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Sporadic Alzheimer’s disease (AD) is an incurable neurodegenerative disease with clear pathological hallmarks, brain dysfunction, and
unknown etiology. Here, we tested the hypothesis that there is a link between genetic risk factors for AD, cellular metabolic stress, and
transcription/translation regulation. In addition, we aimed at reversing the memory impairment observed in a mouse model of sporadic
AD. We have previously demonstrated that the most prevalent genetic risk factor for AD, the ApoE4 allele, is correlated with increased
phosphorylation of the translation factor eIF2�. In the present study, we tested the possible involvement of additional members of the
eIF2� pathway and identified increased mRNA expression of negative transcription factor ATF4 (aka CREB2) both in human and a mouse
model expressing the human ApoE4 allele. Furthermore, injection of a PKR inhibitor rescued memory impairment and attenuated ATF4
mRNA increased expression in the ApoE4 mice. The results propose a new mechanism by which ApoE4 affects brain function and further
suggest that inhibition of PKR is a way to restore ATF4 overexpression and memory impairment in early stages of sporadic AD.

Key words: Alzheimer’s disease; ATF4; cognitive enhancer; memory consolidation; translation regulation

Introduction
Aging is the main risk factor for Alzheimer’s disease (AD), which
is known to progress for several years or even decades before
appearance of the initial symptoms (Bishop et al., 2010; Sperling

et al., 2011). Apolipoprotein �4 allele (ApoE4) has been largely
associated with increased risk of the late-onset, sporadic AD. The
number of E4 copies carried is significantly associated with dis-
ease manifestation age, with E4/E4 carriers showing the earliest
disease onset (Grossman et al., 2010). However, the underlying
mechanisms by which ApoE4 enhances susceptibility to early on-
set of AD are unclear.

ApoE affects lipid metabolism in different ways, including
regulation of lipid transport in the brain (Kim et al., 2009). The
human ApoE gene has three polymorphic alleles, �2, �3, and �4,
which differ from one another at residues 112 and 158 affecting
their 3D structure (Mahley et al., 2006). The ApoE�4 allele
has �20% prevalence in the general population and �50% in the
AD population (Rall et al., 1982; Strittmatter and Roses, 1996).
ApoE is also a ligand for lipoprotein receptors and thus has an
active role in maintenance of synaptic integrity and transmission
by promoting amyloid-� clearance and reversing NMDA
receptor-dependent suppression caused by amyloid-� peptide
(Lauderback et al., 2001; Chen et al., 2010). ApoE4 variant

Received Dec. 25, 2014; revised Aug. 3, 2015; accepted Aug. 6, 2015.
Author contributions: Y.S., I.B., H.O.-S., C.R.B., and K.R. designed research; Y.S., I.B., H.O.-S., A.L., T.R., O.D., and

M.M. performed research; Y.S., I.B., H.O.-S., K.W., I.S., A.L., T.R., O.D., and K.R. analyzed data; Y.S., I.B., C.R.B. and K.R.
wrote the paper.

This work was supported by European Union Seventh Framework Program EUROSPIN (Contract HEALTH-F2–
2009-241498), the German-Israeli Foundation DIP (RO3971/1–1), Morasha (Israeli Science Foundation Legacy Her-
itage 1315/09), and the Wolfson charitable trust to K.R., H.-O.S. was supported by Ministry of Science and
Technology Eshkol Fellowship. We thank members of the K.R. laboratory, specifically Dr. Shunit Gal Ben-Ari for
critical reading of the manuscript and primary culture generation; and Drs. Vahram (Harry) Haroutunian and Joseph
Buxbaum, Mt. Sinai School of Medicine, New York for the human brain tissue.

The authors declare no competing financial interests.
*Y.S. and I.B. contributed equally to this work.
Correspondence should be addressed to Dr. Kobi Rosenblum, Sagol Department of Neurobiology, Center for Gene

Manipulation in the Brain, University of Haifa, Haifa 3498838, Israel. E-mail: kobir@psy.haifa.ac.il.
DOI:10.1523/JNEUROSCI.5241-14.2015

Copyright © 2015 the authors 0270-6474/15/3512986-08$15.00/0

Significance Statement

ATF4 mRNA relative quantities are elevated in ApoE4 allele carriers compared with noncarrier controls. This is true also for
the ApoE �4 human replacement mice. ApoE4 mice injected with PKR inhibitor (PKRi) demonstrate a significant reduction
in ATF4 expression levels 3 h after one injection of PKRi. Treatment of ApoE4 human replacement mice with the PKRi before
learning rescues the memory impairment of the ApoE4 AD model mice. We think that these results propose a new mecha-
nism by which ApoE4 affects brain function and suggest that inhibition of PKR is a way to restore memory impairment in
early stages of sporadic AD.
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promotes metabolic burden through several pathways, including
oxidative stress, ER stress, inflammation, and mitochondrial dys-
function (Colton et al., 2002; Jofre-Monseny et al., 2008; Zhong
et al., 2009).

A major cellular readout of diverse metabolic stress stimuli is
the phosphorylation of eukaryotic initiation factor 2� (eIF2�) on
Ser51, which functions as a switch for protein translation initia-
tion rate. This process is controlled by different phosphatases and
kinases, including double-stranded RNA-activated protein ki-
nase (PKR), general control nonderepressible 2 (GCN2), and
protein kinase R (PKR)-like endoplasmic reticulum kinase
(PERK) (Trinh and Klann, 2013; Ounallah-Saad et al., 2014).
Interestingly, the eIF2� pathway governs the strength of memory
consolidation, and the levels of eIF2� phosphorylation, as well as
PKR activation, are increased in several neurological disorders,
including AD (Bullido et al., 2008; Gal-Ben-Ari et al., 2012;
Moreno et al., 2012; Dumurgier et al., 2013; Kim et al., 2014) and
AD mouse models (Page et al., 2006; Couturier et al., 2012; Segev
et al., 2013). A recent study has shown that genetic manipulation
of the eIF2� kinases, PERK and GCN2, in APP-PS1 AD model
restores synaptic deficits and improves memory impairment by
reducing eIF2� hyperphosphorylation and ATF4 expression (Ma
et al., 2013). ATF4 links translation regulation with cAMP re-
sponse element-binding protein (CREB) family-dependent tran-
scription, which has been studied extensively for its essential role
in normal and pathological learning and memory processes (Silva
et al., 1998; Satoh et al., 2009; Kida and Serita, 2014). Recent work
revealed both translational and transcriptional active roles of
ATF4 in the development of AD pathology (Baleriola et al., 2014).

The ApoE AD transgenic mouse model, which harbors the
human ApoE4 or ApoE3 under the murine ApoE promoter, is
one of the few models to study sporadic AD (Hartman et al., 2001;
Grootendorst et al., 2005; Bour et al., 2008). Using this model, we
have previously shown that aging or carrying the ApoE4 allele
promotes increased phosphorylation of eIF2� in the forebrain,
suggesting that genetic predisposition and aging converge on the
eIF2� pathway (Segev et al., 2013). Here, we tested the hypothesis
that additional factors related to the eIF2�-pathway in mouse or
human ApoE4 allele carriers are deregulated. Indeed, there are
abnormal changes in ATF4 mRNA and protein expression in the
ApoE4 carriers. Furthermore, inhibition of eIF2� kinase, PKR,
rescues the behavioral impairment phenotype and the increased
ATF4 mRNA and protein levels in ApoE4 mice, introducing a
potential novel treatment for cognitive impairment in sporadic
AD patients.

Materials and Methods
Animals. Humanized knock-in ApoE3 (B6.129P2-ApoEtm2 (ApoE�3) Mae

N8) and ApoE4 (B6.129P2-ApoEtm3 (ApoE�4) Mae N8) homozygous male
mice were supplied by Taconic Farms. Heterozygous mutants (eIF2��/S51A)
were kindly donated by Prof. Nahum Sonenberg (McGill University). All
cages were placed in a light- and temperature-controlled room, and beha-
vioral tests were conducted during daylight hours. All animals were handled
in accordance with the University of Haifa regulations and the National
Institutes of Health Guidelines (Publication Number 8023), and maintai-
ned in a pathogen-free environment.

Animal treatment. All animal care and procedures were performed
in accordance with local guidelines. Four-month-old ApoE3 and
ApoE4 mice were injected intraperitoneally with a single dose of
imidazolo-oxindole PKR inhibitor C-16 (PKRi; catalog #527450; Cal-
biochem; 0.335 �g/g body weight, IC50 � 210 nM). PKRi was prepared
in DMSO (25 mM) and further diluted in saline to a final DMSO
concentration of 0.5%. Control mice were injected with 0.5% DMSO
dissolved in saline solution.

Fear conditioning. Model chambers measuring 25 � 25 � 25 cm inter-
nally (Panlab, Harvard Apparatus) were located inside a larger, insulated
plastic cabinet that excluded external light and noise. For the weak fear-
conditioning protocol, mice were placed in a chamber (with light [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 30 s at 80 dB (conditioned stimulus) and a
subsequent 0.5 mA shock applied for 2 s (unconditioned stimulus), after
which they remained in the chamber for 60 additional seconds. For a
strong fear-conditioning protocol, the mice received two sequential
tone-shock conditioning procedures separated by a 40 s interval. After
the second tone, the mice remained in the chamber for 60 additional
seconds. The chambers were cleaned with 10% ethanol between succes-
sive sets of mice. For context test 24 h and 1 week after conditioning, mice
were placed in the conditioning chamber and kept in the cage for 300 s
without tone or foot shock. Animal behavior was recorded, and the data
were analyzed by Freeze Frame 3.0 software (Coulbourn Instruments).
The indication for fear memory was percentage of time spent freezing.

Isolation of RNA and qRT-PCR of mice tissue. Total RNA (1 �g) extrac-
tion from the hippocampus was performed using the RNAeasy Lipid Tissue
mini kit (QIAGEN) according to the manufacturer’s recommendations. Re-
verse transcription was performed using High Capacity cDNA Reverse
Transcription kit (Applied Biosystem). Real-time PCR was performed with
TaqMan universal PCR master mix (Applied Biosystems) in a total volume
of 10 �l, using 2 �l of cDNA and gene-specific “Assay on Demand” TaqMan
reactions (Applied Biosystems). Real-time PCRs were performed in tripli-
cates using the ABI PRISM StepOne plus Sequence Detector (Applied
Biosystems) under the following conditions: 50°C for 2 min, 95°C for 10
min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. Threshold cycle (Ct)
values of the examined genes were normalized to the Ct values of the
mouse gpdh (Mm99999915_g1). The genes analyzed were as follows:
DNA damage-inducible protein (gadd34/ppp1r15a; Mm00515325_g1),
eif2� (Mm01289723_m1), double-stranded RNA-activated protein ki-
nase ( pkr/eif2ak2; Mm01235643_m1), protein kinase R (PKR)-like
endoplasmic reticulum kinase ( perk/eif2ak3, Mm00438700_m1), gen-
eral control nonderepressible-2 (gcn2/eif2ak4; Mm00469222_m1), acti-
vation transcription factor 4 (atf4; Mm00515325_g1), and C/EBP
Homology protein (chop, Mn0113597_g1).

For human samples, total RNA (1 �g) from Bm8 region was reverse
transcribed using ImpromII (Promega) with random hexamers (MBI,
Fermentas). Ct values of the examined gene of interest (atf4,
Hs00909569-g1) were normalized to the Ct values of two housekeeping
genes gusb and ipo8 (Hs99999908-m1 and Hs00183533-m1, respectively)
in the �4 carrier and null allele control groups. Relative mRNA quantities
were calculated for each sample separately using 2 ��Ct formula, and
mRNA relative quantities for the test group (ApoE�4 carriers) was cal-
culated using the 2 ���Ct formula. Statistical analyses were performed
using �Ct values.

Human samples. Samples were received from the Brain Bank at Mt.
Sinai School of Medicine, New York. The study included postmortem
samples from a cross-section of 43 nursing home residents with clinical
dementia rating (CDR) scale scores ranging from CDR0 (no dementia)
to CDR1 (mild dementia). The subjects were either ApoE-�4 allele car-
riers (n � 11, 8 women, 3 men, age range 67–96 years), or noncarrier
controls (n � 30, 24 women, 6 men, age range 69 –98 years). Brain
samples were taken from the superior frontal gyrus (Bm8).

ISH. Mice were perfused with 4% PFA. Brains were removed and
submerged sequentially in 4% PFA for 24 h at 4°C and 30% sucrose for
48 h at 4°C. On the following day, the brains were rapidly frozen in
2-methyl butane and cooled to �80°C; 30-�m-thick coronal sections
were cut on a Leica CM3050S cryostat using Richard-Allan Sec5e blades.
Sections were immediately stored in a phosphate buffer containing 0.1%
azide at 4°C. For ATF4 ISH, riboprobes were prepared from genomic
mouse DNA using the following PCR primers: forward-ATF4 (5	-
CCTTCGAGTTAAGCACATTCCT-3	) and reverse-ATF4 (5	-TTTC
TAGCTCCTTACACTCGCC-3	), generating a 979-nt-long PCR prod-
uct that was cloned into the pCRII vector (Invitrogen). Antisense and
sense probes were transcribed from linearized plasmids using T7 and SP6
polymerase in the presence of digoxigenin (DIG) labeling mix (Roche
Diagnostics) according to the manufacturer’s instructions. ISH was per-

Segev, Barrera et al. • PKR Inhibition Reverses ApoE �4 Phenotypes J. Neurosci., September 23, 2015 • 35(38):12986 –12993 • 12987



formed on 30-�m-thick floating sections, as described previously
(Wibrand et al., 2006). To visualize the hybridization, the chromogenic
substrates NBT/BCIP were used (Roche). Imaging was done using a
Nikon Eclipse E600 microscope equipped with a 4� objective and the
acquisition software NIS-Elements AR (Nikon Instruments). Micros-
copy images were analyzed using the open source software ImageJ
(http://imagej.nih.gov/ij/). The average of the mean intensity of the
staining was obtained for each hippocampal subfield and the background
was subtracted before calculating the reciprocal values (n � 4).

Hippocampal slice preparation. After decapitation, mouse brain was
immediately immersed in cold (4°C) carboxygenated (95% O2, 5% CO2)
ACSF, which comprised 124 mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 1.2
mM NaH2PO4, 26 mM NaHCO3, 10 mM D-glucose, and 2.4 mM CaCl2.
After 2 min, both hippocampi were dissected out in a plate filled with
cold (4°C) ACSF on ice. The hippocampi were then put on a cooled stand
of a McIlwain tissue chopper TC752 (Campden Instruments), cut into
400 �m slices, and then put back into a chamber filled with cold (4°C)
carboxygenated ACSF. The hippocampal slices were kept in six different
chambers at room temperature for 2 h before any pharmacological in-
tervention (3 chambers for ApoE3 and 3 for ApoE4); each chamber
contained six slices. Within each experiment, two chambers (one for
ApoE3 and another for ApoE4) were used as a positive control for the
quality of the slices, by infusing the chambers with 0.5% DMSO in ACSF,
and the remaining four chambers were the experimental chambers. PKRi
(catalog #527450; Calbiochem) was dissolved in DMSO and further di-
luted in ACSF to a final DMSO concentration of 0.5%. Each chamber was
incubated with the 50 �M PKRi for 3 h.

Western blot analysis. Aliquots of the homogenate samples in SDS
sample buffer were subjected to SDS-PAGE and Western blot analysis.
After electrophoresis and electroblotting, the blots were blocked in
freshly prepared Tris-buffered saline solution containing 0.1% Tween 20
(TBST) with 2%–5% BSA for 1 h at room temperature, with agitation.
The blots were incubated with primary antibody overnight at 4°C. After
three 5 min washes with TBST, the blots were incubated for 1 h at room
temperature with HRP-conjugated antibody (1:10,000) (GE Health-
care). The blots were then washed three times in TBST and exposed to
enhanced chemiluminescence with the 20 –500-120 EZ ECL kit (Biolog-
ical Industries). Blots were exposed in ChemiDox XRS (Bio-Rad) and
analyzed by Quantity-One 4.5.0 software (Bio-Rad). The following anti-
bodies were used for Western blot analysis: ATF4 1:500 (D4B8) rabbit
mAb #11815 (Cell Signaling Technology) and �-actin 1:12,000 (Santa
Cruz Biotechnology).

Statistical analysis. Statistical analyses were performed with IBM SPSS
Statistics 19 software and GraphPad Prism6. Means of two groups were
compared with a two-tailed t test or the Mann-Whitney-Wilcoxon U test.
Comparisons of multiple groups or measurements were analyzed with
one-way ANOVA or two-way ANOVA, respectively, followed by the
appropriate post hoc tests.

Results
Human-ApoE4 targeted replacement mice exhibit prolonged
mild cognitive impairment in contextual fear conditioning
To better define memory impairment in young ApoE4 AD model
mice, we first replicated the differential hippocampal-dependent
behavioral phenotype of young male (4 – 6 months) ApoE4 and
ApoE3 mice, observed previously (Hartman et al., 2001; Groo-
tendorst et al., 2005; Bour et al., 2008; Segev et al., 2013). As
expected, ApoE4 mice did not differ in freezing percentage in the
conditioning phase (F(1,35) � 0.12, p � 0.73; two-way repeated-
measures ANOVA; Fig. 1A). However, they displayed mild cog-
nitive impairment-like behavior in contextual fear memory 24 h
after conditioning (ApoE4, n � 22; ApoE3, n � 15; t(24.1) � 3.03,
p � 0.006; Fig. 1B).

To elucidate whether the memory deficiency remains appar-
ent at a later time point reminiscent of consolidation (Daumas et
al., 2005; Ji and Maren, 2008), we tested the mice using both a
stronger protocol (two consecutive tone-shocks as opposed to

one) and a longer time interval between conditioning and the
retrieval test (1 week as opposed to 24 h; Fig. 1C–E). Indeed,
memory impairment of young ApoE4 mice was perceptible both
24 h (ApoE4, n � 8; ApoE3, n � 6; t(6.4) � 3.8, p � 0.008; Fig. 1D)
and 1 week (ApoE4, n � 8; ApoE3, n � 6; t(5.9) � 2.7, p � 0.04;
Fig. 1E) after conditioning. There were no differences in freezing
percentage of the tone test (F(1,12) � 0.84, p � 0.38; two-way
repeated-measures ANOVA; data not shown), consistent with
previous studies (Hartman et al., 2001; Grootendorst et al., 2005;
Bour et al., 2008; Segev et al., 2013). These results suggest that the
memory impairment in the ApoE4 mice in the contextual fear
conditioning behavioral paradigm is strong and consistent;
therefore, this was the test studied throughout the paper.

Differential and region-specific expression of ATF4 mRNA in
ApoE4 mice and human samples
ApoE4 mice express higher phosphorylation levels of eIF2� com-
pared with ApoE3 controls (Segev et al., 2013). We hypothesized
that ApoE�4 allele-dependent constitutive multifactorial meta-
bolic burden, mirrored in part by activation of the eIF2� path-
way, may induce transcriptional changes in eIF2� pathway genes
(Baird and Wek, 2012). qRT-PCR revealed an �40% increase in
the expression of ATF4 mRNA in ApoE4 mice (ApoE4, n � 10;
ApoE3, n � 8; t(16) � 7.06, p 
 0.0001; Fig. 2A). In contrast, other
eIF2� pathway genes examined were not differentially expressed
(Fig. 2A), for example, growth arrest and DNA damage-inducible
protein (gadd34/ppp1r15a; t(16) � 1.22, p � 0.2), eif2� (ApoE4,
n � 10; ApoE3, n � 8; Z � �0.8, p � 0.42; Mann-Whitney test),
and eIF2�-kinases: pkr/eif2ak2 (t(16) � 0.254, p � 0.8); PKR-like
endoplasmic reticulum kinase (perk/eif2ak3; t(16) � �0.152, p �
0.9); and general control nonderepressible-2 (gcn2/eif2ak4; t(16)

� 0.65, p � 0.5). As one of the direct targets of ATF4, we also
analyzed CHOP/GADD153 mRNA relative expression (Gachon
et al., 2001). Although not significant, chop expression showed a
tendency to a decrease in the ApoE4 hippocampus (t(16) � 1.818
p � 0.0878).

To find whether the changes in transcription levels of ATF4
are ApoE4- and not ApoE3-dependent, we compared ATF4
mRNA levels in the hippocampus of ApoE4 and ApoE3 mice with
those in the WT background C57BL/6 mice. Indeed, ApoE4 mice
expressed significantly higher ATF4 levels compared with both
control strains (ApoE4, n � 4; ApoE3, n � 8, p � 0.0001;
C57BL/6, n � 4, p � 0.02; F(2,13) � 19.5, p � 0.0001, one-way
ANOVA with Scheffé’s pairwise comparisons; Fig. 2B).

Next, we compared the relative mRNA levels of ATF4 in
young and old (4 and 12 months old, respectively) ApoE4 and
ApoE3-control mice. Similarly to higher eIF2� phosphorylation
levels in aged ApoE3 and young ApoE4 mice (Segev et al., 2013),
aged ApoE3 mice showed a significant increase in ATF4 mRNA
levels compared with young ApoE3 mice (aged ApoE3, n � 3;
young ApoE3, n � 8; p � 0.001). In addition, although young
ApoE4 mice differed from aged ApoE4 mice (young ApoE4, n �
10; aged ApoE4, n � 5; p � 0.03; Fig. 2C), there were no signifi-
cant differences between young ApoE4 and aged ApoE3 mice
(p � 0.46). This further suggests that young ApoE4 mice display
a premature aging-like phenotype reflected in activation of the
eIF2�/ATF4 pathway. The statistical analysis reflects both a strain
effect (F(1,22) � 9.07, p � 0.006) as well as an age effect (F(1,22) �
27.65, p 
 0.0001; two-way ANOVA with Tukey pairwise
comparisons).

To further test our hypothesis linking chronic upregulation of
eIF2� phosphorylation and transcription of ATF4, we analyzed
ATF4 mRNA levels in the hippocampus of eIF2� heterozygous
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mutant (eIF2��/S51A) mice, in which eIF2� phosphorylation and
ATF4 translation are reduced and cognition is enhanced (Costa-
Mattioli et al., 2007). Indeed, eIF2�-KI mice expressed signifi-
cantly lower ATF4 mRNA levels in the hippocampus compared
with WT littermates (eIF2�-KI, n � 11; eIF2�-WT, n � 9; t(18) �
2.4, p � 0.03; Fig. 2D), surprisingly demonstrating that a pro-
longed reduction in phosphorylation levels of eIF2� has a bidi-
rectional effect specifically on the transcription of ATF4 (Jiang et
al., 2010; Trinh et al., 2012).

To strengthen our findings and to address the spatial distribu-
tion of ATF4-increased transcription levels within different sub-
fields of the hippocampus, we used ISH on coronal hippocampal
sections of young ApoE4 and ApoE3 mice. In addition to differ-
ential expression of ATF4 within the different subfields of the
hippocampus both in ApoE4 and ApoE3 mice (F(2,48) � 61.7, p 

0.0001; two-way repeated-measures ANOVA with Sidak’s pair-
wise comparisons), ApoE4 mice showed significantly higher
ATF4 levels specifically in the CA1 region of the hippocampus
compared with those in ApoE3 mice (ApoE4, n � 13; ApoE3, n �
13; p � 0.044; Fig. 2E,F). Sample size in this experiment reflects

the number of slices quantified from n � 4 animals from each
strain group.

The intriguing results in the AD model mice suggested a correla-
tion between expression of the ApoE4 allele and ATF4 mRNA in the
human brain. To test this hypothesis, we measured ATF4 mRNA
expression levels in cDNA samples derived from postmortem hu-
man brains, using qRT-PCR. The region examined was the superior
frontal gyrus (Bm8), which is known to be highly affected in AD
(Sadigh-Eteghad et al., 2014). Interestingly, ATF4 mRNA levels are
elevated 1.8-fold in ApoE4 allele carriers possessing either one or two
copies of the allele (n � 11) compared with non-ApoE4 allele carrier
(n � 31) controls (t(15.57) � �2.21, p � 0.04; Fig. 2G), thus further
demonstrating a link between ApoE4 and CREB regulation of tran-
scription via ATF4.

PKR-inhibition rescues memory impairment in ApoE4 mice
and reduces ATF4 mRNA and protein levels in the
hippocampus
Assuming metabolic burden imposed by the ApoE4 allele is man-
ifested at least in part by increased eIF2� phosphorylation (Segev

Figure 1. Human-ApoE4-targeted replacement mice show prolonged mild cognitive impairment in contextual fear conditioning. A, Conditioning; young (4 – 6 months) ApoE4 (n � 22) and
ApoE3 (n � 15) mice were trained in a weak contextual fear conditioning paradigm. There are no significant changes between groups in freezing percentage ( p � 0.73). B, Context test; 24 h after
conditioning, the mice used for the weak contextual fear conditioning paradigm (A) were tested for contextual memory by placing them in the conditioning chamber. ApoE4 mice show significantly
lower freezing percentage than ApoE3 control mice. **p � 0.006. C, Conditioning; young ApoE4 (n � 8) and ApoE3 (n � 6) mice were trained in a strong contextual fear conditioning paradigm.
There are no significant changes between groups in freezing percentage ( p � 0.38). D, At 24 h after conditioning, the mice used in C were tested for contextual memory by placing them in the same
chamber as the conditioning chamber. ApoE4 mice show significantly lower freezing percentage than ApoE3 age-matched controls. **p � 0.008. E, At 1 week after conditioning, mice were tested
again for contextual memory and freezing was evaluated. ApoE4 mice show significantly lower freezing in the context test, compared with ApoE3 age-matched controls. *p � 0.04. Data are
mean � SEM. *p 
 0.05. **p 
 0.01. A, C, Repeated-measures ANOVA. B, D, E, t test.
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et al., 2013; Ohno, 2014) and accounts to some degree for the
cognitive deficiency, we aimed to rescue the impaired behavioral
phenotype of ApoE4 mice observed, by interfering with the eIF2�
kinase PKR. PKRi has been previously referred to as a cognitive
enhancer (Zhu et al., 2011; Stern et al., 2013); therefore, we ex-
pected the inhibitor to enhance cognition in the ApoE3 control
group. For this purpose, ApoE3 mice were injected intraperito-
neally with PKRi (PKRi; C-16, 0.335 �g/g body weight in 0.9%
saline and 0.5% DMSO) 1 h before training in the fear condition-
ing paradigm using the standard one tone-shock protocol. For
control, ApoE3 mice were injected with vehicle (0.9% saline,
0.5% DMSO). Interestingly, PKRi did not have an effect on 1
week long-term contextual memory (PKRi, n � 14; vehicle, n �
21; t(33) � 0.36, p � 0.72) in ApoE3-treated mice (Fig. 3A). This
could be explained by a ceiling effect in the behavior of this mouse
strain, which does not allow them to improve their freezing
percentage.

However, using the same experimental settings, ApoE4 PKRi-
treated mice showed improvement in the 1 week long-term con-
textual memory paradigm compared with ApoE4 vehicle-treated
mice (PKRi, n � 15; vehicle, n � 16; t(29) � 2.62, p � 0.01; Fig.
3B). PKRi did not affect the freezing percentage in the condition-
ing phase (data not shown).

In parallel, we aimed at testing the link between the PKR/
eIF2� pathway and ATF4 transcription and translation in the
ApoE4 model. Toward that end, ApoE4 mice were injected intra-
peritoneally with PKRi, and hippocampal ATF4-mRNA levels
were examined. For control, additional ApoE4 and ApoE3
groups were injected with vehicle. As shown above, here too,
basal hippocampal mRNA levels of ATF4 were highly increased
in ApoE4 compared with ApoE3 mice (ApoE3 vehicle, n � 6;
ApoE4 vehicle, n � 7; p 
 0.0001; Fig. 3C). In addition, ApoE4
mice injected with PKRi demonstrated a small but significant
reduction in hippocampal ATF4 mRNA expression levels 3 h

Figure 2. Differential and region-specific expression of ATF4 mRNA in the hippocampus in human-ApoE Tg mice and human samples. A, Whole hippocampal tissue of young ApoE4 (n � 10) mice
and ApoE3 (n � 8) age-matched controls was assessed for eIF2 pathway-related mRNA factors. ApoE4 mice show significantly increased ATF4 mRNA levels (***p � 2.7 � 10 �6). No differences
in the mRNA levels of GADD34, PKR, PERK, GCN2, CHOP, and eIF2� were observed. B, ATF4 mRNA levels in the hippocampus of ApoE3 (n � 8) and ApoE4 (n � 4) mice were compared with those
in C57BL/6 (n � 4) mice. ApoE4 ATF4 mRNA levels are significantly higher than ApoE3 (***p � 0.0001) and C57BL/6 (*p � 0.02). No significant differences were observed between the two control
groups. C, The mRNA levels of ATF4 are significantly increased in the hippocampus of aged ApoE3 (n � 5) mice (**p � 0.001) to a higher extent than in aged ApoE4 mice (*p � 0.03), compared
with strain-matched controls. There are no significant differences in ATF4 mRNA levels between young ApoE4 and aged ApoE3 hippocampus ( p � 0.46). D, eIF2� mice (4 months; n � 11) have
significantly decreased mRNA levels of ATF4 in the hippocampus compared with age-matched eIF2�-WT controls (n � 9; *p � 0.03). E, RNA ISH was performed on coronal hippocampal sections
using digoxigenin-labeled RNA probes against ATF4 mRNA. Two representative images are shown. Arrowheads point to the CA1 region of the hippocampus where a difference in ATF4 mRNA
expression is observed between the two mouse strains. F, Quantification of the mean intensity of ATF4 mRNA staining in cell body layers of the DG, CA1, and CA3 subfields of the hippocampus are
reported as arbitrary units (a.u.) of reciprocal intensity. ATF4 mRNA distribution across hippocampal layers varies between the DG, CA1, and CA3, in both ApoE3 (n � 13) and ApoE4 (n � 13) ( #p 

0.0001). CA1 ATF4 mRNA staining is significantly increased in ApoE4 (*p � 0.044). G, ATF4 mRNA relative quantities (RQ) in cDNA from postmortem brains are increased in ApoE4 carriers (n � 11)
versus noncarriers (n � 31, age range 67–98 years) (*p � 0.04). gusb and ipo8 were used as endogenous controls. RQ was calculated for each sample using the 2ˆ ��Ct formula. Data are mean
RQ/au � �Ct/SEM. *p 
 0.05. **p 
 0.01. ***p 
 0.001. A, D, G, t test. B, One-way ANOVA with Scheffé’s post hoc comparisons. C, Two-way ANOVA with Tukey pairwise comparisons. F,
Repeated-measures ANOVA.
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after a single injection of PKRi (ApoE4 PKRi, n � 7; ApoE4
vehicle, n � 7; p � 0.007; F(2,17) � 25.43, p 
 0.0001; one-way
ANOVA with Fisher’s LSD pairwise comparison; Fig. 3C).

Next, we assessed the effect of PKRi on hippocampal protein
levels of ATF4, using hippocampal slice tissue. Freshly dissected
hippocampal slices from ApoE3 and ApoE4 mice were immersed
in ACSF and kept for 2 h before any pharmacological manipula-
tion. Then the hippocampal slices were infused with vehicle (i.e.,
0.5% DMSO) or with 50 �M PKRi in 0.5% DMSO for 3 h. West-
ern blot analysis revealed increased ATF4 protein levels in
vehicle-treated hippocampal slices of ApoE4 compared with
ApoE3 mice (ApoE4 vehicle, n � 18; ApoE3 vehicle, n � 20; p �
0.04; Fig. 3D). In addition, PKRi treatment significantly reduced
ATF4 levels in the ApoE4 mice (ApoE4-PKRi, n � 19; p � 0.009),
comparable to levels of vehicle-treated ApoE3 mice (p � 0.49;
Fig. 3D). This experiment clearly demonstrates a significant PKRi
effect (F(1,72) � 4.86, p � 0.031; two-way ANOVA with Fisher’s
LSD pairwise comparisons). Sample size here represents the
number of slices dissected from 7 animals from each strain type.

No apparent changes between ApoE3 and ApoE4 mice were
detected in hippocampal levels of PERK phosphorylation, pro-
tein expression of GADD34, or the PKR activator PACT (data not
shown).

Discussion
The newly identified convergence of molecular machinery un-
derlying memory consolidation and readout of cellular/neuronal
metabolic stress suggest that eIF2� phosphorylation, as a key
valve controlling translation initiation rate, is involved in both
processes. Thus, it may serve as a causal link between prolonged
metabolic stress and neurodegenerative diseases (O’Connor et
al., 2008; Segev et al., 2013; Halliday et al., 2014). In accordance
with this line, we establish for the first time, to our knowledge,
that the ApoE4 allele, the most significant genetic factor in spo-
radic AD, known to promote multifactorial metabolic stress,
converges on the eIF2�/ATF4 pathway both in a mouse model
and the human brain.

Surprisingly, ATF4 abnormal expression in ApoE4 carriers is
apparent not only as expected in protein level but also on the
transcriptional level. Strengthening this is the finding that
eIF2�-KI mice, known to express low ATF4 protein levels (Costa-
Mattioli et al., 2007), possess similarly lower ATF4 mRNA levels
in the hippocampus, suggesting bidirectional regulation of ATF4
mRNA levels by phosphorylation of eIF2�. The transcription
factor ATF4 is a repressor of CREB-mediated gene expression,
known to be an essential activator of gene expression required for

Figure 3. PKR inhibition rescues memory impairment in ApoE4 mice and reduces ATF4 mRNA and protein levels in the hippocampus. ApoE4 and ApoE3 (4 –5 months) mice were injected
intraperitoneally with a PKRi (n � 15) or vehicle (n � 16 –22), at a dose of 0.335 �g/g body weight, 1 h before conditioning in a weak contextual fear conditioning paradigm, in two separate
experiments for each strain. A, ApoE3-treated mice do not differ significantly from ApoE3 vehicle ( p � 0.72), in the context test 1 week after training. B, ApoE4 PKR-injected mice show significant
increase in the freezing levels compared with ApoE4 vehicle. *p � 0.01. C, ApoE4 mice were injected intraperitoneally with PKRi (n � 7), and their hippocampus was harvested 3 h after injection
for evaluation of ATF4 mRNA levels. For control, ApoE4 (n � 7) and ApoE3 (n � 8) were injected with vehicle. In addition to increased mRNA expression in ApoE4 hippocampus compared with ApoE3
(****p 
 0.0001), PKRi significantly reduced mRNA levels in ApoE4-treated group compared with ApoE4 vehicle (**p � 0.007). D, ApoE4 vehicle hippocampal slices express higher ATF4-protein
levels compared with ApoE3 vehicle slices (ApoE4-veh, n � 18; ApoE3-veh, n � 20). *p � 0.04. PKRi decreases protein levels of ATF4 in ApoE4 hippocampal slices compared with ApoE4 vehicle
slices (ApoE4-PKRi, n � 19). **p � 0.009. Data are mean RQ/Mean ��Ct/SEM. *p 
 0.05. **p 
 0.01. ***p 
 0.001. A, B, t test. C, One-way ANOVA with LSD post hoc comparisons. D, Two-way
ANOVA with Fisher’s LSD pairwise comparisons.
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the formation of long-term memory (Trinh et al., 2012). Further-
more, ATF4 has been described as playing an important role in
normal brain physiology (Frank et al., 2010), as well as in the
integrated stress response (Lange et al., 2008; Baleriola et al.,
2014). ATF4 is subjected to both translational and transcriptional
regulation by diverse stress stimuli. For example, ATF4 transcrip-
tion is activated by amino acid deprivation, glucose starvation,
and ER stress (Baird and Wek, 2012). The recently reported link
between ApoE4 and the increase of nuclear import of class II
histone deacetylase (HDAC4 and HDAC6) (Sen et al., 2015)
could explain the levels of ATF4 mRNA by epigenetic changes in
ATF4 promoter, although further studies will be necessary to
investigate this possibility.

Our present findings open a new angle of research regarding
ApoE4 metabolic and cognitive burden in young carriers. Most
importantly, the cognitive disruption apparent in the ApoE4
model, as well as increased mRNA and protein expression of
ATF4, is reversed via inhibition of PKR. Different groups have
focused on intervention of eIF2/PKR-related pathways, however,
mainly in relation to amyloid-� pathology in familial-AD mice
models (Lourenco et al., 2013; Ma et al., 2013). In the present
study, we analyzed the outcome of inhibiting this pathway in a
model of sporadic AD, ApoE4 mouse model, and its effect on the
cognitive decline of the disease. This was approached using the
fear conditioning paradigm, which showed the strongest differ-
ences between the ApoE mouse strains. Other groups have de-
scribed additional behavioral paradigms in which ApoE4 mice
are deficient (Kornecook et al., 2010; Salomon-Zimri et al.,
2014). It would be interesting to further extend the behavioral
effects of PKRi on these additional tests. In addition to the behav-
ioral effect, we found that a single PKRi injection is sufficient to
induce a small but significant reduction in ATF4 mRNA in
ApoE4 mice after3 h.

The ISH results suggest that different brain regions are
differentially affected by genetic predisposition; and specifi-
cally, CA1 may play an important role in the p-eIF2�/ATF4
integrated stress response of ApoE4 carriers. It would be in-
triguing to further measure the differential expression of
ATF4 in the hippocampus of ApoE4 human and mouse carri-
ers in specific cell types and subfields, such as the CA1. In our
present study, we used for coherence male mice; however,
further analysis should assess possible gender effects on the
eIF2�-ATF4 pathway.

From a clinical perspective, it is important to note that PKR
inhibition may be cognitively and metabolically beneficial also in
an eIF2�-independent pathway (Carvalho et al., 2013; Nakamura
et al., 2014) in normal aged and in the AD population, due to its
involvement in inflammation and insulin metabolism (Zhu et al.,
2011; Couturier et al., 2012; Stern et al., 2013). Furthermore, we
cannot exclude the possibility that ApoE4-dependent ATF4 tran-
scription is only partially regulated by PKR/eIF2 pathway activa-
tion and that PKRi enhances memory via additional pathways.
One may expect that intervention with the PKR pathway may
lead to changes in general protein translation. Although this may
indeed be one of the outcomes, our results strengthen the grow-
ing hypothesis suggesting that memory-dependent PKR/eIF2�
regulation depends more on transcription or translation of par-
ticular genes, most probably in specific neuronal types, than on
the overall levels of general translation (Jiang et al., 2010). This
group showed that pharmacologic specific activation of PKR in
the CA1 did not have an effect on de novo general protein synthe-
sis but rather had a specific increase of a small subset of genes,
such as atf4.

Specifically targeting ATF4 via viral injections to either knock
down ATF4 or overexpress CREB may be an additional tool to
overcome the memory deficiency observed in this AD mouse
model. However, due to the importance of ATF4 in diverse path-
ways in normal physiology, this issue should be carefully ad-
dressed (Trinh and Klann, 2013; Pasini et al., 2015).

Recent results, including ours, merit comprehensive screen-
ing for genetic risk factors for age-associated cognitive impair-
ment of genes encoding for different translation factors and
regulators. Moreover, this study opens new avenues for early
treatment of mild cognitive impairment in the normal aged pop-
ulation and AD patients.
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