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Local Inhibition of PERK Enhances Memory and Reverses
Age-Related Deterioration of Cognitive and Neuronal
Properties
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Protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) is one of four known kinases that respond to cellular stress by
deactivating the eukaryotic initiation factor 2 � (eIF2�) or other signal transduction cascades. Recently, both eIF2� and its kinases were
found to play a role in normal and pathological brain function. Here, we show that reduction of either the amount or the activity of PERK,
specifically in the CA1 region of the hippocampus in young adult male mice, enhances neuronal excitability and improves cognitive
function. In addition, this manipulation rescues the age-dependent cellular phenotype of reduced excitability and memory decline.
Specifically, the reduction of PERK expression in the CA1 region of the hippocampus of middle-aged male mice using a viral vector
rejuvenates hippocampal function and improves hippocampal-dependent learning. These results delineate a mechanism for behavior
and neuronal aging and position PERK as a promising therapeutic target for age-dependent brain malfunction.

Key words: aging; intrinsic properties; memory enhancement; PERK; translation regulation

Introduction
Translation of mRNA into protein can be divided into three
phases: initiation, elongation, and termination, of which both the

initiation and elongation phases are vital for memory consolida-
tion (Gal-Ben-Ari et al., 2012; Gildish et al., 2012; Taha et al.,
2013; Heise et al., 2017). Both the transition from short-term to
long-term memory and synaptic plasticity are regulated by phos-
phorylation of eukaryotic initiation factor 2 (eIF2) at serine 51 of
its � subunit (p-eIF2�). Specifically, reduction in levels of p-eIF2�
results in facilitation of long-term memory formation, whereas
an increase results in memory impairment (Costa-Mattioli et al.,
2007). From a biochemical perspective, eIF2� phosphorylation
reduces translation of most mRNAs, but paradoxically stimulates
translation of mRNAs harboring upstream open reading frames
(uORFs) in their 5�-UTR, such as activating transcription factor 4

Received March 6, 2017; revised Oct. 25, 2017; accepted Nov. 10, 2017.
Author contributions: V.S., H.O.-S., H.K., and K.R. designed research; V.S., H.O.-S., D.C., M.H., R.S., I.B., S.K.C., and

S.B.T.d.L. performed research; E.E. contributed unpublished reagents/analytic tools; V.S., H.O.-S., D.C., M.H., R.S.,
I.B., S.K.C., and S.B.T.d.L. analyzed data; V.S., H.O.-S., D.C., H.K., and K.R. wrote the paper.

This work was supported by the Israeli Ministry of Science, Technology, and Space (MOST 3-12080 to K.R.); the
Israel Science Foundation (ISF 1003/12, ISF-IDRC 2395/2015 to K.R.); the Wolfson Charitable Trust (K.R.); the Min-
istry of Science and Technology (Eshkol Postdoctoral Fellowship to H.O.-S.); the Tauber Foundation (Fellowship to
H.O.-S.); and the Israeli Planning and Budgeting Committee Program Fellowships for Outstanding Post-Doctoral
Fellows from China and India (V.S.). We thank the members of the K.R. laboratory, specifically Dr. Shunit Gal Ben-Ari,
for critical reading of this manuscript; Noah Cohen for valuable contributions to this manuscript; and Dr. Axten J. and
G.S.K. for providing the PERK small-molecule inhibitor GSK2606414.

The authors declare no competing financial interests.
*V.S., H.O.-S., and D.C. contributed equally to this work.
V. Sharma’s and R. Sood’s present address: Department of Biochemistry, McGill University, Montréal, Québec,
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Significance Statement

We found that local reduced protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) expression or activity in the
hippocampus enhances neuronal excitability and cognitive function in young normal mice, that old CA1 pyramidal cells have
reduced excitability and increased PERK expression that can be rescued by reducing PERK expression in the hippocampus, and
that reducing PERK expression in the hippocampus of middle-aged mice enhances hippocampal-dependent learning and memory
and restores it to normal performance levels of young mice. These findings uncover an entirely new biological link among PERK,
neuronal intrinsic properties, aging, and cognitive function. Moreover, our findings propose a new way to fight mild cognitive
impairment and aging-related cognitive deterioration.
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(ATF4) and �-secretase 1 (BACE1) (Hooper et al., 2007; O’Connor
et al., 2008).

In the brain, eIF2� can be phosphorylated by three well
described kinases: protein kinase R (PKR), a double-stranded
RNA-dependent protein kinase; PKR-like endoplasmic reticu-
lum kinase (PERK); and general control nonderepressible 2
(GCN2) (Gal-Ben-Ari et al., 2012; Segev et al., 2015). Of these
three kinases, PERK is the major one to determine basal p-eIF2�
levels (Moreno et al., 2012; Trinh et al., 2012; Ounallah-Saad et
al., 2014).

The role of PERK in synaptic plasticity and hippocampal-
dependent memory has been studied using a PERK conditional
knock-out (KO) mouse model in which PERK is deleted specifi-
cally in excitatory neurons. In these mice, overall memory
strength is not affected but behavioral flexibility is impaired, a
finding attributed to facilitated mGluR-mediated long-term de-
pression (mGluR-LTD) (Trinh et al., 2012, 2014). Paradoxically,
knocking down PERK in the cortex of adult rats resulted in en-
hanced memory and enhanced behavioral flexibility (Ounallah-
Saad et al., 2014). Nevertheless, the effect of PERK reduction
specifically in the CA1 of adult mice on hippocampal-dependent
cognitive function remains unaddressed.

In addition to the function of PERK in learning and memory
processes, it has also been implicated in age-dependent brain
diseases. For example, decreasing p-eIF2� by reducing PERK ac-
tivity or expression levels has been shown to rescue neurodegen-
eration in prion disease as well as memory deficits in the APP/PS1
Alzheimer’s disease (AD) mouse models that overproduce amy-
loid beta (Ma et al., 2013; Moreno et al., 2013; Radford et al.,
2015). Brain aging also alters calcium homeostasis, which can
affect neuronal function negatively. For example, aging is corre-
lated with reduced neuronal excitability that can be measured via
modulation in afterhyperpolarization (AHP) and accommodation
of hippocampal neurons (Disterhoft and Oh, 2007). Moreover, with
age, medium AHP (mAHP) in CA1 neurons is significantly larger,
thus causing lower neural excitability in aged rats (Disterhoft and
Oh, 2007; Oh et al., 2010). Recent reports suggest that PERK
regulates Gq-protein-coupled Ca 2� dynamics in pyramidal neu-
rons independently of its function as an eIF2� kinase (Zhu et al.,
2016). Another recent report suggests that PERK activation is
correlated with memory deficits after traumatic brain injury and
is mediated by novel targets of PERK independently of eIF2�
(Sen et al., 2017).

Nevertheless, the role of PERK and its targets in neuronal
intrinsic properties and normal aging remains unexplored. Con-
sistent with the dual functions of PERK in learning processes and
aging-dependent brain diseases, we tested two hypotheses. First,
we tested the hypothesis that locally reduced PERK activity or
expression in the CA1 region of the hippocampus results in better
long-term memory. Second, we tested the hypothesis that reduc-
ing PERK in the CA1 region of middle-aged mice would have an
ameliorating effect on both the declined cognitive performance
and intrinsic neuronal excitability.

Materials and Methods
Animals
Male C57BL/6 mice (Harlan Laboratories) �12-week-old and weighing
20 –25 g were used unless otherwise indicated. The mice were housed
individually on a 12/12 h light/dark cycle and provided with water and
standard rodent chow ad libitum. Animals were handled according to
approved protocols and animal welfare regulations of the University of
Haifa Institutional Ethics Committee. For the aging experiment, 8-month-
old male mice were purchased from Harlan Laboratories and kept under
the same conditions until the time of the experiment. For behavioral

experiments, scrambled (SCR) animals were injected at either 3 or 10
months of age and assessed at 5 or 12 months. For electrophysiology SCR
expansion, animals were injected at 4 months of age.

Stereotaxic administration of PERK shRNA adeno-associated
virus (AAV)
To perform stereotaxic viral injections into the brain, mice were anesthe-
tized with 5% isoflurane using an anesthesia system (HME109; Highland
Medical Equipment). The mice were then placed in a rodent stereotaxic
apparatus (Stereotaxic Alignment System Model 1900; Kopf Instru-
ments) with continuous 1.5% isoflurane. A small incision was made in
the head, the skin was reflected, and the skull was exposed to show the
bregma and lambda, as well as the desired injection sites. The following
injection coordinates targeting dorsal hippocampal CA1 were used (rel-
ative to bregma): �1.46 mm AP, �1 mm ML, and �1.4 mm DV. A small
drill hole was made in the skull over the injection site. A 10 �l Hamilton
syringe with a 32-gauge stainless steel needle connected to a stereotaxic
infusion pump was used to inject the virus into the brain. A total of 1 �l
of PERK shRNA (Sigma-Aldrich clone TRCN28772) AAV ( pAAV-EF1a-
ZsGreen-shRNA, 1 � 10 12 vg/ml, serotype 5) or SCR sequence AAV was
bilaterally injected into the brain at a rate of 50 nl/min. The needle was
left in place for 5 min before and after injection to allow for tissue relax-
ation and to minimize fluid retraction. Once the injection needle was
withdrawn, the incision was closed with tissue adhesive (Vetbond; 3M)
and the mouse was removed from the stereotaxic apparatus. The mice
were given at least 4 weeks to recuperate and to allow infected neurons to
express high contents of AAV before any behavior experiments were
conducted.

Cannula implantation and microinjection of the PERK
inhibitor GSK2606414
Animals were anesthetized under 5% isoflurane using an isoflurane an-
esthesia system (HME109; Highland Medical Equipment). Under aseptic
conditions, a rodent stereotaxic apparatus (Stereotaxic Alignment Sys-
tem Model 1900; Kopf Instruments) with continuous 1.5% isoflurane
anesthesia was used. For CA1 infusion, the cannula was implanted bilat-
erally into the CA1 region (from the bregma: �1.94 mm AP, �1.0 mm
ML, and �1.0 mm DV). The implanted cannula was cemented on the
skull. Each cannula was fitted with a 28-gauge dummy cannula that
extended 0.1 mm beyond the tip of the guide cannula to prevent blockage
of the guide cannula. After cannulation, mice were allowed to recover for
7 d before infusion of PERK inhibitor or vehicle and behavior experi-
ments. On conditioning day, randomly assigned mice were infused with
a 100 nM concentration of the PERK inhibitor GSK2606414 (Rozpędek et
al., 2017) dissolved in dimethyl sulfoxide (DMSO) and further diluted in
saline to a final DMSO concentration of 0.5% via a 28-gauge infusion
cannula connected by polyethylene (PE 20) tubing to a 10 �l Hamilton
microsyringe. The infusion cannula protruded 0.25 mm beyond the
guide cannula. For CA1 administration, infusion volume of 1 �l of 100
nM GSK2606414 or vehicle was delivered using a PHD2000 syringe pump
(Harvard Apparatus) over the course of 1 min (at a rate of 1 �l/min).
After infusion, the injection cannula was kept in the guide cannula for
an additional minute to minimize dragging of infused solutes along the
injection tract. Locations of cannula were verified in 30 �m coronal
sections.

Trace fear conditioning
Model chambers measuring 25 � 25 � 25 cm internally (Panlab; Har-
vard Apparatus) were located inside a larger, insulated plastic cabinet
that excluded external light and noise. For the trace-fear-conditioning
protocol, mice were placed in a chamber (with a 20 W bulb and a 16 bar
metal grid floor) for 120 s, after which the mice received a 2.9 kHz tone
applied for 20 s at 80 dB (conditioned stimulus, CS) and a 0.5 mA foot
shock applied for 2 s (unconditioned stimulus, US) 20 s at the end of the
CS. This protocol was repeated 5 times and each tone–shock presentation
was separated by a 2 min interval. After administration of the last shock,
animals remained in the chamber for 2 min before they were taken back
to the home cage. The chambers were cleaned with 10% ethanol between
successive sets of mice. Animals from control and treatment groups were
randomized between the four different chambers. For the context test,
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mice were placed in the conditioning chamber 24 h after conditioning
and kept in the cage for 300 s without tone or foot shock. For the tone–
trace test, animals were put in chambers 48 h after conditioning, but the
grid floor was hidden with black plastic to create another context and the
animals were presented with the tones as on the conditioning day. Ani-
mal behavior was recorded using an infrared camera and the data were
analyzed by Freeze Frame 3.0 software (Coulbourn Instruments). The
indication for fear memory was percentage of time spent freezing. The
Shapiro–Wilk test was used as a numerical means of assessing normality.
Independent-samples t test was used as a parametric test and the Mann–
Whitney U test was used for the nonparametric equivalent. Exclusion/
inclusion criteria were as follows: cannula and injection site were
determined blindly, animals were numbered serially, and injection or
cannulation sites were determined. Animals with misplaced injections
were excluded. The experimenter who determined injection or cannula
site was blinded to the treatment.

Preparation of total samples for biochemical analysis
At the end of the behavioral procedure, the brains were removed and
snap-frozen in liquid nitrogen. CA1 punches were made using a cryostat
(Leica) according to injection coordinates and were homogenized by 30
strokes in a glass–Teflon homogenizer in a lysis buffer containing 10 mM

HEPES, pH 7.4, 2 mM EDTA, 2 mM EGTA, 0.5 mM DTT, 1% phosphatase
inhibitor mixture (3-P0044; Sigma-Aldrich), and 1% protease inhibitor
mixture ( p2714; Sigma-Aldrich). Protein content was determined with
the BCA Protein Assay Kit (GE Healthcare). Appropriate volumes of 2�
SDS sample buffer (10% glycerol, 5% �-mercaptoethanol, 4% SDS, 120
mM Tris-HCl, pH 6.8) were added to the homogenates and samples were
boiled for 5 min and stored at �80°C until further analysis.

Western blotting
Samples were prepared in SDS sample buffer and subjected to 7.5–10%
SDS-PAGE and Western blot analysis. Each lane was loaded with an
equal amount of protein (10 �g). After transfer to a nitrocellulose mem-
brane, the blots were blocked for 1 h with 4% BSA in Tris-buffered saline
plus 0.5% Tween 20 (TBST) at room temperature. They were then incu-
bated overnight with the following primary antibodies: PKR (1:1000;
Santa Cruz Biotechnology), eIF2� (1:1000; Cell Signaling Technology),
p-(Ser51) eIF2� (1:1000; Cell Signaling Technology), PERK (1:1000; Cell
Signaling Technology), cAMP response element-binding protein (CREB,
1:1000; Cell Signaling Technology), p-(Ser133) CREB (1:1000; Cell
Signaling Technology), PSD95 (1:1000; Cell Signaling Technology),
p-(Thr19) PSD95 (1:1000, Abcam), �-actin (1: 3000; Santa Cruz Bio-
technology), and �-tubulin (1:30,000; Sigma-Aldrich). The blots were
then subjected to 3 5 min washing steps in TBST, after which they were
incubated with the corresponding HRP-conjugated secondary antibod-
ies, goat anti-rabbit IgG, goat anti-mouse IgG, or rabbit anti-goat IgG
(1:10,000; Millipore Bioscience Research Reagents), for 1 h at room tem-
perature, followed by 3 10 min washing steps with TBST. Immunodetec-
tion was performed with the enhanced chemiluminescence EZ-ECL Kit
(Biological Industries). The immunoblots were quantified with a CCD
camera and Quantity One software (Bio-Rad). Each sample was mea-
sured relative to the background. Phosphorylation levels were calculated
as the ratio between chemiluminescence values of the antibody directed
against the phosphoproteins and those of the antibody directed against
the phosphorylation-state-independent forms of the proteins.

RNA extraction and qRT-PCR
RNA was extracted from mouse hippocampus using TRI Reagent
(Molecular Research Center) according to the manufacturer’s protocol.
RNA concentration and purity were evaluated using a Nanodrop 2000
(Thermo Fisher Scientific). The High Capacity Reverse Transcription Kit
(ABI) was used according to the manufacturer’s instructions for cDNA
synthesis in a total volume of 20 �l using 1 �g of RNA as a template.
qRT-PCR was performed in a total volume of 10 �l using the following
TaqMan assays (Applied Biosystems): PERK (Mm00438700_m1) and
HPRT (Mm00446968_m1). Reactions were performed in accordance
with the manufacturer’s instructions. qRT-PCR analysis was performed
using the PCR System STEP-ONE plus (Applied Biosystems). Relative

mRNA levels were calculated using the ��Ct method and the 2 ���Ct

formula. Statistical analysis was performed on �Ct values.

Electrophysiology
Tissue preparation. Mice were killed by cervical dislocation or by anes-
thetizing with isoflurane and subsequent decapitation. Three-hundred-
micrometer coronal brain slices were cut with a Campden-1000 Vibratome.
Slices were cut in ice-cold sucrose-based cutting solution containing the
following (in mM): 110 sucrose, 60 NaCl, 3 KCl, 1.25 NaH2PO4, 28
NaHCO3, 0.5 CaCl2, 7 MgCl2, 5 D-glucose, and 0.6 ascorbate. The slices
were allowed to recover for 30 min at 37°C in artificial CSF (ACSF)
containing the following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25
NaHCO3, 25 D-glucose, 2 CaCl2, and 1 MgCl2, followed by additional
recovery for at least 30 min in ACSF at room temperature until electro-
physiological recording. The solutions were constantly gassed with car-
bogen (95% O2 � 5% CO2).

Intracellular whole-cell recording. After the recovery period, slices were
placed in the recording chamber and maintained at 34°C with continu-
ous perfusion of carbogenated ACSF (2 ml/min). Brain slices containing
the dorsal hippocampus were illuminated with infrared light and pyra-
midal cells were visualized under a differential interference contrast mi-
croscope with 60� or 40� water-immersion objectives mounted on a
fixed-stage microscope (BX51-WI; Olympus). The image was displayed
on a video monitor using a charge-coupled device (CCD) camera (Dage
MTI). In AAV-injected animals, cells infected with AAV containing
PERK—shRNA or SCR sequence shRNA (PERK-Scr)—were identified
by GFP. Recordings were amplified by Multiclamp 700B or Axopatch
200B amplifiers and digitized with Digidata 1440 (Molecular Devices).
The recording electrode was pulled from a borosilicate glass pipette (3–5
M	) using an electrode puller (P-1000; Sutter Instruments) and filled
with a K-gluconate-based internal solution containing the following (in
mM): 120 K-gluconate, 20 KCl, 10 HEPES, 2 MgCl2, 4 Na2ATP, 0.5 Tris-
GTP, and 14 phosphocreatine, osmolarity 290 mOsm, pH 7.3. The
recordings were made from the soma of CA1 pyramidal cells. Liquid
junction potential (�10 mV) was not corrected online. All current-
clamp recordings were low-pass filtered at 10 kHz and sampled at 50 kHz.
Pipette capacitance and series resistance were compensated and only cells
with series resistance smaller than 20 M	 were included in the dataset.
The method for measuring active intrinsic properties was based on a modi-
fied version of previous protocols (Kaphzan et al., 2013; Chakraborty et al.,
2017). For recordings with GSK2606414, the inhibitor was added to the
pipette solution (100 nM).

Recording parameters. Resting membrane potential (RMP) was mea-
sured 5 min after the beginning of whole-cell recording (rupture of the
membrane under the recording pipette). The dependence of firing rate
on the injected current was obtained by injection of current steps (of 1 s
duration from �150 to �300 pA in 50 pA increments). Input resistance
(Rin) was calculated from the voltage response to a hyperpolarizing cur-
rent pulse (�150 pA). For measurements of a single action potential
(AP), after initial assessment of the current required to induce an AP at 15
ms from the start of the current injection with large steps (50 pA), a series
of brief depolarizing currents were injected for 10 ms in steps of 10 pA
increments. The first AP that appeared on the 5 ms time point was ana-
lyzed. A curve of dV/dt was created for that trace and the 30 V/s point in
the rising slope of the AP was considered as threshold (Chakraborty et al.,
2017).

AP amplitude was measured from the equipotential point of the
threshold to the spike peak, whereas AP duration was measured at the
point of half-amplitude of the spike. The mAHP was measured using
prolonged (3 s), high-amplitude (3 nA) somatic current injections to
initiate time-locked AP trains of 50 Hz frequency and duration (10 –50
Hz, 1 or 3 s) in pyramidal cells. These AP trains generated prolonged
(�20 s) AHPs, the amplitudes and integrals of which increased with the
number of APs in the spike train. AHP was measured from the equipo-
tential point of the threshold to the anti-peak of the same spike (Gulledge
et al., 2013).

Series resistance, Rin, and membrane capacitance were monitored dur-
ing the entire experiment. Changes 
10% in these parameters were cri-
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teria for exclusion of data. All experimental analyses were performed in a
blinded manner; the identity of the mouse from which neurons were
recorded (PERK shRNA or SCR) was not known to the person conduct-
ing the experiments and measurements.

Statistical analysis
Experimenters were blinded to the group and treatment during testing
and scoring. To decide the sample size for our behavioral, electrophysi-
ological, imaging, and biochemical experiments, we followed the stan-
dard sample sizes used in similar experiments in each of the relevant
fields in the literature. Calculated statistical values are presented as
means � SEM. Differences in mean values were assessed with the appro-
priate ANOVA (one-way or two-way repeated-measures) followed by
multiple comparisons. For comparisons between two groups, data were
analyzed using Student’s t test. Differences between means were consid-
ered statistically significant if p � 0.05.

Results
Inhibition of PERK activity in CA1 region enhances
hippocampal memory and neuronal excitability
In a previous study, we showed that reduced PERK activity or
expression in specific cortical regions enhances memory and be-
havioral flexibility (Ounallah-Saad et al., 2014). Here, we first
tested whether a similar phenomenon would be observed in the
adult hippocampus, a brain structure necessary for different cog-
nitive functions in human and rodents. Toward that aim, we
reduced PERK activity in the adult hippocampus by bilaterally
infusing a PERK-specific inhibitor, GSK2606414 (100 nM), to the
CA1 region (Fig. 1a) 50 min before the acquisition phase (Fig. 1b)
of a trace-fear-conditioning paradigm (Fig. 1c). Long-term memory
was tested 24 h after conditioning by reexposing the animals to
the training context. Tone–trace memory was tested 48 h after
conditioning by putting the animals in a new context and pre-
senting the tone from the training day. This behavioral paradigm
was selected because working memory and declarative memory
processes are engaged to facilitate formation of trace memory
during the trace-fear-conditioning procedure, which is more dif-
ficult to acquire than standard delayed fear-conditioning proce-
dures and critically engages the hippocampus (Bangasser et al.,
2006; Connor and Gould, 2016). Several studies have shown that
dorsal hippocampus lesions before and after the training impair
the animal’s ability to associate the CS and US stimuli when they
are separated by the trace interval. However, animals with hip-
pocampal lesions could associate CS and US in a delay situation
in which no trace interval separates the CS and US (McEchron et
al., 1998, 2000; Quinn et al., 2002). In addition, this paradigm is
well characterized and enables testing hippocampal-dependent
nonspatial learning and memory (Lugo et al., 2014), as well as
detecting subtle learning and memory deficits and enhancements
in mice that are not found using other fear-conditioning methods
(Wiltgen et al., 2005; Lugo et al., 2014). In the tone–trace test
conducted 48 h after conditioning, PERK inhibition resulted in
enhanced freezing during tone presentation, as well as in the trace
interval after the tone, compared with vehicle-treated animals (Fig.
1e). However, context memory was not altered, as demonstrated by
a similar freezing percentage in both groups (Fig. 1d). In addition,
reduction of PERK activity at the time of conditioning had no effect
on extinction (data not shown).

To test possible neuronal mechanisms underlying the cogni-
tive enhancement observed by a reduction in PERK activity, we
examined intrinsic neuronal properties using whole-cell patch-
clamp recording from pyramidal CA1 neurons after PERK inhi-
bition. PERK inhibition (GSK2606414, 100 nM, in the recording
pipette) in acute mouse hippocampal slices resulted in increased

neuronal excitability as reflected in increased AP firing frequency
obtained in response to depolarizing current steps (Fig. 1f). More-
over, PERK inhibition caused a significantly reduced mAHP, an-
other indication of increased neuronal excitability (Fig. 1g). The
effect of the PERK inhibitor GSK2606414 on neuronal passive
intrinsic properties was also examined. Neither RMP nor Rin was
changed. However, PERK inhibition hyperpolarized the AP thresh-
old and produced longer and narrower AP (data not shown). On
the biochemical level, PERK inhibition had no effect on total
PERK levels, but resulted in significant reduction in p-eIF2� lev-
els (Fig. 1h,i).

Reduction in CA1 PERK expression level enhances
hippocampal-dependent memory and neuronal excitability
To determine whether genetic reduction of PERK expression
level yields similar results to those obtained with pharmacological
inhibition of its activity, we bilaterally injected an AAV-expressing
PERK-specific shRNA into the CA1 region of the hippocampus
(Fig. 2a,b,e). The effect on hippocampal-dependent learning was
examined using the trace-fear-conditioning paradigm as described
in Figure 1. Indeed, the cognitive enhancement observed after genet-
ically reducing PERK levels was similar to that observed after CA1-
specific inhibition of PERK activity: whereas tone and trace memory
were significantly enhanced in the animals injected with PERK
shRNA AAV compared with control animals injected with SCR
shRNA AAV (Fig. 2g), context memory was unaffected (Fig. 2f). The
extinction of tone and trace memory in animals treated with PERK
shRNA was normal (data not shown). As expected, animals injected
with PERK shRNA AAV showed a reduction in both PERK expres-
sion level and p-eIF2� level in CA1 punches compared with SCR
AAV-injected animals (Fig. 2c,d).

The changes in intrinsic properties were similar to those ob-
served with the PERK inhibitor. To complement the behavioral
data, 4-month-old mice were injected with PERK shRNA AAV or
SCR sequence AAV into the CA1 region of hippocampus. The
reduction of PERK expression levels in the CA1 region resulted in
increased neuronal excitability (Fig. 3). AP firing frequency ob-
tained in response to depolarizing current steps was significantly
higher in neurons infected with PERK shRNA AAV compared
with neurons infected with SCR AAV (Fig. 3a). In addition,
neurons infected with PERK shRNA AAV showed a significant
reduction in mAHP compared with neurons infected with
SCR AAV (mean difference of 3.3 mV; Fig. 3b). In addition,
the passive properties of neurons infected with PERK shRNA
were examined. Similar to the inhibition of PERK activity,
reducing perk expression levels had no effect on Rin, but hy-
perpolarized the AP threshold (data not shown). Interestingly,
in contrast to acute inhibition of PERK activity with
GSK2606414, chronic reduction in perk expression level hy-
perpolarized the RMP and had no effect on AP amplitude and
AP midwidth compared with the neurons infected with SCR
shRNA AAV (data not shown).

PERK reduction in the CA1 region of the hippocampus
reverses memory deterioration and decreased neuronal
excitability associated with age
Together, our results demonstrate that reduced PERK expression
levels or activity improves hippocampal-dependent memory and
increases neuronal excitability. Because PERK mRNA levels are
increased in middle-aged mice (Fig. 4a), we next wished to deter-
mine whether PERK knock-down in the hippocampus of older
(12-month-old) mice would have a beneficial effect on behav-
ioral performance. To test this hypothesis, PERK shRNA AAV or
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SCR AAV was bilaterally injected into the CA1 region of the hip-
pocampus of 10-month-old mice and behavioral performance was
assessed at the age of 12 months. In addition, 3-month-old mice
were bilaterally injected with SCR AAV into the CA1 region of the

hippocampus and assessed for behavioral performance at the age
of 5 months, thus enabling the assessment of the effect of age. In
these experiments, we found that contextual memory, as mea-
sured in the trace-fear-conditioning paradigm, was impaired in

Figure 1. PERK inhibition (GSK2606414, 100 nM) in the CA1 enhances trace-fear-conditioning (TFC) memory and increases neuronal excitability. a, Cannulation site to CA1 region. b, Experimental
design. c, TFC protocol. d, GSK2606414 has no effect on context memory (vehicle: n � 11; GSK2606414: n � 13; Mann–Whitney U test, U � 58.5, p � 0.451). e, GSK2606414 enhances tone
memory. Inhibitor versus vehicle; GSK2606414 (*Mann–Whitney U test, U � 34, p � 0.03). GSK2606414 enhances trace memory in the 20 s trace interval after tone presentation. Inhibitor versus
vehicle; GSK2606414 (independent-samples t test, t(21.086) ��2.672, *p � 0.014). f, GSK2606414 increases the firing index in treated neurons (n � 21) versus vehicle controls (n � 19) (two-way
repeated measure ANOVA, F(1,18) � 41.24; *p � 4.8 � 10 �6). Inset shows examples of traces obtained in response to � 150 pA current steps with the vehicle (gray) or the inhibitor (magenta)
in the recording pipette. g, GSK2606414 reduces mAHP in treated neurons (n�21) versus vehicle controls (n�19) (independent-samples t test, t(31.401) ��4.255, *p�0.00017). Inset, Example
traces showing AHP obtained in response to current protocol (see Materials and Methods) with the vehicle (gray) or the inhibitor (magenta) in the recording pipette. h, Total PERK protein levels are
not changed in CA1 punches after GSK2606414 infusion (independent-samples t test, t(14) � �0.832, p � 0.419). i, GSK2606414 infusion into the CA1 region reduces p- eIF2� in adult mice
(independent-samples t test, t(14) � 2.235, *p � 0.042).
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12-month-old animals injected with SCR AAV compared with
5-month-old animals injected with the same vector (Fig. 4b). How-
ever, administration of PERK shRNA AAV to 12-month-old ani-
mals prevented this age-induced memory decline, resulting in

contextual memory performance similar to 5-month-old ani-
mals injected with SCR AAV (Fig. 4a). A similar rescue was ob-
served in the tone–trace memory test, in which 12-month-old
animals injected with PERK shRNA AAV performed at least as

Figure 2. Genetic reduction of PERK expression in the CA1 enhances trace-fear-conditioning memory. a, Representative illustration of target area for PERK knock-down. b, Structure of the
plasmid used to express either SCR or PERK shRNA sequence. c, Total PERK levels are reduced in CA1 of animals injected with PERK shRNA (independent-samples t test, t(14) � 2.724, *p � 0.016).
d, PERK knock-down reduces p-eIF2� level (independent-samples t test, t(14) � 2.28, *p � 0.039) in the CA1 region. e, Immunohistochemistry for EGFP reporter demonstrating that PERK shRNA
AAV expression is restricted to the CA1 region of the hippocampus. f, Context memory is similar in animals injected with PERK shRNA or SCR-shRNA. g, Reduced PERK expression enhances tone
(independent-samples t test, for tone: t(20) � �2.436, *p � 0.024) and trace (independent-samples t test, for trace: t(20) � �2.69, *p � 0.014) memory in animals injected with PERK shRNA
compared with control animals injected with SCR-shRNA. Data are shown as mean freezing percentage � SEM.

Figure 3. Genetic reduction of PERK expression in the CA1 increases neuronal excitability. a, AP frequency was increased in PERK shRNA AAV-infected neurons (n � 14) versus SCR-shRNA AAV
infected control neurons (n � 13) (two-way repeated-measures ANOVA, F(1,12) � 25.45; *p � 0.00029). Inset shows examples of voltage traces obtained in response to �150 pA current steps in
PERK shRNA AAV infected neuron (gray) or in SCR-shRNA AAV-infected neuron (blue). b, mAHP amplitude was smaller in PERK shRNA AAV-infected neurons (n � 14) versus SCR-shRNA AAV infected
neurons (n � 13) (independent-samples t test, t(25) � 5.71, *p � 6 � 10 �6). Examples for voltage traces are shown in the inset. Data are shown as mean freezing percentage � SEM.
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well as 5-month-old animals injected with
SCR AAV, overcoming the age-induced
memory impairment (Fig. 4c). Extinction
was normal in both 12-month-old animals
injected with PERK shRNA and with SCR
control (data not shown).

On the physiological level, AP fre-
quency in infected neurons derived from
12-month-old animals injected with SCR
AAV was lower than in infected neurons
from 5-month-old animals treated with the
same vector shown in Figure 3a (the
5-month SCR group used in Fig. 4d,e is
the same as in Fig. 3a,b), reflecting normal
physiological changes that accompany ag-
ing (Fig. 4d), as described previously (Ku-
mar and Foster, 2007; Gant and Thibault,
2009). However, this aging-induced de-
crease in AP frequency was prevented in
infected neurons derived from 12-month-
old animals treated with PERK shRNA
AAV and AP frequency was even higher in
these animals compared with 5-month-
old animals treated with SCR AAV (Fig.
4d). Furthermore, the effect of normal ag-
ing on neuronal excitability was reflected
in the mAHP that was significantly
increased in neurons derived from 12-
month-old animals treated with SCR AAV
compared with neurons derived from
5-month-old SCR injected animals shown
in Figure 3b (Fig. 4e). However, treatment
with PERK shRNA AAV not only reversed
this increase in 12-month-old animals but
also resulted in significantly smaller mAHP
than in the 5-month-old animals treated
with SCR AAV (Fig. 4e). When assessing
passive properties, RMP in neurons from
12-month-old animals infected with ei-
ther PERK shRNA AAV or SCR AAV was
of similar levels and more hyperpolarized
compared with neurons derived from
5-month-old animals treated with SCR
AAV (data not shown). A molecular path-
way known to regulate memory and neu-
ronal intrinsic properties is CREB. A
recent study has shown that PERK stimu-
lation inactivates CREB and destabilizes
PSD95 in dendritic spines (Sen et al.,
2017). To determine whether CREB is the
signaling pathway downstream of the ef-
fects of PERK that leads to modifications
in neuronal intrinsic properties in middle-
aged mice, we injected another group of 11-
month-old animals with PERK shRNA or
SCR control to the CA1 region of the hip-
pocampus. Our results show that, whereas
administration of PERK shRNA reduced
expression levels of both PERK and eIF2� phosphorylation in the
CA1 region of the hippocampus (Fig. 5a,b, in agreement with Fig.
2), no change was observed in the expression levels of p-CREB
(Ser 133; Fig. 5c), total PSD95, or its phosphorylated form at
threonine-19 (Fig. 5d,e).

Discussion
In the current work, we show that local inhibition of PERK activ-
ity by infusing a PERK-specific inhibitor (GSK2606414) into the
CA1 region of the hippocampus of wild-type mice enhances trace
and tone memories using the trace-fear-conditioning paradigm (Fig.

Figure 4. Genetic reduction of PERK expression in the CA1 region alleviates memory deficits in aging animals and increases
neuronal excitability of middle-aged neurons beyond young neurons expressing SCR controls. a, PERK mRNA relative quantity is
increased in 13-month-old animals compared with 4-month-old animals. b, Context memory is impaired in 12-month-old animals
injected with a SCR lentivirus compared with 5-month-old animals injected with the same vector. PERK knock-down in 12-month-
old animals restores context text memory, comparable to 5-month-old injected with the SCR vector [one-way ANOVA F(2,24) �
3.728, *p � 0.039, Tukey’s post hoc test *p � 0.043 SCR (5 months); SCR (12 months)]. c, Freezing during tone test is similar
between the three groups. PERK knock-down increases trace freezing in 12-month-old animals versus 12-month-old SCR controls,
comparable to 5-month-old animals treated with a SCR vector [SCR (5 months), one-way ANOVA, F(2,24) � 4.24, *p � 0.026,
Tukey post hoc test, *p � 0.021]. d, Aging decreases AP frequency (12-month SCR, n � 18 vs 5-month SCR, n � 13; Bonferroni
post hoc, *p�0.04). PERK knock-down (n�21) reverses this reduction to levels comparable to 5-month-old animals treated with
a SCR vector Bonferroni post hoc (*p �0.001; two-way repeated-measures ANOVA, F(2,11) �26.526; *p �6.1�10 �5). e, Aging
increases mAHP (12-month SCR, n � 18 vs 5-month SCR, n � 13 Tukey post hoc, *p � 0.0048). PERK knock-down reduces mAHP
in 12-month-old animals (n � 21) versus 5-month-old and 12-month-old SCR controls (*Tukey’s post hoc, p � 3.65 � 10 �8;
*one-way ANOVA, F(2,49) � 66.59; p � 1.06 � 10 �14). The 5-month SCR group used in d and e is the same as in Figure 3a and b.
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1), whereas the extinction of the trace and tone memories re-
mained normal. Similar results of enhanced trace and tone mem-
ories with normal memory extinction were also obtained
following prolonged reduction in perk expression level, achieved
by genetically knocking down PERK in the CA1 region using
PERK-specific shRNA (Fig. 2). This phenotype was distinct from
that of the PERK KO mouse model under the CaMKII promoter,
characterized by impaired hippocampal-dependent flexibility,
with no effect on memory strength (Trinh et al., 2012, 2014). The
different phenotype observed in the present study suggests that
the role of PERK in cognitive function depends on the brain area,
cell type manipulated, and behavioral paradigm used. For exam-
ple, injecting viral vector expressing shRNA against PERK into
the CA1 region of the hippocampus, as described in the present
study, reduces the expression level of PERK in both excitatory
and inhibitory neurons, not only in excitatory neurons (Trinh et
al., 2012, 2014). In addition, different behavioral paradigms have
been used in the studies performed using the PERK KO mice than
the one used in the present study. Interestingly, pkr KO mice,
another eIF2� kinase, have a phenotype that is specific to in-
terneurons (Zhu et al., 2011). It is thus possible that the effect is
dependent on specific neuronal subtype populations.

In accordance with the enhanced behavioral performance
observed after either PERK inhibition (using GSK2606414) or
decreased PERK expression (using a viral vector), both manipu-
lations resulted in increased neuronal excitability, manifested as
significant reduction in mAHP amplitude and increase in AP
firing frequency (Figs. 1, 3). This result indicates that PERK plays
a role in the homeostasis of neuronal intrinsic properties. Assuming
that aging can be biochemically defined as prolonged metabolic
stress, the link between aging and changes in neuronal intrinsic
properties can be mediated by PERK, which serves as a main cel-
lular mechanism to respond to endoplasmic reticulum (ER)
stress. Further research is required to better define additional
PERK targets during normal aging.

It is currently unknown how inhibition or decreased expres-
sion of PERK leads to increased neuronal excitability. One possi-
bility is that PERK exerts its effect via CREB signaling (Sen et al.,

2017). As we and others have shown, genetic or pharmacologic
reduction of PERK decreases phosphorylation of eIF2� in neu-
rons in vitro and in vivo (Ounallah-Saad et al., 2014; Bruch et al.,
2017). Phosphorylation of eIF2�, in turn, activates CREB by in-
hibiting the CREB repressor ATF4 and enhances memory perfor-
mances in different learning tasks by decreasing the threshold for
neuronal excitability (Costa-Mattioli et al., 2005, 2007; Stern et
al., 2013; Devi and Ohno, 2014). Different CREB mutant mice
with loss of CREB function have impaired memory formation
and long-term potentiation (LTP), whereas enhanced CREB
function in CREB-DIEDML mice and CREB-Y134F mice show
improved memory formation. In addition, CREB-VP16 mice in
which CREB is expressed constitutively displayed a lowered thresh-
old of long-lasting LTP induction. These findings have been shown
to be mediated by regulating the expression of c-fos, activity-
regulated cytoskeleton-associated protein (Arc), and brain-derived
neurotrophic factor (BDNF) (Sheng et al., 1991; Finkbeiner et al.,
1997; Kawashima et al., 2009; Kida, 2012). Conversely, we found that
PERK reduction in the CA1 region of the hippocampus does not
affect CREB phosphorylation, suggesting that CREB activity is not
downstream of PERK under normal conditions. However, we can-
not rule out that specific neuronal subtypes are differentially regu-
lated because our tissue samples contain different cells.

Interestingly, PERK has been shown to regulate insulin secre-
tion and calcium dynamics in � cells of the pancreas (Wang et al.,
2013a). In addition, acute inhibition of PERK reduced the rise in
intracellular Ca 2� concentration in response to activation of ace-
tylcholine, metabotropic glutamate, and bradykinin-2 receptor
in primary cortical neurons. This was shown to occur by increased
Ca2� release from the ER mediated by inositol triphosphate receptor
in parallel with decreased extracellular Ca2� influx mediated by Gq-
protein-coupled receptors (Zhu et al., 2016).

These findings raise the possibility that PERK may affect neuro-
nal excitability at least in part by regulating intracellular calcium
dynamics. Further research is required to better characterize
this possible link between calcium and PERK in the brain and its
effect on cognitive performance in health and disease. Therefore,
manipulation of PERK levels or activity may modulate neuronal

Figure 5. CA1 expression levels of p-CREB, total PSD95, and p-PSD95 do not change after PERK knock-down in middle-aged mice. Total levels of a, PERK and b, p-eIF2� (S51) are reduced in the
CA1 region of PERK shRNA-injected middle-aged mice (12-month-old) [PERK shRNA: n � 5, SCR: n � 4; PERK: independent-samples t test, t(6.928) � 5.695, *p � 0.0008; p-eIF2� (S51):
independent-samples t test, t(4.851) � 4.348, *p � 0.0079]. Levels of p-CREB (S133) (c), total PSD95 (d), or p-PSD95 (e) in the CA1 region do not change after administration of PERK shRNA to the
CA1 of middle-aged mice [p-CREB: independent-samples t test, t(4.595) � 0.9977, p � 0.368; total PSD95: independent-samples t test, t(4.494) � 0.0188, p � 0.9986); p-PSD95 (T19): independent-
samples t test, t (5.633) � 2.292, p � 0.0646].
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plasticity by regulating and controlling neuronal excitability in
parallel and possibly independently of its role as the major eIF2�-
regulating kinase. It was found recently that PERK deletion alle-
viates mGluR-LTD impairment in aging AD animals (Yang et al.,
2016). However, our findings present an additional cellular
mechanism that is distinct from LTP- and LTD-related mecha-
nisms. Furthermore, we show here that reducing perk expression
levels rescues age-dependent deficits, as measured both on the
behavioral level and on the physiological level (Fig. 4). This is
consistent with the reported increase in hippocampal phosphor-
ylation levels of eIF2� with age in both rats and mice and in
young AD model mice (Segev et al., 2013, 2016).

The relationships among aging, neuronal intrinsic properties,
and cognitive function are complex. Changes in PERK levels cor-
related with age may underlie some of the processes that lead to
cognitive deterioration by altering mAHP in CA1 neurons (Dis-
terhoft and Oh, 2006, 2007). Consistent with the literature, we
observed that mAHP is increased in the aging hippocampus (Dis-
terhoft and Oh, 2007; Kumar and Foster, 2007; Gant and Thi-
bault, 2009). The functional consequence of this age-related
increase in mAHP is that CA1 neurons fire fewer APs in response
to a prolonged depolarizing stimulus; that is, the intrinsic neuro-
nal excitability of these neurons is reduced by the larger mAHP.

mAHP is activated by Ca 2� ions released from the ER via
Ca 2�-induced Ca 2� release (CICR) mechanisms and Ca 2� ions
that enter the cell via voltage-gated calcium channels (VGCCs).
VGCCs are modulated by Gq proteins, which govern calcium-
dependent neurotransmission and synaptic communication (Bern-
heim et al., 1991; Mintz and Bean, 1993; Catterall and Few, 2008).

In normal aging, mAHP is significantly increased (Disterhoft
and Oh, 2006, 2007). There are numerous potential reasons for
this increase, which may lead to cognitive deficits (Oh et al., 2010).
Examples include increased L-type VGCCs (Thibault and Landfield,
1996; Norris et al., 1998; Power et al., 2002), increased CICR (Kumar
and Foster, 2004; Gant et al., 2006), increased calcineurin activity
and expression (Foster et al., 2001) that leads to a reduction in CREB
activation (Bito et al., 1996; Mons et al., 2004), and reduced Na�/
K�-ATPase activity (Koçak et al., 2002).

Our data show that, in young (5-month-old) animals, phar-
macological as well as genetic reduction of PERK activity or levels
resulted in significantly reduced mAHP, increased excitabil-
ity, and improved cognitive performance. Moreover, genetic
reduction of PERK expression in the CA1 region of the hip-
pocampus in aging (12-month-old) mice rescued memory dete-
rioration, reduced the mAHP, and increased AP frequency. This
is the first time, to our knowledge, that reducing PERK levels has
been reported to affect neuronal intrinsic excitability properties and
to rescue cognitive deficits related to normal aging. Further research
is required to determine the specific molecular changes that result
from PERK reduction and lead to the observed cellular changes and
correlated observed cognitive changes.

Aging is the main risk factor for developing neurodegenera-
tive disorders involving cognitive disabilities (Segev et al., 2013,
2015, 2016; Wang et al., 2013b). Recent studies have highlighted
PERK as a potential therapeutic target for several neurodegenerative
diseases such as prion disease, AD, and frontotemporal dementia
(Moreno et al., 2012; Ma et al., 2013; Devi and Ohno, 2014; Radford
et al., 2015; Penke et al., 2016). One possible mechanism through
which PERK is thought to mediate brain diseases in aging is via its
role in the regulation of the unfolded protein response, an ER stress
response that affects cell fate (Ma et al., 2013; Moreno et al., 2013).
The ER, along with maintaining protein folding/unfolding, controls

cellular Ca2� homeostasis and can therefore affect neuronal excit-
ability (De Felice and Lourenco, 2015).

Interestingly, both Ca2�/calmodulin-dependent protein phos-
phatase calcineurin (CaN) and ATPase functionality are modulated
by binding PERK. Therefore, CaN may serve as a link among
PERK activation, Ca 2� regulation, synaptic plasticity, cell sur-
vival, and cognition (Bollo et al., 2010). For example, overexpres-
sion of CaN in young adult animals leads to altered synaptic
function and memory retention deficits (Mansuy et al., 1998;
Winder et al., 1998; Zhuo et al., 1999) remarkably similar to those
observed in normal aged rodents (Sharp et al., 1985; Foster,
1999). In addition, age-related impairments in neural function
and cognition may involve increased CaN activity as a result of
Ca 2� dyshomeostasis (Kumar and Foster, 2005). Furthermore,
expression levels of CaN and its coactivator, Na�/K�-ATPase,
are inversely correlated with the severity of AD (Wu et al., 2010;
Karch et al., 2013).

In recent reports, oral treatment of prion disease and of fronto-
temporal dementia rodent models with PERK inhibitor GSK206414
resulted in the rescue of the pathology and associated neurode-
generation (Moreno et al., 2013; Radford et al., 2015), with dia-
betes as a side effect (Wang et al., 2013a, 2014). Therefore,
targeting PERK systemically to treat age-related cognitive deficits
and neurodegeneration will require a better understanding of the
drug dynamics to allow improved drug design that would make it
more specific to brain cells. Gene therapy in the brain using AAV,
as described in the current study, may be a useful tool for achieving
local specificity. Nevertheless, substantial studies are required to as-
sess the safety and potential adverse events that may arise when using
gene-modifying therapies. The notion that neuronal cells can be
rejuvenated and that age-dependent cognitive decline can be re-
stored by manipulating PERK position PERK as a major target with
which to develop therapies for mild cognitive impairment and
neurodegeneration.
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