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Abstract: Protein kinase R-like endoplasmic reticulum kinase (PERK) is an important transmembrane protein in the
endoplasmic reticulum (ER). PERK signaling has a critical function in neuronal apoptosis. This work aimed to assess
PERK signaling for its function in surgical brain injury (SBI) and to explore the underlying mechanisms. Totally 120
male Sprague Dawley (SD) rats were assessed in an SBI model. The effects of the PERK inhibitor GSK2606414
were examined by Western-blot, immunofluorescent staining, TUNEL staining, fluoro-jade C (FJC) staining and neu-
rological assays in rats with SBI. In this study, p-PERK and p-elF2a protein amounts were increased upon SBI
establishment, peaking at 24 h. Meanwhile, administration of GSK2606414 reversed these effects and prevented
neuronal apoptosis. The PERK pathway has a significant function in neuronal apoptosis, and its suppression after
SBI promotes the alleviation of brain injury. This suggests that targeting the PERK signaling pathway may represent
an efficient therapeutic option for improving prognosis in SBI patients.
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Introduction

Surgical brain injury (SBI) is caused by neuro-
surgery and often occurs at the edge of the
area upon which the surgery is performed [1]. It
may lead to multiple postoperative complica-
tions such as cerebral edema, ischemia, intra-
cranial hematoma, and neurological impair-
ment and behavioral degeneration [2]. SBI is
thought to be inevitable, and is often associat-
ed with postoperative neurologic deficits [3].
Studies have confirmed that brain edema
occurs several hours after SBI, which may
impair blood-brain barrier (BBB) integrity and
aggravate craniocerebral injury, including sec-
ondary inflammatory reactions [4, 5]. SBI-
induced nerve injury and cerebral edema may
prolong hospital stay. Therefore, it is very im-
portant to reduce secondary brain injury ca-
used by SBI, maintain neurological function
and reduce perioperative morbidity related to
intracranial neurosurgery [6]. All these actions
have significant impacts on patients’ rehabilita-

tion and reduce perioperative costs. However,
few studies have focused on the pathophysiol-
ogy of SBI or the development of specific treat-
ments. Research into SBI pathology has made
some progress, but the specific mechanisms
underlying its occurrence and development are
very complex and remain unclear. Studies have
shown that SBI can lead to a series of patho-
logical processes such as brain edema, BBB
damage, inflammatory reactions, and apopto-
sis around the surgical site [5]. Recent reports
revealed that endoplasmic reticulum (ER) stress
is substantially involved in the pathological pro-
cess of secondary brain damage following SBI.

The ER is an important membranous organelle
in mammalian cells, mostly contributing to pro-
tein folding and modification and Ca?* storage
and release. As a site of protein maturation in
cells, the ER is sensitive to changes in the inter-
nal and external cellular environments. When
the internal environment of the ER changes,
stress response is activated to attempt to res-
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tore homeostasis; these changes in the ER are
called ER stress (ERs) [7]. The unfolded protein
response (UPR) is one of the cell response
mechanisms involved in defense activation of
adaptation. The UPR restores the ER’s capabil-
ity of controlling protein folding, processing and
secretion [8]. Through the expansion of the
membrane, the ER reduces the rate of synthe-
sis of new proteins, increases partner molecule
synthesis and promotes the degradation of
misfolded proteins to maintain its own steady
state, thereby restoring the normal function of
cells [9]. However, when the damage exceeds
the system’s repair capacity, excessive accu-
mulation of misfolded proteins leads to pro-
grammed cell death or apoptosis [10]. In this
way, the intensity and duration of stimulation
determine whether UPR promotes cell survival
or induces apoptosis.

The UPR has three parallel signal branches,
including protein kinase R-like endoplasmic
reticulum kinase-eukaryotic translation initia-
tion factor 2a (PERK-elF2c), inositol requiring
protein 1-x box binding protein 1 (IRE1-XBP1),
and activating transcription factor 6 (ATF6)
pathways. Each branch can regulate a series
of downstream transcription factors to partici-
pate in the survival or death of cells [2]. Under
normal conditions, the ER’s chaperone glu-
cose-regulated protein 78 (GRP78/BIP) inter-
acts with the transmembrane proteins PERK,
IRE1, and ATF6, respectively, preventing signal
transduction. GRP78 can promote the folding
and assembly of nascent polypeptides, prevent
their misfolding and aggregation, induce prote-
asomal degradation of misfolded proteins, and
control the initiation of each UPR pathway [11].
When unfolded and misfolded proteins in the
ER increase in aggregated amounts, GRP78
dissociates from these three proteins, which
activates them and increases folding capacity
[12]. Increased GRP78 level has a protective
effect on ischemic nerves [13].

More and more animal model evidence sug-
gests that the UPR is involved in many diffe-
rent diseases. The UPR is gradually becoming
an attractive new therapeutic drug target. Di-
seases in which UPR is involved include can-
cer, metabolic diseases, and cerebral ischemia
[14]. Because it is one of the three main path-
ways of the UPR, the PERK-elF2a pathway has
seen increasingly studied. It has been reported
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that PERK is activated after brain injury wh-
en phosphorylated at serb51. Phosphorylated
elF2a (p-elF2a) can also increase apoptosis by
regulating AFT4 expression [15]. Yan et al. stud-
ied a rat subarachnoid hemorrhage model and
showed that inhibiting PERK may alleviate early
brain damage upon subarachnoid hemorrhage
via an Akt-related anti-apoptotic signaling path-
way [16]. Our previous report confirmed that
inhibiting PERK signaling in intracerebral hem-
orrhage can reduce secondary brain injury fol-
lowing intracerebral hemorrhage and promote
neuron survival by inhibiting apoptosis [17].
However, whether PERK signaling has a func-
tion in SBI remains undefined.

Therefore, the present work aimed to assess
PERK levels and PERK-elF2a signaling in a rat
SBI model, and to explore the possible mecha-
nism of the PERK signaling pathway in SBI.

Materials and methods
Experimental design

In Experiment 1, animal weights, feed intake,
and motor function were similar in all animals.
To examine PERK, p-PERK, elF2a and p-elF2a
amounts following SBI, 36 rats (36 survivors
in totally 40) were randomized to six groups
using computer-based randomization, includ-
ing the Sham, SBI 6 h, SBI 12 h, SBI 24 h, SBI
48 h and SBI 72 h groups. Brain tissues sur-
rounding the damaged area were sampled for
Western blot (WB) and double immunofluores-
cence analysis.

In Experiment 2, in order to assess the func-
tion of PERK signaling in SBI, 72 rats (72 survi-
vors in totally 80 animals) were randomized to
four groups using computer-based randomiza-
tion, including the Sham, SBI, SBI+DMSO, and
SBI+GSK groups. Euthanasia was performed
at 24 h post-SBI (according to Experiment 1),
and the damaged brain tissues were collected.
Neurological tests were carried out in all ani-
mals prior to euthanasia. Tissues inside of the
injury were evaluated by WB, those obtained
from the back were used to prepare paraffin
sections. TUNEL and Fluoro-jade C (FJC) stain-
ing were performed for detecting neuronal
apoptosis and necrosis. All assays were strictly
blinded, with specimens coded by an indepen-
dent investigator.
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Animals

Here, totally 120 male Sprague Dawley (SD)
rats (300-350 g) were obtained from JOINN
Laboratories, Suzhou, China. Of these, 108
were analyzed. Animal housing was carried out
under a 12 h/12 h light/dark cycle at 25°C and
controlled relative humidity, with rodent chow
and water ad libitum.

The SBI model

SBI modelling was based on a previous report
[1]. The rats underwent fixation in a stereotac-
tic instrument upon intraperitoneal injection of
pentobarbital sodium (pentobarbital sodium for
intraperitoneal injection at 40 mg/kg). Midline
scalp incision was performed, followed by drill-
ing of a cranial window (5 mmx5 mm) in the
right frontal lobe. The entire right frontal lobe
was excised (2 mm lateral and 1 mm anterior to
bregma). Pressure was applied to the surround-
ing brain tissue to stop bleeding, followed by
scalp suturing. The Sham group only underwent
craniotomy and bone flap replacement without
dural incision. Postoperatively, the rats were
euthanized at various times.

Drug injection

According to a previous study, GSK2606414
(MCE, USA) was dissolved at 90 pg/5 pl in 20%
dimethyl sulfoxide (DMSO), while animals treat-
ed with the vehicle received 20% DMSO. All
treatments were administered intracerebroven-
tricularly at 0.5 yl/min 1 h after operation [17].

Immunoblot

WB was carried out according to a previous
report [18]. Briefly, cortex tissue specimens
were lysed with RIPA lysis buffer containing
protease Inhibitors (CWBIO, China), and centri-
fuged at 13,000xg and 4°C for 15 min. Protein
amounts in the supernatants were assessed
with Pierce™ BCA Protein Assay Kit (Thermo
Fisher, USA). Equal amounts of protein under-
went separation by 10% SDS-PAGE (Beyotime,
China) followed by transfer onto polyvinylidene
difluoride membranes (Millipore, USA). Upon
blocking (5% skimmed milk for 2 h at ambient),
the membranes were submitted to overnight
incubation at 4°C with rabbit primary antibod-
ies targeting PERK (1:1000, Abcam, UK),
p-PERK (1:500, Cell Signaling, USA), elF2«x
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(1:500, Abcam), p-elF2a (1:500, Abcam), ATF4
(1:2000, Abcam) and GAPDH (1:10000, Sigma,
USA). The membranes were then incubated
with HRP-linked goat anti-rabbit IgG (Invitro-
gen, USA) secondary antibodies for 2 h at 4°C.
Detection used chemiluminescent substrate
(Millipore) and a LUMINESCENT IMAGE ANAL-
YZER (GE Healthcare Bio-Sciences AB, Swe-
den). Imagel) (National Institutes of Health,
USA) was used to analyze immunoreactive
bands.

Immunofluorescence

Double immunofluorescence (IF) was carried
out according to a previous report [19]. Brie-
fly, brain tissue specimens underwent fixation
with 4% formalin, paraffin embedding and lon-
gitudinal sectioning at 5 um. After dewaxing
and washing, the sections were blocked with
Immunostaining sealant (Beyotime) for 1 h at
ambient, followed by incubation overnight at
4°C with rabbit primary antibodies targeting
p-PERK (1:100, Abcam) and p-elF2a (1:200,
Abcam), and mouse anti-NeuN primary antibod-
ies (1:2000, Abcam), respectively. Next, the
specimens were incubated with Alexa Fluor
488-conjugated donkey anti-rabbit 1gG (1:400,
Invitrogen) and Alexa Fluor 555-linked donkey
anti-mouse 1gG (1:400, Invitrogen) for 1 h at
ambient. Finally, counterstaining was carried
out with DAPI for 10 min, and a U-RFL-T fluores-
cence microscope (OLYMPUS, Japan) was uti-
lized for analysis.

TUNEL staining

TUNEL staining was carried out for apoptosis
detection [17]. The sections were dewaxed be-
fore TUNEL staining, and successively incubat-
ed with proteinase K (37°C for 20 min) and
TUNEL detection liquid (Beyotime). TUNEL-posi-
tive neurons were assessed under a U-RFL-T
fluorescence microscope (OLYMPUS, Japan).

Fluoro-Jade C staining

Fluoro-Jade C (FJC) staining was performed for
detecting neuronal necrosis in accordance with
the standard procedure described in the kit
(Biosensis, South Australia). Briefly, the sec-
tions were dewaxed and incubated with potas-
sium permanganate (1:10 in distilled water) for
10 min. After rinsing with distilled water (2 min),
the samples were incubated with FJC (1:10 in
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Figure 1. Post-SBI PERK/p-PERK and elF2a/p-elF2a protein amounts in the peri-injury cortex. Immunoblot was car-
ried out for determining PERK/p-PERK and elF2a/p-elF2a amounts in the Sham and SBI groups at 6 h, 12 h, 24 h,
48 h and 72 h following SBI. The Sham group was used for normalization, and quantitation used ImageJ. One-way
analysis of variance (ANOVA) with post hoc Dunnett’s test was carried out for group comparisons (n=6 for each
group; *P<0.05, **P<0.01, ***P<0.001 vs. Sham; ns P>0.05 vs. Sham).

distilled water) in the dark for 10 min. Following
3 rinses with distilled water, the sections were
dried at 60°C for 5 min, soaked in xylene for 1
min and coverslipped with distyrene plasticizer
xylene (DPX). FJC-positive cells were photo-
graphed under a U-RFLT fluorescence micro-
scope (OLYMPUS, Japan) and averaged in three
high-power fields.

Brain edema assessment

The wet-dry technique was carried out for
assessing brain edema in the injured brain
[20]. Briefly, brain specimens were separated
into ipsilateral and contralateral hemispheres.
After obtaining wet weights, the specimens
underwent drying at 100°C for 48 h, followed
by dry weight measurements. The rate of brain
water content (%) was derived as [(wet weight-
dry weight)/(wet weight)] x100%.

Neurological scoring

Neurological deficiency was assessed at 24 h
post-SBI based on the modified Garcia score
[21, 22]. Scores in each subtest ranged be-
tween 0 and 3 (maximum total score of 21, indi-
cating no neurological defects).

Statistical analysis

Data analysis was carried out with GraphPad
Prism 8.0 (San Diego, USA). Data are mean *
SD. One-way analysis of variance (ANOVA) was
performed to compare immunoblot data, with
post hoc Dunnett’s test. Student’s t-test was
performed for analyzing immunofluorescent
staining data. One-way ANOVA with post hoc
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Tukey’s test was performed for analyzing TUNEL
and FJC staining, as well as neurological behav-
ioral scores and brain water content. P<0.05
indicated statistical significance.

Results

Post-SBI brain expression of PERK pathway
proteins

PERK, p-PERK, elF2a, and p-elF2a protein
amounts at 6, 12, 24, 48, and 72 h after SBI
were assessed by Western blotting (Figure 1).
The results showed that p-PERK and p-elF2a
amounts started to increase at 6 h upon SBI
and peaked at 24 h. Meanwhile, total protein
levels of PERK and elF2a were unaltered.

Post-SBI localization of p-PERK and p-elF2« in
cortical cells surrounding the injury

p-PERK and p-elF2a localizations were evalu-
ated by IF staining with NeuN (a neuronal mark-
er) (Figure 2). Consistent with WB analysis, IF
findings revealed that there were numerous
p-PERK-positive neurons (Figure 2A, 2C) in the
24 h post-SBI group compared with the Sham
group. There were also more p-elF2a-positive
neurons (Figure 2B, 2D) in the 24 h post-SBI
group compared with the Sham group.

GSK2606414 intervention and the PERK path-
way after SBI

After GSK2606414 intervention following SBI,
p-PERK and p-elF2a protein amounts were
markedly reduced in comparison with the SBI
group. The SBI+DMSO group was similar to the

Am J Transl Res 2021;13(2):732-742
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Figure 2. Post-SBI IF micrographs depicting p-PERK and p-elF2« in the peri-injury cortex. Representative double-im-
munofluorescence micrographs showing green-labeled p-PERK (A, C)/p-elF2« (B, D) and red-labeled NeuN neurons
in the Sham and 24 h post-SBI groups. Counterstaining utilized DAPI (blue). Arrows point to p-PERK/p-elF2a co-
localization with neurons. Scale bar, 50 um. Student’s t test was performed for analyses (n=6, *P<0.05 vs. Sham).

SBI group in protein amounts. Additionally, GSK2606414 intervention and post-SBI neuro-
ATF-4 amounts were significantly elevated in nal apoptosis and necrosis

the SBI and SBI+DMSO groups compared with

the Sham group. After GSK2606414 interven- Caspase-3 and Bcl-2 protein levels were lower
tion, ATF-4 levels were remarkably decreased after GSK2606414 intervention post-SBI com-
compared with the SBI group (Figure 3A). pared with those of the SBI group (Figure 3B).

736 Am J Transl Res 2021;13(2):732-742



Inhibiting PERK pathway alleviates apoptosis

o
NS ot

& ) o}

L

O
¥ L z i
PERK MESSp. S s 125 w s EJ-
. & . P
o 20 o
opErk [ N e e ;S ° 3, T
4 H 15 ]
3 o 2
—2 £
CIF20 m———— 5§ éw 3 —
2 o a
al g 05 @
o - : :
@ = 00 — T N
. T > 0 + B f o o 4 £ & £ £ &
n & 9 ¢ Q\' ‘3’
g  ° $ °
GAPDH 36
O - * # * #
B LSS R O3 sham
o N N < o 3
o @ B P e Ty SBl
) 8o B SBI+DMSO
Sm
BCl-2 o — dzs Qé§
O
2a
GAPDH i S—— — e 35 T 9
gS

caspase-3

bel-2

Figure 3. Effect of GSK2606414 intervention on PERK signaling pathway 24 h post-SBI. PERK pathway protein
amounts were assessed after GSK2606414 intervention in SBI rats (A). Caspase-3 and Bcl-2 protein amounts after

GSK2606414 intervention in SBI rats (B). One-way analysis of

variance (ANOVA) with post hoc Tukey’s test was car-

ried out for comparisons (n=6 for each group; *P<0.05 vs. Sham; #P<0.05 vs. SBI+DMSO0).

Neuron necrosis in the SBI group was remark-
ably elevated in comparison with that of the
Sham group (Figure 4A, 4B). Necrosis levels
were similar in the SBI and SBI+DMSO groups.
Meanwhile, necrosis level was starkly reduced
in the SBI+GSK group compared with the SBI

group.

GSK2606414 intervention improves neurologi-
cal behavioral scores in SBI rats

Neurological behavioral scores were starkly
decreased in the SBI group in comparison with
the Sham group, while the SBI and SBI+DMSO
groups had comparable values. The SBI+GSK
group had overtly ameliorated neurological be-
havioral scores in comparison with the SBI
group (Figure 4C). In addition, brain edema was
markedly reduced in the injured hemispheres
following GSK2606414 intervention post-SBI.
However, brain edema had no significant alte-
ration in the contralateral brain (Figure 4D).

Taken together, ER stress was activated in rats
after SBI, and the PERK signaling pathway was
activated after SBI with increased p-PERK and
p-elF2ac amounts. This increased ATF4 pro-
tein levels and led to neuronal apoptosis (Figure
5).
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Discussion

After primary injury, SBI causes postoperative
nerve injury and brain edema, aggravating cra-
niocerebral injury. Identifying a tool to reduce
nerve injury after SBI is an important factor
in prognosis. We here described the neuropro-
tective effects of the PERK signaling pathway
on preserving neurons and attenuating brain
edema after SBI. First, we measured p-PERK
and p-elF2a protein amounts in the peri-surgi-
cal brain tissue after SBI. The results show-
ed that p-PERK and p-elF2a amounts were
markedly elevated and peaked at 24 h after
SBI. Next, we determined whether suppressing
PERK signaling would be beneficial in SBI,
especially in reducing apoptosis and brain
edema surrounding the surgical injury. As
shown above, the PERK signaling pathway
inhibitor GSK2606414 markedly ameliorated
neurological function and reduced brain ede-
ma in SBI rats. The present study firstly de-
scribed the possible neuroprotective effects of
the PERK signaling pathway in a rat model of
SBI.

The ER lumen constitutes an oxidative environ-
ment, and is essential for disulfide bond forma-
tion and the proper folding of proteins. ER

Am J Transl Res 2021;13(2):732-742
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Figure 4. Effect of GSK2606414 intervention on PERK signaling pathway 24 hours after SBI. TUNEL (A) and
FJC (B) staining in SBI rats after GSK2606414 intervention. Neurological behavioral scores in SBI rats following
GSK2606414 administration (C). Brain water amounts of the bilateral hemispheres were assessed by the wet-dry
technique (D). One-way analysis of variance (ANOVA) with post hoc Tukey’s test was carried out for comparisons
(n=6, *P<0.05, **P<0.01 vs. Sham; #P<0.05 vs. SBI+DMSO0).

stress is due to the destruction of ER function
[23]. Several studies have shown that oxidative
stress [24], ionic cell alteration [25], high mito-
chondrial calcium amounts [26], and toxic glu-
tamate release [27] can induce ER stress in
various diseases. Dual effects of ERs on cells
have been demonstrated. Mild ERs can acti-
vate autophagy, facilitate the digestion of un-
folded proteins and damaged organelles, and
improve cell survival. However, apoptosis oc-
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curs when ERs is too severe to digest unfold-
ed proteins and compensate for cell dama-
ge [28]. Cerebral ischemic preconditioning can
protect the brain from ischemia and reperfu-
sion injury via the inhibition of ERs-associated
apoptosis [29]. Under ERs, the IRE1 pathway,
one of the three parallel signaling branches,
mediates both adaptive and pro-apoptotic
pathways in CNS diseases [30], inhibits the
activation of Caspase-3 and reduces free cal-
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above observations, our pre-
vious studies demonstrated
in cell and animal models of
cerebral hemorrhage that p-
elF2a and ATF4 amounts in
neurons are remarkably in-
creased, reaching the highest
levels at 48 h [17]. In accor-
dance with our previous find-
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Figure 5. Probable mechanisms underpinning PERK signaling pathway’s
effects on SBI. After SBI, PERK signaling was activated and p-PERK and

p-elF2a amounts were increased. In addition, the

were increased and led to neuronal apoptosis. GSK2606414 intervention

reversed these effects, reducing neuronal apoptos
played a protective role in brain injury after SBI.

cium accumulation in the cytosol [31]. The inhi-
bition of ERs can increase nerve cell survival
and improve nerve function [32].

PERK signaling, one of the three classical UPR
branches, has a critical function in neuronal
death. When the central nervous system is
damaged, its constituent proteins PERK and
elF2a are phosphorylated and upregulated in
neurons. In cerebral ischemia, the PERK-elF2«
signaling pathway is activated [33]. Inhibition
of the PERK and IRE1 signaling pathways can
suppress ERs-dependent autophagy and allevi-
ate acute nerve injury caused by ischemic
stroke [22]. The levels of PERK and elF2« are
increased in traumatic brain injury [34]. PERK-
elF2a pathway induction after UPR is consid-
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ounts peaked at 24 h after
SBI, and GSK2606414 inhib-
ited cell apoptosis and pro-
moted neuronal survival by
suppressing p-PERK, p-elF2«a
and ATF4 after SBI. PERK in-
hibition decreased Caspase-3
and Bcl-2 levels, thereby de-
creasing the rate of nerve apoptosis. The de-
gree of cerebral edema was also reduced by
GSK2606414. Therefore, inhibiting PERK sig-
naling showed a neuroprotective effect after
SBI.

protein levels of ATF4

is and necrosis, which

This study had several limitations. Other stud-
ies have shown that ERs has dual effects on
the cell fate, with mild ERs activating auto-
phagy to provide nutritional support for cells
[28]. In addition, the present work only investi-
gated the effect of severe ER stress on nerve
apoptosis after SBI. The mechanism by which
the UPR pathway protects cells and promot-
es apoptosis between survival and death is
unclear. Furthermore, the GRP78 protein is
thought to bind to the three transmembrane

Am J Transl Res 2021;13(2):732-742
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protein receptors PERK, IRE1, and ATF6 under
physiological conditions. Moreover, under se-
vere ERs conditions, the GRP78 protein is se-
parated from PERK, ATF6, and IRE1 when mis-
folded proteins accumulate to a certain extent
in the ER lumen [40]. Here, only PERK path-
way'’s effects were evaluated, and the two other
transmembrane protein receptors IRE1 and
ATFG6 require further investigation. Finally, PERK
signaling initiation following SBI deserves fur-
ther assessment. These issues are being add-
ressed in ongoing experiments in our group.

Overall, these findings indicate that under
severe ERs, PERK signaling pathway inhibition
can suppress apoptosis and ultimately reduce
secondary brain injury after SBI. Therefore,
PERK signaling may represent an important
endogenous physiological regulatory signaling
pathway in neurons, and could be targeted for
the alleviation of brain damage after SBI.
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