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a b s t r a c t

Alzheimer's disease (AD) causes neurodegeneration, leading to cognitive impairment and memory loss.
Our previous studies have demonstrated that the induction of growth arrest and DNA damage-inducible
gene 34 (GADD34) by quercetin can affect eukaryotic translation initiation factor 2a (eIF2a)
phosphorylation-activated transcription factor 4 (ATF4) signaling. However, the relationship between
GADD34 expression and cognitive function has not been clarified. In this study, we determined the direct
effect of GADD34 on memory. To achieve this, truncated GADD34 (GADD34.5) was injected into the
mouse brain to suppress eIF2a phosphorylation and evaluate memory. The injection of GADD34.5 into the
hippocampus in AD-model mice did not improve novel object recognition but improved novel object
location. The injection of GADD34.5 into the amygdala also resulted in the maintenance of contextual fear
memory based on the fear condition test. These results suggest that GADD34 is effective in improving
memory for spatial cognition and contextual fear conditioning in AD by inhibiting eIF2a phosphorylation.
In summary, GADD34 suppresses eIF2a phosphorylation in the brain and prevents memory loss. As
quercetin feeding increases GADD34 expression, it might be used in preventative applications for AD.

© 2023 Elsevier Inc. All rights reserved.

1. Introduction

Alzheimer's disease (AD) is characterized by amyloid plaque
deposition and neurofibrillary tangles, which typically cause
memory loss and cognitive decline [1]. Dementia cases, including
AD, are estimated to increase to 131.5 million by 2050 [2]. However,
no cure has been established to date.

Aging-induced impairment of autophagy leads to amino acid
starvation and activates GCN2, an amino acid sensor. GCN2 induces
eukaryotic translation initiation factor 2a (eIF2a) phosphorylation
[3]. This phosphorylation suppresses general protein synthesis but
promotes the translation of some genes, such as activating tran-
scription factor 4 (ATF4) [4]. Decreased expression of GCN2 leads to

the reduced phosphorylation of eIF2a, which in turn results in
reduced ATF4 expression; together, these changes enhance CREB-
dependent transcription, synaptic plasticity, and learning [5].

In contrast, we previously revealed that ATF4 increases the
expression of presenilin 1 (PS1), which is a core component of g-
secretase [6], to promote amyloid-b (Ab) production [7]. Endo-
plasmic reticulum (ER) stress induced by diabetes and obesity ac-
tivates PERK, which phosphorylates eIF2a and increases PS1
expression. Therefore, we surmised that the eIF2a-ATF4-PS1 axis
might be a core signaling pathway that induces AD and that the
regulation of ATF4 expression in the brain is important for the
prevention of AD.

Growth arrest and DNA damage-inducible gene 34 (GADD34)
forms a structural complex with the catalytic subunit of protein
phosphatase 1 (PP1c) [8], which has been shown to promote the
dephosphorylation of eIF2a and rescue cells from false protein
folding stress [9]. We showed that quercetin, a polyphenol, induces
GADD34 expression and suppresses ATF4 expression, leading to
decreased Ab production in vitro [10]. Quercetin administration has
also been shown to increase GADD34 expression in the brains of
AD-model (APP23) mice and delay memory loss in fear condi-
tioning tests in the early stages [11].

However, the molecular mechanism underlying the effect of
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quercetin on brain function has not been elucidated. In this study,
we investigated the direct effect of GADD34 on signal transduction
in the brain and in memory. To this end, we directly injected
truncated GADD34.5 into the mouse brain for the first time and
assessed memory functions in APP23 mice. Our results indicated
that increased truncated GADD34 expression in the brain improved
memory, suggesting that quercetin supplementation might in-
crease GADD34 expression in the brain to prevent AD.

2. Materials and methods

2.1. Materials

We used the following chemicals in this study: NaCl, HCl, NaOH,
CaCl2, sodium deoxycholate, NP-40, polyoxyethylene (20) sorbitan
monolaurate, b-glycerophosphate, Na3VO4, sodium dodecyl sulfate
(SDS), agar powder, ampicillin sodium, kanamycin sulfate, skim
milk powder, Dulbecco's modified Eagle's medium (DMEM), Mg2þ-
and Ca2þ-free Hanks' Balanced Salt Solution (HBSS), HEPES, and
EDTA・2Na from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan); aprotinin, pepstatin A, leupeptin, phenylmethylsulfonyl
fluoride (PMSF), bovine serum albumin (BSA), and forskolin from
Sigma-Aldrich Co. (Burlington, MA, USA); 0.05% trypsin-EDTA,
penicillin/streptomycin, MEM non-essential amino acids, L-gluta-
mine, sodium pyruvate, and UltraPure Tris from Thermo Fisher
Scientific (Waltham, MA, USA); and Bacto tryptone and Bacto yeast
extract from Becton, Dickinson and Company (Franklin Lakes, NJ,
USA).

2.2. Subcloning

Gamma 34.5 (ICR34.5) is known as a GADD34 homologous gene,
encoded by a virus (herpes simplex virus-1: HSV-1) [12]. We used
amino acids from the 379e626 region of human GADD34, which
corresponds to full-length g34.5, and named it GADD34.5. We
amplified the cDNA encoding that region via polymerase chain
reaction (PCR) using KOD plus (Toyobo Co, Ltd, Osaka, Japan) and
the following primers: forward, 50-CTCAAGCTTactcctgcta-
caggtgtcttctt-30, and reverse, 50-CTCAGATCTttagggggctaaaggtggttc-
30; the underlined and lowercase text indicate the enzyme site and
coding region, respectively. This was then subcloned into the Hin-
dIII and BglII sites of pFLAG-CMV2 (Sigma-Aldrich Co.), fusing the
FLAG tag to the N-terminus of the inserted gene. Subsequently, the
GADD34.5 gene together with the FLAG-tag gene was amplified
through PCR using the following primers: forward, 50-CTCGGATC-
CAACatggactacaagacgatgac-30, and reverse, 50-CTCGAATTCt-
tagggggctaaaggtgg-30; the underlined, lowercase, and bold text
indicate the enzyme site, coding region, and Kozak sequence,
respectively. This was then subcloned into the EcoRI and BamHI
sites of the FUGW vector (Addgene, Watertown, MA, USA, #14883
[13]; the GFP gene was removed). The Kozak sequence (CCAAC;
same as the sequence indicated in bold for the forward primer for
the second PCR described previously) was inserted upstream of the
start codon. Plasmids were purified using the Plasmid midi kit
(Qiagen, Düsseldorf, Germany).

2.3. Cell culture

Human embryonic kidney (HEK) 293T cells were grown in
complete DMEM supplemented with 10% fetal bovine serum (FBS;
Biowest, Nuaill�e, France) and penicillin/streptomycin. To produce
the lentivirus, 293FT cells (Thermo Fisher Scientific) were used.
Cells were maintained at 37�C in an atmosphere containing 5% CO2.

2.4. Western blotting

Western blotting was performed as previously described [7].
Mouse tissues and cultured cells were lysed in RIPA buffer (50 mM
Tris-HCl [pH 7.5],150mMNaCl,1mMEDTA, 0.1% SDS,1% Nonidet P-
40, and 5% deoxycholate), containing protease inhibitors (2 mg/mL
aprotinin, 2 mg/mL leupeptin, 1 mg/mL pepstatin A, and 100 mM
PMSF) and phosphatase inhibitors (20 mM b-glycerophosphate and
2 mM Na3VO4) [11]. After SDS polyacrylamide gel electrophoresis,
proteins were transferred onto an Immobilon-P PVDF Membrane
(MilliporeSigma, Burlington, MA, USA) and blocked with 5% skim
milk or 5% BSA (for phosphorylated proteins) solution solved in
TBST (20 mM Tris-HCl [pH 7.6], 138 mM NaCl, and 0.05% polyoxy-
ethylene (20) sorbitan monolaurate). The following antibodies
were used: anti-CREB2 (ATF4) antibody (#sc-200, 1:400 dilution;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-phospho eIF2a
(Ser51) (1:1000 dilution) and anti-eIF2a (1:1000 dilution) anti-
bodies (Cell Signaling Technology, Beverly, MA, USA), anti-alpha
tubulin (1:10,000 dilution) and anti-FLAG (1:5000 dilution) anti-
bodies (Sigma-Aldrich Co.), and HRP-conjugated anti-mouse and
anti-rabbit IgG (H þ L) antibodies (1:3000 dilution; Southern
Biotech, Birmingham, AL, USA). Signals were developed using
Clarity Western ECL Substrate (Bio-Rad Laboratories, Hercules, CA,
USA) and detected with an Image Quant LAS-4000 mini (GE
Healthcare, Wauwatosa, WI, USA). Antibodies were normally
diluted in 5% skimmilk/TBST and diluted in CanGet Signal (Toyobo)
for phosphorylated proteins.

2.5. Lentiviral expression

The 293FT cells were grown in complete DMEM supplemented
with 10% FBS, 0.1 mM MEM non-essential amino acids, 6 mM L-
glutamine, 1 mM sodium pyruvate, and penicillin/streptomycin.
The cells were seeded in 10 cm dishes (4 � 106 cells per dish) and
transfected with 20 mg of GADD34.5 gene-inserted FUGW, 15 mg of
pxPAX2 (Addgene #12260), and 6 mg of pMD2.G (Addgene #12259)
for each dish using the calcium phosphate-DNA co-precipitation
method. Briefly, plasmids were suspended in 250 mM CaCl2 solu-
tion and dropped into 2 � HEPES-buffered saline (pH 6.95). Cells
were cultured in medium containing 10 mM forskolin. The culture
medium containing the virus was collected and concentrated
(Himac CP 60E from Hitachi, Tokyo, Japan) at 100,000�g for 2 h at
4�C for 5 d sequentially. Finally, all viral suspensions were centri-
fuged at 100,000�g for 2 h at 4�C, and the precipitated virus was
suspended in Mg2þ-and Ca2þ-free HBSS. The viral suspension was
aliquoted and stored at �80�C.

2.6. Surgery

Viruses were injected into the dentate gyrus (DG) region of the
hippocampus. Briefly, anesthesia solution, a mixture of ketamine
hydrochloride (50 mg/mL, Daiichi Sankyo, Tokyo, Japan) and xyla-
zine hydrochloride (20 mg/mL, Bayer HealthCare, Leverkusen,
Germany), at a ratio of 4:1, was administered at 3 mL/kg of body
weight (112.5 mg/kg ketamine hydrochloride and 15 mg/kg xyla-
zine hydrochloride) via subcutaneous injection before surgery. The
mouse was placed in a fixed frame (stereotaxic instrument for
mice: SR-5M [Narishige Co, Ltd, Tokyo, Japan]; Stereotaxic Micro-
manipulator: SM-15 [Narishige Co, Ltd.]). The skull was exposed,
the lambda and bregma were set to 0 on the vertical plane, and a
small hole was made in the skull using a microgrinder HD20A-SET
(Urawa Corporation Co, Ltd, Saitama, Japan). We injected the target
bilaterally into the DG (�2.0 mm anteroposterior, ±1.3 mm
mediolateral, �1.9 mm dorsoventral) [14] or amygdala (�1.8 mm
anteroposterior, ±3.4 mm mediolateral, �1.9 mm dorsoventral)
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[15]. One microliter of virus solution was injected using a syringe
701 N (Hamilton Company, Reno, NV, USA) and a motorized
microinjector (IMS-10; Narishige Co, Ltd), for 5 min, and the needle
was kept for 10min on the left and right sides. The holes in the skull
were plugged with dental resin cement (UNIFAST III, GC Corpora-
tion, Tokyo, Japan). After injection, the scalp skin was sutured with
a needle using suture (A11-50B1; Natsume Seisakusho Co, Ltd,
Tokyo, Japan), and the mice were warmed on a heating mat (KN-
475; Natsume Seisakusho Co, Ltd.) and returned to their homes.

2.7. Novel object recognition (NOR)

The experiments were conducted in a 30 � 45 cm rectangular
box. All mice were transferred to the behavioral room and accli-
mated for 30 min before the training session. Mice were habituated
for 15 min in an empty box for 3 d. For training, two identical ob-
jects (cylindrical glass bottle; diameter� height: 5.4 cm � 13.4 cm)
were placed in defined locations. One hour and 24 h after training,
we placed a novel object (plastic cube, 10 cm width, height, and
depth) on one side of the trained object, and the mouse explored
these objects for 10 min (Fig. 2a). All movements of each mouse
were recorded using video (Panasonic Corporation, Osaka, Japan)
and a computerized video-tracking system (SMART v2.5, Panlab,
Barcelona, Spain). Object explorationwas defined as the time when
the nose or forepaws of the mouse touched a novel object. The time
spent exploring the object was manually analyzed in a blinded
manner. For each mouse, the box and objects were cleaned with 1%
acetic acid and 70% ethanol.

2.8. Novel object location (NOL)

The experiments were performed in the same box as the NOR.
On the first day, the mice were habituated in an empty box for
15min. From the second to the fourth day, one object different from
the NOR (pyramidal glass bottle; diameter � height: 5 � 11.5 cm)
was placed in the defined place and explored for 15 min as training.
Three minutes after the final training, the object was placed in a
symmetric position, and the mice explored the object for 5 min for
the test (Fig. 2d). The recording method and procedure were the
same as those used for the NOR.

2.9. Contextual and auditory fear conditioning test

A FreezeFrame system (Coulbourn Instruments, Whitehall, PA,
USA) was used for contextual and fear conditioning, and Acti-
metrics FreezeFrame software (Coulbourn Instruments) was used
for monitoring. Fear conditioning tests were performed as previ-
ously described [11]. Two chambers were used. The first (chamber
A) contained a shocking floor with clear plastic walls, and the
second (chamber B) contained a non-shock floor and clear plastic
only in the front wall, with the other walls being made of bright
aluminum. Mice were habituated for 15 min per chamber per day
for 3 days. Following this habituation period, the mice were
conditioned in chamber A, which involved an initial 2 min accli-
matization (naïve), followed by the delivery of an auditory cue
(2800 Hz, 85 dB for 30 s) and an electrical foot shock simulta-
neously deliveredwith the end of the auditory cue (0.35mA for 1 s).
One minute after the foot shock, the mouse was returned to its
home cage. The contextual fear conditioning test was assayed in
chamber A twice by studying the frequency of freezing during
exposure to the training environment for 5 min, first 24 h after
training and second after 1 month. Four hours after each of these
tests, auditory fear conditioning tests were conducted. This
involved a 2 min acclimatization to chamber B, followed by a 3 min
auditory cue of the same volume and frequency (2800 Hz, 85 dB).

As in the contextual fear conditioning test, behavior was studied as
the frequency of freezing.

2.10. Mice

C57BL/6J female mice (older than 6 months) were purchased
from Japan SLC, Inc. (Hamamatsu, Japan). APP23 mice, which ex-
press human APP751 complementary DNA with a Swedish double
mutation in the C57BL/6 genetic background [16], were kindly
provided by Dr. M. Staufenbiel (Novartis Pharma Ltd.; Basel,
Switzerland). The mice were housed in a temperature- and light-
controlled room (24�C; 12h lightedark cycle). All animal studies
were approved by the Gifu University Graduate School of Medicine
Animal Care and Use Committee under the guidelines for experi-
ments on animals provided by the Ministry of Education, Culture,
Sports, Science, and Technology of Japan.

2.11. Statistical analysis

Statistical analyses were performed using Kaleida Graph soft-
ware (Synergy Software, Reading, PA, USA). Statistical significance
(p < 0.05) was determined by performing paired or unpaired two-
tailed student's t-test or two-way repeated measures ANOVA, fol-
lowed by a Bonferroni post-hoc test. Data are presented as the
mean ± standard error.

3. Results

3.1. Truncated GADD34 (GADD34.5) suppresses the
phosphorylation of eIF2a and expression of ATF4

To reveal the direct effect of GADD34 on brain function, we
created a GADD34-expressing virus and infected the mouse brain.
First, we tried to use the lentivirus to express full-length GADD34
but could not insert it in our plasmid possibly because it was too
long (data not shown). Therefore, a lentivirus was created using a
part of the human GADD34 gene. Full-length GADD34 has four and
a half repeats of approximately 34 amino acids in length, which
encompasses three predicted PEST sequences and a C-terminal
region of 60e80 amino acids that shows sequence homology to the
HSV-1 neurovirulence factor ICP34.5 (g34.5) [12]. The g34.5 protein
is a GADD34 homologue that binds to PP1 and dephosphorylates
eIF2a [17]. We compared amino acid sequences between human
GADD34 and g34.5 and then truncated the human GADD34 gene
from amino acids 379 to 626 (because it is the g34.5 homologous
region in human GADD34) and named it GADD34.5 (Fig. 1a). We
fused the FLAG tag to the N-terminus of GADD34.5 and inserted this
FLAG-GADD34.5 gene into the FUGW vector after removing the
EGFP-encoding gene.

To test the effect of FLAG-GADD34.5, HEK293T cells were
transfected with the plasmid using the calcium phosphate-DNA co-
precipitation method. Forty-eight hours later, the lysate was pre-
pared, and eIF2a phosphorylation and ATF4 protein were detected
via western blotting. eIF2a phosphorylation and ATF4 expression
were decreased by GADD34.5, confirming the functional similarity
between GADD34.5 and full-length GADD34 in terms of eIF2a
dephosphorylation (Fig. 1b).

3.2. GADD34.5 enhances spatial memory in the AD mouse model

We then examined whether the decreased expression of ATF4
mediated by GADD34.5 might affect memory. NOR and NOL are
non-aversive learning paradigms that measure spontaneous
exploratory behavior. We used the NOR and NOL tasks to test
memory impairment. We injected the virus into the DG of 5e6-
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month-old APP23 mice and performed NOR and NOL at 4 and 7e8
months after injection, respectively. There was no significant dif-
ference in the exploration time in the NOR test between the
GADD34.5-infected APP23 mice and control (vector-infected) mice
(Fig. 2b). However, when NOL was tested 24 h after 3 days of
training, GADD34.5-infected APP23 mice exhibited a significantly
increased exploration time of the novel object compared to that
with control mice (Fig. 2e). We examined proteins downstream of
GADD34 in the virus-infected mice and observed that eIF2a phos-
phorylation was significantly decreased in the brains of GADD34.5-
infected APP23mice (Fig. 2g). ATF4 levels were also reduced but not
significantly. In conclusion, these results indicate that GADD34.5
inhibits eIF2a phosphorylation and enhances spatial memory in
AD-model mice.

3.3. GADD34.5 injected into the amygdala improves contextual fear
memory

We investigated whether GADD34 expression in the amygdala
affects fear conditioning memory. GADD34.5 was injected into the
amygdala of 5e8-month-old APP23 mice, and an auditory fear
conditioning test was performed 6 months later. In the contextual
fear test, both control and GADD34.5-infected groups showed a
significant increase in the percentage of freezing behavior at 24 h
compared with that in naïve mice. The percentage of freezing
behavior in control mice at 1 month was decreased compared to
that at 24 h and was not significantly different from that of naïve
mice. However, the significant increase in the freezing behavior of
GADD34.5-infected APP23 mice persisted even after 1 month
(Fig. 3a). Two-way repeated measures of ANOVA using all infection
factors and time factors showed a difference in the time factor

(F(2,15) ¼ 5.93, p ¼ 0.013) but not in the infection factor
(F(1,15) ¼ 0.186, p ¼ 0.672) and interaction (F(2,15) ¼ 1.58,
p ¼ 0.238). The time factor was further analyzed via one-way
ANOVA followed by a Bonferroni post-hoc test in naïve vs
24 h (F(2,10) ¼ 8.78, p ¼ 0.006 for control, F(2,14) ¼ 2.79, p ¼ 0.001
for GADD34.5), 24 h vs 1 month (F(2,10) ¼ 8.78, p ¼ 0.130 for
control, F(2,14) ¼ 2.79, p ¼ 1.000 for GADD34.5), and naive vs 1
month (F(2,10) ¼ 8.78, p ¼ 0.273 for control, F(2,14) ¼ 2.79,
p ¼ 0.002 for GADD34.5)) groups. In contrast, the auditory fear
condition test revealed no difference between the two groups of
mice (Fig. 3b). Two-way repeated measures ANOVA showed the
following results: F(1,10) ¼ 7.865, p ¼ 0.019 for all infection and
time factors, F(1,10) ¼ 1.093, p ¼ 0.320 for the infection factor, and
F(1,10)¼ 0.146, p¼ 0.711 for the interaction. eIF2a phosphorylation
and the expression of ATF4 were similarly decreased in the amyg-
dala and the DG (Fig. 3c). A paired t-test showed no significant
difference between 24 h and 1 month later (control: p ¼ 0.0539,
GADD34.5: p ¼ 0.406). This suggests that GADD34.5 might
contribute to improvements in contextual fear memory in the
amygdala.

4. Discussion

Previously, we revealed that ER stress increases PS1 expression
and that quercetin inhibits this by inducing GADD34 [10,11].
Herein, we investigated the direct effect of GADD34 on memory.
The unfolded protein response (UPR) is activated in the brains of AD
patients, and eIF2a, a UPR activationmarker, is increased in patients
with AD [18]. In prion-infected mice, GADD34 expression reduces
eIF2a phosphorylation and ATF4 expression, improves synaptic
function, and prevents neurodegeneration [19]. GADD34, a target

Fig. 1. Truncated GADD34 (GADD34.5) suppresses the phosphorylation of eIF2a and expression of ATF4 in cells. (a) Schematic of GADD34.5. (b) GADD34.5 transfection in HEK293T
cells was confirmed through western blotting using an anti-FLAG antibody. The suppression of eIF2a phosphorylation and ATF4 expression was also evaluated via western blotting.
Tubulin was used as an internal control for FLAG-GADD34.5 and ATF4.
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gene of ATF4 [11], interacts with PP1c to reduce the levels of eIF2a
phosphorylation, thereby negatively regulating the eIF2aeATF4
pathway [8]. eIF2a phosphorylation reduces general protein syn-
thesis but allows for the translation of some mRNAs, including
ATF4. The small-molecule integrated stress response (ISR) inhibitor
ISRIB blocks the downstream signaling of eIF2a phosphorylated
kinase and enhances rodent spatial and fear-related learning
memory [16]. Quercetin induces GADD34, regulates

phosphorylated eIF2a and ATF4 signaling, and suppresses PS1
expression and Ab production [11].

The NOR and NOL tests are non-rewarded and etiologically
relevant. In the NOR test, no significant difference was observed
between the GADD34.5-injected and control mice (Fig. 2b). In
contrast, the NOL test results were significantly improved by
GADD34.5 injection into the dorsal hippocampus, which is impli-
cated in spatial memory (Fig. 2e). Hippocampal function is

Fig. 2. GADD34.5-infected APP23 mice show improved spatial cognitive function. (a, d) Schematic of the novel object location (NOL) (a) and novel object recognition (NOR) (d) tests
during training and test sessions. (b) GADD34.5-infected APP23 mice (n ¼ 4) exhibited a similar exploration time for the novel object compared to that with the control object
(n ¼ 4). (c) Mouse trajectory of NOR detection during testing, analyzed using SMART 2.5. (e) GADD34.5-infected APP23 mice (n ¼ 6) had significantly longer novel location object
search times than control mice (n ¼ 7). (f) Mouse trajectory of NOL detection during final training and testing, analyzed using SMART 2.5. (g) Levels of eIF2a phosphorylation and
ATF4 expression in the dentate gyrus (DG) of GADD34.5-infected APP23 mice compared with those in control mice based on western blotting.
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reportedly important for the memory of an object position,
particularly spatial memory involving the dorsal hippocampus [20].
However, object recognition memory formation does not require
the hippocampus [21] and depends on several different regions
[22]. These results could explain our finding that the injection of
GADD34.5 into the dorsal DG specifically improved NOL.

Recently, we used agedwild-typemice and showed that the rate
of freezing behavior increased in quercetin diet-fed mice in the fear
conditioning test. In addition, GADD34 expression in the brain
increased immediately after auditory fear conditioning in
quercetin-fed mice [11]. The lateral nucleus of the amygdala is an
important component of the nervous system and is involved in

memory formation during fear conditioning [23e25]. In this study,
mice injected with GADD34.5 into the amygdala tended to retain
memory in a contextual test 1 month after fear conditioning, but
control mice did not (Fig. 3a). eIF2aþ/S51A mice, which express
phosphorylation site-dead eIF2a mutants, show enhanced
contextual and auditory fear conditioning [26], indicating that un-
phosphorylated eIF2a is important for fear memory. Our results
suggested that GADD34 suppresses eIF2a phosphorylation to
maintain memory under contextual fear conditions. Herein, audi-
tory fear memory did not differ between GADD34.5-injected and
control mice (Fig. 3b). Some previous studies also revealed that
auditory fear memory tends to be maintained, even if contextual

Fig. 3. GADD34.5 injected into the amygdala results in the maintenance of contextual fear memory. (a) Contextual fear conditioning was assessed in chamber A based on freezing
episodes that occurred within a 3 min period before training (naïve) and 24 h and 1 month after training using GADD34.5-infected APP23 (n ¼ 8) or control (n ¼ 6) mice. The data
showed a significant difference in the average between naïve mice and those 1 month after training for GADD34.5-infected APP23 mice. (b) Auditory fear conditioning was assessed
in chamber B based on freezing episodes that occurred between 24 h and 1 month after training for a 3 min period without (pre-CS) and with (post-CS) sound. Two-way repeated
measures ANOVA, including all infection and time factors, showed a difference in the time factor; however, no difference in the infection factor and interaction was observed. A
paired t-test based on these results showed no significant difference between 24 h and 1 month later. The same mice as in Fig. 3a were used. (c) Levels of eIF2a phosphorylation and
ATF4 expression in the amygdala of GADD34.5-infected APP23 mice were compared with those in control mice by performing western blotting.
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fear memory is affected [27,28]. Auditory fear memory might be
strong even in control mice, and we could not show the difference.

To date, some studies have revealed the involvement of eIF2a
phosphorylation and ATF4 expression in brain functions. For
example, the deficiency of PERK, an eIF2a kinase, reduces ATF4
expression and rescues synaptic plasticity and spatial memory in
AD-model mice [29]. In mice, ATF4 impairs synaptic plasticity and
memory formation [30]. In aplysia, ATF4 inhibits long-term
potentiation (LTP) [31].

However, few studies have also indicated that ATF4 is important
for memory formation. Pasini et al. reported that specific inhibition
of the expression of ATF4 in the mouse hippocampus results in
worse results in the Morris water maze test and inhibits LTP in the
mouse brain [32]. Liu et al. revealed that ATF4 knockdown in
cultured hippocampal and cortical neurons reduces spine density
and dendritic PSD-95 and GluR1 and that ATF4 influences synaptic
morphology via actin filament remodeling [33]. In contrast, eIF2a
phosphorylation is positively associated with increased BACE1 and
Ab in humans and AD-model mice [34]. Arctigenin, extracted from
Fructus arctii, inhibits Аb production and improves memory
impairment by suppressing BACE1 translation, including the eIF2a-
mediated pathway [35].

Previously, we reported that the Ab production pathway (eIF2a
phosphorylation and ATF4 expression) is increased in aged or
APP23mouse brains [11]. In this study, we focused on this pathway,
which was inhibited by introducing GADD34.5 into the DG or
amygdala (Figs. 2g and 3c). However, a BACE1 reduction due to the
suppression of eIF2a phosphorylation, mediated by GADD34, might
contribute to learning ability. In both cases, GADD34 is considered
to directly promote eIF2a dephosphorylation and prevent Ab pro-
duction. However, because ATF4 has contradictory effects on syn-
aptic plasticity, the morphology and properties of synapses should
be accurately examined to determine the effect of ATF4 on memory
formation.

In this experiment, we used the AD model mice to examine
memory. Since eIF2a phosphorylation and ATF4 expression are
increased in patients with Alzheimer's disease [36,37], our strategy
of increasing GADD34 expression in the brain to prevent memory
loss might be applicable to humans as well. As quercetin feeding
increased GADD34 expression, quercetin might be a potential
compound used to prevent AD.

5. Conclusion

In summary, our results suggest that GADD34 suppresses eIF2a
phosphorylation in the brain and prevents memory loss.
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