to receive either an FPI (n = 22) or sham
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injury (n = 19). Four mice died after FPI and were
therefore excluded from the study (18% mortality).
Mice were then assigned to receive treatment with ei-
ther vehicle (VEH; 2% hydroxypropylmethyl cellulose
+0.1% Tween-80 in H2O; Sigma-Aldrich, St. Louis,
MO) or GSK2606414 (50 mg/kg suspended in VEH;
Merck Millipore, Darmstadt, Germany). Thus, there
were a total of four groups in the treatment study:
sham + VEH treatment (n = 9); sham + GSK4606414
treatment (n = 10); FPI + VEH treatment (n = 9); and
FPI + GSK2606414 treatment (n = 9). Treatments were
delivered by oral gavage beginning at 30 min post-
injury, followed by two further treatments at 12-h in-
crements. Behavioral and pathological assessment to
assess the effect of treatment on recovery was done
4 weeks later.

Lateral fluid percussion injury
Procedures for lateral FPI and sham injury followed
standard protocols as described previously.8,17,18

Briefly, mice were anesthetized with isoflurane and
underwent a craniotomy (3 mm in diameter; centered
between bregma and lambda; 2 mm right of midline).
A plastic injury cap was sealed around the craniotomy
using dental cement before the mouse was attached
to the FPI instrument by the injury cap. At first re-
sponse of hindlimb withdrawal, mice received a fluid
pulse (1.5 atm). The mouse was immediately removed
from the apparatus and the wound was sutured
closed. Animals who received sham injury were sub-
jected to the same procedure except for the release of
the pendulum.

Apnea was measured from the time of injury to
spontaneous breathing. Loss of consciousness was
the time from injury to withdrawal response to a toe
pinch. Self-righting reflex was the time from injury to
the return of an upright position. In mice that received
an FPI or sham injury procedures and were euthanized
at 2 h, 24 h, or 1 week post-injury, FPI worsened apnea
(F2,29 = 224.05, p < 0.0001), hindlimb reflex to pain
(F2,29 = 370.42, p < 0.0001), and self-righting time (F2,29 =
372.57, p < 0.0001), compared to sham-injured mice (see
Table 1A). For mice that were administered an FPI or
sham injury and treated with either GSK2606414 or
VEH, FPI increased apnea (F1,36 = 86.26, p < 0.0001),
hindlimb reflex to pain (F1,36 = 224.59, p < 0.0001),
and self-righting time (F1,36 = 289.14, p < 0.0001; see
Table 1B). These acute injury severity measures are con-
sistent with an FPI of moderate severity.

Behavioral testing
For the GSK2606414 treatment study, mice underwent
behavioral testing to assess anxiety-like behavior,
cognition, and motor function after their assigned
4-week recovery period. All tests were carried out by
a researcher who was blinded to the experimental con-
ditions over 4 consecutive days (day 1: elevated plus
maze, rotarod training, Morris water maze; day 2:
open field, rotarod, Morris water maze; day 3: rotarod,
Morris water maze; day 4: Morris water maze), and
mice were given a 2-h rest period between each task.

Anxiety-like behavior was assessed using an elevated
plus maze, as previously described.19 The maze com-
prised four arms in a cross-shape, intersecting at
90-degree angles; two opposite elevated arms (height =
50 cm), and two intersecting platforms. Each arm was
55 cm long and 12 cm wide. An overhead video re-
corder was connected to a computer tracking software
(EthoVision 3.0.15 Behavioral Monitoring/Analysis
System; Noldus, Wageningen, The Netherlands) and
recorded each 5-min trial. Testing took place between
8:00 AM and 10:00 AM, and the light level was 90 lx.
The mouse was placed in the center of the maze, and
the amount of time spent in the open and closed
arms, as well as the number of times the animal entered
the closed arm, was determined.

Locomotor and anxiety-like behavior were assessed
using an open field test as previously described.20,21

Table 1. Acute Injury Severity Measures

A) Apnea Hindlimb Self-Righting

Sham 2 h (n = 5) 0 – 0 0 – 0 57.00 – 5.47
Sham 24 h (n = 5) 0 – 0 0 – 0 55.00 – 7.30
Sham 1 week (n = 5) 0 – 0 0 – 0 59.00 – 8.60
FPI 2 h (n = 5) 26.60 – 2.62* 202.00 – 18.87* 320.40 – 23.05*
FPI 24 h (n = 5) 29.00 – 3.18* 223.40 – 17.88* 337.20 – 18.38*
FPI 1 week (n = 5) 27.60 – 3.69* 206.40 – 20.04* 325.20 – 18.38*

B) Apnea Hindlimb Self-Righting

Sham + VEH (n = 9) 0 – 0 0 – 0 51.67 – 5.13
Sham + GSK2606414

(n = 9)
0 – 0 0 – 0 55.70 – 3.67

FPI + VEH (n = 9) 27.22 – 3.77* 212.89 – 21.45* 347.67 – 24.18*
FPI + GSK2606414

(n = 10)
30.44 – 5.15* 219.33 – 20.49* 345.56 – 25.05*

A) Apnea, hindlimb, and self-righting times for the study investigating
activation of the PERK pathway of the UPR at 2 h, 24 h, and 1 week post-
injury. B) Apnea, hindlimb, and self-righting times for the study investi-
gating the therapeutic potential of GSK2606414. FPI resulted in signifi-
cantly longer times to recover from post-injury apnea, response to the
hindlimb pain reflex test, and time to right themselves post-injury than
sham injury (mean, SEM, and N; *p < 0.001, two-way ANOVA).

FPI, fluid percussion injury; VEH, vehicle; PERK, protein kinase R-like en-
doplasmic reticulum kinase; UPR, unfolding protein response; SEM, stan-
dard error of the mean; ANOVA, analysis of variance.

Brady et al.; Neurotrauma Reports 2021, 2.1
http://online.liebertpub.com/doi/10.1089/neur.2021.0001

332



Briefly, a circular field 90 cm in diameter was enclosed
by a 40-cm-high wall. The light level was 90 lx, and
testing took place from 8:00 AM to 10:00 AM. The animal
was placed in the center of the field and was allowed to
freely explore for 5 min. An overhead video recorder
connected to the EthoVision tracking software (Nol-
dus) recorded each trial, which was used to quantify
the distance traveled throughout the trial.

As previously described, motor control was assessed
using a rotarod (Harvard Apparatus, Holliston, MA).22

This apparatus comprised a motorized horizontal
cylindrical rod (3 cm in diameter), suspended 30 cm
above the platform, which was divided into four
equal 5-cm sections by dividing walls (height = 10 cm).
Trials took place over 3 consecutive days, with each day
consisting of three trials. For each trial, the mouse was
placed on the rod at a rotating speed of 4 rpm, which
gradually accelerated to a maximum of 40 rpm. The
time and rod speed at which the animal fell from the
rod were recorded.

Spatial cognition was assessed using a Morris water
maze test, as previously described.23,24 A circular pool
(150 cm in diameter) was filled to a depth of *45 cm
with tap water 210C–230C. Non-toxic white paint was
added to the water to enable a sufficient contrast to
the black mouse so that the tracking software could de-
tect the animal. A clear Plexiglass circular platform
(10 cm in diameter) was placed off-center in the pool,
standing 0.5–1.0 cm below the water level, acting as
an escape for the animal. Four simple abstract images
were placed above the pool at North, South, East and
West locations and were used as distal cues to assist
the animal in finding the hidden platform. An over-
head camera connected to the EthoVision software
tracked each trial, and each mouse underwent four tri-
als per day for 4 days. The time it took the animal to
locate the platform as well as the total distance and av-
erage velocity of each trial were recorded.

Western blotting
To characterize the activation of the PERK-UPR path-
way after FPI or sham injury in mice, key proteins
of interest, including PERK, phosphorylated-PERK
(p-PERK), eukaryotic translation initiation factor-a
(eIF2a), phosphorylated-eIF2a (p-eIF2a), cAMP re-
sponse element-binding protein-2 (CREB-2), and growth
arrest and DNA-damage-inducible 34 (GADD34),
were analyzed with western blotting. PERK is a trans-
membrane protein located on the ER. p-PERK acts a
sensor of ER stress, which leads to the phosphorylation

of eIF2a to attenuate protein translation and induce
translation of CREB-2.16,25,26 CREB-2 upregulates the
expression of GADD34, which ultimately directs the
dephosphorylation of p-eIF2a to restore protein
synthesis.26

At the completion of each recovery period for
study 1 (n = 5/group), and for mice randomly assigned
to fresh tissue collection (n = 5/group) in study 2, mice
were culled and the brains collected, as previously de-
scribed.3 Brains were rapidly removed, the ipsilateral
(containing the lesion) and contralateral cortex and
hippocampus were collected and flash-frozen in liquid
nitrogen, before being transferred to a �800C freezer
for storage. Frozen tissue was ground over dry ice and
homogenized in 5% sodium dodecyl sulfate (SDS),
then heated at 1000C for 5 min, before being centrifu-
ged at 13,000g for 5 min at 240C. The protein concentra-
tion of the supernatant of each sample was determined,
before 30 lL of buffer (300 mM of Tris-HCl [pH 6.8],
30% 2-mercaptoethanol, 12% SDS, 0.005% bromophe-
nol blue, and 20% glycerol) was added to each and
stored at �200C. Proteins in the samples were sepa-
rated using SDS/polyacrylamide gel electrophoresis,
and separated protein bands were then electroblotted
onto polyvinyl difluoride membranes. Western blotting
analysis of the proteins of the PERK pathway was con-
ducted on the brain tissue with the following antibod-
ies: anti-p-PERK (Thr 981; 1:50; sc-32577; Santa Cruz
Biotechnology, Santa Cruz, CA); anti-PERK (C33E10;
1:1000; 3192; Cell Signaling Technology, Danvers,
MA); anti-p-eIF2a (Ser51; 1:500; 9721; Cell Signaling);
anti-eIf2a (L57A5; 1:1000; 2103; Cell Signaling Tech-
nology); anti-CREB-2 (C-20; 1:500; sc-200; Santa Cruz
Biotechnology); anti-GADD34 (1:1000; 10449-1-AP;
Proteintech, Rosemont, IL); and anti-GAPDH (glyc-
eraldehyde 3-phosphate dehydrogenase; 1:1000; Cell
Signaling Technology). Horseradish peroxidase–
conjugated secondary antibodies of the respective ani-
mal were applied, and an enhanced chemiluminescent
substrate kit (Amersham ECL Western-blotting detec-
tion reagents; Amersham Biosciences, Piscataway, NJ)
was used to visualize protein expression on medical-
grade x-ray film. ImageJ (National Institutes of Health,
Bethesda, MD) was used for quantification.

Immunohistochemistry
Mice from each treatment group (sham + VEH, n = 4;
sham + GSK4606414, n = 5; FPI + VEH, n = 4; FPI +
GSK2606414, n = 4) were randomly assigned to fixed tis-
sue collection. These mice were transcardially perfused

Brady et al.; Neurotrauma Reports 2021, 2.1
http://online.liebertpub.com/doi/10.1089/neur.2021.0001

333



with phosphate-buffered saline (PBS; pH 7.2–7.4), fol-
lowed by 4% paraformaldehyde in PBS. Brains were re-
moved and fixed in 4% paraformaldehyde solution for
24 h at 40C, followed by immersion in 70% ethanol.
Ten, 12-lm-thick coronal sections evenly spaced (every
10th section) at the injury/craniotomy site were col-
lected and mounted on slides. Four sections were used
for neuronal nuclei (NeuN) staining, and six sections
were used for cresyl violet staining/lesion analysis. All
immunohistochemistry was conducted by a person
blinded to experimental conditions.

For NeuN staining, sections were rehydrated in
0.01 M of PBS for 5 min and incubated in a blocking so-
lution (10% normal donkey serum [NDS]; 0.1% Triton
X-100 in 0.01 M of PBS) for 1 h at room temperature.
Sections were then incubated in anti-NeuN antibody
(1:1000; Millipore MAB377; Millipore, Burlington,
MA) overnight at 40C. Slides were washed in 0.01 M
of PBS and were then incubated in Alexa Fluor� 594
donkey antimouse immunoglobulin G (H + L) second-
ary antibody (A21203; 1:250 in 5% NDS +0.1% Triton
X 100; Life Technologies, Carlsbad, CA) for 1 h. Slides
were washed in 0.01 M of PBS for 5 min and were then
incubated with 4¢,6-diamidino-2-phenylindole (1:10,000
in 0.01 M of PBS) for 5 min. Slides were again washed
in 0.01 M of PBS for 5 min and were mounted with Flu-
orescence Mounting Medium (Dako S3023; Dako A/S,
Glostrup, Denmark).

Semiquantitative analysis of neuronal loss was
performed by collecting images using a Brightfield
Olympus 1X2-UCB microscope (Olympus Corpora-
tion, Tokyo, Japan) at an exposure time of 25 ms and
a minimum of 142 and maximum of 200. Photomi-
crographs were captured from four coronal sections
across the site of injury. A 20 · field of view of the
ipsilateral cortex was sampled. ImageJ (National Insti-
tutes of Health) was used to count the number of
neurons (particles >30 lm were counted), and the
total number of neurons from the four sections were
summed for each animal.

For cresyl violet staining, slides were warmed to
room temperature over an hour, followed by heating
at 370C for 1 h to enhance adhesion to the slide. Sec-
tions were rehydrated in dH2O for 3 min and were
then placed in cresyl violet for 10 min. Slides were
then placed in 70%, 90%, and 100% ethanol consecu-
tively, for 30 sec in each. Slides were then placed in xy-
lene I for 5 min, followed by xylene II for 5 min. Slides
were cover-slipped with DPX and were left to dry over-
night. Six sections across the lesion site of each brain

were imaged at 4 · magnification, using a Brightfield
Olympus BX51. ImageJ (National Institutes of Health)
was used to calculate the area of cortex contained
within a box of set width in each image for each of
the six sections. The box was 8.5 cm wide and centered
at the mid-point between the tips of CA and dentate
gyrus of the hippocampus. The combined area for the
six sections was then calculated for each animal.

Statistical analysis
All statistical analyses were performed using SPSS
software (version 21.0; IBM Corp, Armonk, NY).
Independent-samples t-tests were used to analyze
protein expression for study 1. A repeated-measures
analysis of variance (ANOVA) was used to analyze
water-maze swim time and rotarod, whereby injury
and treatment were set as between-subject factors and
day (average daily trial) was set as the within-subjects
factor. Two-way ANOVAs were used for all other an-
alyses, whereby injury and treatment were set as the
between-subject factors. Bonferroni post hoc tests were
used, where appropriate. Statistical significance was set
at p £ 0.05.

Results
Traumatic brain injury induces acute activation
of the protein kinase R-like endoplasmic
reticulum kinase pathway
Western blotting analysis found that FPI induced a sig-
nificant increase in the ratio of p-PERK/PERK com-
pared to sham-injured mice at 2 h (t8 = 2.84, p < 0.05)
and 24 h (t8 = 2.38, p < 0.05) post-injury (see Fig. 1A).
FPI mice also had increased p-eIF2a/eIF2a ratios
compared to sham-injured mice at 24 h post-injury
(t8 = 2.53, p < 0.05; see Fig. 1B). No significant differ-
ences were found between FPI- and sham-injured
mice in levels of CREB-2 or GADD34 (Fig. 1C,D).

Treatment with GSK2606414 did not reduce
activation of the protein kinase R-like
endoplasmic reticulum kinase pathway
Based on the above findings, we next examined the
effect of GSK2606414 treatment on long-term FPI
outcomes at 4 weeks post-injury. Mice were randomly
assigned to receive either an FPI or sham injury,
and treatment with either VEH or GSK2606414.
We found no statistically significant differences re-
lated to PERK, p-PERK, eIF2a, p-eIF2a, CREB-2, or
GADD34 at 4 weeks post-injury (Fig. 2A–D).
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Treatment with GSK2606414 did not mitigate
behavioral deficits after fluid percussion injury
For the GSK2606414 treatment study, mice also un-
derwent behavioral testing at 4 weeks post-injury/
-treatment. Mice were tested in the elevated plus
maze to assess anxiety-like behavior. A significant in-

jury effect was found for time spent in the open arm,
with FPI mice spending more time in the open arms
compared to sham mice (F1,33 = 5.20, p < 0.05; see
Fig. 3A). No significant differences were observed be-
tween treatment groups, indicating that GSK2606414
did not alter anxiety-like behavior. There were no

FIG. 1. Protein expression of PERK-UPR pathway mediators in mice after TBI. Western blot analysis of the
expression of (A) PERK-P was significantly increased at 2 and 24 h post-FPI, and (B) eIF2a-P was significantly
decreased at 24 h post-FPI compared to sham. There were no significant differences in the expression of
(C) CREB2 or (D) GADD34 between FPI and sham. Mean – SEM. *TBI greater than sham; p < 0.05. CREB2,
cAMP response element-binding protein-2; eIF2a, eukaryotic translation initiation factor a; FPI, fluid
percussion injury; GADD34, growth arrest and DNA-damage-inducible 34; GAPDH, glyceraldehyde 3-
phosphate dehydrogenase; p-eIF2a, phosphorylated eIF2a; PERK, protein kinase R-like endoplasmic
reticulum kinase; p-PERK, phosphorylated PERK; SEM, standard error of the mean; TBI, traumatic brain injury;
UPR, unfolded protein response.
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FIG. 2. Protein expression of the mediators of the PERK-UPR pathway. Western blot analysis revealed no
significant differences in the expression of (A) p-PERK, (B) p-eIF2a, (C) CREB2, or (D) GADD34 between injury
or treatment groups. Mean – SEM. CREB2, cAMP response element-binding protein-2; eIF2a, eukaryotic
translation initiation factor a; GADD34, growth arrest and DNA-damage-inducible 34; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; GSK, GSK2606414; p-eIF2a, phosphorylated eIF2a; PERK,
protein kinase R-like endoplasmic reticulum kinase; p-PERK, phosphorylated PERK; SEM, standard error of
the mean; TBI, traumatic brain injury; UPR, unfolded protein response; VEH, vehicle.
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FIG. 3. Treatment with GSK2606414 did not mitigate behavior after TBI. (A) FPI mice spent significantly
more time in the open arms of the elevated plus maze than sham-injured mice. (B) There were no
significant differences in the number of entries into the closed arm sections of the maze in any of the injury
or treatment groups. (C) All mice significantly increased the amount of time spent on the rotarod before
falling over the 3 days of testing. (D) There were no significant differences in distance traveled in the open-
field in any of the injury or treatment groups. (E) All mice showed a significant reduction in the amount of
time spent finding the hidden platform over the 4 days of water maze testing. Data are presented as an
average time across the four trials for each day. (F) There were no differences in swim speed in any of the
injury or treatment groups. Bars represent mean – SEM. *TBI greater than sham; #significant day effect;
p < 0.05. FPI, fluid percussion injury; GSK, GSK2606414; SEM, standard error of the mean; TBI, traumatic brain
injury; VEH, vehicle.
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significant group differences in the number of times
mice entered the closed arms of the elevated plus
maze, suggesting that the FPI-induced changes were
not a result of locomotor dysfunction (see Fig. 3B).

Neuromotor function was assessed using the
rotarod. Repeated-measures ANOVA revealed a signif-
icant day effect on the measure of trial time for all mice
between the first day and all subsequent days (F2,66 =
22.39, p < 0.05; see Fig. 3C), indicating a training effect.
There were no significant differences in trial time ob-
served between any of the groups at any measured
time point post-injury.

Locomotion was also assessed in the open field.
There were no significant findings in distance traveled
during the open field assessment (Fig. 3D), indicating
no difference between the groups in locomotor ability.

Cognitive function was assessed using the water
maze at 4 weeks post-injury/-treatment. There was a
significant day effect on the measure of search time
for all mice between the first day and all subsequent

days (F3,99 = 14.35, p < 0.05; Fig. 3E). There were no
significant group differences in search time or swim
speed observed between groups (see Fig. 3E,F).

Treatment with GSK2606414 did not alter
neuronal loss or lesion volume after fluid
percussion injury
For the GSK2606414 treatment study, the number of
neurons present at the injury site was measured using
a NeuN stain. Two-way ANOVA revealed a significant
main effect of injury (F1,13 = 22.53, p < 0.05; see Fig. 4),
indicating a reduction in number of neurons at the site
of injury in FPI mice compared to sham mice. How-
ever, no differences in neuronal number were observed
in FPI mice treated with GSK2606414 compared to
FPI mice treated with vehicle.

Lesion area was measured using a cresyl violet stain.
Two-way ANOVA revealed a significant decrease in
cortical area in FPI mice when compared to sham, re-
gardless of which treatment was received (F1,13 = 33.77,

FIG. 4. NeuN staining was used to visualize the neurons surrounding the lesion site in (A) Sham + VEH,
(B) Sham + GSK2606414, (C) FPI + VEH, and (D) FPI + GSK2606414. There was a significant difference in the
extent of neuronal loss observed in mice that received FPI compared to sham, but no significant differences
observed between treatment groups. Bars represent mean – SEM, *TBI less than sham; p < 0.05; scale
bar = 50 lm. FPI, fluid percussion injury; GSK, GSK2606414; NeuN, neuronal nuclei; SEM, standard error of
the mean; TBI, traumatic brain injury; VEH, vehicle.

Brady et al.; Neurotrauma Reports 2021, 2.1
http://online.liebertpub.com/doi/10.1089/neur.2021.0001

338



p < 0.05; see Fig. 5). No difference in lesion area was
observed between FPI mice treated with GSK2606414
compared to FPI mice treated with vehicle.

Discussion
The first aim of this study was to investigate whether
the PERK-UPR pathway is activated after an experi-
mental TBI in mice. It was found that mice given an
FPI had increased phosphorylation of both PERK
and eIF2a acutely after injury. These findings are
mostly consistent with those observed in other rodent
models of brain injury, and the subtle differences re-
garding the temporal progression of PERK activation
may be attributable to differences in severity or brain
injury patterns (e.g., focal vs. diffuse).13,16,27,28 After
FPI, which induces a mixed focal/diffuse injury pat-
tern, we observed an acute increase in p-PERK/PERK
ratio at 2 and 24 h post-TBI, which returned to baseline

levels at 4 weeks post-injury. In contrast, after a con-
trolled cortical impact (CCI), a model of focal TBI, el-
evated levels of p-PERK have been observed at 3 h,27

12 h,29 24 h,29 and 25 days post-injury.16 Activation
of mediators downstream of PERK were also found
to differ between injury models.16 Levels of p-eIF2a
were increased at 25 days post-CCI,16 elevated from
12 to 72 h after subarachnoid haemorrhage,13 and
raised from 4 to 48 h after intracerebral haemorrhage.28

In the current mouse study, we observed increased
levels of p-eIF2a at 24 h post-injury and no differences
at 4 weeks post-injury when compared to sham mice.
In addition, chronic PERK activation results in upregu-
lation of proapoptotic proteins, including GADD34,
which has been reported 24 h after both CCI29 and
blast TBI.30 However, in the current study we did not
observe increased expression of GADD34 post-TBI at
any time point. These findings indicate that activation

FIG. 5. Cresyl violet staining was used to visualize the area of cortex surrounding the lesion site at in
(A) Sham + VEH, (B) Sham + GSK2606414, (C) FPI + VEH, and (D) FPI + GSK2606414. Cortical area was
measured within the region directly above the hippocampus (represented by the red box in A). FPI mice
displayed reduced cortical volume when compared to sham mice regardless of the treatment. Bars
represent mean – SEM, *TBI less than sham; p < 0.05. FPI, fluid percussion injury; GSK, GSK2606414;
SEM, standard error of the mean; TBI, traumatic brain injury; VEH, vehicle.
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of the PERK-UPR pathway may differ based on the in-
jury pattern (focal vs. diffuse) and severity of the TBI.

The second aim of this study was to examine
whether treatment with GSK2606414, a potent PERK
inhibitor, would improve long-term TBI outcomes at
4 weeks post-injury. In contrast to other studies,16

GSK2606414 did not alter behavioral or pathological
outcomes post-TBI. Post-mortem analysis revealed
no effect of GSK2606414 on lesion volume or the num-
ber of neurons at the injury site. These findings may
indicate that the PERK pathway does not contribute
to the neurodegenerative aftermath of the mild and
mixed diffuse/focal TBI used in this study to the
same extent as it does to a more severe focal TBI. For
example, activation of PERK appears to be extensive
and prolonged after a severe focal TBI, with activation
of markers increased >3.5-fold at 25 days post-CCI16;
however, in our study, levels of PERK-UPR pathway
mediators returned to baseline by 1 week post-injury.
Therefore, it is likely that the beneficial effects ob-
served by Sen and colleagues were attributable to inhi-
bition of the chronic activation of PERK after CCI.16,27

These findings suggest that PERK may play a larger
role in the long-term outcomes of focal brain injuries,
such as penetrating ballistic injuries, when compared
to milder or more diffuse injuries.

It is also possible that the incongruent findings may
be attributable to methodological differences regard-
ing the delivery of PERK inhibitors. For example, in
the current study, GSK2606414 was dissolved in 2%
hydroxypropylmethyl cellulose +0.1% Tween-80 in
H2O, and the treatment was delivered by oral gavage
beginning at 30 min post-injury, followed by two fur-
ther treatments at 12-h increments. This regime was
consistent with previous studies that demonstrated
a beneficial effect of GSK2606414 treatment in pre-
clinical proteopathy models.12,14 The 24-h treatment
duration was chosen based on our initial western blot-
ting findings, and to limit toxic effects of long-term
GSK2606414 treatment that has been reported in pre-
vious studies.12,14 On the other hand, beneficial effects
of intracerebroventricular injections of GSK2606414
dissolved in dimethyl sulfoxide were found when deliv-
ered at 1 h after intracerebral hemorrhage in rats.28

In addition, other studies treated with GSK2656157,
a newer generation of GSK2606414 with decreased
lipophilicity and improved physical properties and
pharmacokinetics, and delivered the drug by an intra-
peritoneal injection at 30 min post-TBI followed by a
daily dose for 24 days. Therefore, it is possible that a dif-

ferent method of administration, a different dose, tim-
ing or duration of GSK2606414 treatment, or treatment
with a different PERK inhibitor may have enhanced
TBI outcomes in the current study. Future studies
would benefit from better understanding the pharma-
cological profile and functionality of GSK2606414
and establishing blood and cerebrospinal fluid levels
of these PERK inhibitors. It would also be informative
for future FPI studies to confirm whether the treat-
ment protocol used in the present study influences
the PERK-UPR pathway at more acute or chronic
stages, given that this study only assessed the effect of
GSK2606414 treatment at a single 4-week recovery
time. For example, it would have been beneficial in
the current study to confirm that the treatment para-
digm altered the PERK-UPR pathway at 2 and 24 h
post-injury (i.e., the peak of post-FPI changes).

There are other limitations that must be considered
when interpreting the findings from this study. For ex-
ample, the FPI model did not induce behavioral deficits
on the Morris water maze or rotarod at 4 weeks post-
injury, which limits the ability to detect any treatment
effects on these measures. These findings are consis-
tent with past studies,31 and future studies investigating
whether a treatment improves long-term recovery
should consider the use of alternative behavioral tests,
other recovery times, or a different TBI model with
more robust chronic behavioral deficits. In this study,
mice were individually housed after the TBI to avoid
further injury/infection to the craniotomy site attribut-
able to interaction with other mice. This housing con-
dition also has clinical relevance given that TBI patients
can experience social isolation during recovery.32 How-
ever, individual housing/social isolation can influence
behavior and pathological outcomes after TBI33 and
should be considered when interpreting the current
findings and designing future studies.

The order of the behavioral tasks, time of testing,
and number of tasks performed are also important to
consider. In the current study, the order of the tests
was consistent for all mice, and more stressful tests
(e.g., the water maze) were conducted last. Mice were
also given a 2-h rest period between different tasks
to minimize fatigue, and there were no differences
found on swim speed between days of water-maze test-
ing (i.e., swim speed did not differ if water-maze testing
was or was not preceded by another test). Nonetheless,
it is possible that the mice in this study grew fatigued,
particularly given that their sleep cycle was disturbed
by testing on repeated days (i.e., all testing was done
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during light hours). As such, future studies could limit
behavior to a single test each day and be conducted
during normal awake hours. Our study also used an ab-
breviated water-maze paradigm, and future studies
could use more comprehensive water-maze protocols
that include a visible platform trial, and additional ac-
quisition sessions, reversal sessions, and probe sessions,
to provide further insight into the cognitive deficits in
mice after FPI.34,35 The lack of females in the present
study is another limitation, particularly considering
that sex differences have been reported in previous
mouse FPI studies,36 and future studies should incor-
porate females.

In conclusion, the findings of this study demonstrate
that although the PERK pathway is transiently acti-
vated after a focal/diffuse brain injury, oral treatment
with the PERK inhibitor, GSK2606414, did not atten-
uate TBI-induced deficits. Taken together with other
studies investigating PERK inhibition after TBI, it ap-
pears that inhibiting the PERK-UPR pathway may
be more appropriate after a more severe focal TBI
than a milder diffuse TBI. Our findings may also
suggest that oral administration of PERK inhibitor
GSK2606414 during the first 24 h post-injury may
not be an optimal method for inhibiting the PERK-
UPR pathway, though future studies are required to
determine whether this is the case.
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