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Genetic or Pharmacological Reduction of PERK Enhances
Cortical-Dependent Taste Learning

Hadile Ounallah-Saad,"* “Vijendra Sharma,"* Efrat Edry,” and Kobi Rosenblum'>
1Sagol Department of Neurobiology, 2Center for Gene Manipulation in the Brain, University of Haifa, Haifa 3498838, Israel

Protein translation initiation is controlled by levels of eIF2a phosphorylation (p-eIF2a) on Ser51. In addition, increased p-eIF2a levels
impair long-term synaptic plasticity and memory consolidation, whereas decreased levels enhance them. Levels of p-eIF2« are deter-
mined by four kinases, of which protein kinase RNA-activated (PKR), PKR-like endoplastic reticulum kinase (PERK), and general control
nonderepressible 2 are extensively expressed in the mammalian mature brain. Following identification of PERK as the major kinase to
determine basal levels of p-eIF2« in primary neuronal cultures, we tested its function as a physiological constraint of memory consoli-
dation in the cortex, the brain structure suggested to store, at least in part, long-term memories in the mammalian brain. To that aim,
insular cortex (IC)-dependent positive and negative forms of taste learning were used. Genetic reduction of PERK expression was
accomplished by local microinfusion of a lentivirus harboring PERK Short hairpin RNA, and pharmacological inhibition was achieved by
local microinfusion of a PERK-specific inhibitor (GSK2606414) to the rat IC. Both genetic reduction of PERK expression and pharmaco-
logical inhibition of its activity reduced p-eIF2a levels and enhanced novel taste learning and conditioned taste aversion, but not memory
retrieval. Moreover, enhanced extinction was observed together with enhanced associative memory, suggesting increased cortical-
dependent behavioral plasticity. The results suggest that, by phosphorylating elF2¢, PERK functions in the cortex as a physiological

constraint of memory consolidation, and its downregulation serves as cognitive enhancement.
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Introduction
De novo protein synthesis is crucial for memory consolidation in
which short-term memory is transformed to long-term memory
(LTM; for review, see Gkogkas et al., 2010). Translation regula-
tion of newly synthesized proteins occurs during both the initia-
tion and the elongation phases, and both phases are regulated
during memory consolidation (Belelovsky et al., 2005, 2007;
Costa-Mattioli et al., 2007; Antion et al., 2008; Hoeffer and Klann,
2010; Jiang et al., 2010). In addition, several signal transduction cas-
cades regulate different components of the translation machinery
during memory consolidation (Gal-Ben-Ari et al., 2012).
Translation initiation is controlled by the phosphorylation on
Ser51 of eukaryotic initiation factor 2« (elF2a; Sonenberg and
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Dever, 2003). eIF2a phosphorylation results in decreased trans-
lation of most mRNAs but paradoxically increases translation of
mRNAs harboring several initiation sites on the 5"UTR, such as
ATF4 and BACE1 (Hooper et al., 2007; O’Connor et al., 2008).
The switch from short-term to long-term synaptic plasticity and
memory is bidirectionally regulated by elF2a phosphorylation
(p-elF2a) and reduction in p-elF2a levels results in memory
enhancement (Costa-Mattioli et al., 2007).

In the brain, e[F2a can be phosphorylated by three well
described kinases: (1) protein kinase RNA-activated (PKR, a
double-stranded RNA-dependent protein kinase); (2) PKR-like
endoplasmic reticulum kinase (PERK); and (3) general control
nonderepressible 2 (GCN2). Meanwhile, the dephosphorylation
of elF2« is mediated via PP1c and the adaptor protein GADD34
(for a recent review, see Gkogkas et al., 2010).

One robust learning procedure to study molecular mecha-
nisms of memory consolidation is the taste learning procedure in
rodents (Elkobi et al., 2008; Barki-Harrington et al., 2009; Gal-
Ben-Ari and Rosenblum, 2011; Inberg et al., 2013). De novo pro-
tein synthesis in the insular cortex (IC) is essential for the
formation of long-term taste memory (Merhav et al., 2006; Yefet
et al., 2006; Merhav and Rosenblum, 2008) and the role of mam-
malian target of rapamycin (mTOR) pathway (Belelovsky et al.,
2009) and of the elongation factor eEF2 (Gildish et al., 2012) in taste
memory formation has been previously reported. On the initiation
level, novel taste learning results in reduction in p-eIlF2a levels (Stern
et al., 2013), and is enhanced in both elF2a S51A KI mice (Costa-
Mattioli et al., 2007) and PKR KO mice (Stern et al., 2013).
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The role of PERK in cognitive function, which has been studied
mainly by using the PERK ¢KO mice, has been implicated in behav-
ioral inflexibility (Trinh et al., 2012). PERK has also been suggested
to play a pivotal role in neurodegenerative diseases involving the
unfolded protein response (UPR), such as prion disease (Moreno et
al., 2012) and Alzheimer’s disease (Ma et al., 2013). However, its role
in cortical-dependent learning remains unclear.

We therefore, aimed first to determine which kinase is the
dominant one in determining p-elF2« levels under basal condi-
tions in primary neuronal cells, and to study the role of PERK in
taste learning using positive as well as negative taste learning
procedures [incidental taste learning and conditioned taste aver-
sion (CTA), respectively] by either locally inhibiting its activity
using a specific inhibitor, GSK2606414 (Axten et al., 2012), or by
decreasing its expression levels using a specific short hairpin RNA
(shRNA) lentivirus.

Materials and Methods

Tissue culture

NIH3T3 mouse fibroblasts were propagated in DMEM, adjusted to con-
tain 1.5 g/l sodium bicarbonate, 0.1 mm nonessential amino acids, and 1
mM sodium pyruvate. All media were supplemented with 10% fetal bo-
vine serum (FBS), 2 mm L-glutamine, 10 U penicillin, 10 pg of strepto-
mycin/ml, and 30 pg/ml of cefuroxime antibiotics. Cell lines were
maintained at 37°C with 5% CO, and subcultured twice weekly. Primary
cultures of cortical neurons were prepared from the cortex of 1-d-old
neonatal mice or rats. Briefly, the dissected tissue was digested using
trypsin and DNase in digestion solution (137 mm NaCl, 5 mm KCl, 7 mm
Na,HPO,, 25 mm HEPES, pH 7.2), and was further mechanically disso-
ciated using a silicon-coated Pasteur pipette with DNase-supplemented
dissociation solution (12 mm MgSO,, * 7H,O in HBSS). HBSS with 20%
FBS was added to the supernatant, and centrifuged for 10 min at 1500 X
g (4°C). The supernatant was aspirated and the pellet was resuspended in
HBSS. This step was repeated twice. The final pellet was resuspended in
MEM with 10% horse serum (MEM-10%) and cells were seeded on
polyethyleneimine-coated plates. The cells were grown in MEM-10% for
1 week, and were later kept for 3 d in in MEM with 10% horse serum and
8 uM cytosine arabinoside (3 um) to halt glial growth, and were then
maintained for another in MEM containing B27 (Invitrogen , according
to manufacturer’s instructions) medium to support neuronal growth,
before viral infection. All media used contained 2mM L-glutamine and
0.5 g insulin.

Animals

Adult, male Wistar Hola rats, aged ~60 d, weighing 200—250 g (Harlan)
were used in all experiments. They were housed individuallyona 12/12h
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.

Infusion of recombinant lentivirus harboring PERK shRNA to
adult rat IC

For virus infusions, rats were first anesthetized with ketamine (120 mg/
kg) and xylazine (6 mg/kg) and placed into a stereotactic frame (Steolting
Europe). Using a 32 gauge stainless steel injector attached to a stereotac-
tic infusion pump, rats received 1 ul of lentivirus encoding PERK shRNA
or lentivirus harboring a scrambled sequence over 10 min into the IC
(anteroposterior, +1.2 mm relative to bregma; lateral, =5.5 mm; ventral,
—6.0 mm) according to the atlas of Paxinos and Watson (2006). The
injector was left in place for 5 min before and after infusion to minimize
fluid retraction. The rats were allowed =7 d to recover from the surgery
before any behavior experiments were conducted.

Cannulation and microinfusion of PERK inhibitor GSK2606414

The rats were cannulated as described by Barki-Harrington et al. (2009).
Briefly, the rats were anesthetized by administration of equithesin (0.3
ml/100 g), comprising 2.12% (w/v) MgSO,, 10% (v/v) ethanol, 39.1%
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(v/v) propyleneglycol, 0.98% (w/v) sodium pentobarbital, and 4.2%
(w/v) chloral hydrate. They were restrained in a stereotactic frame
(Steolting Europe) and stainless steel guide cannulae (23 gauge) were
bilaterally implanted into the IC, angled at (with reference to bregma)
anteroposterior +1.2 mm, lateral £5.5 mm, and ventral 5.0 mm (1 mm
ahead of injecting cannula). Two skull screws were inserted into the skull,
and acrylic dental cement was applied to secure the cannulae in position.
A 28 gauge stylus was inserted into each guide cannula to prevent clog-
ging. The rats were allowed 1 week in individual cages to recover from
the surgery, before the experimental manipulation. PERK inhibitor
GSK2606414 (Axten et al., 2012) was dissolved in DMSO and further
diluted in saline to a final DMSO concentration of 0.5%. A total of 1 ul of
100 nm GSK2606414 or vehicle was infused bilaterally. For microinfu-
sion, the stylus was removed from the guide cannula and a 28 gauge
injection cannula was carefully inserted, to extend 1.0 mm beyond the tip
of the guide cannula. The injection cannula was connected via PE20
tubing to a Hamilton syringe (Hamilton) driven by a CMA/100 micro-
injection pump (Carnegie Medicine), to provide an injection rate of 1
ul/min. After 1 min of 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
um coronal sections.

Lentivirus production, infection, and expression

shRNA constructs directed against PERK/PKR/GCN2 were purchased
from Sigma-Aldrich and OriGene (for PERK and PKR shutdown, we
used Sigma-Aldrich clones no. TRCN28772 and no. TRCN 26988, re-
spectively, in pLKO.1-puro-CMVTurboGFP plasmids; for GCN2 we
used OriGene clone no. GI572502). The scrambled and GCN2 shRNA
sequences were subcloned into the lentiviral plasmid pFUGW®6 for coex-
pression of shRNA driven by U6 promoter, and EGFP driven by ubiqui-
tin promoter. Using Blast2Sequences, the PERK mouse sequence was
found to be highly homologous to PERK rat sequence, and the efficacy of
PERK shRNA (clone no. TRCN28772) to shut down PERK expression
was the same in both mouse and rat primary cultures. Lentiviral particles
were produced according to Lois et al., 2002 at the Center for Gene
Manipulation in the Brain (University of Haifa, http://cgmb.haifa.ac.il/).
Briefly, lentiviral expression, packaging, and envelope plasmid vectors
were cotransfected into the 293FT cell line (Invitrogen) and allowed to
express and form viral particles for 48 h. The medium was collected and
the viral particles were purified and concentrated by multiple centrifu-
gation steps, dissolved in sterile PBS, aliquoted, and stored at —80°C
until further use. To confirm that sShRNA expression attenuates kinase-
specific levels, we infected 3T3 cells and primary cultures by adding five
MOIs of the virus (stock titer was 10"9/ml transducing units into the
culture medium overnight). The medium was replaced the day after
infection, and cells were allowed 1 week to achieve stable expression
levels. The cells were harvested in 2X sample buffer (10% glycerol, 2%
SDS, 0.5 M Tris-HCl), and immunoblot analysis was performed as de-
scribed below. In vivo, lentivirus was injected into the IC as described
above, and allowed to express for 7 d. To test the effect on learning, we
injected shRNA-expressing or control viruses harboring a scrambled se-
quence 7 d before CTA was performed. To test the effect on retrieval,
CTA was performed first, and after 7 d the shRNA-expressing or control
virus was injected. Aversion to the novel taste, 0.3% NaCl, was measured
as described below.

Preparation of total samples for biochemical analysis

At the end of the behavioral procedure, the brains were removed and
snap-frozen in liquid nitrogen. Gustatory cortex punches were made
using a cryostat (Leica) according to injection coordinates and were ho-
mogenized 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). Ap-
propriate volumes of 2X SDS sample buffer (10% glycerol, 5%
B-mercaptoethanol, 4% SDS, 120 mwm Tris-HCI, pH 6.8) were added to
the homogenates, and samples were boiled for 5 min and stored at —80°C
till further analysis.
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Western blotting

Samples were prepared in SDS sample buffer, subjected to 7.5-10% SDS-
PAGE and Western blot analysis. Each lane was loaded with equal
amounts of protein (10 ug). After transfer to a nitrocellulose membrane,
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 incubated
overnight with the primary antibodies PKR (1:1000; Santa Cruz Biotech-
nology), elF2a (1:1000; Cell Signaling Technology), p-(Ser51) elF2c
(1:1000; Invitrogen), GCN2, PERK (both 1:1000; Cell Signaling Technol-
ogy), B-actin (1: 3000; Santa Cruz Biotechnology), and B-tubulin (1:
30,000; Sigma-Aldrich). The blots were then subjected to three 5 min
washing steps in TBST, after which they were incubated with the corre-
sponding HRP-conjugated secondary antibodies [goat anti-rabbit (IgG),
goat anti-mouse (IgG), or rabbit anti-goat (IgG; 1:10,000; Millipore Bio-
science Research Reagents)] for 1 h at room temperature followed by
three 10 min washes with TBST. Immunodetection 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 measured relative to the back-
ground. Phosphorylation levels were calculated as the ratio between
chemiluminescence values of the antibody directed against the phospho-
proteins and those of the antibody directed against the phosphorylation
state-independent forms of the proteins.

Behavioral procedures

Attenuation of neophobia (novel taste learning). The rats were separated
into individual housing cages and underwent a 3 d water-restriction
training session, in which once a day for 20 min, they were offered 20 ml
of water from two pipettes, each containing 10 ml. On the fourth day, the
control group received water and the experimental group was exposed to
a novel taste [0.1% (w/v) sodium saccharin; Rosenblum et al., 1993].
After 2 successive days of water-restriction training, the rats were tested
in a multiple-choice test involving two pipettes of water and two of
saccharin. The multiple-choice test was repeated during 3 successive
days. The behavioral data are presented in terms of preference index,
expressed as a percentage ([ml saccharin/(ml water + ml saccharin)] X
100) in which the quantities are those consumed during each test. The
behavioral procedure is illustrated in the top part of Figures 2, 3, and 4.

CTA. CTA experiments were performed as described previously
(Elkobietal., 2008; Stern et al., 2013). Briefly, after 3 d of training to drink
from pipettes as described above, rats on the fourth day received either
water or 0.3% NaCl (the conditioned stimulus), and 40 min after termi-
nation of drinking both groups received the unconditioned stimulus in
the form of an intraperitoneal injection of the malaise-inducing agent
LiCl (0.075 M, 2% of body weight). The rats then received water for 2 d,
and then underwent a taste preference test that involved a 20 min expo-
sure to a choice of water or 0.3% NaCl in different pipettes. The aversion
index to the novel taste is defined as the amount of water consumed
divided by the total fluid consumption, expressed as a percentage ([(wa-
ter volume/(water + NaCl) volume] X 100). The behavioral procedure is
illustrated in the top part of Figures 2, 3, and 4.

Water T-maze position discrimination and arm reversal procedure. The
position discrimination and reversal learning task were conducted in a
water T-maze pool. In position discrimination learning, rats were re-
quired to learn left-right discrimination with the choice of one of the
arms reinforced by escaping onto a platform, and for reversal learning
the two reinforcement contingencies were switched so that the choice of
the opposite arm was reinforced. At the start of each trial, the rat was
placed in the starting arm, facing the wall opposite the cross piece, and
allowed to swim and choose between the two arms. If the rat chose the
correct arm, it was allowed to remain on the platform for 10 s, after which it
was removed from the maze to a holding cage for the 10 s intertrial interval.
If the wrong arm was chosen, the rat was confined to the arm for ~20 s and
then removed from the maze to a holding cage for the duration of the inter-
trial interval. Each rat was trained until it reached a criterion of five consec-
utive correct trials. After 24 h, each rat was first tested on the position
discrimination of the previous day in a probe trial, in which the platform is
removed from the maze. If the reinforced arm was chosen, then the rat was
trained for the reversal of that discrimination, i.e., the platform was moved to
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the opposite arm; if the nonreinforced arm was chosen, the rat was retrained
ason the previous day, and tested again 24 h later. The rat was then trained on
the reversal of this discrimination, i.e., the platform was located in the oppo-
site arm, until the criterion was met. Other than that, training continued
exactly as on the previous day. The arm chosen on each trial and the number
of trials to meet the criterion on the initial discrimination and reversal were
recorded for each rat.

Statistical analysis

Data are expressed as mean * SEM. For normally distributed data, sta-
tistical significance was determined with repeated-measures one-way
ANOVA. For post hoc comparison, the least significant difference test was
used with a level of p < 0.05. For abnormally distributed data, we used
Friedman’s test followed by post hoc analysis using Wilcoxon signed-rank
tests with Bonferroni’s correction applied, p < 0.05 for statistically sig-
nificant differences. Student’s ¢ test was used to examine the differences
between groups.

Results

PERK is the main kinase to determine basal levels of p-eIF2a
in neurons

First, we hypothesized that local reduction in the expression of
the different elF2« kinases would reduce p-elF2« in neurons.
Toward that end, we generated viral vectors expressing shRNA
sequences that can efficiently reduce the expression of three of the
dominant elF2a-regulating kinases in the brain (PERK, PKR,
and GCN2; Fig. 1A). Target validation was performed in 3T3
cells, which were infected with viruses expressing three different
shRNA cassettes for either one of the kinases or a control cassette
harboring a scrambled sequence (Edry et al.,, 2011). The data
presented are of the shRNA cassettes that could competently and
specifically shut down kinase expression, compared with the con-
trol virus (PERK, GCN2, and PKR levels were reduced by 79 =
18.1%, 97 * 19.3%, and 57 * 7.2%, respectively; n = 4, t=
—3.569, p = 0.02 for PERK reduction; t 4= —5.312, p = 0.01 for
GCN2 reduction; and t= —2.596, p = 0.04 for PKR reduction,
t test; Fig. 1B). As an additional control for the specificity of each
shRNA cassette, we examined its effect on the expression of the
other kinases, and found that each shRNA cassette is indeed spe-
cific to its target and does not affect the expression of the other
kinases (data not shown).

Next, the effect of reduction in expression of each kinase on phos-
phorylation of elF2a on Ser51 residue in 3T3 cells was tested (Fig.
1C). Ofthe three kinases, PERK knockdown resulted in the strongest
reduction in p-elF2a levels (63 = 4.9%, n = 4, t, = 5.196, p =
0.007, t test), whereas the knockdown of PKR or GCN2 resulted in a
moderate nonsignificant reduction in p-elF2alevels (35 % 6.2% and
35 * 19.1% respectively, p > 0.05, n = 4). Furthermore, the effect of
the reduction of expression levels of each kinase on the p-elF2a was
examined in primary neuronal culture and, similar to the results in
3T3 cells, PERK knockdown, but not that of PKR or GCNZ2, resulted
in a significant reduction in p-elF2« levels (59 = 7.5% reduction in
p-elF2a levels by PERK shRNA lentivirus, compared with scram-
bled shRNA lentivirus, p = 0.03; t, = 7.091, no effect in PKR or
GCN2 knockdown, n = 4-10; Fig. 1D).

Local inhibition of PERK in the IC using GSK2606414 reduces
p-eIF2a levels and enhances both positive and negative forms
of taste memory

Novel taste learning induces a reduction in p-elF2« in the IC
(Stern et al., 2013). We tested the hypothesis that local inhibition
of the e[F2« kinase PERK in the IC would reduce p-eIF2a levels,
and would mediate enhancement of taste memory. Stereotactic
injection of PERK inhibitor GSK2606414 (1 ul, 100 nM; Axten et
al., 2012) to the IC resulted in a significant reduction in p-elF2«
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levels by 40% compared with vehicle [#,¢= —2.251, p = 0.032, t
test, n = 15 (each group), data not shown; representative image
indicating the guiding cannula placement and the injection site is
shown in Fig. 2A]. In addition to the reduction in p-elF2a, we
observed a 30% reduction in ATF4 protein levels (data not
shown, t30) = 2.217, n = 16 in each group, p = 0.034, ¢ test).

To test the effect of PERK inhibition on the behavioral level,
PERK inhibitor (1 ul of GSK2606414, 100 nm) was injected to the
IC 20 min before exposure to a novel taste, in either an incidental
taste learning procedure (0.1% saccharin) or a CTA procedure
using 0.3% NaCl, coupled to 0.075 M LiCl intraperitoneal injec-
tion, as described previously (Rosenblum et al., 1993). Memory
was assessed 2 d after learning.

In the incidental taste learning procedure, PERK inhibition re-
sulted in better memory of the novel taste (0.1% saccharin) in the
PERK inhibitor-injected group compared with the vehicle-injected
group on test day 1, as demonstrated by the higher elevation in the

preference index (83 = 2.2% vs 64 * 11.1%, respectively; Fig. 2B;
n = 8 in each group, .,y = 2.505, p = 0.04, t test). In the CTA
procedure, PERK inhibitor-injected animals had better memory
(higher aversion) than vehicle-injected animals (72 % 3.5% vs 54 *
6.5%, n = 8 in each group, f,4, = 2.325, p = 0.04, t test). However,
extinction of CTA was not affected by the single injection of PERK
inhibitor during CTA (repeated-measures ANOVA; Fig. 2C). Total
drinking volumes were similar in both experimental groups
throughout the behavioral procedure (data not shown).

PERK knockdown in the IC decreases p-elF2a, enhances
positive and negative forms of taste memory, and increases
behavioral plasticity

Using the viral vector tested in cells, we next wanted to determine
whether knockdown of PERK expression levels would result in
decreased p-elF2a levels and enhanced memory. Our hypothesis
was that a prolonged reduction in PERK expression and p-elF2«
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PERK inhibition enhances CTA memory versus vehicle group, and extinction was not influenced (n = 8 per group, *p = 0.04). Data are mean == SEM. Top diagrams are schematic description of the
behavioral procedures. Blue pipettes indicate water. Red pipettes indicate saccharin. Yellow pipettes indicate 0.3% NaCl.

levels due to permanent expression of the shRNA cassette in a
specific brain structure of the adult brain could result in different
effects on behavior than those observed in the PERK cKO mice,
where PERK is eliminated in the brain after weaning (Trinh et al.,
2012). Therefore, the PERK shRNA lentivirus was stereotactically
injected to the IC of adult rats, and its effects on taste memory
were assessed using the novel taste learning and the CTA proce-
dures 7 d following the injection (Fig. 3A). A representative image
indicating virus injection site is shown in Figure 3B.

In the novel taste learning procedure, analysis of memory in
the PERK knockdown animals over 2 consecutive days revealed a
major group effect compared with the scrambled shRNA lentivi-
rus controls, and the preference index was markedly elevated

with taste familiarization from 28 * 5.1% on acquisition day to
48 * 5.6% and 57 * 5.1% on the two consecutive memory tests
conducted (n = 21 in each group, Z = —2.798, p = 0.005, and Z
= —3.285, p = 0.001 for test days 1 and 2, respectively; Friedman
test, followed by Wilcoxon signed-rank post hoc analysis, Bonfer-
roni’s correction; Fig. 3C). PERK knockdown in the IC also en-
hanced CTA memory as manifested by the elevation in the
aversion index compared with scrambled sequence lentivirus
controls (81 = 2.2% vs 55.9 & 4.7%, n = 21 in each group, t 4o, =
—4.880, p = 0.0003, t test). Interestingly, IC PERK knockdown
not only enhanced CTA memory but also improved behavioral
plasticity, as observed by the major group effect on CTA extinc-
tion on the 2 consecutive extinction days carried following the
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Figure 3.

Knockdown of PERK in the IC enhances behavioral plasticity. A, Schematic description of the experimental procedure. B, A representative slice with neuronal nuclear staining (NeuN)

colocalized with native GFP, indicating the virus injection site and proper expression. €, Novel taste (0.1% saccharin) learning is enhanced in PERK shRNA lentivirus-injected rats as expressed by the
increase in preference index (PERK shRNA lentivirus, n = 21; scrambled sequence control vector controls, n = 21,**p = 0.005 for test day 1, and p = 0.001 for test day 2). D, CTA memory is
enhanced in PERK shRNA lentivirus-injected rats (n = 21) compared with scrambled sequence shRNA lentivirus-injected controls (n = 21). Extinction of CTA is improved in PERK shRNA
lentivirus-injected rats, as demonstrated by the reduction in aversion index. Memory day, ***p = 0.0003; extinction of CTA, ***p = 0.001 for day 1 extinction and (Figure legend continues.)
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CTA test (F(; 724, 34486y = 20.410, p = A
0.01, and 0.0001 for extinction days 1 and
2 respectively, repeated-measure ANOVA;
Fig. 3D). Another set of animals was further
tested for general, IC-independent behav-
ioral flexibility in the arm reversal task using
the water T-maze. Whereas CTA was en-
hanced in the PERK shRNA-injected rats as B
observed before (85 = 7.7% vs 59 * 8.7% in
the control group, n = 6 in each group,
= 2.250, p = 0.048, t test), both the scram-
bled and the PERK shRNA lentivirus-
injected animals performed similarly in the
reversal task. Total drinking volumes were
similar in both experimental groups
throughout the behavioral procedure (data
not shown).

The effect of PERK knockdown on
p-elF2a levels in the IC was determined
by immunoblots from IC punches taken
according to the coordinates of the injec-
tion site (n = 17; Fig. 3A). In accordance
with our hypothesis, PERK levels and
p-elF2a levels were significantly reduced 0%

100% 1

50% A

Aversion index
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in the IC punches made at the coordinates
of the injection site (Fig. 3E). The reduc-
tion in p-elF2« levels was not only signif-
icant but also negatively correlated to the
elevation in aversion index, indicative of
improved memory (correlation value r =
—0.55, 1 = 14, p = 0.04).

Figure 4.

Memory

Test Day 1 Day 2

Extinction

PERK knockdown enhances memory at the consolidation phase, but does not affect retrieval A, A schematic descrip-
tion of the experimental procedure. B, (TA was performed 2 d before virus injection and PERK knockdown. Memory test and
extinction assessment were performed 1week following injection. There are no differences in memory between scrambled shRNA
lentivirus-injected and PERK shRNA lentivirus-injected (n = 8 per group) mice, and there is a trend for improved extinction. Top

diagram, Schematic description of the behavioral procedure.

PERK does not affect memory retrieval

We next sought to determine whether the

PERK-mediated effect of memory enhancement is the result of
improved consolidation via the decrease in p-elF2« levels, or
results from better retrieval. Therefore, the PERK shRNA lentivi-
rus was injected to the IC 2 d after performing the CTA training
(0.3% NaCl coupled to injection of 0.075 M LiCl), and the mem-
ory test was performed 1 week following the virus injection (Fig.
4A). Our hypothesis was that if the effect is on learning itself, then
PERK knockdown after learning would have no effect on mem-
ory, as learning occurred before virus injection and reduction in
PERK expression.

Indeed, the PERK shRNA lentivirus-injected group had the
same aversion (memory) as the scrambled shRNA lentivirus-
injected group (50.3 = 6% in PERK shRNA-injected group vs
54.9 * 9.9% in scrambled shRNA lentivirus group), clearly dem-
onstrating that PERK knockdown and the resulting reduction in
p-elF2a levels enhance memory by improving learning, but not
by improving memory retrieval (Fig. 4B). As a control experi-
ment, we divided the animals into two groups before virus injec-
tion, and performed novel taste learning. Clearly, we had no
differences in the preference index between the two groups of
naive animals, and total drinking volumes were similar in both

<«

(Figure legend continued.) 0.0001 for day 2 extinction. Data are mean == SEM. Top diagrams are
schematic description of the behavioral procedure. Blue pipettes indicate water. Red pipettes
indicate saccharin. Yellow pipettes indicate 0.3% NaCl. £, Inmunoblot analysis of the changes
inPERK and p-elF2« levels following virus injection to the IC demonstrates significant reduction
in PERK levels (left, n = 12, *p = 0.02), and significant reduction in p-elF2cx levels (right, n =
17,%p = 0.01).

experimental groups throughout the behavioral procedure (data
not shown).

Discussion

The results in this report demonstrate that under basal conditions
PERK is the predominant kinase to determine p-elF2a levels
(Fig. 1), and that PERK inhibition (using GSK2606414; Axten et
al., 2012) or PERK knockdown (using a specific shRNA lentivi-
rus) in the IC results in enhanced taste memory in both positive
and negative forms of taste learning, namely incidental taste
learning and CTA, respectively (Figs. 2, 3). Moreover, PERK
knockdown results in improved CTA extinction, which indicates
not only enhanced memory, but improved behavioral plasticity
as well (Fig. 3). The improved behavioral plasticity was specific to
IC-dependent behavior (taste learning and extinction), whereas
the hippocampal-dependent T-maze arm reversal task was nor-
mal. In addition, the enhanced memory resulted from improved
learning, as retrieval was not affected (Fig. 4).

The basal levels of p-eIF2a in a specific brain area are deter-
mined by different variables, which include, among others, the
amount and activity of the relevant kinases and phosphatases in
different cell populations (i.e., neurons and non-neuronal cells)
and subcellular localization. Using the viral vectors we reduced
the expression of PERK, GCN2, and PKR in both the 3T3 cell line
and primary neuronal culture. The strong reduction in GCN2
expression with no effect on p-elF2a allows us to conclude that
GCN2 is not the major kinase to determine p-eIF2« on the basal
level. The relative contribution of PKR and PERK is less defini-
tive, though in both cell lines and primary neuronal culture,
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PERK-reduced expression, compared to PKR reduced expres-
sion, clearly had a stronger and more significant effect on
p-elF2a. Interestingly, the half-life of PKR under basal condi-
tions is 6.6 h (Liu et al., 2007), whereas the half-life of PERK is
13 h (Bertolotti et al., 2000). The changes in p-elF2a levels were
measured 1 week following shRNA expression. Therefore, the
changes in kinase expression levels are attributed to the efficacy of
the shRNA applied and not initial differences in kinetics of syn-
thesis and degradation, which are on a far shorter time scale. Impor-
tantly, the ultimate permanent absence of PKR expression in the
PKR KO mice had no effect on p-elF2« (Stern et al., 2013), whereas
PERK KO does have a significant clear reduction of p-elF2a (Ma et
al., 2013). It remains to be clarified which neurotransmitters, neuro-
nal patterns of activity, and signal transduction cascades control
p-elF2a to enable better memory consolidation.

It was previously shown that taste learning induces reduction in
p-elF2alevels, which is correlated with formation and enhancement
of taste learning, and is also necessary for them (Stern et al., 2013).
Taste learning was enhanced in the eIF2a S51A KI mice, which ex-
press reduced levels of p-elF2a (Costa-Mattioli et al., 2007), and also
following pharmacological inhibition of the elF2a kinase PKR
(Stern et al., 2013). However, it was not clear whether the PKR in-
hibitor elicits memory enhancement by reducing p-elF2« levels or
via other targets of PKR (Stern et al., 2013).

Translation regulation and the role of the e[F2« kinases in long-
lasting synaptic plasticity and LTM have been extensively studied
over the past decade (for review, see Trinh and Klann, 2013). Our
knowledge regarding the role of the eIF2« kinases in memory for-
mation and cognitive function comes mainly from the kinase KO
models (GCN2 KO, PKR KO, PERK cKO; Costa-Mattioli et al.,
2005; Zhu et al., 2011; Trinh et al., 2012; Stern et al., 2013). Interest-
ingly, the phenotypes of these mice are complex on the biochemical,
electrophysiological, and behavioral levels. For example, the PKR
KO mice exhibit facilitated late-phase LTP (L-LTP) and LTM, and
PKR is believed to control gene-specific translation, such as IFNy
specifically in GABAergic cells or BDNF in CAl pyramidal cells
(Costa-Mattioli et al., 2005; Jiang et al., 2010; Zhu et al., 2011; Trinh
and Klann, 2013). In GCN2 KO mice, the threshold for L-LTP is
lowered, whereas mGluR-LTD is unaffected. This effect seems to be
mediated by GCN2-dependent ATF4 translation, which is associ-
ated with a lower threshold for activation of CREB-mediated gene
expression (Costa-Mattioli et al., 2005). In PERK KO mice, the
reduction in p-eIF2« levels and ATF4 translation did not alter the
threshold for LTP, as opposed to the lower threshold for induc-
tion in GCN2-deficient mice. In contrast, mGluR-LTD, which is
protein synthesis dependent and unaffected in GCN2-deficient
mice, was enhanced in PERK cKO mice, suggesting the interesting
possibility that distinct pools of mRNA may be differentially trans-
lated during protein synthesis-dependent forms of LTP and LTD
(for review, see Trinh and Klann, 2013). On the behavioral level,
the GCN2 and PKR KO mice exhibit improved hippocampal
LTM under weak training protocols, whereas the behavioral phe-
notype of the PERK KO mice consists of impaired information
processing and behavioral flexibility (Costa-Mattioli et al., 2005;
Zhu et al., 2011; Trinh et al., 2012; Stern et al., 2013).

On the biochemical level, the kinases are known to exert their
effect on translation regulation by phosphorylating the Ser51 of
elF2« in response to various cellular stressors (Trinh and Klann,
2013), and reduced phosphorylation on Ser51 of eIF2« enhances
memory and improves synaptic plasticity (Costa-Mattioli et al.,
2007; Stern et al., 2013). However, the various eIF2« kinase KO
models have produced conflicting data in respect to their contri-
bution to p-elF2« and how this mediates memory enhancement.
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The GCN2 and PKR KO mice are general prenatal knock-
outs, whereas the PERK KO is under the CaMKII promoter, and
is expressed postnatally in the forebrain, further suggesting that
the differences observed in the phenotypes of these mice could be
developmental or can be attributed to different roles of the ki-
nases in specific brain subregions or in cell subtypes.

This notion further emphasizes the need to examine the role
of each kinase in a spatial-specific manner in the adult brain to
determine its role in LTM and in synaptic and behavioral plastic-
ity. More specifically, whereas postnatal deletion of PERK in the
forebrain results in a wide spectrum of behavioral inflexibility
(Trinh et al., 2012), our results demonstrate that reduction of its
expression in the adult brain, restricted to a specific cortical area,
results in enhanced memory and improved extinction, reflecting
better behavioral flexibility (Fig. 3).

A recent study demonstrated that PERK-directed transla-
tional control of p-elF2a distinctly limits the expression of
mGluR-dependent LTD in the hippocampus (Trinh et al., 2014),
and future studies investigating the specific role of PERK-
regulated translation in different brain regions and neuronal
populations will prove useful to elucidate the molecular mecha-
nisms underlying normal and abnormal cognitive processes. In-
deed, altered p-elF2a levels have been reported in various brain
diseases. These neurological disorders and neurodegenerative
diseases include Alzheimer’s disease, Parkinson’s disease, fragile
X syndrome, tuberous sclerosis complex, autism spectrum disor-
der, and prion disease, all involving the accumulation of mis-
folded proteins, and consequently endoplasmic reticulum stress
(Kelleher and Bear, 2008; Ozcan et al., 2008; Auluck et al., 2010;
Hoeffer and Klann, 2010; Palop and Mucke, 2010; Santini and
Klann, 2011; Moreno et al., 2012). Reduced p-elF2« is involved
in psychiatric disorders, such as schizophrenia (Trinh et al.,
2012). PERK phosphorylates eIF2« in response to accumulation
of misfolded proteins, and is a key regulator of the UPR. For these
reasons, PERK has emerged as a promising target for treating
neurodegeneration. Nevertheless, general brain manipulation of
PERK expression via genetic methods has also demonstrated that
UPR activation can directly contribute to cognitive dysfunction
(Trinh et al., 2012). This raises the tantalizing prospect of a gen-
eral treatment for brain diseases, independent of any disease-
specific mechanisms (Halliday and Mallucci, 2014).

The elF2a kinases are nowadays highlighted as promising poten-
tial targets for pharmaceutical development of novel therapies to
various brain diseases. Nevertheless, the notion that e[F2« kinases
have a differential contribution not only to p-elF2a levels but also to
different behaviors, based on different cell types and brain regions,
requires comprehensive thinking regarding the human adult brain,
and demands an effort to develop specific remedies to specific brain
regions and specific disease characteristics. This raises the possibility
that gene therapy using viral vectors is advantageous in tackling
brain disease, as it circumvents global effects on the brain, and makes
it possible to perform specific modifications in specific cells within
specific brain regions. Consistent with these findings, our results
emphasize the critical importance of PERK in normal cognitive pro-
cesses. Further studies elucidating the specific role of PERK-
regulated translation in the brain may provide new avenues to tackle
such widespread and often debilitating neurological disorders.
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