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Abstract
Protein synthesis inhibitor antibiotics are widely used to produce amnesia, and have been recognized
to inhibit general or global mRNA translation in the basic translational machinery. For instance,
anisomycin interferes with protein synthesis by inhibiting peptidyl transferase or the 80S ribosomal
function. Therefore, de novo general or global protein synthesis has been thought to be necessary for
long-term memory formation. However, it is unclear which mode of translation — gene-specific
translation or general/global translation — is actually crucial for the memory consolidation process
in mammalian brains. Here, we generated a conditional transgenic mouse strain in which double-
strand RNA-dependent protein kinase (PKR)-mediated phosphorylation of eIF2α, a key translation
initiation protein, was specifically increased in hippocampal CA1 pyramidal cells by the chemical
inducer AP20187. Administration of AP20187 significantly increased activating transcription factor
4 (ATF4) translation and concomitantly suppressed CREB-dependent pathways in CA1 cells; this
led to impaired hippocampal late phase-LTP and memory consolidation, with no obvious reduction
in general translation. Conversely, inhibition of general translation by low-dose anisomycin failed
to block hippocampal-dependent memory consolidation. Taken together, these results indicated that
CA1-restricted genetic manipulation of particular mRNA translations is sufficient to impair the
consolidation and that consolidation of memories in CA1 pyramidal cells through eIF2α
dephosphorylation depends more on transcription/translation of particular genes rather than overall
levels of general translation. The present study sheds light on the critical importance of gene-specific
translations for hippocampal memory consolidation.
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Introduction
Proper neuronal functions are highly dependent on precise control of mRNA translation.
Broadly defined, translational control falls into two categories: general or global translation,
which affects most mRNAs through the regulation of basic translational machinery, and gene-
specific translation by way of a specific cis-acting element in the mRNAs. Notably, in neurons,
external signals induce translational derepression by regulating both general translational
machinery and mRNA-specific repressors (Besse and Ephrussi, 2008). For instance, glutamate
receptor activation triggers eEF2phosphorylation, by which general protein synthesis is
suppressed through phospho-eEF2-mediated peptide elongation arrest. Concomitantly,
translation of a subset of mRNAs, including αCaMKII and Arc/Arg3.1, is selectively increased
to trigger plastic change and memory consolidation (Park et al., 2008; Scheetz et al., 2000).
Other studies suggests that general translation initiation occurs uniformly in response to
multiple factors and neural activities, including BDNF, NMDA, and L-LTP induction
(Kelleher et al., 2004). Therefore, the relative contributions of general and gene-specific
translations to long-term plasticity and memory have yet to be delineated.

Reversible phosphorylation of the α subunit of eIF2 on Ser51 is one of the best characterized
rate-limiting steps at the translational initiation level, and it controls the rates of both gene-
specific translation and general translation (Dever, 2002; Hinnebusch, 2000; Sonenberg and
Dever, 2003). When bound to GTP and the initiator Met-tRNAi

Met in the cytoplasm, eIF2
forms a functional eIF2•GTP•Met-tRNAi

Met ternary complex that delivers Met-tRNAi
Met to

the 40S ribosomal subunit. Ser51 phosphorylation of eIF2α precludes ternary complex
formation and thus blocks general translation initiation. Paradoxically, the decrease in ternary
complexes stimulates translation of specific mRNAs that contain upstream open reading frames
(uORFs), including activating transcription factor 4 (ATF4) (Harding et al., 2000; Vattem and
Wek, 2004) and beta-site APP (amyloid precursor protein)-cleaving enzyme 1 (BACE1)
(O'Connor et al., 2008). Notably, ATF4, also known as cAMP-responsive element binding
protein-2 (CREB-2), is a negative regulator (Karpinski et al., 1992) of the CRE-dependent
transcription critical for memory consolidation (Pittenger et al., 2002; Silva et al., 1998).
Interestingly, behavioral training triggers Ser51 dephosphorylation of eIF2α, suggesting that
eIF2α phosphorylation acts as a brake for memory consolidation (Costa-Mattioli et al., 2007).
Indeed, genetic reduction of eIF2α phosphorylation, either in GCN2 knockout mice (Costa-
Mattioli et al., 2005) (one major eIF2α kinase) or in eIF2α+/S51Aknock-in mice (Costa-Mattioli
et al., 2007), reduces the induction threshold of both L-LTP and learning in behavioral tasks.
Conversely, preventing training-induced eIF2α dephosphorylation with Sal003, an eIF2α
phosphatase inhibitor, results in a consolidation impairment (Costa-Mattioli et al., 2007). These
reports suggest that translational control through eIF2α phosphorylation is critical for
establishing long-lasting synaptic changes and memory formation (Costa-Mattioli et al.,
2009). However, upon training-induced eIF2α dephosphorylation, it remains unclear which
translation mechanisms, general translation or gene-specific translation, efficiently gates the
transition from short-term memory to long-term memory formation. To address this issue, we
generated and analyzed a conditional double-stranded RNA-dependent protein kinase (PKR)
transgenic mouse strain, in which translation of a particular protein—ATF4—through eIF2α
phosphorylation in the hippocampal CA1 neurons was enhanced by a chemical inducer.
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Materials and Methods
All experimental procedures were carried out in accordance with the guidelines published in
the National Research Council (NRC) Guide for the Care and Use of Laboratory Animals, and
were approved by the National Institute of Mental Health (NIMH) Animal Care and Use
Committee. All efforts were made to minimize the number of animals used and their suffering.

Generation of transgenic mice
To manipulate translational machinery in the mouse brain, we generated loxP-flanked
(‘floxed’)-PKR transgenic mouse lines. We used a FK506 binding protein 1A (FKBP-12)-
based chemically induced dimerization system (ARIAD Pharmaceuticals, Inc, Cambridge,
MA) to control the dimerization of the PKR kinase domain. The chemical dimerization inducer
AP20187 binds with high affinity (subnanomolar concentration) to the mutant FKBP-12 with
a single amino acid substitution (F36V), while binding affinity to the wild-type protein is 1000-
fold lower (Clarkson et al., 1998). A kinase domain cDNA of human PKR was excised from
pC939 (a gift from Thomas E. Dever, NICHD, Bethesda, MD) with BamHI and HindIII, then
fused in frame to a F36V mutant cDNA encoding FK506-binding protein 1A (FKBP-12 or
FKBP), which was isolated from human MGC verified full length cDNA clones (Open
Biosystems Inc, Huntsville, AL) and was then mutated by PCR-based site-directed
mutagenesis. The FKBP-PKR cDNA was inserted into pNN265 plasmid that carries a 5′ intron
and a 3′ intron plus poly-A signal from SV40 (provided originally by Nobuki Nakanishi,
Burnham Institute for Medical Research, La Jolla, CA) through the EcoRV site. A 3.6 kb
fragment of n(nuclear localization signal)LacZ-stop-pA, which was isolated from 3.1-actin-
nLacZ plasmid (from Eric H. Mercer) with SalI and BglII, was flanked by two loxP sequences,
and placed in front of FKBP-PKR cDNA in pNN265. Finally, the entire DNA fragment with
5′ intron-loxP-nLacZ-stop-loxP-FKBP-PKR-3′ intron / pA was cut out from pNN265 vector
using NotI and ligated under CaMKIIα promoter, which was derived from pJTCRE (a gift from
Joe Z. Tsien, Medical College of Georgia, Atlanta, GA), to make pJPKR5 plasmid. The 15.2kb
linearized DNA fragment with SalI digestion of pJPKR5, which carried CaMKIIα promoter,
loxP-nlsLacZ-stop-loxP sequence, and FKBP-PKR-pA, was injected into fertilized C57BL/
6N mouse oocytes. Germline transmission of the transgenic construct was confirmed with PCR
and Southern blots using tail DNA. Primers for genotyping of floxed-PKR transgenic lines
were: 5′ TTCTCCGTTTGCACTCAG 3′ (PKR primer 1) and 5′
CACTTTGCGTTTCTTCTTGGG 3′ (PKR primer 2). One of the regionally expressed floxed-
PKR lines, fPKR#6, was crossed with a forebrain-specific Cre recombinase line, T29-1(Tsien
et al, 1996). Double transgenic offspring (fPKR+/−; Cre+/−) were genotyped by PCR with the
above PKR primers, and with a Cre primer set (5′ CCGGGCTGCCACGACCAA 3′ and 5′
GGCGCGGCAACACCATTTTT 3′) to detect the Cre transgene (Scheel et al, 2003). Both
fPKR control mice and fPKR/Cre double hemizygous mutant mice were viable and fertile
without obvious behavioral abnormalities.

In Vivo Drug Administration
Intracerebroventriclar (i.c.v.) administration of AP20187 (a gift from ARIAD Pharmaceuticals,
Inc., Cambridge, MA) into the cannulated mice was performed as previously described
(Karpova et al., 2005). AP20187 was dissolved in ethanol with the concentration of 62.5 mg/
ml and further diluted to the final concentration of 1 nmol/μL with saline before use. One nmol
of AP20187 was injected over a period of 1-min using a microinjection unit (Stoelting, Wood
Dale, IL). Anisomycin (Sigma, St. Louis, MO) was dissolved in normal saline with HCl and
adjusted to pH7.4 with NaOH for a final concentration of 17.5 mg/ml, and then subcutaneously
injected into mice at a dose of 5 mg/kg, 10 mg/kg, or 100 mg/kg body weight 10 min before
fear conditioning or 1 hr before [35S]-Methionine i.p. injection.
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RT-PCR
Hippocampi or Hippocampal CA1 from fPKR control and mutant mice were dissected out and
the total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA) and purified with
RNeasy clean up kit (QIAGEN, Germantown, MD) after treatment with RQ1 DNase (Promega,
Madison, WI). RNA concentration and quality were examined by Nano drop (Thermo Fisher
Scientific, Waltham, MA). Messenger RNA was reverse transcribed into cDNA with
Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA) using oligo(dT)15 as primers
in a 20 μl reaction containing 1 μg total RNA. The reaction mixtures were diluted 100-fold and
then subjected to PCR amplification. A 25 μl PCR reaction contained 100 pmol primers and
1 μCi 32P-dCTP (Perkin Elmer Life, Waltham, MA). The PCR products were separated by
electrophoresis on 8% polyacrylamide gels and were visualized and quantified by
phosphorImager analysis (GE Healthcare). The primers were as follows: BDNF promoter IV-
specific primers, 5′ TGCGAGTATTACCTCCGCCAT 3′and 5′
AGGATGGTCATCACTCTTCTC 3′; ATF4 primers 5′ TTCCTGAACAGCGAAGTGTTGG
3′ and 5′ CTAAAGGAATGCTCTGGAGTGG 3′; c-fos primers 5′
TGGTGAAGACCGTGTCAGGA 3′ and 5′ GCAGCCATCTTATTCCGTTCC 3′; zif268
primers 5′ CCTTCCAGTGTCGAATCTGCA 3′and 5′ CTGGCAAACTTCCTCCCACA 3′;
C/EBPβ primers 5′ GGGACTTGATGCAATCCGG 3′ and 5′
AACCCCGCAGGAACATCTTT 3′; GluR1 primers 5′CAAATATGCCTACCTCCTGG 3′
and 5′ ACCCCTTGGGTGTTGCAATG 3′; NR2A primers 5′
AAGCCCCCTTCGTCATCGTA 3′ and 5′ CACATTCATCCCTTCGTTGG 3′; PSD95
primers 5′AGCCCCAGGATATGAGTTGC 3′ and 5′ GGTGATAAAGATGGATGGGTCG
3′. PCR amplification was carried out for 27 cycles for the primers above. GAPDH primers 5′
TTGTCAGCAATGCATCCTGCAC 3′and 5′ GTTGCTGTTGAAGTCACAGGAGAC 3′ and
β-actin primers 5′ TGCGTGACATCAAAGAGAAG 3′ and 5′
GATGCCACAGGATTCCATA 3′ were used as internal controls which were amplified for 23
cycles.

Digoxygenin In Situ Hybridization
RNA probes specific for human PKR mRNA were complementary to nucleotides 1399–1515
and nucleotides 1885–1985 in the human PKR mRNA (Genbank accession# NM_002759). In
situ hybridization was performed as previously described (Matsunami and Buck, 1997;
Schaeren-Wiemers and Gerfin-Moser, 1993). Briefly, digoxygenin (DIG)-labeled antisense
and sense RNA probes were hybridized with frozen brain sections from 12-week-old mutants.
After washing, DIG probes were reacted with alkaline phosphatase-conjugated anti-DIG, and
signals were detected using NBT-BCIP.

Western Blotting
Western blots were performed as previously described (Jiang et al., 2003). Antibodies
including rabbit polyclonal anti-eIF2α, anti-BDNF and anti-CaMKIIα were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA), anti-phospho-eIF2α was obtained from Cell
Signaling Technology (Beverly, MA), anti-tubulin was obtained from Sigma (St. Louis, MO),
anti-human PKR was obtained from Epitomics (Burlingame, CA), anti-ATF4 was obtained
from ProteinTech Group (Chicago, IL), and anti-BACE1 was obtained from IBL (Takasaki,
Gunma, JAPAN). Western blots results were quantified with KODAK Molecular Imaging
Software (Carestream Health Molecular Imaging, New Haven, CT).

X-gal Staining
Floxed-PKR mice and mutants were perfused with 30 ml of cold 5mM EGTA/0.9% saline,
then 100 ml of cold 4% paraformaldehyde in PBS. After being post-fixed for 15 min, the fixed
brains were sectioned by Vibratome (Leica VT1000S) in cold PBS with 50-μm thickness. The

Jiang et al. Page 4

J Neurosci. Author manuscript; available in PMC 2010 August 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sections were washed in cold Rinse Buffer (1 X PBS, pH7.6, 2mM MgCl2, 0.01% SDS, 0.02%
NP-40) then subjected to X-Gal staining overnight for up to 24 hr at 37 °C. The X-Gal staining
solution contained 0.5 mg/ml X-Gal (4-chloro-5-bromo-3-indolyl-β-galactosidase), 5mM
K4Fe(CN)6•3H2O, 5mM K3Fe(CN)6, and 2mM MgCl2 in PBS. The X-Gal–stained slides were
washed with PBS and post-fixed with 10% formalin for 2 hr at room temperature, then mounted
to pre-coated Probe-On glass-slides (Fisher Scientific, Pittsburgh, PA). After air-drying
completely, the sections were counterstained with Safranin O (Nissl staining).

Fluoro-Jade B staining
Fluoro-Jade B staining was performed according to the manufacturer's instructions (Histo-
Chem, Inc., Jefferson, AR). Briefly, sections were initially mounted, rehydrated with 80%
ethanol and 70% ethanol, washed with distilled water, and incubated in 0.06% potassium
permanganate solution for 10 min. The sections were then incubated in 0.0004% Fluoro-Jade
B solution containing 0.1% glacial acetic acid for 15 min at room temperature, washed, and
mounted with distrene plasticizer xylene (DPX; Electron Microscopy Sciences).

Immunohistochemistry
Mutant and control fPKR male mice were perfused with cold PBS followed by 4%
paraformaldehyde. After being post-fixed with same solution overnight, the brains were
sectioned by Vibratome at a 30-μm thickness. Single staining immunohistochemistry for
bright-field microscope was performed as follows: brain sections were washed with PBS three
times and blocked with 10% normal goat serum (NGS)/2% albumin in PBS, followed by
overnight incubation at 4 °C with gentle shaking in primary antibodies. After three washes in
PBS, sections were further incubated with a biotinylated anti-rabbit IgG (1:200; Vector
Laboratories, Burlingame, CA) at room temperature for 2 hr, and then with streptavidin-biotin/
horseradish peroxidase complex (Vector Laboratories, Burlingame, CA) for 30 min.
Immunoreaction was visualized with 3,3′-diaminobenzidine (DAB) (Sigma, St. Louis, MO).
For double-labeling immunohistochemistry, slices were incubated in the dark in Cy3-
conjugated goat anti-rabbit-IgG (1:200; Invitrogen, Carlsbad, CA) or Alexa 488 conjugated
anti-mouse-IgG (1:200; Invitrogen, Carlsbad, CA) for 2 hr following primary antibody
incubation. Sections were mounted in Vectashield (Vector Laboratories; Burlingame, CA).
Primary antibodies used were rabbit anti-c-Fos (Ab-5) (1:20k; Calbiochem, Gibbstown, NJ),
rabbit anti-phospho-eIF2α (1:100; Cell Signaling Technology, Danvers, MA), rabbit anti-
ATF4 (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-β-galactosidase
(1:2000; MP Biomedicals, Irvine, CA), mouse anti-GAD67 (1:5000; Chemicon, Billerica,
MA), mouse anti-CaMKIIα (1:5000; Chemicon, Billerica, MA), and mouse anti-MAP2a,b
(clone AP20) (1: 200; Lab Vision, Fremont, CA). To test the specificity of ATF4 signals from
double-staining, an ATF4 antibody was incubated with ATF4 blocking peptide (sc-200p, Santa
Cruz Biotechnology, Santa Cruz, CA) for 1hr, and then subjected to immunohistochemistry.
Confocal images were obtained on a Zeiss LSM 510 located at the National Institute of
Neurological Disorders and Stroke (NINDS) Light-Imaging Facility.

Evaluation of De Novo Protein Synthesis
Cannulated male mutant mice, and their control fPKR and T29-1 Cre littermates received i.c.v.
infusion with AP20187 (1 nmol). Two or 8 hr after AP20187 administration or 1 hr after
anisomycin injection (Flood et al., 1973), 500 μCi/kg of [35S]-Methionine (Perkin Elmer Life,
Waltham, MA) in saline (200 μl) was intraperitoneally (i.p.) injected. Thirty min later, brains
were rapidly removed and serial fresh-frozen sections were cut and fixed as previously
described (Qin et al., 2005) with some modifications. Images were obtained with Scion Image
1.62C (Scion Corporation, Frederick, MD) following film exposure and analyzed with NIH
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image J (http://rsbweb.nih.gov/ij/). The mean gray values of hippocampal area CA1 and CA3
were quantified from 3 sections of each animal, 4 animals from each group.

Electrophysiology
Transverse hippocampal slices were prepared from age-matched littermates (8-12 weeks old)
and field EPSP (fEPSP) recordings were conducted as described previously (Lu et al., 2007).
Extracellular fEPSPs were evoked by stimulation of the Schaeffer collaterals with 0.2 ms pulses
once every 15 sec and were recorded in the CA1 stratum radiatum. L-LTP was induced by
theta burst stimulation (TBS; 12 bursts, each of 4 pulses at 100 Hz). One train of high frequency
stimulation in 1 sec at 100 Hz was used to induce E-LTP. AP20187 (final concentration at 5
μM) was applied to the bath 1 hr before theta burst stimulation until recording was finished.

Behavioral Paradigms
fPKR/Cre male mice (mutants) and their littermate controls (fPKR, T29-1 Cre, and C57BL/
6N wild-type) from 8 to 12 weeks of age were used for the behavioral tasks. All subjects were
maintained under a 12:12-hr dark:light cycle with food and water ad libitum. All testing was
conducted during the light phase of the cycle.

Elevated plus maze—The anxiety of animals was evaluated via the elevated plus maze
paradigm, conducted as previously described (Weisstaub et al., 2006) with some modifications.
The maze (Mikes Machine Co., Attleboro, MA) consisted of two open arms (30 × 5 cm) with
3 mm high ledges and two closed arms (30 × 5 cm) with 16 cm-high opaque walls. The floor
of the arms and a central square (5 × 5 cm) were made of white plastic and were elevated 42
cm from the room floor. The maze was placed in the center of a room (10 × 10 ft) and was
homogenously illuminated (about 100 lux across arms). Each mouse was place in the central
square facing the open arm opposite the investigator. Mouse behavior was automatically video-
recorded for 5 min and animal position was determined by automatic video tracking (ANY-
maze, Stoelting Co., Wood Dale, IL).

One-trial contextual step-through active avoidance task—Avoidance conditioning
was conducted as previously described (Cravens et al., 2006), using a 0.18 mA, 2-sec
footshock. The test for avoidance memory was conducted 24 hr later.

Contextual and auditory fear conditioning—Experiments were conducted as described
previously (Cravens et al., 2006) with some modifications. Training consisted of a 2-min period
of acclimatization to the context, followed by 2 pairings of a tone (3000 Hz, 85 dB, 30 sec)
with a foot shock (0.75 mA, 2 sec). Contextual retrieval tests were performed in the training
chamber after retention delays of 30 min and 24 hr. Tone tests for cued fear memory were
performed in a new context 30 min after the 24 hr-context test. Pre-tone freezing was monitored
2.5 min prior to the presentation of the same tone for 30 sec.

Statistical Analysis
Data are presented as means and standard errors of the mean (SEM). Three animals were used
in RT-PCR and western blotting, and 4 animals were used for immunohistochemistry
and 35S-Met incorporation for each group. N-values used in behavioral studies are stated in
figure legends. Statistical significance between means of experimental and control groups was
determined by Statistica 7 (StatSoft, Inc., OK).
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Results
Cell-type specific expression of protein kinase R (PKR) in mouse hippocampus

In order to manipulate translational machinery at the level of phospho-eIF2α, we generated
floxed-mouse lines of PKR, a well-characterized eIF2α kinase (Sadler and Williams, 2007).
We first constructed the FKBP-PKR cDNA by fusing FKBP-12 in frame to the PKR kinase
domain, in order to regulate eIF2α phosphorylation in an inducible fashion (Fig. 1a and
Supplemental method). A loxP-nuclear localization signal (nls)LacZ-stop-loxP cassette was
then placed upstream of the FKBP-PKR gene to serve as a reporter to monitor regional
expression under the control of the CaMKIIα promoter. In floxed-PKR#6 (hereafter referred
to as fPKR), one of the transgenic lines carrying the floxed-FKBP-PKR construct, expression
of LacZ was robust in the dorsal hippocampal CA1 and dentate granule cell layer (Fig. 1b and
Supplemental Fig. 1a) in mice older than 8 weeks of age. No LacZ expression was detected in
other brain areas including the olfactory bulbs, medial prefrontal cortex, neocortex, area CA3,
or the amygdala, although LacZ-positive cells were sporadically detected in hypothalamic
nuclei and pre- and post-subiculum (Supplemental Fig. 1b). The region-specific expression
pattern did not change until 12 weeks of age; scattered LacZ expression in the neocortex became
apparent by 15 weeks of age (Fig. 1c). Minimal double-positive staining was observed with
anti-ß-galactosidase (LacZ product) and anti-GAD67 (a marker for interneurons); over 90%
of CaMKIIα (a marker for excitatory cells)-positive cells were also ß-galactosidase
immunoreactive in area CA1 (Fig. 1d) and in the dentate gyrus (data not shown). These results
indicate that transgene expression was largely restricted to hippocampal CA1 pyramidal cells
and the dentate granule cells (Supplemental Fig. 2d). The restricted expression pattern of the
transgene could be integration site-dependent, because only one line out of the 17 transgenic
mice exhibited this pattern using the above construct.

The fPKR mouse line was crossed with a forebrain-specific Cre mouse line (T29-1) (Tsien et
al., 1996) to restrict PKR expression to the hippocampus, in particular to CA1 pyramidal cells.
Heterozygous floxed, Cre-positive progeny (fPKR/Cre, hereafter referred to as mutants) were
viable and fertile, and exhibited no gross developmental abnormalities. RT-PCR using total
RNA extracted from the mutant hippocampi showed sustained and stable expression of FKBP-
PKR by 8 weeks until at least 14 weeks of age (Supplemental Fig. 1c). To evaluate the regional
pattern of Cre recombination producing the transgene expression, the X-gal staining pattern
was compared between fPKR mice and mutant mice (Fig. 1e). LacZ expression in the CA1
pyramidal cell layer, which was observed in fPKR mice at 8 weeks of age, almost completely
disappeared in the brains of mutant mice at the same age, indicating Cre recombination was
complete in the mutant CA1 pyramidal cell nuclei. Although LacZ expression in the dentate
granule cell layer was largely preserved in the mutant brains, in situ hybridization
immunohistochemistry using human PKR specific digoxigenin (DIG)-labeled riboprobes
detected FKBP-PKR expression in the CA1 pyramidal cell layer and dentate granule cell layer
at 12 weeks of age (Supplemental Fig. 1d).

Activation of PKR in CA1 pyramidal cells with no effect on general translation
Because dimerization of the PKR kinase domain is required for kinase activation (Sadler and
Williams, 2007) the activation of PKR in vivo was induced by intracerebroventricular (i.c.v.)
injection of AP20187 (1 nmol), a chemical dimerizer of FKBP. PKR activation was determined
by immunostaining of phospho-eIF2α and ATF4, whose translation is increased in response
to eIF2α phosphorylation (Dever, 2002). Western blots using hippocampal lysates from the
12-week-old mutants revealed that phosphorylation of eIF2α was transiently increased 30 min
after AP20187 infusion, sustained up to 1.5-fold over basal levels for at least 6 hr, and returned
back to normal levels by 18 hr (Fig. 2a,b). Immunostaining using a phospho-eIF2α antibody
conducted 2 hr after the drug infusion showed increased expression of phospho-eIF2α-
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immunoreactivity (-IR) in the CA1 pyramidal cell layer of the mutants compared to control
mice (Fig. 2c-g). Densitiometric analysis of phospho-eIF2α-IR in the CA1 pyramidal cell layer
and dentate granule cell layer, which was normalized to the IR level of the CA3 cell layer,
confirmed the significant increase in mutant CA1 phospho-eIF2α-IR compared to that of
controls (Fig. 2i). Notably, phospho-eIF2α IR levels were extremely low in the dentate granule
cell layer, regardless of genotype and drug treatment (Fig. 2e,h and Supplemental Fig. 2a),
indicating that the increase in eIF2α̣ phosphorylation was specific to CA1 pyramidal cells in
our manipulation. Indeed, no obvious eIF2α phosphorylation in the dentate granule cell layer
is observed after status epilepticus, during which extensive eIF2α̣ phosphorylation is known
to occur in many types of brain cells (Carnevalli et al., 2004). Here, low levels of phospho-
eIF2α-IR in the dentate granule cell layer were probably due to the low level of eIF2α
expression in this area (Supplemental Fig. 2a).

To evaluate whether the postulated decrease in ternary complex formation upon increased
eIF2α̣ phosphorylation resulted in suppressed de novo general translation in area CA1, we
examined the degree of [35S]-Methionine incorporation into newly synthesized proteins after
AP20187 infusion in vivo. No obvious reduction of de novo general translation was observed
in area CA1 2 or 8 hr after the drug infusion (Fig. 3a,b), suggesting that the level of increased
eIF2α phosphorylation in the mutant CA1 pyramidal cells following AP20187 infusion was
insufficient to inhibit general translation. Moreover, no obvious change in the levels of
CaMKIIα and ß-tubulin, two major cytosolic proteins, was observed in hippocampal CA1
homogenates in mutants after AP20187 injection (Supplemental Fig. 3a). We concluded that
i.c.v. injection of AP20187 to the mutants activated PKR with little inhibition of general
translation.

Increased ATF4 translation and concomitant decrease in CREB-dependent transcription/
translation

Increased ATF4 translation is tightly associated with elevated eIF2α phosphorylation
(Hinnebusch, 2005). Indeed, we found that ATF4 protein levels in the hippocampal
homogenates obtained 2 hr after AP20187 infusion were robustly increased in the mutants than
in control fPKR mice on the western blots with ATF4 antibody (relative ATF4 protein level,
234.9±23.3% for mutants compared to those from control animals as 100%. Mann-Whitney
U test, P< 0.05). Furthermore, a significant increase in ATF4-IR was observed in the CA1
pyramidal cell layer, but not in the dentate granule cell layer, in mutants 2 hr after drug infusion
(Fig. 3c, d). Increased ATF4 translation could result in suppressed CREB-dependent
transcription in the CA1 pyramidal cells. We therefore monitored changes in mRNAs of several
CREB-dependent genes in the CA1 cell layer after AP20187 treatment, including BDNF from
promoter IV1 (Shieh et al., 1998; Tao et al., 1998), c-fos (Berkowitz et al., 1989), zif268
(Sakamoto et al., 1994), and c/EBPβ (Alberini et al., 1994). We found a transient decrease in
all of the mRNAs after AP20187 infusion in the CA1 area of the mutant as compared to control
mice (Fig. 4a). Furthermore, we detected a transient decrease in BDNF protein levels in mutant
CA1 homogenates (Fig. 4b). In contrast, mRNA levels of ATF4 (Fig. 4a), glutamate receptor
1 (GluR1), N-methyl D-aspartate (NMDA) receptor subtype NR2A, and PSD95 (Supplemental
Fig. 3b), whose transcriptions seem to be CREB-independent, were unaffected by the AP20187
treatment. These results suggest that AP20187-induced eIF2α phosphorylation significantly
suppressed subsequent CREB-dependent transcriptions, including that of BDNF, in the mutant
CA1 cells by increasing ATF4 translation.

Levels of BACE1, another target protein of eIF2α phosphorylation-dependent translational
control, were also significantly elevated in the CA1 area of the mutants upon eIF2α
phosphorylation (Supplemental Fig. 3a). Therefore, it is possible that the proteins using
eIF2α phosphorylation-dependent translation mechanism were not limited to ATF4 (see
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Discussion). Excess activation of PKR could also lead to a non-translational process, namely,
induction of apoptotic cell death (Barber, 2005). However, Nissl and Fluoro-Jade B staining
revealed no induction of apoptotic processes in the mutant area CA1 following AP20187
infusion (Supplemental Fig. 2c,d), suggesting that the eIF2α phosphorylation-dependent non-
translational process, if any, was negligible.

Activation of PKR blocked L-LTP at CA1 synapses
Sal003, an eIF2α phosphatase(s) inhibitor, prevents the induction of L-LTP at CA1 synapses
(Costa-Mattioli et al., 2007). To test whether mutant mice with AP20187 exhibit a similar
phenotype, acute hippocampal slices were treated with AP20187 or vehicle and stimulated
with theta burst stimulation (12 bursts, each of 4 pulses at 100 Hz) at the Schaffer collateral
axons; field excitatory postsynaptic potential (EPSP) was recorded in the stratum radiatum of
area CA1. L-LTP was inhibited when slices from mutant mice were treated with AP20187, but
not the vehicle control (Fig. 5b). AP20187 had no effect on L-LTP in fPKR control littermates
(Fig. 5a). In both fPKR and mutant mice, no difference was observed in basal synaptic
transmission (Supplemental Fig. 4a) or paired-pulse facilitation (Supplemental Fig. 4b)
between animals treated with AP20187 or vehicle. These results indicated that impaired L-
LTP in mutants was due to postsynaptic rather than presynaptic processes, because FKBP-
PKR was selectively expressed in the postsynaptic CA1 pyramidal cells of the Schaffer
collateral pathway. Furthermore, early phase LTP (E-LTP), which is independent of protein
synthesis (Huang and Kandel, 1994), was normal in the mutant mice treated with AP20187
(Fig. 5c). Taken together, these results suggest that postsynaptic control of eIF2α
phosphorylation at CA1 synapses was critical for the induction of L-LTP, but not for E-LTP.

Impaired contextual memory upon activation of PKR in CA1 pyramidal cells
To test whether the increase in eIF2α phosphorylation, which occurs specifically in CA1
pyramidal cells, was sufficient to impair long-term memory formation, mutants and their
control littermates (8 to 12 weeks of age), which received vehicle or AP20187 2 hr before,
underwent to a context discrimination test using a one-trial step-through active avoidance
paradigm in order to evaluate a context-specific memory whose formation was hippocampus-
dependent (Olton and Isaacson, 1968). Before conditioning, all mice were observed to have
similar initial cross latencies from the light to the dark compartment A of the chamber
regardless of the injection with vehicle or AP20187 (Supplemental Fig. 4c), suggesting no
difference in anxiety or activity levels among the genotypes. We also confirmed no difference
in exploratory activity or anxiety levels between genotypes by conducting the elevated-plus
maze task (Supplemental Fig. 4f). Context discrimination was tested 24 hr after one trial
conditioning by placing the mice in either the shocking compartment A, or a contextually
different, non-shock-associated compartment B, and measuring the latency to cross from the
dark to the light compartment (D-L latency) (Fig. 6a). Control mice with AP20187 were able
to distinguish compartments A and B as demonstrated by a significantly shorter latency to
escape from the shock-associated compartment A. In contrast, mutant mice with AP20187
crossed with similar latencies from either compartment. These latencies were significantly
longer than the mean escape latency of control animals from the conditioning-compartment A,
suggesting a deficit in long-term context-specific memory. Memory impairments appeared to
be induced by PKR activation after AP20187 infusion, because both mutant and control mice
with vehicle infusion exhibited significantly shorter escape latencies from the dark
compartment A to the light compartment, compared to the AP20187-treated mutant mice
(Supplemental Fig. 4d and Fig. 6a; drug × genotype interaction, P<0.02, post hoc Tucky HSD
test, P< 0.05 for drug-treated mutant compared to other groups).
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Consolidation deficit with impaired training-induced decrease in eIF2α phosphorylation
To evaluate whether the memory deficits of drug-treated mutants were attributable to
consolidation impairments, animals underwent contextual fear conditioning 2 hr after AP20187
infusion and tested for context- and cued-fear memory retrieval after the conditioning. We first
conducted the contextual fear retrieval test 30 min after conditioning to assess the acquisition
and retrieval of protein synthesis-independent memory. Both control and mutant mice
exhibited equivalent levels of freezing immediately after the training and during the retrieval
test (Fig. 6b), suggesting that drug infusion had no effect on memory acquisition or retrieval.
Next, we tested contextual fear retrieval 24 hr after conditioning using different cohorts of
animals, in order to evaluate memory consolidation. In this paradigm, mutant mice with
AP20187 exhibited a significantly reduced level of freezing after a retention delay of 24 hr
(Fig. 6c, left panel). Furthermore, when tone-dependent fear retrieval was assessed in a distinct
context, the same mutants exhibited normal associative memory for the tone (Fig. 6c, right
panel), suggesting that decreased freezing in the conditioning context was not caused by non-
specific impairment of the animal's ability to perform the task. The result was also consistent
with X-gal staining data showing no transgene expression in the amygdala (Fig. 1b). In a
different cohort of animals, the mutant mice infused with vehicle showed robust long-term
associative memories for context and tone, which were equivalent to the levels of the drug-
treated controls (Supplemental Fig. 4e and Fig. 6c, left panel; post hoc Tucky HSD test, P<
0.05 for drug-treated mutant compared to other groups). Taken together, these results suggest
that our drug manipulation, which activated PKR and subsequent increased eIF2α
phosphorylation, selectively impaired hippocampus-dependent memory consolidation without
affecting acquisition and retrieval of memory processes.

eIF2α phosphorylation levels are known to decrease following fear conditioning (Costa-
Mattioli et al., 2007), presumably due to the increased demand of de novo translation by
memory acquisition. We assessed whether a deficit in context memory consolidation could be
linked to impaired training-induced decrease in eIF2α phosphorylation. First, we confirmed in
the control fPKR mice that levels of phospho-eIF2α decreased to about half in CA1 pyramidal
cells 2 hr after the fear conditioning (Fig. 6d,e). We then found that levels of phospho-eIF2α
in CA1 pyramidal cells were much higher in mutants than in control fPKR mice before, and 2
hr after fear conditioning. However, such an increase in phospho-eIF2α was unlikely to inhibit
general translation, because the inhibition of general protein synthesis was not observed 2 or
8 hr after AP20187 treatment in mutants (Fig. 3a,b). In contrast, ATF4-IR was higher in area
CA1 compared to that of the controls both before and after the conditioning (Fig. 6f,g), possibly
resulting in the suppression of CREB-dependent transcription in the mutants, as observed after
AP20187 treatment. Taken together, these results suggest that increased eIF2α
phosphorylation-dependent translations in CA1 pyramidal cells caused consolidation deficits
of hippocampal memories without suppressing general translation.

Memory consolidation occurred despite a ~70% reduction in general translational capacity
To address whether de novo general translation is required for memory consolidation, we
examined the effects of systemic infusion of various doses of the most widely used protein
synthesis inhibitor, anisomycin, on de novo general translation and consolidation of contextual
fear memory. A pronounced decrease in [35S]-Methionine incorporation into newly
synthesized proteins was observed in the entire brain one hr after animals were subcutaneously
injected with anisomycin at doses of either 5 mg/kg, 10 mg/kg, or 100 mg/kg (Fig. 7a-e). We
then evaluated whether the same doses impaired consolidation of contextual fear memory (Fig.
7f,g). Significant impairments in the consolidation of both context memory and tone (cued-
fear) memory were observed 24 hr after fear conditioning in mice that received a subcutaneous
anisomycin injection at a dose of 100 mg/kg 10 min before conditioning. This result was
consistent with extensive evidence showing consolidation impairment by anisomycin at a dose

Jiang et al. Page 10

J Neurosci. Author manuscript; available in PMC 2010 August 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of at least 30 mg/kg body weight in rodents (Davis and Rosenzweig, 1978; Flood et al.,
1973). Remarkably, a single pre-conditioning subcutaneous injection of anisomycin at the 5
mg/kg or 10 mg/kg doses, which clearly suppressed [35S]-Methionine incorporation to ~50%
or ~30% of the levels present in vehicle-treated animals, respectively (Fig. 7b,c), did not elicit
freezing deficits in either context- or cued-retrieval tests on the following day (Fig. 7f,g).
Similar results were obtained when anisomycin was injected immediately after the conditioning
(Supplemental Fig. 4g,h).

To assess the relationship between anisomycin dose and consolidation impairment, we further
monitored the expression of c-Fos protein in the CA1 pyramidal cell layer; c-Fos is a member
of the immediate early gene family of transcription factors, and its expression is an index of
long-term memory formation (Guzowski, 2002) (Fig. 7h-m). Animals treated with 5 mg/kg
anisomycin 10 min before fear conditioning showed a robust increase in the number of c-Fos
positive cells in the CA1 cell layer one hr after training, and this increase was equivalent to
that achieved in animals following saline injection. However, this increase was significantly
attenuated by 100 mg/kg anisomycin treatment.

Taken together, the results suggest that memory consolidation occurs despite the fact that the
rate of peptide bond formation during the translation is diminished to ~30% of the steady-state
levels.

Discussion
An important but unresolved issue in memory research is whether memory consolidation
requires gene-specific transcription/translation changes or whether it requires the changes in
general or global translation regulated by basic translational machinery. To address this issue,
we focused on behavioral training-induced Ser51 dephosphorylation of eIF2α, which could
result in both a decrease in ATF4 translation and an increase in the translation initiation rate
of the basic translational machinery. To the end, we developed a CA1 pyramidal cell-restricted
conditional transgenic mouse strain in which the level of eIF2α phosphorylation is chemically-
augmented to the level which elicits the ATF4 translation increase, but without affecting the
rate of general translation initiation. Using this mutant as well as the general protein synthesis
inhibitor anisomycin, we made several interesting discoveries. Namely, (1) PKR-mediated
increase in eIF2α phosphorylation in CA1 pyramidal cells was sufficient to impair CA1 L-LTP
and consolidation of hippocampal memories, despite no decreases in de novo general
translation in the CA1; (2) consequently, we observed ATF4 translation increase selectively
in the CA1, which suppressed CREB-dependent transcription/translation, including that of
BDNF, a key protein for L-LTP and memory consolidation (Bekinschtein et al., 2008), and (3)
conversely, inhibition of de novo general translation by low-dose anisomycin did not impair
hippocampal-dependent memory or c-Fos induction in the CA1 cell layer. Cumulatively, these
results suggest that consolidation of hippocampal memories through eIF2α dephosphorylation
efficiently recruits transcription/translation of particular genes, including ATF4 and BDNF, in
CA1 pyramidal cells rather than inducing an overall increase in the activity of basic
translational machinery.

Hippocampal CA1 pyramidal cells as a site of memory consolidation
CA1 pyramidal cells have substantially more extrinsic projections than CA3 or dentate granule
cells and project to a number of subcortical and cortical areas (Cenquizca and Swanson,
2007). While this anatomical feature supports the idea that selective genetic manipulation in
CA1 pyramidal cells would alter or disrupt hippocampal memory consolidation, it remained
unclear whether CA1 pyramidal cell-restricted genetic manipulation was sufficient to impair
consolidation of hippocampal-dependent memories. For instance, Pittenger and colleagues
generated two tetracycline-dependent inducible transgenic lines expressing KCREB, a
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dominant-negative inhibitor of the CREB family of transcription factors (Pittenger et al.,
2002). In one line (line #1), KCREB transcription was induced in area CA1 of the dorsal
hippocampus, striatum, and piriform cortex, while another line (line #2) showed a similar
expression pattern but with no detectable expression in the hippocampus. Because performance
in the Morris water maze was impaired in line #1 but not in line #2, the authors extrapolated
that KCREB expressed in dorsal CA1 was responsible for spatial long-term memory formation.
The present findings expanded this work by directly and selectively targeting the induction of
eIF2α phosphorylation to CA1 pyramidal cells, preferentially in the dorsal hippocampus. We
found that this increased ATF4 translation in these cells, and subsequently suppressed CREB-
dependent transcription. This CA1-restricted manipulation resulted in impaired hippocampal
memory consolidation. Because acquisition and retrieval of short-term fear memory was not
affected by the induction of eIF2α phosphorylation, our results demonstrated that translational
process in CA1 pyramidal cells plays a pivotal role in hippocampal memory consolidation.

The level of eIF2α phosphorylation leading to ATF4 translation increase and consolidation
deficits

Costa-Mattioli et al. (2007) demonstrated that intrahippocampal injection of Sal003
immediately after behavioral training in rats increases the eIF2α phosphorylation level ~2.8-
fold, which impaired memory consolidation. This treatment was also shown to result in a
significant decrease in general translation in vitro. Conversely, in our mutant, infusion of
AP20187 elicited eIF2α phosphorylation to 1.5-fold over the basal level and induced a
subsequent increase in ATF4 translation in CA1 pyramidal cells. These effects were sufficient
to impair consolidation of the learned behavior. Notably, no decrease in the initiation rate of
basic translational machinery was detected with this level of phopho-eIF2α by the [35S]-
Methionine incorporation method. Furthermore, we did not observe the protein level changes
of CaMKIIα or β-tubulin following AP20187 treatment. These results suggest that our
manipulation was well-controlled with regards to eIF2α phosphorylation levels and maintained
the high ATF4 level needed to impair behavioral consolidation without affecting general
translation. While it has been shown that the increases in the mRNA translation of GCN4, a
yeast homologue of ATF4, are more sensitive towards ternary complex formation levels than
general protein synthesis inhibition (Dever et al., 1993; Hinnebusch, 2005), the present study
clearly demonstrated this phenomenon in mammalian neuronal cells. Even more importantly,
our results suggested that gene-specific transcription/translation following a slight increase in
eIF2α phosphorylation is sufficient to elicit behavioral consolidation impairments.

On the other hand, low-doses of anisomycin did not result in any observable consolidation
deficits, despite a clear suppression of de novo general translation up to ~70% across the entire
brain. This suggests that the remaining translational capacity of the neurons is sufficient for
memory consolidation. It is also suggested that levels of particular key proteins rather than
general translation are critical for consolidation.

Memory consolidation was mediated through a specific set of translation/transcription
events

The present study focused on the levels of ATF4 following a slight increase in eIF2α
phosphorylation, because a deficit in L-LTP by eIF2α phosphatase(s) inhibitor Sal003 is known
to be mediated entirely by ATF4 (Costa-Mattioli et al., 2007). Moreover, ATF4 is a key protein
regulating CREB-dependent gene transcription. Indeed, a large body of evidence has already
suggested that the CREB pathway is essential for L-LTP and long-term memory formation
(Carlezon et al., 2005; Lonze and Ginty, 2002; Shaywitz and Greenberg, 1999; Silva et al.,
1998). ATF4 functions as a transcriptional antagonist of CREB-mediated gene expression
(Abel and Kandel, 1998; Bartsch et al., 1995). Our results further support a critical role for the
CREB pathway in plasticity and memory consolidation. Interestingly, we also observed a
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translational increase in BACE1 protein following increased eIF2α phosphorylation, as
recently reported (O'Connor et al., 2008). However, the involvement of increased BACE1
translation in consolidation is unclear, because BACE1-mediated cleavage of APP in the brain
facilitates memory and synaptic plasticity (Ma et al., 2007). Nonetheless, we do not exclude
the possibility that other target proteins of eIF2α phosphorylation-dependent translation, or
even potential targets of PKR per se if any, could also contribute to these consolidation deficits.

In summary, our data adds evidence to the de novo general protein synthesis hypothesis (Davis
and Squire, 1984) positing that controlled translation of a subset of mRNAs, rather than
boosting general translation rates, during an early phase after learning in CA1 pyramidal cells
is crucial for the consolidation of long-lasting plasticity and hippocampal memory. Consistent
with our data, an mTOR inhibitor rapamycin, which blocks both long-lasting plasticity and
memory consolidation in mammals in many behavioral tasks (Costa-Mattioli et al., 2009),
preferentially represses translation of a subset of mRNAs rather than general translation in
Jurkat T cells (Grolleau et al., 2002). However, it is difficult to directly address the roles of
“general” translation in memory consolidation without comprehensively analyzing overall
changes of thousands of proteins at the transcription/translation levels. Indeed, there is
substantial evidence that LTP and LTD-inducing protocols activate the signaling pathways that
may globally control translation (Tsokas et al., 2005). Further studies are necessary to
determine how many proteins are activated by this learning process, and which proteins are
essential for consolidation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cre-mediated PKR expression is largely confined to excitatory cells in area CA1
(a) A DNA construct used for generating transgenic floxed-fPKR mice is depicted. A loxP
nuclear localization signal(nls)-LacZ-stop-loxP cassette under the control of CaMKIIα
promoter was placed prior to FKBP12-PKR fusion cDNA. Cell-type specific expression of
FKBP-PKR fusion protein was achieved by the Cre/loxP-mediated deletion of the “nlsLacZ-
stop” cassette. PKR was activated upon dimerization of the FKBP-fusion proteins by in vivo
administration of a chemical crosslink inducer, AP20187. nls; nuclear localization signal. (b)
Region–restricted expression of LacZ reporter in 8-week-old fPKR mice was detected in
hippocampal CA1 and dentate gyrus (DG) principal cells by X-Gal staining. No blue cells were
observed in cortex, hippocampal CA3, or amygdala. (c) LacZ expression was restricted in
hippocampal CA1 and dentate gyrus until 12 weeks of age. Scattered blue cells were observed
in the cortex at 15 weeks of age. (d) LacZ was expressed in CA1 pyramidal cells and dentate
granule cells, but not in interneurons. Anti-β-gal positive cells (Cy3, red) did not overlap with
anti-GAD67 positive cells (Alexa fluor 488, green; indicated by white arrows). Conversely,
over 90% of anti-CaMKIIα positive cells (Alexa fluor 488, green) in CA1 were β-gal positive.
(e) X-Gal staining pattern of Cre/fPKR double hemizygous mutant mice (mutants; 8-week-
old) compared to age-matched fPKR mice, showing Cre recombination was complete in the
mutant CA1 pyramidal cells.
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Figure 2. Targeted activation of PKR in CA1 pyramidal cells
(a-b) Phosphorylation of eIF2α was transiently increased up to 1.5-fold over basal levels after
AP20187 injection in mutants (12 weeks old) but not in control mice. Animals
intracerebroventricularly (i.c.v) injected with AP20187 were sacrificed at different time points
and hippocampal lysates were stained with anti-phospho-eIF2α by Western blotting. Total
protein loading of each time point was first normalized by anti-eIF2α immunoreactivity (IR).
Relative phospho-eIF2α levels (%) upon AP20187 treatment at different time points were
compared to the zero time point of controls or mutants. F1, 32=15.3 for genotype, p<0.0005;
F7, 32=4.2 for time, p<0.005. post-hoc Fisher's LSD test, *p<0.05. (c-i)Phospho-eIF2α-IR was
increased selectively in the CA1 pyramidal cell layer. Control (c-e) and mutant (f-h) brains
were fixed 2 hr after AP20187 injection and brain sections were immunostained with anti-
phospho-eIF2α. The boxed areas in the left panel are enlarged in the center and right panels
(c-h). Hip, hippocampus. (i) Immunostaining was quantified in NIH image J by measuring the
mean gray value in hippocampal CA1, CA3, and dentate gyrus, respectively. Relative phospho-
eIF2α values were normalized to the level of CA3 cell layer-IR. Mann-Whitney U test,
*P<0.05.
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Figure 3. CA1 specific-increase in ATF4 expression without general translation inhibition upon
elevation of eIF2α phosphorylation
(a-b) No general translation inhibition was detected upon activation of PKR induced by
AP20187 infusion. [35S]-Methionine was intraperitoneally (i.p.) injected into mutants and
fPKR controls 2 or 8 hr after AP20187 infusion. The images below are enlargements of the
boxed area in the upper images. De novo protein synthesis was quantified in NIH image J by
measuring the mean gray value in hippocampal CA1 and normalized to the level of CA3. (c-
d) Increased ATF4 expression was observed in mutant CA1 area but not in dentate gyrus (DG).
Sections from fPKR control and mutant animals were double-immunostained with anti-ATF4
(red signal) and anti-MAP2 (green signal) and were image-collected by confocal microscope.
The boxed areas from the left panel are enlarged in the right panel. The numbers of red dots
for ATF4 signal in somatic area of CA1, dentate granule cells, and CA3 were counted using
NIH image J. The relative ATF4 values were normalized to the level of CA3 cell layer-IR.
Mann-Whitney U test, *P<0.05.
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Figure 4. Down-regulation of CREB dependent gene expression
(a) Detection of CREB dependent gene transcription with RT-PCR. Total RNA from area CA1
of control and mutant animals at different time points after AP20187 injection were reverse
transcribed into single-stranded cDNA and amplified by PCR with gene-specific primers. The
PCR products were separated on a polyacrylamide gel and visualized by PhosphorImager
analysis. GAPDH transcripts were used as a control for RNA input and reverse transcription
efficiency. Relative mRNA level (%) for each gene at different time points after AP20187
treatment were compared to those of zero time point of controls or mutants. F1,24=43.9 for
genotype effect on BDNF, p<0.000005; F1, 24=63.6 for genotype effect on c-fos, p<0.000001;
F1,24=17.9 for genotype effect on zif268, p<0.0003; F1,24=6.7 for genotype effect on c/
EBPβ, p<0.02. post hoc Fisher's LSD test, *P<0.05. (b) BDNF protein levels in the mutant
hippocampi were transiently decreased from 2 to 6 hr after AP20187 injection. Total protein
loading was normalized by Western blots with anti-eIF2α Ab. Relative BDNF protein levels
(%) upon AP20187 treatment at different time points were compared to those of zero time point
of controls or mutants. post hoc Fisher's LSD test, *P<0.05.
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Figure 5. L-LTP but not E-LTP was impaired in mutants with AP20187
(a-b) L-LTP was induced by 12 theta burst stimulation (TBS) at 100 Hz (arrows) in the CA1
area of acutelyprepared hippocampal slices from 12-week-old mutants (b) and littermate-
matched fPKR control mice (a). Example of fEPSP recordings before (1) and 180 min after
(2) LTP induction are shown in upper panel. L-LTP in control mice was comparable with (filled
circle) and without (open circle) application of the dimerizer AP20187. However, L-LTP was
nearly absent in mutant mice with 5 μM AP20187 (filled circles) compared to vehicle control
(open circles; p<0.0002, student t-test). (c) E-LTP was induced by a single train of high-
frequency stimulation (100 Hz for one sec) in the Schaffer collateral pathway of hippocampal
slices from 12-week-old mutants and littermate-matched fPKR control mice. Both control
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(open triangle) and mutant (filled triangle) slices showed normal E-LTP induction with
AP20187. w/ AP20187, with AP20187.
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Figure 6. Consolidation of context specific memory was impaired after PKR activation
(a) Mutant mice, but not fPKR controls, were impaired in context specific memory formation
in the step-through active avoidance paradigm 2 hr after AP20187 infusion. F1, 36=5.98 for
genotype × context interaction, p<0.02, post hoc Fisher's LSD test, *P<0.05. Twelve controls
and 11 mutants were used for the context A test; 8 controls and 9 mutants were used for the
context B test. (b) Mutant mice and control mice underwent fear conditioning 2 hr after
AP20187 infusion. Contextual freezing during the conditioning and 30 min after the training
was similar between mutant (n=8) and control mice (n=8), suggesting acquisition and retrieval
of memory was not affected by the drug infusion. (c) Mutant mice (n=20) were impaired in
contextual memory 24 hr after the training compared to controls (n=21) (left panel). Both
genotypes showed normal levels of freezing during the tone presentation (right panel).
Student's t-test, *p<0.05. (d-e) Anti-phospho-eIF2α staining was performed using mutant and
fPKR brains obtained 2 hr after AP20187 infusion but immediately before fear conditioning
(pre) or 2 hr after fear conditioning (post). Both genotypes showed post-conditioning decrease
in phospho-eIF2α levels in CA1 pyramidal cells. Levels in mutants were higher than those in
controls in both pre- and post-conditioning. Immunostaining was quantified by measuring
mean intensity values of the CA1 cell layer using NIH image J. F1,12=20.4 for genotype effect,
p<0.001; F1,12=21.8 for pre-post effect, p<0.001; post hoc Fisher's LSD test, *P<0.05. (f-g)
Mutant ATF4-IR in CA1 pyramidal cells was higher than controls in both pre- and 2 hr post-
conditioning. Brain sections from mutants and fPKR controls were double-stained with anti-
MAP2 (Alexa fluor 488, green) and anti-ATF4 (Cy3, red). Images were obtained by confocal
microscope using x63 oil objective. The ATF4 expression level in area CA1 was quantified
by counting the number of red dots in the CA1 cell layer using NIH image J. F1,12=17.3 for
genotype effect, p<0.002; F1,12=3.2 for pre-post effect, p=0.1; post hoc Fisher's LSD test,
*P<0.05.
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Figure 7. Low dose anisomycin inhibits general translation with intact fear memory and normal
c-Fos induction
(a-e) De novo general translation was significantly inhibited when animals were injected with
anisomycin. C57BL/6N mice (2- to 4-month-old) were intraperitoneally (i.p.) infused with
[35S]-Methionine 1 hr after they were subcutaneously injected with saline (a) or anisomycin
at a dose of 5mg/kg (b), 10mg/kg (c), or 100mg/kg (d). The mean gray value of radioactivity
signals of areas CA1 and CA3 were quantified by NIH Image J and compared to the saline
injected group (e). Mann-Whitney U test compared to saline-treated group, *p<0.05. Ani 5,
anisomycin 5mg/kg; Ani 10, anisomycin 10mg/kg; Ani 100, anisomycin 100mg/kg. (f-g) Mice
were subjected to fear-conditioning 10 min after saline or anisomycin injection. Contextual
freezing during the conditioning was similar among groups (f). However, 24 hr after training,
contextual (f) and cued-fear memory (g) were impaired with injection of 100 mg/kg anisomycin
(n=9), but were not impaired with 5 mg/kg (n=12) or 10mg/kg (n=10) of anisomycin. One-
way ANOVA, post hoc Dunnett test compared to saline injected group (n=9). *p<0.05. (h-
m) C57BL/6N mice (2 to 4 months old) were kept in home cage (h) or underwent contextual
fear conditioning (i-l). Ten minutes before training, animals were injected with saline (h,i), 5
mg/kg anisomycin (j), 10 mg/kg anisomycin (k) or 100mg/kg anisomycin(l). The number of
c-Fos positive cells in the CA1 cell layer 1 hr after conditioning was assessed compared to the
number of the controls (saline injected with fear conditioning). Conditioning-induced c-Fos
expression was attenuated by 100 mg/kg anisomycin, but not by 5 mg/kg or 10mg/kg
anisomycin (m). Mann-Whitney U test compared between saline-injected with fear
conditioning group and other groups. *p<0.05. w/o FC, without fear conditioning; w/FC, with
fear conditioning.
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