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Activation of PERK Elicits Memory Impairment through
Inactivation of CREB and Downregulation of PSD95 After
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The PKR-like ER kinase (PERK), a transmembrane protein, resides in the endoplasmic reticulum (ER). Its activation serves as a key
sensor of ER stress, which has been implicated in traumatic brain injury (TBI). The loss of memory is one of the most common symptoms
after TBI, but the precise role of PERK activation in memory impairment after TBI has not been well elucidated. Here, we have shown that
blocking the activation of PERK using GSK2656157 prevents the loss of dendritic spines and rescues memory deficits after TBI. To
elucidate the molecular mechanism, we found that activated PERK phosphorylates CAMP response element binding protein (CREB) and
PSD95 directly at the S129 and T19 residues, respectively. Phosphorylation of CREB protein prevents its interaction with a coactivator,
CREB-binding protein, and subsequently reduces the BDNF level after TBI. Conversely, phosphorylation of PSD95 leads to its downregu-
lation in pericontusional cortex after TBI in male mice. Treatment with either GSK2656157 or overexpression of a kinase-dead mutant of
PERK (PERK-K618A) rescues BDNF and PSD95 levels in the pericontusional cortex by reducing phosphorylation of CREB and PSD95
proteins after TBI. Similarly, administration of either GSK2656157 or overexpression of PERK-K618A in primary neurons rescues the loss
of dendritic outgrowth and number of synapses after treatment with a PERK activator, tunicamycin. Therefore, our study suggests that
inhibition of PERK phosphorylation could be a potential therapeutic target to restore memory deficits after TBI.
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Introduction
Traumatic brain injury (TBI) is a major cause of morbidity and
mortality and affects �1.7 million people throughout the United
States annually (Nortje and Menon, 2004; Rondina et al., 2005).

TBI is a contributing factor to a �1/3 (30.5%) of all injury-related
deaths in the United States. Endoplasmic reticulum (ER) stress
has recently received increased attention in the pathogenesis of
various neurodegenerative disorders including TBI (Larner et al.,
2006; Truettner et al., 2007; Begum et al., 2013; Begum et al.,
2014; Logsdon et al., 2014).

Protein kinase-like endoplasmic reticulum kinase (PERK) is
an eIF2� kinase and transmembrane protein resident in the ER
membrane that couples ER stress signals to translation inhibition
(Marciniak et al., 2006; Bánhegyi et al., 2007; Saito et al., 2011;
Pereira et al., 2013; Liu et al., 2015). ER stress increases the activity
of PERK, which then phosphorylates eIF2� to promote reduced
translation (Vattem and Wek, 2004; Wek and Cavener, 2007;

Received July 21, 2016; revised April 20, 2017; accepted May 2, 2017.
Author contributions: N.S. designed research; T.S., R.G., H.K., and N.S. performed research; R.G. contributed

unpublished reagents/analytic tools; T.S., R.G., H.K., and N.S. analyzed data; N.S. wrote the paper.
This work was supported by the National Institutes of Health (Grants RO1NS094516 and RO1EY025622 to N.S.

and R.G.). We thank Dr. Alexis Stranahan from Augusta University for DiI staining to study synaptic morphology.
The authors declare no competing financial interests.
Correspondence should be addressed to Nilkantha Sen, Department of Neurological Surgery, University of Pitts-

burgh, 200 Lothrop Street, A504, Pittsburgh, PA 15213. E-mail: senn@pitt.edu.
DOI:10.1523/JNEUROSCI.2343-16.2017

Copyright © 2017 the authors 0270-6474/17/375900-12$15.00/0

Significance Statement

Traumatic brain injury (TBI) is the leading cause of death and disability around the world and affects 1.7 million Americans each
year. Here, we have shown that TBI-activated PKR-like ER kinase (PERK) is responsible for memory deficiency, which is the most
common problem in TBI patients. A majority of PERK’s biological activities have been attributed to its function as an eIF2� kinase.
However, our study suggests that activated PERK mediates its function via increasing phosphorylation of CAMP response element
binding protein (CREB) and PSD95 after TBI. Blocking PERK phosphorylation rescues spine loss and memory deficits indepen-
dently of phosphorylation of eIF2�. Therefore, our study suggests that CREB and PSD95 are novel substrates of PERK, so inhibi-
tion of PERK phosphorylation using GSK2656157 would be beneficial against memory impairment after TBI.
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Saito et al., 2011; Liu et al., 2015). PERK is one of at least four
eIF2� protein kinases that include the heme-regulated kinase
(HRI), interferon-inducible RNA-dependent protein kinase
(PKR), and GCN2. Among these, only PERK function is required
for the cellular response to ER stress (Saito et al., 2011; Liu et al.,
2015). Phosphorylation of PERK at Thr980 within the kinase
activation loop is essential for the autocatalytic activity of the
kinase (Harding et al., 1999). Treatment with GSK2656157 has
been shown to inhibit phosphorylation of PERK protein both
in vitro and in vivo (Moreno et al., 2013; Krishnamoorthy et al.,
2014).

CAMP response element binding protein (CREB) is a transcrip-
tion factor that binds the cAMP response element and activates the
transcription of several memory-related genes, including BDNF. Ac-
tivation of CREB is dependent upon the phosphorylation of serine
133 and interaction with a transcriptional coactivator CREB-
binding protein (CBP) (Ginty et al., 1994; Bonni et al., 1995; Fink-
beiner et al., 1997). However, phosphorylation of CREB at S129
leads to an attenuation of its transcriptional activity, although the
mechanism has not been well elucidated (Wang et al., 2010). PSD-95
is an abundant scaffold protein in the postsynaptic density (PSD) of
excitatory synapses (Kim and Sheng, 2004; Cheng et al., 2006). Ac-
tivation of GSK3� phosphorylates PSD95 at threonine 19, which
leads to destabilization of PSD-95 in spines (Nelson et al., 2013).

In the present study, we have shown that an increase in phos-
phorylation of PERK inactivates CREB and causes the loss of
protein level of PSD95 that collectively contributes to the mem-
ory impairment after TBI. Manipulation of PERK phosphoryla-
tion mitigates synapse loss and improves memory functions by
rescuing phosphorylation levels of CREB and PSD95 both in vivo
and in vitro.

Materials and Methods
Drugs. GSK2656157 was purchased from Calbiochem and was dissolved
in DMSO. DMSO was delivered by intraperitoneal injection to sham and
TBI groups of mice. GSK2656157 (50 mg/kg) was delivered by intraperi-
toneal injection to sham and TBI groups at 30 min after TBI, followed by
a daily dose for 24 d. Because GSK2656157 was dissolved in DMSO, only
sham and TBI mice received DMSO as controls. For the experiment on
dose dependence, we administered GSK2656157 at various doses such as
10, 20, and 50 mg/kg at 30 min after TBI, followed by a daily dose for 24 d.
Mice were treated with lithium (5 mg/kg) for 24 d with or without ad-
ministration of GSK2656157 (50 mg/kg) after either sham or TBI proce-
dures (Fig. 1). Male mice were used throughout all of the experiments.
Biochemical analysis was done on the day 25 (Fig. 1A). In other experi-
ments, mice were trained on the Morris water maze (MWM) test for 6 d
after completion of GSK2656157 treatment and the probe trial was done
on the day 31 of TBI (Fig. 1B). The same sets of mice were used to
monitor the synaptic density of TBI or sham mice on day 31 after TBI. In
Figure 1C, either PERK or PERK-K618A was overexpressed in mice brain
7 d before TBI. Then biochemical analysis was performed on day 25 after
TBI. The procedure for TBI and overexpression of PERK/PERK-K618A
are described in the following section.

TBI procedures. The Committee on Animal Use for Research and Ed-
ucation at the Augusta University approved all animal studies, in com-
pliance with National Institutes of Health guidelines. The procedure was
done based on our previously published protocol (Farook et al., 2013;
Kapoor et al., 2013; Sen and Sen, 2016). Briefly, adult male C57BL/6
(Jackson Laboratory) mice were anesthetized with xylazine (8 mg/kg)/
ketamine (60 mg/kg) and subjected to a sham injury or controlled corti-
cal impact. Briefly, mice were placed in a stereotaxic frame (Ambient
Instruments) and a 3.5 mm craniotomy was made in the right parietal
bone midway between bregma and lambda with the medial edge lateral to
the midline, leaving the dura intact. Mice were impacted at 4.5 m/s with
a 20 ms dwell time and 1.2 mm depression using a 3-mm-diameter
convex tip, mimicking a moderate TBI. Sham-operated mice underwent

the identical surgical procedures but were not impacted. The incision was
closed with VetBond and mice were allowed to recover. Body tempera-
ture was maintained at 37°C using a small animal temperature controller
throughout all procedures (Kopf Instruments).

MWM test. In the MWM test, the hidden platform procedure was per-
formed in a circular tank filled with opaque water as described previously
with minor modifications (Vorhees and Williams, 2006; Mir et al., 2014; Sen
and Sen, 2016). Both sham and TBI-mice received GSK2656157 for 24 d
after TBI. After completion of treatments, mice underwent training for 6 d.
For training, mice were placed in the tank at four random points and allowed
to search and find the platform. In the event the mouse did not find the
platform within 60 s, it was placed manually on the platform for an extra 30 s.
During the training, the mouse was allowed to search for the platform for the
60 s. Two training sessions were given every day and the latency after 2
training sessions was recorded for each day for 6 d. Altogether, 30 d (24 � 6)
were used for treatments and training. Twenty-four hours after the last train-
ing session on day 30, a probe trial was performed on day 31 after TBI or
sham. The mice were allowed to swim in the tank for the 60 s without the
platform and performance was assessed on the basis of the time spent in the
quadrant in which the hidden platform was originally located (the right
quadrant).The mouse speed, time for thigmotaxis, and time in each quad-
rant were analyzed using the data generated by Any-maze software.

Neurite outgrowth. The dendritic length assay was performed as described
previously with modifications (Sen and Snyder, 2011). Briefly, primary neurons
were transfected with GFP and images of neuronal morphologies were cap-
tured based on immunoreactivities against GFP using the 510 META con-
focal laser-scanning microscope (LSM) system (Zeiss) after treatment with
either GSK2656157 (5 mg/ml) or GSK2656157 (200 �g/ml) � tunicamycin
(3 �g/ml). Dendrites and axons were identified by standard morphological
criteria. Because the majority of neurons in our cortical culture preparation
possessed only one clearly classifiable axon and one or more dendrites, neu-
rons with nonpyramidal morphological features (such as multiple axons or
no classifiable processes) were excluded from analyses. The total length was
determined manually using the Neuron J1.0.0 plug-in software for ImageJ.
Representative images were acquired using the 510 META confocal LSM

Figure 1. Experimental design for TBI mice after with or without treatment with
GSK2656157. A, B, mice were treated with GSK2656157 for 24 d after TBI and then biochemical
analysis was done on day 25. In other experiments, the mice were trained for the MWM test for
6 d after completion of GSK2656157 treatment and the probe trial was done on day 31 after TBI.
The same sets of mice were used to monitor the synaptic density of TBI or sham mice on day 31
after TBI. C, Either PERK or PERK-K618A was overexpressed in the brain 7 d before TBI. Biochem-
ical analysis was performed on day 25 after TBI. The procedure for TBI and overexpression of
PERK/PERK-K618A were described in the Materials and Methods.
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with a 40� objective. All analyses were performed by an observer blinded to
the identity of the transfected constructs.

Cortical primary neuronal culture and treatment. The preparation of
the primary cortical neurons from wild-type mice was performed as
described previously (Sen et al., 2008; Sen et al., 2009; Sen et al., 2012; Mir
et al., 2014). Pregnant mice at embryonic day 18.5 gestational age based
on the vaginal plug determination method were anesthetized with xyla-
zine (8 mg/kg)/ketamine (60 mg/kg) and cleaned using 70% ethanol. The
uterus was opened and pups were placed in sterile prechilled HBSS. Each
pup was mounted on the stereomicroscope and cortices were dissected
out. After enzyme-based digestion, cortical neurons were counted and
plated on the sterilized cover glass or six-well plates in serum-free Neu-
robasal medium supplemented with appropriate growth supplements
(B27 and N2; Life Technologies). The medium was changed very 3– 4 d.
For biochemical purposes, neurons were washed and scraped off and
collected in lysis buffer with protease inhibitors. The protein content was
estimated using the Bradford method. Primary neurons were treated
with either tunicamycin (3 �g/ml) and/or GSK2656157 (200 �g/ml) for
24 h in subsequent experiments. All experiments were performed with
10- to 12-d-old cultures, at which time the cultures contained �95–98%
neurons and 2–5% astrocytes.

Transfection experiments were performed using the NeuroPORTER
transfection kit (Sigma-Aldrich) following a previously published proto-
col with modifications (Di Giovanni et al., 2005; Uchida et al., 2006; Chi
and Nicol, 2007; Andres et al., 2011). The cells were rinsed once with
Opti-MEM medium and incubated at 37°C for �30 min. The Neuro-
porter–DNA complex (100 nM) was added on day 3 in culture and then
the neurons were exposed to either Myc-PERK or Myc-PERK-K618A
construct or Neuroporter alone for 48 h at 37°C. After 2 d (day 5 in
culture), the Neuroporter � DNA constructs were washed out and the
normal medium containing antibiotics and NGF was then added to the
neurons and allowed to incubate for another 2 d before Western blots
were performed.

Overexpression of constructs in mouse brain. Plasmid/polyethylenei-
mine (PEI) complexes including either PERK or PERK-K618A were in-
jected into the cortex as described previously (Jouvert et al., 2004; Wu et
al., 2004; Schaffer et al., 2010; Uchida et al., 2010). A vector containing
either Myc-PERK or Myc-PERK-K618A (7.5 �g; Addgene) were com-
plexed with 15 nmol of linear 22 kDa PEI in 5% glucose solution. Mix-
tures were allowed to equilibrate for 15 min at room temperature and
then injected (0.5 �g per injection) into the cortex before TBI. Next, 3.5 �l of
PEI-plasmid complexes was injected using a 10 �l Hamilton syringe. After a
wait of 5 min, the needle was slowly withdrawn.

Western blot and coimmunoprecipitation. Whole tissue lysates were
prepared from 3 mm coronal sections centered upon the site of impact. A
1 mm micropunch was collected from the pericontusional cortex or from
the corresponding pericontusional hemisphere as described previously
(Farook et al., 2013; Kapoor et al., 2013; Mir et al., 2014; Sen and Sen,
2016). Tissue was placed in complete RIPA buffer, sonicated, and centri-
fuged for 120 min at 124,000 � g at 4°C. Thirty micrograms of protein
were resolved on a 4 –20% SDS-polyacrylamide gel and transferred onto
a polyvinylidene difluoride membrane. Blots were incubated overnight
at 4°C in primary antibody phosphorylated-PERK (Thr980; Cell Signal-
ing Technology), phosphorylated (phospho-) PSD95 (T19; Abcam),
phospho-CREB (S129; Abcam), phospho-eIF2� (S51; Abcam), PSD95
(Abcam), CREB (Cell Signaling Technology), CBP (Santa Cruz Biotech-
nology), Actin (cell Signaling) and BDNF (Cell Signaling Technology),
followed by a 2 h incubation with an Alexa Fluor-tagged secondary anti-
body at room temperature. Blots were visualized using a Li-Cor Odyssey
near-infrared imaging system and densitometry analysis was performed
using Quantity One software (Bio-Rad) (Farook et al., 2013; Kapoor et
al., 2013; Mir et al., 2014). The intensity of each band was determined by
ImageJ software and the changes in the experimental band was repre-
sented as the fold change as described previously (Sen et al., 2012) (Sen et
al., 2008).

Protein–protein interactions were measured by coimmunoprecipita-
tion assay per our method (Sen et al., 2008; Farook et al., 2013; Sen and
Sen, 2016). Briefly, treated or untreated cells were lysed in lysis buffer
containing 50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% CHAPS, 100 �M

deferoxamine, and 1 mM EDTA and homogenized by passage through a
26-gauge needle. Crude lysates were cleared of insoluble debris by cen-
trifugation at 14,000 � g. Immunoprecipitation buffer containing 50 mM

Tris, pH 7.4, 150 mM NaCl, 0.1% CHAPS, 100 �M deferoxamine, 1 mM

EDTA, and 0.1 mg/ml BSA was added to 100 �g of cell lysates to bring
samples to a total volume of 1000 �l. Cell lysates were incubated with
either anti-CREB/CREB (S129) or anti-IgG antibody and 30 �l of protein
G agarose was added and incubated on a rotator at 4°C. The protein G
agarose was washed four times with lysis buffer and quenched with 30 �l
of SDS sample buffer. Coimmunoprecipitates were resolved by SDS-
PAGE and analyzed by Western blotting with anti-CBP antibodies.

Immunohistochemistry. Deeply anesthetized mice were perfused with
saline, followed by fixation with 4% paraformaldehyde in 0.1 M phos-
phate buffer, pH 7.4. Brains were postfixed overnight in paraformalde-
hyde, followed by cryoprotection with 30% sucrose, pH 7.4, until brains
permeated. Serial coronal sections were prepared using a cryostat mi-
crotome (Leica) and mounted directly onto glass slides. Sections were
incubated at room temperature with 100% normal donkey serum in PBS
containing 0.4% Triton X-100 for 12 h, followed by incubation with the
primary antibody against phospho-PERK (Thr980), phospho-CREB
(S129), phospho-PSD95 (T19), Myc-PERK, and Myc-PERK-K618A
overnight at 4°C. Sections were then washed and incubated with the
appropriate Alexa Fluor-tagged secondary antibody. The omission of
primary antibody served as a negative control (Sen and Snyder, 2011;
Farook et al., 2013; Kapoor et al., 2013; Mir et al., 2014; Sen and Sen,
2016).

Confocal microscopy. Immunofluorescence was determined using an
LSM 710 Meta confocal laser microscope (Zeiss), as described previously.
Cellular colocalization was determined in a z-stack mode using a 63�
oil-immersion Neofluor objective (numerical aperture 12.3) with the
image size set at 512 � 512 pixels. The following excitation lasers/emis-
sion filters settings were used for various chromophores: an argon2 laser
was used for Alexa Fluor 488, with excitation maxima at 490 nm and
emission in the range of 505–530 nm. An HeNe1 laser was used for Alexa
Fluor 594 with excitation maxima at 543 nm and emission in the range
568 – 615 nm. z-stacks (20 optical slices) were collected at optimal pin-
hole diameter at 12-bit pixel depth and converted into 3D projection
images using LSM 510 Meta imaging software (Zeiss) (Sen et al., 2012;
Kapoor et al., 2013; Sen and Sen, 2016).

DiI stain and spine evaluation. Mice were deeply anesthetized with
isoflurane and perfused transcardially with 0.9% saline solution. The
brains were removed and stained using the Dil method as described
previously (Stranahan et al., 2007; Erion et al., 2014). Coronal sections of
200 �m thickness from the cortex were obtained using a vibratome.
These sections were collected on positive fixed microscope slides and
dehydrated spontaneously. Spines were counted after image acquisition
on secondary and tertiary branches of dendrites of neurons with or with-
out treatment with GSK2656157 after either sham injury or TBI. Spine
number was measured by ImageJ and analyzed by investigators who were
blinded to protocol. For analysis of dendritic spine morphology, image
stacks were filtered and analyzed using Zeiss LSM 710 software. First,
spines were identified based on the presence of a clearly resolved head
and neck. For analysis of spine length, the full extent of the tracing was
determined manually from the point of contact with the dendritic shaft
to the tip of the spine head.

In vitro kinase assay. Recombinant PERK protein (2 �g; Thermo
Fisher Scientific) was incubated with either recombinant CREB (1.2 �g;
Novus Biologicals) or recombinant PSD95 protein (1.2 �g; Novus Bio-
logicals) in a kinase buffer (CST) containing 25 mM Tris-HCl, pH 7.5,
5 mM b-glycerophosphate, 2 mM dithiothreitol (DTT), 0.1 mM Na3VO4,
and 10 mM MgCl2 supplemented with ATP (200 �M) at 37°C for 1 h.
Then, 40 �l of the total reaction mixture was run on an SDS-PAGE gel.
The phosphorylation level of CREB (S129) and PSD95 (S9) was moni-
tored by Western blot hybridization using the specific antibodies men-
tioned above.

Experimental design and statistical analysis. All data are presented as the
mean � SEM. The effects of treatments were analyzed using a one-way
ANOVA followed by Dunnett’s post hoc test. Results are expressed as
mean � SEM (n � 5–7). A p-value �0.05 was considered to be statisti-
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cally significant. Two-way repeated-measures ANOVAs with LSD post hoc
tests were used to determine statistical significance between the TBI and
TBI � GSK2656157 groups for all training days during MWM tests (n � 7).
One-way ANOVAs with the appropriate LSD post hoc tests were used to
compare experimental groups. For all analyses, p � 0.05 was considered
significant. Male C57BL/6 mice were used for all experiments.

Results
Treatment with GSK2656157 prevents PERK phosphorylation
but not phosphorylation of eIF2� after TBI
PERK is an ER kinase and, upon induction of either the unfolded
protein response (UPR) or ER stress, PERK is activated by in-
creasing its phosphorylation status (Harding et al., 2000; Zhang
et al., 2002; Wek and Cavener, 2007; Saito et al., 2011). Activated
PERK phosphorylates eIF2�, which is known to inhibit protein
synthesis. To determine whether TBI has any influence on phos-
phorylation of PERK and/or eIF2�, we measured their levels in
the pericontusional cortex. We found that TBI leads to an in-
crease in the phosphorylation level of both PERK (Thr980) and
eIF2� (S51) to �3.5- and 2.6-fold, respectively (Fig. 2A). We also
tested the activation of ATF6 and IRE1� after TBI. We found that
the cleaved level of ATF6 was not increased after TBI, which
suggests that that ATF6 pathway was not activated after TBI (Fig.

2B). IRE1� is a Ser/Thr protein kinase that possesses endonu-
clease activity. ER stress can activate IRE1� by inducing its phos-
phorylation level. We found that the phosphorylation level of
IRE1� was not altered after TBI (Fig. 2C). These data suggest that
TBI does not induce the activation of IRE1� in our TBI experi-
mental conditions.

We were interested to determine whether treatment with an
inhibitor of PERK phosphorylation, GSK2656157, has any influ-
ence on the phosphorylation of both PERK and eIF2�. We
treated wild-type mice with GSK2656157 in a dose-dependent
manner (10 –50 mg/kg) after TBI and phosphorylation of PERK
and eIF2� was measured through Western blot analysis in the
pericontusional cortex. Interestingly, we found that treatment
with GSK2656157 caused a decrease in PERK phosphorylation in
a dose-dependent manner; however, the phosphorylation level of
eIF2� remains unaltered throughout the treatment (Fig. 2F). We
also found that treatment with 50 mg/kg GK2656157 was enough
to fully block the induction of phosphorylation of PERK after TBI
(Fig. 2D); however, the phosphorylation level of eIF2� remained
unaltered. Consistent with treatment with GSK2656157, we
found that overexpression of the kinase-dead construct of PERK
did not reduce the phosphorylation level of eIF2� (Fig. 2E). To

Figure 2. Treatment with GSK2656157 reduces PERK phosphorylation. A, Western blot analysis of the expression of PERK and eIF2� phosphorylation in pericontusional cortex after TBI. *p �
0.05, n � 9, one-way ANOVA, mean � SEM. B, Western blot analysis to measure uncleaved and cleaved ATF6 after sham or TBI. C, Western blot analysis to measure phosphorylation level of IRE1�
after TBI. D, Western blot analysis of phosphorylation of both PERK and eIF2� after treatment with GSK2656157 at 10, 20, and 50 mg/kg after TBI. *p � 0.05, n � 5, one-way ANOVA, mean � SEM.
E, Western blot analysis of eIF2� phosphorylation after overexpression of either PERK or PERK-K618A in the brain before TBI. The overexpression of PERK was monitored by Western blot
hybridization. F, Confocal microscopic analysis to measure PERK phosphorylation with or without GSK2656157 treatment after TBI. G, Primary neurons were treated with tunicamycin (3 �g/ml) with
or without GSK2656157 (15 �g/ml) treatment for 6 h and phosphorylation of PERK and eIF2� were monitored by Western blot hybridization. *p � 0.05, n � 9, one-way ANOVA, mean � SEM.
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further confirm the alteration of PERK phosphorylation after
GSK2656157 treatment, we performed confocal microscopy
analysis. Consistent with our Western blot data, we found that
treatment with GSK2656157 (50 mg/kg) reduced PERK phos-
phorylation significantly (Fig. 2F).

In another set of experiments, primary neurons were treated
with an ER stress inducer, tunicamycin, in the presence or absence of
GSK2656157. We found that treatment with tunicamycin caused an
increase in both the PERK and eIF2� phosphorylation level; how-
ever, the induction of PERK phosphorylation was abolished in the
presence of GSK2656157 and the phosphorylation level of eIF2�
remained unaltered (Fig. 2G).

Treatment with GSK2656157 restores spine density and
memory deficits after TBI
Because treatment with GSK2656157 was shown to prevent
PERK phosphorylation independently of eIF2� phosphorylation
in pericontusional cortex after TBI, we were interested in deter-
mining whether it has any effect on spine density and perfor-
mance in memory functions. Dendritic spines were visualized in
slices from GSK2656157- and vehicle-treated wild-type mice us-
ing the lipophilic membrane tracer DiI. After Dil staining, TBI
mice had fewer dendritic spines than wild-type mice. Moreover,
GSK2656157 treatment normalized dendritic spine density (Fig.
3A,B) along the spine length (Fig. 3A,C) and spine surface area
(Fig. 3A,D) after TBI.

To monitor whether treatment with GSK2656157 has any in-
fluence on memory impairment after TBI, both the TBI and
TBI � GSK2656157 groups, along with sham mice, were sub-
jected to MWM tests after TBI. We found that, on the first day of
training, the latency to find the platform for either sham- or sham �
GSK2656157-treated mice started at �30 s; however, after 6 d of
training, they could reach the platform in �15 s (Fig. 3E). Com-
pared with sham mice, TBI mice did not improve their memory
functions even after 6 d of training. In contrast, after treatment
with GSK2656157, TBI mice gradually performed better than TBI
mice. The latency for TBI � GSK2656157 on the first day was
close to 58 s (vs TBI 60 s). After 6 d of training, the latency to find
the platform for TBI � GSK2656157-treated mice was �45 s (vs
TBI 58 s; Fig. 3E). Interestingly, two-way ANOVA analysis be-
tween the TBI and TBI � GSK2656157-treated groups for differ-
ent time points shows that data are significant only at 2, 5, and 6 d
after TBI. On the day of the probe trial, the trend for the latency to
find the platform remained unaltered (Fig. 3F). To further con-
firm how the treatment with GSK2656157 affected memory
function, we monitored the percentage of time spent in each
quadrant.

We found that either sham or sham � GSK2656157-treated
mice spent �70% of the time in the quadrant where the platform
was located (TQ; target quadrant) compared with TBI mice,
which spent �30% time in the TQ. Interestingly, treatment with
GSK2656157 after TBI rescued the percentage of time in the TQ
(Fig. 3G). We also measured mouse speed for sham-, sham �
GSK2656157-, TBI-, and TBI � GSK2656157-treated mice. We
did not observe any significant difference in mouse speed regard-
less of group (Fig. 3H). These data suggest that MWM learning
impairments are independent of locomotor effects because land-
based locomotor reductions did not affect swimming speed. An-
other important aspect of MWM tests is thigmotaxis, or the
tendency to cling or follow the wall around the outer perimeter of
the tank, which serves as one sign that the animal is not problem
solving. On the day of probe trial, the percentage of time for
thigmotaxis in either the sham or sham � GSK2656157 groups

was not more than 5–7%; however, the percentage of the time for
thigmotaxis of TBI mice was �20%. Interestingly, treatment with
GSK2656157 reduced the percentage of time for thigmotaxis in
TBI mice (Fig. 3I). Together, our data suggest that treatment with
GSK2656157 improves learning and memory functions after TBI.

Active PERK inactivates CREB via phosphorylation at S129
after TBI
CREB is a transcription factor known to transcribe several genes,
including BDNF, that regulate formation and maintenance of
memory (Finkbeiner et al., 1997; Tao et al., 1998; Herold et al.,
2011). To determine whether activation of PERK has any influ-
ence on CREB phosphorylation, we monitored its level via West-
ern blot hybridization. We found that the phosphorylation level
of CREB at serine 129 (S129) was increased significantly, but the
phosphorylation level at serine 133 (S133) remained unaltered
after TBI (Fig. 4A). To further confirm the alteration of CREB
phosphorylation, we performed confocal microscopy analysis in
which the phosphorylation CREB at S129 was monitored by
green fluorescence intensity. We found that TBI led to an increase
in CREB phosphorylation at the S129 residue, as indicated by an
increase in green fluorescent intensity (Fig. 4B). Because activa-
tion of CREB depends on its interaction with a coactivator, CBP
protein, we monitored the interaction between CREB and CBP
by coimmunoprecipitation assay. We found that the interaction
between CREB and CBP and phospho-CREB at the S129 residue
and CBP was decreased significantly (Fig. 4C), along with a de-
crease in BDNF protein level (Fig. 4D), in pericontusional cortex
after TBI.

To determine whether treatment with GSK2656157 can pre-
vent CREB phosphorylation at the S129 and BDNF level, mice
were treated with GSK2656157 after TBI and the phosphoryla-
tion level of CREB was monitored by Western blot hybridization
assay. We found that the increase CREB phosphorylation at S129
was decreased significantly in mice treated with GSK2656157 af-
ter TBI (Fig. 3E). Similarly, the protein level of BDNF was re-
stored in TBI � GSK2656157-treated mice compared with TBI
mice (Fig. 4E). To further confirm whether the alteration of
CREB phosphorylation is regulated directly by activation of
PERK after TBI, we overexpressed a kinase-dead mutant of PERK
(PERK-K618A) through injection in the cortex before TBI. Con-
sistent with the data after treatment with GSK2656157, we found
that overexpression of PERK-K618A prevented the induction of
CREB phosphorylation at the S129 residue and rescued the pro-
tein level of BDNF compared with mice overexpressed with len-
tiviral particles of control vector construct (Fig. 4F). These data
suggest that an increase in phosphorylation of CREB at S129
compromises its interaction with CBP and subsequent transcrip-
tional activity and BDNF level after TBI. The loss of BDNF can be
restored by preventing activation of PERK via preventing CREB’s
phosphorylation at S129 residue.

Previously, it was reported that activation of GSK3� can phos-
phorylate CREB directly at the S129 residue (Bullock and Ha-
bener, 1998; Grimes and Jope, 2001) and TBI can activate GSK3�
by reducing the activation of a protein kinase, Akt (Farook et al.,
2013). To determine whether induction of CREB phosphoryla-
tion at S129 can be blocked by a GSK3� inhibitor, lithium, we
treated TBI mice with lithium in the presence or absence of
GSK2656157. We found that treatment with lithium had no ef-
fect on CREB phosphorylation at S129; however, GSK2656157
could block CREB phosphorylation at S129 regardless of lithium
treatment (Fig. 4G). Administration of lithium can block the
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activation of GSK3� by increasing the level of phosphorylation of
GSK3� after TBI. Together, these data suggest that activated
PERK can phosphorylate CREB at S129.

To further confirm whether PERK can phosphorylate CREB
directly, we incubated recombinant PERK protein along with

recombinant CREB protein in the kinase buffer in the presence or
absence of ATP. The reaction mixtures ran into the SDS-PAGE
gel and phosphorylation of CREB was detected by Western blot
hybridization. We found that CREB phosphorylation at S129 was
detected only in the sample containing ATP (Fig. 4H).

Figure 3. Effect of GSK2656157 on spine density and memory functions after TBI. A–D, Dendritic spines/10 �m (A, B), spine length (A, C), and spine surface area (A, D) were measured after
treatment with GSK2656157 (50 mg/kg) after TBI. *p � 0.05, n � 5, one-way ANOVA, mean � SEM. E, F, Latency to find the platform during training period of 6 d at the end of 2 trials in a day (E).
*p � 0.05, n � 7, two-way ANOVA between TBI and TBI � GSK2656157 groups for all days during training (mean � SEM) and the day of the probe trial (F ). G, Percentage of time in each quadrant
was measured for the sham-, sham � GSK2656157-, TBI-, and TBI � GSK2656157-treated groups. The quadrant with the platform was designated as TQ and the quadrant from which the mice
started their swimming was designated as OP for “opposite.” The quadrant on the left side of OP was designated as AL for “adjacent left” and the quadrant on the right side of OP was designated as
AR for “adjacent right.” *p � 0.05, n � 5– 6, two-way ANOVA, mean � SEM. H, Mouse speed was monitored in the sham-, sham � GSK2656157-, TBI-, and TBI � GSK2656157-treated groups.
I, Percentage of time for thigmotaxis was monitored in the sham-, sham � GSK2656157-, TBI-, and TBI � GSK2656157-treated groups. *p � 0.05, n � 10 –12, one-way ANOVA, mean � SEM.
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Because CREB’s transcriptional activity and BDNF were de-
creased due to an increase in PERK phosphorylation, we were
interested in determining whether the inhibition of PERK had
any effect on dendritic length. Primary neurons were treated with
GSK2656157 before exposure of cells to an ER stress inducer,

tunicamycin. We found that the total dendritic length was de-
creased significantly after exposure to tunicamycin; however,
treatment with GSK2656157 could rescue the loss of total den-
dritic length in primary neurons exposed to tunicamycin (Fig.
4I). Our data were further confirmed by overexpression of a

Figure 4. Effect of GSK2656157 on CREB phosphorylation and dendritic outgrowth. A, Western blot analysis of CREB phosphorylation at S129 and S133 in pericontusional cortex after TBI. *p �
0.05, n � 5, one-way ANOVA, mean � SEM. B, Confocal microscopic analysis of CREB phosphorylation (S129). C, Coimmunoprecipitation assay to monitor the interaction between either CREB or
phospho-CREB (S129) and CBP after TBI. D, Western blot analysis of BDNF protein level. E, Western blot analysis of the protein level of CREB phosphorylation (S129) and BDNF after GSK2656157
treatment after TBI. F, Confocal microscopic analysis of Myc in cortex after overexpression of either Myc-PERK or Myc-PERK-K618A. Western blot analysis to monitor CREB phosphorylation at S129,
BDNF, Actin, and Myc protein levels after TBI. *p � 0.05, n � 8 –10, one-way ANOVA, mean � SEM. G, Western blot analysis to monitor CREB phosphorylation at S129 after treatment with lithium
(5 mg/kg) with or without the addition of GSK2656157. *p�0.05, n�5, one-way ANOVA, mean�SEM. H, In vitro kinase assay for CREB phosphorylation by PERK. Western blot analysis to monitor
CREB phosphorylation at S129 residue. I, J, Primary neurons were overexpressed with GFP and treated with isoflurane. Neurons were imaged by confocal microscopy to monitor dendritic morphology
(I ). Total dendritic length was measured after GSK2656157 treatment and cells overexpressed with either PERK or PERK-K618A before treatment with tunicamycin (J ). *p � 0.05, n � 8 –10,
one-way ANOVA, mean � SEM.
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kinase-dead mutant of PERK in primary neurons before treat-
ment with tunicamycin. We found that tunicamycin results in the
loss of total dendritic length, but cells overexpressed with PERK-
K618A rescued the loss of total dendritic length after treatment
with tunicamycin (Fig. 4J).

Phosphorylation of PSD95 at T19 by activated PERK causes
its downregulation after TBI
PSD95 is a scaffold protein and is known to promote synapse
maturation and to exert a major influence on synaptic stability,
memory formation in the brain (El-Husseini et al., 2000; Béïque
and Andrade, 2003; Kim and Sheng, 2004; Ehrlich et al., 2007).
To determine whether TBI has any influence on phosphorylation
of PSD95, we monitored the phosphorylation level of PSD95 by
Western blot hybridization. We found that TBI leads to an in-
crease in phosphorylation of PSD95 at the T19 residue (Fig. 5A).
It was further confirmed by confocal microscopy in which phos-
phorylation of PSD95 was monitored by green fluorescence in-
tensity (Fig. 5B).

To monitor whether treatment with GSK2656157 has any in-
fluence on phosphorylation of PSD95 at the T19 residue, we
treated mice with GSK2656157 after TBI. Interestingly, we found
that treatment with GSK2656157 markedly reduced the increase
in TBI-induced augmentation of PSD95 phosphorylation at the
T19 residue (Fig. 5C). To determine whether inhibition of PERK
phosphorylation affects the phosphorylation of PSD95 directly,
we overexpressed PERK-K618A into the cortex before TBI. we
found that mice overexpressed with PERK-K618A prevent the
increase in PSD95 phosphorylation at the T19 residue compared
with mice overexpressed with the control vector (Fig. 5D). It was
shown previously that phosphorylation of PSD95 at the T19 res-
idue affects its stability (Nelson et al., 2013). We were interested
in determining whether inhibition of PERK phosphorylation in-
fluences the protein level of PSD95 after TBI. We found that TBI
leads to a significant decrease in the PSD95 protein level (Fig.
5D). However, overexpression of PERK-K618A rescues the loss
of the PSD95 protein level, along with a decrease in phosphory-
lation of PSD95 at the T19 residue (Fig. 5D). These data suggest
that the TBI-induced decrease in PSD95 is dependent on its phos-
phorylation status at the T19 residue, but this can be rescued by
preventing PERK phosphorylation in mice after TBI.

Activation of GSK3� is known to phosphorylate PSD95 at
T19. Because TBI leads to an activation of GSK3�, we were inter-
ested in determining whether blocking GSK3� activation could
rescue PSD95 phosphorylation at the T19 residue. TBI mice were
treated with a GSK3� inhibitor, lithium, along with a PERK-
kinase inhibitor, GSK2656157. We found that treatment with
lithium had no effect on PSD95 phosphorylation; however, pre-
venting PERK phosphorylation by GSK2656157 significantly re-
duced PSD95 phosphorylation at the T19 residue independently
of treatment with lithium (Fig. 5E). Administration of lithium
can block the activation of GSK3� by increasing the level of phos-
phorylation of GSK3� after TBI. Together, these data suggest that
activation of PERK is directly responsible for PSD95 phosphory-
lation at the T19 residue.

To further confirm whether PERK can phosphorylate PSD95
directly, we incubated a recombinant PERK protein along with
recombinant PSD95 protein in the kinase buffer in the presence
or absence of ATP. The reaction mixtures ran into the SDS-PAGE
gel and phosphorylation of PSD95 was monitored by Western
blot hybridization using an antibody specific to phospho-PSD95
at the T19 residue. We found that PSD95 phosphorylation at T19
was detected only in the sample containing ATP (Fig. 5F). The

phosphorylated and unphosphorylated level of PSD95 was also
detected by PSD95 antibody. These data validate the reliability of
the antibody specific for phosphorylation of PSD95.

To determine whether activation of PERK has any influence
on the number of PSD95-positive puncta, we treated primary
neurons with GSK2656157 before exposure to the ER stress acti-
vator tunicamycin. We found that exposure to tunicamycin
caused a significant decrease in both the number (Fig. 4G,H) and
size (Fig. 5G,I) of PSD95-positive puncta; however, treatment
with GSK2656157 before tunicamycin prevented the decrease in
number (Fig. 5G,H) and size (Fig. 5G,I) of PSD95-positive
puncta, along with a decrease in phosphorylation of PSD95 at the
T19 residue in cells treated with tunicamycin. Consistent with
these data, overexpression of PERK-K618A in primary neurons
rescued the tunicamycin-induced decrease n number (Fig. 5 J,K)
and sixe (Fig. 5 J,L) of PSD95-positive puncta. Together, these
results suggest that activation of PERK affects the PSD95 level
directly by increasing its phosphorylation level.

Discussion
In the present study, we have demonstrated a novel mechanism
whereby activation of PERK causes an impairment of memory
through inactivation of CREB protein and downregulation of
PSD95. An increased level of phosphorylation of CREB at S129
prevents its transcriptional activity and phosphorylation of
PSD95 at T19 leads to its downregulation after TBI (Fig. 5M). We
have also shown that inhibiting phosphorylation of PERK by using
GSK2656157 restores memory deficiency and neurite outgrowth by
reducing phosphorylation of CREB and PSD95 without affecting the
elevated level of phosphorylation of the initiation factor eIF2�.

PERK is a ubiquitous ER-localized protein kinase and global
inactivation of PERK in mice results in multiple developmental
defects, including early-onset diabetes, growth retardation, skel-
etal abnormalities, and pancreatic atrophy (Harding et al., 2001;
Zhang et al., 2002). In the brain, PERK functions in the cortex
as a physiological constraint of memory consolidation and its
downregulation serves as a cognitive enhancement by phosphor-
ylating eIF2� at the S51 residue. In wild-type mice, brain-specific
deletion of the PERK protein has been shown to impair cognitive
functions and behavioral flexibility (Trinh et al., 2012) and these
data are consistent with studies in which either GCN2 KO mice
(Costa-Mattioli et al., 2005) or eIF2�-S51A mutant mice (Costa-
Mattioli et al., 2007) have shown facilitation of memory. In TBI,
treatment with either salubrinal (Rubovitch et al., 2015) or doco-
sahexaenoic acid (Begum et al., 2014; Desai et al., 2014) has been
shown to prevent phosphorylation of eIF2� and to act as a neu-
roprotective agent. Consistent with TBI data, elevated phosphor-
ylation of eIF2� has been observed in the brains of Alzheimer’s
disease (AD) patients and AD model mice (Chang et al., 2002;
O’Connor et al., 2008; Ma et al., 2013). Genetic deletion of PERK
prevented enhanced phosphorylation of eIF2� and deficits in
protein synthesis, synaptic plasticity, and spatial memory in mice
that express familial AD-related mutations in APP and PSEN1.

Here, we have shown that inhibition of PERK phosphoryla-
tion does not affect phosphorylation of eIF2a, but does rescue the
deficiency of synaptic plasticity significantly. These data suggest
that PERK phosphorylation may function independently of the
phosphorylation of eIF2a, but it is not exclusively independent of
eIF2a. Other studies have suggested that aberrant eIF2� phos-
phorylation was associated with synaptic pathophysiology and
memory dysfunction after AD (Ma et al., 2013). Moreover, UPR-
mediated translational failure was shown as a generic pathogenic
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mechanism in protein-misfolding disorders, including tauopa-
thies (Radford et al., 2015). This suggests that phosphorylation of
PERK and eIF2� both contribute to the deterioration of synaptic
plasticity, but their individual contribution varies from context
to context. Recent studies suggest that treatment with the small-
molecule ISRIB, which restores translation downstream of eIF2�,

conferred neuroprotection in prion-diseased mice without ad-
verse effects on the pancreas (Halliday et al., 2015). We have used
GSK2656157 as a PERK phosphorylation inhibitor to study its
role in deficiencies in synaptic plasticity after TBI. We anticipate
that treatment with ISRIB will lead to PSD95 reduction and
CREB-related dysfunction.

Figure 5. Effect of GSK2656157 on PSD95 phosphorylation and puncta numbers. A, Western blot analysis of PSD95 phosphorylation at T19 after TBI. *p � 0.05, n � 9, one-way ANOVA, mean �
SEM. B, Confocal microscopic analysis of PSD95 phosphorylation at T19 after TBI. C, Western blot analysis of PSD95 phosphorylation (T19) after treatment with GSK2656157. *p � 0.05, n � 5,
one-way ANOVA, mean � SEM. D, Western blot analysis and quantitative measurement to monitor PSD95 phosphorylation and protein level of PSD95 after overexpression of either PERK wild-type
or PERK-K618A in the cortex. *p � 0.05, n � 5, one-way ANOVA, mean � SEM. E, Western blot analysis to monitor PSD95 phosphorylation at T19 after treatment with lithium (1 mM) with or
without the addition of GSK2656157. F, In vitro kinase assay for PSD95 phosphorylation by PERK. Western blot analysis to monitor PSD95 phosphorylation at the T19 residue. G–I, Confocal
microscopic analysis of the number (G, H ) and size (G, I ) of PSD95-positive puncta after tunicamycin treatment with or without GSK2656157. *p � 0.05, n � 9, one-way ANOVA, mean � SEM.
J–L, Confocal microscopic analysis of the number (J, K ) and size (J, L) of PSD95-positive puncta in cells overexpressed with either PERK or PERK-K618A mutant after TBI. *p � 0.05, n � 8 –10,
one-way ANOVA, mean � SEM. M, Schematic representation showing that TBI leads to an increase in PERK phosphorylation that will subsequently phosphorylate CREB and PSD95 at the S129 and
T19 residues, respectively. The increase in CREB phosphorylation causes a downregulation of BDNF level and PSD95 phosphorylation causes its downregulation after TBI. These events lead to spine
loss and memory impairment after TBI.
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In addition, our data are consistent with the previous finding
that treatment with GSK2656157 inhibits PERK activity in the
mouse pancreas (Atkins et al., 2013), but does not inhibit down-
stream PERK signaling such as phospho-eIF2�, ATF, or CHOP
protein levels. These data suggest that inhibition of PERK activity
by GSK2656157 does not always correlate with inhibition of
eIF2� phosphorylation or mimic the biological effects of genetic
inactivation of PERK. Moreover, the initiation factor eIF2� can
be phosphorylated by several kinases other than PERK, such as
GCN2, PKR, and HRI (Ohno, 2014). Therefore, it is possible that
preventing phosphorylation of PERK does not necessarily block
phosphorylation of eIF2�. At the same time, our data indicate
that the phosphorylation of eIF2� could be dispensable to restor-
ing memory deficits after TBI.

Multiple studies have shown that significant loss of synapses
in the days after brain injury (Gao and Chen, 2011; Gao et al.,
2011; Park and Biederer, 2013) are responsible for memory def-
icits after TBI. Dendritic spines are the postsynaptic protrusions
through which neurons receive most of their excitatory input.
Gao et al. (2011) showed in a mouse model that, after TBI, there
are fewer dendritic synaptic spines in the cortex and hippocam-
pus (Gao and Chen, 2011; Gao et al., 2011). The formation of
synapses and spine density depends on the level of the postsyn-
aptic scaffold protein PSD95 and the BDNF level, which can be
transcribed by CREB.

The activation of CREB depends on its phosphorylation level.
Compelling evidence has suggested that phosphorylation of
CREB at S133 is essential for its transcription; however, studies of
phosphorylation of CREB at S129 have reached two opposite
conclusions. Fiol et al. (1994) reported that GSK3� facilitated
activation of CREB by increasing its phosphorylation status. In
contrast, Bullock and Habener (1998) found that phosphoryla-
tion of CREB by GSK3� attenuated the DNA-binding activity of
CREB. This study was further supported by Grimes and Jope
(2001), who showed that GSK3� regulates CREB DNA-binding
activity negatively and that lithium and sodium valproate, inhib-
itors of GSK3�, facilitate CREB activation. Consistent with these
studies, we found that PERK phosphorylates CREB directly at the
S129 residue without altering its phosphorylation status at S133.
To further elucidate the underlying mechanism, we have shown
that phosphorylation of CREB at S129 prevents its interaction
with a coactivator, CBP, that leads to its transcriptional inactiva-
tion and downregulation of BDNF. Conversely, PSD95, a major
scaffold protein of PSD that promotes synaptic strength, can be
phosphorylated by GSk3� at the T19 residue (Nelson et al.,
2013). Phosphorylation of PSD95 affects stability in dendritic
spines, which can be reversed by overexpression of the T19A
mutant of PSD95.

The question arises whether activation of GSK3� can also
contribute to the phosphorylation of both CREB and PSD95 pro-
teins after TBI, particularly considering the fact that TBI leads to
an activation of GSK3� by reducing its phosphorylation at the S9
residue (Farook et al., 2013). Here, we have shown that inhibition
of GSK3� with lithium cannot prevent the phosphorylation of
either CREB or PSD95 in the pericontusional cortex; however,
inhibition of PERK phosphorylation abolish the phosphorylation
level of CREB and PSD95 after TBI. These data suggest that acti-
vation of PERK is directly responsible for the phosphorylation of
CREB and PSD95 after TBI, which was further supported by the
in vitro phosphorylation assay. Moreover, treatment with a PERK
inhibitor blocks CREB and PSD95 phosphorylation without hav-
ing any effect on eIF2� phosphorylation. These data suggest that
eIF2� is not responsible for phosphorylation of CREB and PSD95

after TBI. We have also shown that inhibition of PERK activation
restores dendritic spines, spine length, and spine surface area and
decreases PSD95 and CREB phosphorylation at the T19 and S129
residues, respectively, after TBI. To our knowledge, our study
may provide the first evidence that CREB and PSD95 can be
phosphorylated directly by PERK after TBI.

Collectively, these results provide a novel mechanism in
which PERK phosphorylation impairs memory by inactivating
CREB and downregulation of PSD95 after TBI. Inhibiting PERK
phosphorylation rescues spine density and dendritic outgrowth
after TBI. Therefore, our study provides a framework on which a
PERK phosphorylation inhibitor such as GSK2656157 can be
tested as a therapeutic approach to prevent memory impairment
in TBI patients.
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