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Abstract

PERK (EIF2AK3) is an ER-resident elF2a kinase required for memory flexibility and meta-
botropic glutamate receptor-dependent long-term depression, processes known to be
dependent on new protein synthesis. Here we investigated PERK’s role in working memory,
a cognitive ability that is independent of new protein synthesis, but instead is dependent on
cellular Ca®* dynamics. We found that working memory is impaired in forebrain-specific
Perk knockout and pharmacologically PERK-inhibited mice. Moreover, inhibition of PERK in
wild-type mice mimics the fear extinction impairment observed in forebrain-specific Perk
knockout mice. Our findings reveal a novel role of PERK in cognitive functions and suggest
that PERK regulates both Ca®* -dependent working memory and protein synthesis-depen-
dent memory flexibility.

Introduction

Working memory is the cognitive capacity to actively and temporarily maintain information
for the purpose of task execution [1]. The dorsolateral prefrontal cortex in primates, which is
homologous to the medium prefrontal cortex in rodents [2, 3], is essential for working memory
as evidenced by lesion studies [4], electrophysiological recordings [5] and brain imaging [6, 7].
At the cellular level, sustained neuronal firing was observed during the delay period of working
memory, which is now considered an important neuronal correlate of working memory [8].
The molecular mechanisms underlying working memory have been studied extensively in
recent years, and it has been shown that intracellular Ca** signaling as stimulated by musca-
rinic acetylcholine or metabotropic glutamate receptor (mGIuR) is critical for working memory
[9-14].

PERK, an elF2a kinase, is well known for its role in eIF20.-dependent protein synthesis and
translational control. Upon activation PERK phosphorylates the o subunit of the translation
initiation factor eIF2, which can subsequently modulate protein translation in two opposite
ways: repression of global protein synthesis [15] and induction of translation of specific genes
including CREB2/ATF4 [16]. Since both de novo protein synthesis and CREB2 are key regula-
tors of long-term memory storage [17, 18], PERK's role in protein synthesis-dependent cogni-
tion has been comprehensively studied, where it has been shown that PERK is required for
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normal flexibility in learning and memory [19] and mGluR-dependent long-term depression
[20].

Besides its role in cognition, the function of PERK has been most extensively studied in the
pancreatic insulin-secreting -cells where it regulates cell proliferation, proinsulin trafficking
through the secretory pathway, and insulin secretion [21, 22]. Unexpectedly the mechanism of
PERK-dependent regulation of insulin secretion was found to be independent of elF20 phos-
phorylation and protein synthesis. By acutely inhibiting PERK kinase activity using a newly
available pharmacological inhibitor, it was discovered that PERK regulates Ca®* dynamics in B-
cells [23], which underlies glucose-stimulated insulin secretion. Considering the critical role of
Ca®" signaling in learning and memory, we hypothesized that PERK might regulate working
memory, which is independent of new protein synthesis, but is largely driven by Ca** dynam-
ics. We show herein that PERK regulates working memory. Moreover, pharmacological PERK
inhibition in wild-type mice mimics the memory flexibility impairment observed in Perk
knockout mice. These findings illustrate a novel role of PERK in cognitive function, and sug-
gest that PERK regulates both Ca®* dynamics-dependent working memory and protein synthe-
sis-dependent memory flexibility.

Materials and Methods
Mouse strains

BrPerk KO mice were generated by crossing Perk-floxed mice[24] with aCaMKII-Cre mice
T29-1 strain [25] in C57BL/6] background. Adult BrPerk KO mice and their wild-type litter-
mates aged 3-7 months old were used to ensure the maximum knockdown of PERK in the
forebrain [26]. Wild-type mice used in the pharmacological PERK inhibition experiments were
3 month old, and in C57BL/6] background (purchased from the Jackson laboratory). All the
animal procedures were reviewed and approved by the Institutional Animal Care and Use
Committee at Penn State University (IACUC# 43379).

Brain tissue collection

To compare PERK knockdown efficiencyin different brain regions, BrPerk KO mice and their
wild-type littermates were euthanized by CO, inhalation in accordance with the IACUC proto-
col approved by Penn State University. Different brain regions including prefrontal cortex, hip-
pocampus and cerebellum were isolated for western blot analysis.

Western blot analysis

Protein lysates from different brain regions and whole cells were prepared using RIPA buffer
with 1X protease inhibitor and 1X phosphatase inhibitor cocktails from Sigma. Denatured pro-
tein samples were generated by boiling in 2X Laemmli buffer for 5 min. NuPAGE 4-12% Bis-
Tris Midi Gel (Thermo Fisher Scientific) was used for electrophoresis. To enable the compari-
son of PERK knockdown efficiency in different brain regions, protein quantification was per-
formed on protein lysates from brain tissue using Peirce BCA protein assay kit (Thermo
scientific, # 23227), and 50pug protein per sample was loaded for western blot. The following
primary antibodies were used in western blot analysis: monoclonal anti-PERK produced in
rabbit (1:500, cell signaling, #3192), monoclonal anti-B-actin produced in mouse (1:1000, Gen-
Script, A00702), monoclonal anti-p-PERK produced in rabbit (1:500, cell signaling, #3179),
polyclonal anti-eIF20. [pS*] produced in rabbit (1:1000, Invitrogen, 44728G), monoclonal
anti-a-tubulin produced in mouse (1:1000, Sigma, T5168).
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Gavage administration of PERK inhibitor GSK2606414

GSK2606414 was suspended in vehicle (0.5% HPMC+0.01% tween-80 in water with pH 4.0) at
the concentration of 15mg/ml. Mice were gavaged with GSK2606414 at the dosage of 150mg/
kg body weight or equivalent amount of vehicle during the experiment.

Spontaneous alternation Y-maze task

Spontaneous alternation Y-maze task was performed as described [27]. Each mouse was put in
the middle of a symmetrical Y maze with three identical arms (arms 35 cm long X 16 cm high)
and given free access to the arms during an 8 min period. The test was video-recorded and the
results including percentage alternation and number of arms entered were blindly analyzed
later. The first 2 min were for habituation and the subsequent 6 min were analyzed for the
sequence of entrance. An entry was recorded only when all of the animal’s limbs were within
the arm. Percentage alternation was calculated as follows: the number of triads containing
entries into three arms/maximum possible alternations (total number of arms entered-2) X
100. The chance level for the alternation rate is 22.2% [28].

Reference memory test using radial-arm water maze

Reference memory was measured in radial-arm water maze, which was prepared similar to
what has been previously described [29]. A circular pool with an interior diameter of 92 cm
and a depth of 63 cm was used. Six identical, black, plastic 60° bended, V-shaped inserts with
45 cm in height were put into the pool to form six arms (30 cm long X 10 cm wide). The pool
was filled with water made opaque by mixing with non-toxic white paint so that the platform
was invisible. Visual cues were put on the conjunction of every other V-shaped insert to help
orient the mouse.

Each mouse was given 8 trials per day to locate a hidden escape platform placed at the end
of a fixed arm. In each trial, the animal was released from a starting arm, and given 60 s to
locate the hidden platform. Once the animal got onto the platform, it was immediately taken
out as a positive reward. The platform stayed in the same arm during the experiment, but the
starting arm was changed every trial to avoid forming the swimming pattern. In the first 12 tri-
als of training, the platform was altered between visible and invisible to accelerate the initial
training process. The number of errors (number of wrong arms entered before getting onto the
platform) was manually recorded throughout the experiment. Wild-type animals typically take
4 to 5 days to meet the criterion that they make less than 1 error on average in a trial block (4
trials per block) before locating the platform.

The delay match-to-place task using radial-arm water maze

We performed the delay match-to-place task in the same radial-arm water maze described
above. The test was consisted of two days, day 1 for training and day 2 for testing. On each day,
there were five sessions for each mouse. A session consisted of a location trial and a match trial,
which both lasted 120 s. In the location trial, a hidden platform was placed at the end of one
arm and the animal was released from the starting arm. If the mouse successfully got onto the
platform, it would be quickly taken out as a positive reward. If the mouse failed to locate the
platform within the time, it would be guided onto the platform and placed on it for 10 s before
being taken out. 5 s after the location trial, the mouse was released again from the starting arm
to start the match trial, with the platform staying in the same location. The escape latency
(time taken to get onto the platform) and the number of errors (number of wrong arms entered
before getting onto the platform) were manually recorded throughout the experiment. The
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position of the platform was changed between sessions, while the starting arm remained the
same (If the six arms were labeled as A-F clockwise, the platform was placed in different arms
with the order of B-D-F-C-E, with A being the starting arm).

Fear extinction test

The fear extinction test was carried out in the pre-pulse inhibition box from Panlab. The mice
were fear conditioned on day 0 by 5 pairs of auditory conditional stimulus (85dB white noise
lasting for 30 s) and unconditional stimulus (0.65mA foot-shock for 2 s) in context A (the
chamber was cleaned with 1% acetic acid solution and the light was turned on in both chamber
and test room). There was a 1 min interval between each pair of stimuli. Fear extinction was
performed 24 hrs after fear conditioning in an altered environment context B (the chamber
was cleaned with 70% ethanol, both chamber light and test room light were turned off with red
fluorescent lights on as the replacement). During the extinction session, animals received 15
consecutive presentations of auditory conditional stimulus (85dB white noise lasting for 30 s)
without foot-shock everyday for 2-3 days. There was a 1 min-interval between each auditory
stimulus.

Mice used in behavior experiments

In the behavior experiments performed on BrPerk KO mice, different groups of mice were
used for each experiment. In the behavior experiments performed on pharmacologically
PERK-inhibited mice, the animals used in the spontaneous alternation Y-maze task were fur-
ther subjected to either short-term PERK inhibition or long-term PERK inhibition fear extinc-
tion test. Animals used in one fear extinction test were not used in the other to avoid residual
effect.

Primary neuronal culture

Mouse primary cortical neurons were prepared as previously described [30]. Briefly, cerebral
cortex from day 0 wild-type pups was isolated and the cortex from each pup was dissociated in
5ml 0.05% trypsin-EDTA with DNasel for 30 min at 37 C°(5% CO?). The tissue was then
washed twice with HBSS containing 10% FBS, and mechanically triturated in 2ml neuronal
medium with DNasel. 8ml fresh neuronal medium was added after trituration and the cells
were collected by centrifugation at 120Xg for 5 min. The cells were re-suspended in 2ml fresh
neuronal medium and plated on glial-coated 12mm glass coverslips in a 24-well plate at the
density around 150,000 cells per well. The neuronal medium used was the MEM based medium
with 5% FBS (GEMINI bio-products), 2% B27 (Invitrogen), ImM L-Glutamine (Gibco),
20mM D-Glucose, 2uM Ara-C, 40 units/ml penicillin, 40pg/ml streptomycin and 100ng/ml
Amphotericin B. Final pH was adjusted to 7.4 with NaHCO3 (100mg/500ml). Total medium
was changed on DIV 1 and 50% of the medium was changed on DIV 3 and DIV 5. DIV 14-21
neurons were used for western blot analysis.

Results

Forebrain-specific Perk knockout mice are impaired in spontaneous
alternation Y-maze task

To study the function of PERK in learning and memory, we generated forebrain-specific Perk

knockout (BrPerk KO) mice by crossing aCamKII-Cre with Perk-floxed mice previously gener-
ated in our lab [24]. The expression of Cre recombinase in the «CaMKII-Cre strain occurs pri-
marily in postnatal forebrain peaking at 3 months old [26]. We therefore restricted our studies
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Fig 1. BrPerk KO mice are impaired in spontaneous alternation Y-maze task. (A) Western blot analysis
showing substantial knockdown of PERK in the prefrontal cortex (PFC) of BrPerk KO mice. PERK was also
significantly knocked down in the hippocampus (HIP) but not in the cerebellum (CER). (BKO: BrPerk KO; ***
p<0.001, * p<0.05, n.s. not significant, two-tailed student’s t-Test; n = 5 for each genotype). (B) Spontaneous
alternation Y-maze task. BrPerk KO mice exhibited a lower alternation rate compared to the wild-type
littermates, indicating their poor spatial working memory (WT n = 15, BrPerk KO n = 22; ** p<0.01, two-tailed
student’s t-Test). No difference was observed in total number of arms entered (n.s. not significant, two-tailed
student’s t-Test), indicating similar motor ability and curiosity for the environment between two genotypes.
Impaired spontaneous alternation was observed in BrPerk KO group in both genders. The figures represent
pooled results of both genders.

doi:10.1371/journal.pone.0162766.9001

to adult BrPerk KO mice at least 3 months old. Previously it has been reported that Cre recom-
binase is expressed in both cortex and hippocampus in the «CaMKII-Cre strain [31, 32]. West-
ern blot analysis of homogenates of different brain regions confirmed that the expression of
PERK was substantially knocked down in the prefrontal cortex (Fig 1A), which is the major
brain region involved in working memory and memory flexibility in rodents [1, 33]. Significant
knockdown of PERK was also observed in the hippocampus but not in the cerebellum (Fig
1A). The small amount of residual PERK seen in BrPerk KO mice forebrain was likely due to
PERK’s expression in glia and in non-pyramidal neurons, and to incomplete deletion of PERK
in pyramidal neurons. The generation of BrPerk KO mice enabled us to specificallylook at the
function of PERK in the forebrain at adult stage without disturbing PERK’s function in other
tissues or in earlier neurodevelopment.

As a specific form of memory, working memory lasts for only several seconds and does not
require new protein synthesis. To determine if PERK is required for working memory, BrPerk
KO mice were subjected to the spontaneous alternation Y-maze task, which is a spatial working
memory test that is based on the willingness of rodents to explore a new environment [34]. In
this task, an animal must remember the arm it had visited previously in order to alternate the
arm entrance in the next trial. Thus the alternation rate is an indicator of the animal’s spatial
working memory capacity. BrPerk KO mice exhibited significantly less alternation rate when
compared to their wild-type littermates, but did not differ in the total number of arms entered
(Fig 1B). These results show that BrPerk KO mice are impaired in spatial working memory, but
exhibit similar levels of locomotion and exploratory behavior.
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BrPerk KO mice are impaired in the delay match-to-place task

To further examine the working memory capacity in BrPerk KO mice, we challenged the
BrPerk KO mice with a more complex working memory test: the delay match-to-place task
using radial-arm water maze. Successful accomplishment of this task requires good spatial ref-
erence memory and working memory. Previously it has been shown that BrPerk KO mice pos-
sess normal hippocampus-dependent spatial reference memory when tested in Morris water
maze [19]. We repeated the spatial reference memory test in radial-arm water maze, and con-
firmed that there is no difference between BrPerk KO mice and their wild-type littermates (Fig
2A). After the reference memory test, BrPerk KO mice were subjected to a delay match-to-
place test in radial-arm water maze. In this test, the mouse was given five sessions each day,
with the location of the hidden platform changed between successive sessions. Each session
consisted of two trials, a location trial followed by a match trial. A mouse with intact working
memory would remember the location of the hidden platform in the location trial, and use
visual cues to orient itself, thus displaying substantial savings of escape latency in the match
trial [35]. The BrPerk KO mice made more errors and required longer escape latency in locat-
ing the platform in match trials compared to their wild-type littermates (Fig 2B), suggesting an
impairment in working memory.
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number of errors
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Fig 2. BrPerk KO mice are impaired in the delay match-to place working memory task. (A) Spatial
reference memory test in radial-arm water maze. BrPerk KO mice exhibited normal reference memoryin a 4
day reference platform task in radial-armwater maze (WT n = 5, BrPerk KO n = 6). Each mouse was given 8
trials per day during the 4 day task. A trial block represents the average number of errors of 4 trials. Only male
mice were used in the experiment. (B) The delay match-to-place task in radial-arm water maze. BrPerk KO
mice made more errors and required longer escape latency than their wild-type littermatesto locate the
hidden platformin the match trial (WT n = 16, BrPerk KO n = 20; *** p<0.001, ** p<0.01, two-tailed student’s
t-Test). Impaired spatial working memory was observed in BrPerk KO group in both genders. The figures
represent pooled results of both genders.

doi:10.1371/journal.pone.0162766.9002
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Pharmacologically PERK-inhibited mice are impaired in spontaneous
alternation Y-maze task

To investigate if a similar behavioral impairment would occur following pharmacological inhi-
bition of PERK activity, we systematically treated the wild-type mice with a newly developed
PERK inhibitor (PERKIi), GSK2606414. GSK2606414 is a highly specific inhibitor of PERK,
which acts by competing for the ATP binding domain in the catalytic site [36], and has been
proven to be effective in acutely inhibiting PERK’s activity in cultured cells [36]. To verify the
effectiveness of PERKi in vitro, primary cortical neurons were pretreated with 500nM PERKi
for 15 min followed by activation of PERK with 100nM thapsigargin for 30 min. Thapsigargin
is a non-reversible SERCA pump inhibitor [37], that activates the PERK kinase activity by
causing ER calcium depletion [38]. 15 min-pretreatment of 500nM PERK:i inhibited thapsigar-
gin-induced PERK activation and eIF2a phosphorylation, demonstrating that the PERKi effec-
tively inhibits PERK’s activity in primary neurons (Fig 3A). Due to the low level of PERK
activation in mice brain at steady state (preliminary data), we were unable to validate the effi-
cacy of PERKIi in vivo by western blot analysis. On the other hand, the efficacy of PERKi in
vivo has been validated by others using liquid chromatography-tandem mass spectrometry
measurements, and it was demonstrated that orally administered GSK2606414 penetrates the
blood-brain barrier in mice [39].

Oral gavage is the only effective means of administering the PERKi, however oral gavage
results in acute stress [40] and short-term elevation of corticosterone levels [41]. To relieve
gavage-induced stress, mice were acclimated to gavage administration by dosing with vehicle
daily for 5 days prior to the administration of the inhibitor. After gavage acclimation, the ani-
mals were administered with 2 doses of PERKi or vehicle, and their working memory was
assessed in spontaneous alternation Y-maze task 8 hours after the 2™ dose of PERKi (Fig 3B).
The selection of 8 hours allowed dissipation of gavage-induced stress while retaining sufficient
inhibitor levels in circulation (preliminary data). Since saturating concentrations of
GSK2606414 in mice brains have been reported 14 hours after 2 doses of compound adminis-
tration at the concentration of 50mg/kg [39], a sufficient amount of the PERKi should be pres-
ent in the brain 8 hours after 2 doses of GSK2606414 administration at the concentration of
150mg/kg. The PERK-inhibited mice exhibited a lower alternation rate compared to the vehicle
controls (Fig 3C), suggesting the impairment of spatial working memory. Similar to genetic
Perk ablation, no difference was seen in the total number of arms entered between the PERKi
and vehicle groups (Fig 3C). However mice received gavage treatment showed significantly less
total arm entrance when compared to the mice with no gavage treatment (number of arms
entered in Fig 1B and Fig 3C were compared; p<0.001, one-way ANOVA followed by Bonfer-
roni’s post-hoc test), which suggests the possible impairment in animal performance due to the
residual gavage-induced stress.

Pharmacological PERK inhibition mimics fear extinction impairmentin
BrPerk KO mice

Previous studies reported that BrPerk KO mice are impaired in protein synthesis-dependent
memory flexibility, as shown by Y-water maze reversal task and fear extinction task [19]. We
tested the memory flexibility of the BrPerk KO using the Y-water maze reversal task and con-
firmed this result (S1 Fig). To examine whether pharmacological PERK inhibition could mimic
the memory flexibility impairments observed in genetic Perk knockout mice, we measured fear
extinction memory in wild-type mice orally administered with PERKi. We chose to test fear
extinction memory because this task requires less precise cognition compared to Y-water maze
reversal task, and thus is less likely to be confounded by gavage-induced stress.
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Fig 3. WT mice with short-term PERK inhibition are impaired in Y-maze spontaneous alternation. (A)
Western blot analysis showing PERK inhibitor (P1) pretreatment prevented thapsigargin (TG)-induced
phosphorylation of PERK and its substrate elF2a in primary cortical neurons (one-way ANOVA followed by
Bonferroni’s post-hoc test, * p<0.05, ** p<0.01). Cells were pretreated with 500 nM Pl or DMSO for 15 min
followed by co-treatment with or without 100 nM TG for 30 min. The phosphorylation level of PERK is shown
by p-PERK blot, and the shifted band in PERK blot due to the dimerization and auto-phosphorylation of PERK
afterits activation. 3 replicates were included in the experiment and the quantification was performed on
pooled results. (B) Schematic of PERK inhibitor treatmentin spontaneous alternation Y-maze task. (C)
Spontaneous alternation Y-maze task. Short-term PERK-inhibited mice showed a lower alteration rate
compared to vehicle group (Vehicle n =17, PERKi n = 18; ***p<0.001, two-tailed student’s t-Test). No
difference was observed in the total number of arms entered (n.s. not significant, two-tailed student’s t-Test).
Only male mice were used in the experiment.

doi:10.1371/journal.pone.0162766.9003
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Fig 4. WT mice with short-term PERK inhibitor gavage administration are impaired in fear extinction. (A) Fear conditioning on day 0. No difference
was observed between treatments. (B) Fear extinction over 3 days (3 CS presentations/block; Vehicle, n = 6; PERKI, n = 5; * p<0.05, two-tailed student’s t-
Test). PERK-inhibited mice exhibited higher freezing rate over 3 days’ extinction session (p<0.001, non-parametric paired sign test). Only male mice were
used in the experiment. (C) Average freezing rate over 3 days’ extinction session. Short-term PERK-inhibited mice exhibited higher average freezing rate
on the 2" and 3" day of extinction session, indicating their impairment in fear extinction (* p<0.05, two-tailed student’s t-Test).

doi:10.1371fournal.pone.0162766.9004

Fear extinction memory was measured in wild-type mice which received short-term or
long-term PERKi treatment. In the short-term PERKi treatment group, the mice were first
acclimated to gavage for 5 days by daily vehicle administration, followed by 2 doses of PERKi
or vehicle before the behavioral test (Fig 3B), and 1 dose daily during the course of the experi-
ment. Short-term PERK inhibition did not affect fear conditioning (Fig 4A). However, whereas
the vehicle group started to exhibit a progressive decline of freezing rate with repeated exposure
to CS on the 2™ and 3™ day of extinction session, the freezing rate of PERKi group remained
elevated (Fig 4B and 4C). This result mimics the extinction impairment observed previously in
BrPerk KO mice. It is noteworthy that neither group exhibited significant fear extinction on
day 1. This was likely the result of gavage-induced stress, because in our initial trials when mice
were not first acclimated to gavage neither vehicle nor PERKi group showed significant decline
in the freezing rate over 2 days’ extinction training (S2 Fig).

In the long-term PERKi treatment group, mice were orally administered with inhibitor or
vehicle for 2 weeks prior to the behavioral test. The mice in this experiment were not accli-
mated to gavage because of long-term gavage administration. As with the short-term PERK
inhibition, no difference in fear conditioning was observed between treatments (Fig 5A). With
longer inhibitor treatment, while both groups exhibited significant fear extinction on day 1,
PERK-inhibited mice exhibited delayed extinction over the 2 days (Fig 5B and 5C).

Discussion

Previous study of PERK’s function in the brain has focused on protein synthesis-dependent
cognitive abilities where it has been demonstrated that PERK is required for memory flexibility
and normal expression of mGluR-dependent long-term depression via elF2a-dependent pro-
tein translational control. Two other eIF20 kinases, GCN2 and PKR, have also been shown to
be involved in protein synthesis-dependent memory regulation [42, 43]. Motivated by the
recent discovery that PERK acutely regulates Ca** dynamics in p-cells [23] and primary neu-
rons (preliminary data), which is independent of phosphorylation of eIF2c. and protein trans-
lational control, we explored the possibility that PERK may regulate Ca>* dynamics-dependent
working memory. We found that BrPerk KO mice are impaired in working memory, as shown
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Fig 5. WT mice with long-term PERK inhibitor gavage administration are impaired in fear extinction. (A) Fear conditioning on day 0. No difference
was observed between treatments. (B) Fear extinction over 2 days (3 CS presentations/block; Vehicle n = 10, PERKin = 8, * p<0.05, *** p<0.001, two-
tailed student’s t-Test). Long-term PERK-inhibited mice exhibited delayed fear extinction over the 2 days (p<0.01, non-parametric paired sign test). Only
male mice were used in the experiment. (C) Average freezing rate over 2 days’ extinction session. PERK-inhibited mice exhibited higher average
freezing rate over 2 days’ extinction session, indicating theirimpairment in fear extinction (* p<0.05, two-tailed student’s t-Test).

doi:10.1371/journal.pone.0162766.9005

by spontaneous alternation Y-maze task and the delay match-to-place task. Since over the
course of development the genetic Perk knockout mice may have acquired a compensatory
mechanism that could potentially confound the interpretation of underlying mechanisms, we
examined the effects of pharmacologically ablating PERK activity in wild-type mice by oral
administration of a specific and potent PERK inhibitor. PERK-inhibited mice exhibited signifi-
cant impairment in working memory in the spontaneous alternation Y-maze task. Moreover,
oral administration of PERKi mimics the fear extinction deficit observed in forebrain-specific
Perk knockout mice. Together, these results suggest that the behavior phenotypes observed in
BrPerk KO mice are attributable to the absence of PERK rather than to a developmental com-
pensatory response.

Spontaneous alternation Y-maze task and the delay match-to-place task in radial-arm water
maze were used to test spatial working memory in this study. Y-maze spontaneous alternation
occurs because of rodents’ natural exploratory behavior, which causes them to alternate spon-
taneously in the Y-maze, at the rate significantly higher than that could be due to chance [34].
Although the neuronal mechanisms underlying spontaneous alternation are still unclear, this
test has been widely used to measure spatial working memory, because it does not require
excessive animal handling and measures subject’s locomotion in the meantime [44]. In addi-
tion to spontaneous alternation Y-maze task, we also subjected BrPerk KO mice to the delay
match-to-place task. The delay match-to-place task is a robust behavioral test, but it is also a
more complex test for measuring spatial working memory. Since the initial introduction by
Morris and coworkers [45], modifications have been made to simplify the procedure without
reducing the maze’s complexity [35, 46]. We performed the delay match-to-place task in
radial-arm water maze, which preserves the spatial complexity of the Morris water tank, but
simplifies scoring procedure with the benefit of a defined swim path.

The neuronal mechanisms underlying PERK’s regulation of working memory is unknown.
We speculate that PERK regulates working memory via changes in Ca** dynamics based upon
PERK’s demonstrated function in regulating Ca®* dynamics in B-cells. Our lab has shown that
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PERK regulates ER Ca" re-uptake and cytosol Ca*" influx from extracellular space in B-cells,
which underlies normal glucose-stimulated insulin secretion [23]. Similarly, in neurons, it has
been shown that metabotropic receptor-coupled intracellular Ca** ([Ca**];) rise is important for
working memory in several ways. Firstly, the induced [Ca”*]; rise is known to activate several
Ca”*-dependent proteins including phosphatase calcineurin, kinase CaMKII and PKC, all of
which have been shown to regulate working memory capacity [47]. Moreover, metabotropic
receptor-coupled [Ca>']; can directly affect intrinsic neuronal properties. For example, it has been
shown that mGluR mediated [Ca**]; regulates SK channel-dependent neuronal hyperpolarization
and TRPC-dependent neuronal depolarization, indicating the amplitude of [Ca®*];
neuronal excitability [14, 48]. In our preliminary studies (unpublished), we have observed that
acute PERK inhibition impairs metabotropic receptor-coupled [Ca**]; due to impaired receptor-
operated Ca** influx in primary cortical neurons, which suggests that these pathways may also
underlie the neuronal mechanism of PERK’s regulation of working memory in vivo.

Fear extinction is a form of inhibitory learning, a process by which a pre-conditioned fear
response is extinguished after repeated exposure to neutral conditioned stimulus without the
aversive stimulus. Previously it has been shown that BrPerk KO mice are impaired in fear
extinction, which is associated with reduced eIF2o.-dependent ATF4 expression [19]. Here we
showed that pharmacological PERK inhibition mimics the fear extinction impairment
observed in BrPerk KO mice, which suggests that the behavior phenotype observed in BrPerk
KO mice is attributable to the absence of PERK, and confirms PERK’s role in regulating mem-
ory flexibility in addition to working memory.

Although different molecular mechanisms have been suggested underlying working mem-
ory and memory flexibility, both cognitive functions are considered as core components of

can influence

executive function, regulated in different sub-regions in prefrontal cortex, but modulated by
similar neurotransmitters [1, 33]. Thus, the possibility remains that the working memory and
memory flexibility deficits observed in BrPerk mice may be due to the impairment in a com-
mon pathway that is normally regulated by PERK.

Based on cell culture experiments, PERK was initially identified as an effector of unfolded
protein and ER stress response [15, 38, 49] and from studies it was speculated that the function
of PERK in whole organisms was to temporarily repress protein synthesis in order to relieve
the client protein load in the ER. However subsequent studies in Perk KO mice, which display
an array of dysfunctions, failed to find evidence in support of this hypothesis [21, 50]. Rather
we found that PERK plays important developmental and physiological regulatory functions
that are unrelated to stress throughout the body [21, 22, 50, 51]. In this study, we investigated
PERK’s role in cognition, and showed for the first time that PERK regulates new protein syn-
thesis-independent working memory. This discovery reveals a novel physiological role of
PERK in cognitive function, which is unrelated to stress responses. Moreover, elF2o. dephos-
phorylation has been shown to be critical for late phase long-term potentiation (L-LTP) elicita-
tion and long-term memory (LTM) storage, as genetic reduction of eIF20 phosphorylation by
knockdown of eIF2a kinases GCN2 [42] or PKR [43], or single allele phosphorylation site
mutation of eIF2a (Serine to Alanine at phosphorylation site Ser51) [52] lowers the threshold
for L-LTP and facilitates LTM, while pharmacological promotion of eIF2c phosphorylation
impairs L-LTP and LTM [52]. On the other hand, forebrain-specific Perk knockout mice
exhibit normal LTP and LTM [19, 20], but impaired memory flexibility [19]. The significant
phenotype difference between Perk knockout mice and other mice models with reduced eIF20
phosphorylation suggest that PERK may possess additional regulation of cognition that is
elF2a-independent. The discovery of PERK’s regulation over Ca** dynamics-dependent work-
ing memory supports the above hypothesis. Further study is needed to elucidate the specific
pathways that participate in PERK’s regulation of the different cognitive functions.
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Supporting Information

S1 Fig. BrPerK KO mice exhibit impaired memory flexibility in Y-maze reversal task.
BrPerk KO mice exhibited normal spatial learning in the training session on day 1, and normal
long-term memory in the test session on day 2 (WT: 4 out of 4 passed the test; BrPerk KO: 4
out of 5 passed the test). In the reversal session on day 2, when the platform was switched to
the opposing arm, BrPerk KO mice exhibited impaired memory flexibility, as illustrated by the
lower percentage of correct arm choice/block (WT n = 4; BrPerk KO n = 4; ** p<0.01. two-
tailed student’s t-Test; 4 trials were included per block in the training and reversal session, 2 tri-
als were performed in the test session). A retraining trial was performed between the third and
fourth trial block in the reversal session, and the mice who never located the platform in its
new location were guided onto it.

(TIF)

S2 Fig. Acute gavage administration impairs fear extinction learning. For mice received
acute gavage administration without gavage acclimation, while both vehicle and PERKi group
acquired conditioned fear on day 0, neither group exhibited fear extinction over the 2 day
extinction training (Vehicle n = 10; PERKin = 9).

(TIF)

S1 File. Material and Method. Material and method for Y-water maze reversal task.
(DOCX)
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