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CHAPTER 5

Translational control of gene expression: a molecular
switch for memory storage
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Abstract: A critical requirement for the conversion of the labile short-term memory (STM) into the
consolidated long-term memory (LTM) is new gene expression (new mRNAs and protein synthesis). The
first clues to the molecular mechanisms of the switch from short-term to LTM emerged from studies on
protein synthesis in different species. Initially, it was shown that LTM can be distinguished from STM by
its susceptibility to protein synthesis inhibitors. Later, it was found that long-lasting synaptic changes,
which are believed to be a key cellular mechanism by which information is stored, are also dependent on
new protein synthesis. Although the role of protein synthesis in memory was reported more than 40 years
ago, recent molecular, genetic, and biochemical studies have provided fresh insights into the molecular
mechanisms underlying these processes. In this chapter, we provide an overview of the role of translational
control by the elF2a signaling pathway in long-term synaptic plasticity and memory consolidation.
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Overview of translation initiation in eukaryotes (elFs). Phosphorylation of several initiation factors

(eIF2B, elF3, elF4B, elF4E, elF4G) positively
Translational control is an important mechanism by correlates with increased translation rates, whereas
which cells govern gene expression, providing a phosphorylation of other elFs (e.g., eIF2a) results in
rapid response by the cell without invoking nuclear inhibition of translation and suppression of cell
pathways for mRNA synthesis and transport. In growth (Raught and Gingras, 2007). The funda-
systems with little or no transcriptional control (e.g., mentals and regulatory mechanisms of eukaryotic
reticulocytes, sea urchin eggs, Drosophila early protein synthesis have been reviewed in a recent
embryogenesis, and oocytes), translation is the book by Mathews et al. (2007b). The key events
major mode of regulation of gene expression in initiation are: (i) formation of the 43S ribo-
(Mathews et al., 2007a). Initiation is the rate-limiting somal preinitiation complex, (ii)) binding of the
step of translation and the main target of control. mRNA to the 43S complex, (iii)) a start codon
This regulation primarily involves the reversible selection, (iv) 80S complex formation, and (V)
phosphorylation of key eukaryotic initiation factors recycling of elF2 to generate a new ternary complex

[eIF2 - Met — tRNAM . GTP] (Fig. 1).
Ribosome recruitment to the mRNA is media-
*Corresponding author. Tel.: + 1 (514) 398-7274/5; ted by the elF3 and elF4 group of elFs and occurs
Fax: +1 (514) 398-1287; E-mail: nahum.sonenberg@mcgill.ca by one of two mechanisms: a cap-dependent
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Fig. 1. Schematic representation of the translation initiation pathway in eukaryotes. Eukaryotic translation initiation factors are
indicated as color-coded circles. (See Color Plate 5.1 in color plate section.)



(Pestova et al., 2007, p. 887) or a cap-independent
mechanism, the latter involving internal recruit-
ment of the ribosome to the mRNA 5 UTR
(Doudna and Sarnow, 2007, p. 864; Elroy-Stein
and Merrick, 2007, p. 863). In eukaryotes, initia-
tion on most mRNAs is thought to occur via a
cap-dependent process. Indeed, the 5’ cap structure
(m7GpppN, where m is a methyl group and N is
any nucleotide), which is present at the 5" end of all
nuclear-transcribed cukaryotic mRNAs, is the
first mRNA structure that is recognized by elFs
(Fig. 1). The protein complex involved in this step
is eIF4F, which consists of: (i) eIF4E, the cap-
binding protein responsible for directing elF4F to
the mRNA cap structure; (ii)) elF4A, an RNA
helicase required to unwind local secondary struc-
ture to facilitate access of the 43S ribosomal
complex to the mRNA template; and (iii) eIF4GI
or elF4GII (encoded by two different genes),
modular scaffolding proteins that bridge the
mRNA to the ribosome through interactions with
elF3, the largest and most complex elF. The
mammalian eIF3 contains 13 subunits that are
designated elF3a to eIF3m (Hinnebusch, 2006). In
contrast, the yeast eIF3 version contains orthologs
of only five mammalian eIF3 subunits elF3a,
elF3b, elF3c, elF3g, and elF3j. These five subunits
are considered the core elF3. elF3 interacts with the
40S ribosomal subunit, thus serving as a link
between the mRNA-elF4F complex and the
ribosome (Pestova et al., 2007).

Once bound to the mRNA, the 43S complex is
thought to scan the 5" UTR, supported by ATP
hydrolysis, until the appropriate AUG start codon
is encountered (Fig. 1). Because eIF4E is the least
abundant of all the initiation factors, the mRNA
recruitment step is rate-limiting (Duncan et al.,
1987).

Regulation of translation initiation

Translational control of protein synthesis is gen-
erally achieved by changes in the phosphorylation
state of elFs or their regulators (see below). Two
main targets for regulation are (i) the phosphory-
lation of elF2a that regulates the exchange of GDP
for GTP on elF2 and (ii) the formation of elF4F
that controls the recruitment of the mRNA to the
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ribosome. Our review will focus on the translational
control by the eIF2a signaling pathway. For a more
detailed review on the role of the eIF4F complex
and its regulators, eIF4E-binding proteins (4E-BPs)
in translational control of long-lasting plasticity
and learning and memory, see Chapter 10.

Translation regulation by phosphorylation of elF2u

Translational control by phosphorylation of elF2a
is one of the best characterized translational
mechanisms in eukaryotic cells. eIF2 consists of
three subunits: a large y subunit and two smaller o
and B subunits. e[F2 binds both GTP and the
Met — tRNAiMet to form a ternary complex. elF2
associates with the small ribosomal subunit in its
GTP-bound form. Like other GTP-binding pro-
teins, eIF2 alternates between its GTP-bound state
and its GDP-bound state. GTP is hydrolyzed when
the initiator AUG is engaged by the ribosome to
produce eIF2 in the GDP-bound state. Exchange
of GDP for GTP on elIF2 is catalyzed by the
pentameric guanine nucleotide exchange factor
elF2B, and is required to reconstitute a functional
ternary complex for a new round of translation
initiation (Hinnebusch et al., 2007; Pestova et al.,
2007). elF2a is critical for the modulation of eIF2’s
activity. Phosphorylation of the o subunit on Ser51
decreases general translation initiation (Dever,
2002) by blocking the GDP-GTP exchange reac-
tion and reducing the dissociation rate of eIF2 from
elF2B (Fig. 2). Since the cellular levels of eIF2B are
much lower than the levels of eIF2, even when only
a fraction (about 20-30%) of elF2u is phosphory-
lated and complexed with elF2B, the GTP-GDP
exchange process is inhibited. Paradoxically this
also results in stimulation of translation of a subset
of mRNAs that contain upstream open reading
frames (uORFs) (Dever et al., 2007, Hinnebusch
et al., 2007; Jackson et al., 2007) (Fig. 2).

The molecular mechanism underlying this selec-
tive translation was extensively studied in the
general amino acid control response in the yeast
S. cerevisiae (Hinnebusch et al., 2007). Amino acid
starvation of yeast cells increases translation of
GCN4 mRNA, a process strongly dependent on
the activation of the elF2a kinase Gen2p and
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Fig. 2. Schematic representation of the elF2a signaling pathway. The four elF2a kinases (GCN2, PERK, PKR, and HRI), whose
activity is regulated by different stress signals, phosphorylate Ser51 on the o subunit of eIF2. Phosphoryation of elF2a leads to
inhibition of general translation but it stimulates translation of ATF4 mRNA. (See Color Plate 5.2 in color plate section.)

phosphorylation of elF2a. The specific induction
of GCN4 translation upon elF2a phosphorylation
is mediated by four short open reading frames in
the leader of GCN4 mRNA. When amino acids
are available, scanning ribosomes translate these
short ORFs but dissociate from the mRNA before
reaching the authentic GCN4 start codon. In
contrast, under starvation conditions, el F2a phos-
phorylation by GCN2 inhibits eIF2B, thus causing
a fraction of the scanning 40S subunits to form
active translational complexes only after they
bypassed the upstream ORFs, and allowing
initiation at the proper GCN4 start codon
(Hinnebusch et al., 2004, 2007).

In mammals, the translation of the Gcnd’s
metazoan counterpart, ATF4 (CREB2), is
enhanced by elF2oa phosphorylation (Harding
et al.,, 2000; Lu et al., 2004; Vattem and Wek,
2004). ATF4 contains two uORFs which are highly

conserved across species. Both uORFs contribute in
a different manner to ATF4 mRNA translation.
The 5-proximal uORF1, which is shorter than
uORF?2, is a positive element required to enhance
translation of ATF4 mRNA in response to high
elF2a phosphorylation levels. In contrast, uUORF2
overlaps the ATF4 ORF, rendering ribosomes that
translate it unable to access the authentic ATF4
initiation site (Fig. 3). Similar to GCN4 mRNA
translation, lowering the concentration of ternary
complex (by phosphorylation of elF2a) increases
the probability that any rescanning 40S subunit will
acquire the ternary complex at the ATF4 initiation
site (Lu et al., 2004; Vattem and Wek, 2004).

elF2u kinases

In mammalian cells, there are four known Ser/Thr
protein kinases for which elF2o is the major
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Fig. 3. A model for ATF4 mRNA translation. Schematic diagram of the 5’ untranslated region of ATF4 mRNA. The open reading
frames (ORFs) are shown as green boxes, and the ATF4 mRNA authentic ORF as an open rectangule. Under normal growing
conditions (left panel) the 40S ribosome initiates at ORF1 and reinitiates at ORF2. Under amino acid deprivation conditions (right
panel), due to a low concentration of ternary complex, 40S ribosomes conditions failed to reinitiate at ORF2 but reinitiated instead at

the authentic ORF. (See Color Plate 5.3 in color plate section.)

substrate. They include the double-stranded (ds)
RNA-activated protein kinase (PKR), the hemin-
regulated inhibitor kinase (HRI), the pancreatic
elF2a or the PKR-endoplasmic reticulum (ER)-
related kinase (PEK/PERK), and the general
control non-derepressible kinase (GCN2). The
elF2a kinases share a conserved kinase domain
(Dever et al., 2007) and their ability to respond to
different stimuli is due to the presence of regula-
tory domains. For instance, double-stranded RNA
(dsRNA), heme deficiency, misfolded proteins in
the ER, and amino acid deprivation activate PKR,
HRI, PERK, and GCN2, respectively.

With the exception of HRI whose level of
expression is very low, all the elF2a kinases are
significantly expressed in the brain (Meurs et al.,
1990; Chen et al., 1991; Chong et al., 1992; Crosby
et al., 1994; Mellor et al., 1994; Shi et al., 1998;
Berlanga et al., 1999; Harding et al., 1999; Sood

et al., 2000). We will describe the most salient
aspects of GCN2 since it plays a critical role
in synaptic transmission, learning, and memory.
GCN2 is the ancestral elF2a kinase and is
present in all eukaryotes from yeast to mammals
(Hinnebusch et al., 2004; Dever et al., 2007).
GCN2 is activated under conditions of amino
acid deprivation via the accumulation of
uncharged tRNA. GCN2 has five domains. At the
N-terminal, it contains a charged region which
binds GCNI1 and is required in vivo for activation
of the kinase domain. This domain is followed by a
pseudokinase domain, the elF2a kinase domain, a
domain related to histydyl-tRNA synthetase
(HisRS), which includes a sequence (motif 2)
interacting with all the deacylated tRNAs with
similar affinity, and a carboxy-terminal domain
which enhances tRNA binding, dimerizes, and
mediates binding to ribosomes. In contrast to
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PKR and PERK, which are monomers and their
kinase activation requires dimerization, GCN2 is
thought to be a constitutive dimer. In addition, the
HisRS interacts with both the kinase domain and
the carboxy-terminal domain. These inter-domain
interactions are believed to keep the kinase in an
inactive state. It is believed that the uncharged
tRNAs, which increase in response to amino acid
deprivation, bind to HisRS domain and cause the
release of these inhibitory inter-domains interact-
ing, thus activating the kinase.

GCN2 is also activated by other stresses such as
UV irradiation, high salinity, glucose limitation,
and rapamycin (Deng et al., 2002; Narasimhan
et al., 2004). Interestingly, these stresses cannot
activate a mutant GCN2 which lacks the m2
motifs, indicating that uncharged tRNA must be
the main activator of GCN2.

Pharmacologic evidence that translation regulates
long-term synaptic plasticity and memory

Short-term and long-term memory

The idea about two memory systems (STM and
LTM) has emerged from the study of patients with
memory impairments. A classic in the medical
literature is the case of a patient, H.M., who
suffered from seizures due to a head injury in a
bicycle accident when he was 9 years-old (Scoville
and Milner, 1957). To relieve his intractable
seizures, neurosurgeons performed a bilateral
surgical excision of the medial temporal region.
As a result of the surgery H.M. exhibited a severe
impairment in LTM but STM was intact. Further
studies on other species have supported the same
distinction between STM and LTM (Scoville and
Milner, 1957).

Protein synthesis and behavioral learning

A similar idea about STM and LTM has emerged
from the study of protein synthesis inhibitors
(puromycin, anysomicin, emetine, acetoxycyclo-
heximide, cycloheximide, and rapamycin) in me-
mory formation. These studies provided the first
molecular clues about the distinction between

these two processes. The initial studies by Flexner
et al. (1963), Agranoff et al. (Agranoff and
Klinger, 1964), and Squire and Barondes (Davis
and Squire, 1984), which showed that protein
synthesis inhibitors block declarative memory,
revolutionized the memory and cognition field.
Further behavioral studies in different species
strengthened the notion that protein synthesis
inhibitors block specifically long-term memory
(LTM) formation whereas short-term memory
(STM) is spared. Interestingly, protein synthesis
inhibitors are effective when given immediately
before or after training. Indeed, when they are
applied 1h or later after training LTM is not
affected (Davis and Squire, 1984).

Studies on the gill-withdrawal reflex of the
marine mollusk Aplysia californica revealed similar
results. A single stimulus to the tail gives rise to a
protein synthesis independent, short-lasting sensi-
tization (minutes to hours). In contrast, repetition
of such a stimulus elicits LTM sensitization that
can last days to week and requires the synthesis of
new proteins (Pinsker et al., 1973; Carew et al.,
1983; Frost et al., 1985; Castellucci et al., 1989).
Taken together these data indicate that protein
synthesis during or shortly after training is
required for long-term but not STM.

Protein synthesis and long-lasting plasticity

Repeated activity strengthens synaptic connections
between brain cells. This process, known as long-
term potentiation (LTP), is believed to be a key
cellular mechanism by which information is stored
(Bliss and Collingridge, 1993; Malenka and Nicoll,
1999; Kandel, 2001). The first evidence that new
protein synthesis is required for long-lasting LTP
came from in vivo LTP experiments (Krug et al.,
1984). Further studies on hippocampal slices in
vitro have shown that two distinguished temporal
phases of LTP were based on the sensitivity to
protein synthesis inhibitors (Kelleher et al., 2004;
Klann and Dever, 2004). Like memory, LTP
exhibits two temporally distinct phases: early LTP
(E-LTP), which depends on modification of pre-
existing proteins; and late LTP (L-LTP), which
requires transcription and synthesis of new pro-
teins (Silva et al., 1998; Kelleher et al., 2004; Klann



and Dever, 2004; Sutton and Schuman, 2006;
Costa-Mattioli et al., 2007b). E-LTP is typically
induced by a single train of high-frequency
(tetanic) stimulation and lasts only 1-2h. In
contrast, L-LTP is generally induced by several
repetitions of such stimulations (typically four
tetanic trains separated by 5-10min) and lasts
many hours.

Consistent with these data, Montarolo and
colleagues (Montarolo et al., 1986) showed that
in Aplysia sensory neurons protein synthesis
inhibitors blocked serotonin-mediated long-term
facilitation but not short-term facilitation. In
parallel to the behavior and plasticity experiment
in vertebrates, the protein synthesis inhibitors were
only effective if given around the time of the
serotonin application.

At the molecular level, co-activation of pre- and
post-synaptic neurons leads to the transcription of
plasticity-related genes whose mRNAs are either
subsequently translated in the cell body or
transported to synapses on the dendrites where
they are locally translated. The newly synthesized
proteins are somehow captured by specifically
“tagged” synapses, those most recently active
(Frey and Morris, 1997; Martin et al., 1997). This
is inferred from the finding that strongly stimu-
lated synapses can enable weakly stimulated ones
to generate L-LTP (reviewed by Morris and Frey,
1999; Martin and Kosik, 2002). Translation is also
regulated locally (independently of changes in gene
transcription) at stimulated synapses. The local
synthesis model is supported by the presence of
ribosomes and mRNAs in, or close to, dendritic
spines. This process has been extensively reviewed
(Steward and Schuman, 2001, 2003; Sutton and
Schuman, 2006).

Genetic evidence that translation regulates
long-term synaptic plasticity and memory

Identification of GCN2 as regulator of learning and
memory and characterization of GCN2 knockout
mice

Though we knew that memory consolidation
requires new protein synthesis, the molecular
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mechanisms by which translation controls these
processes remained obscure. GCN2 has several
interesting features: GCN2-mediated phosphory-
lation of eIF2a suppresses general translation and
selectively stimulates the translation of ATF4
(Dever et al., 2007; Pestova et al., 2007; Ron and
Harding, 2007). Interestingly, ATF4 and its
homologs are repressors of long-lasting synaptic
plasticity and memory formation in diverse phyla
(Bartsch et al., 1995; Abel et al., 1998; Kandel,
2001; Chen et al., 2003). More importantly, GCN2
is the major elF2 kinase in the brain. Its mRNA is
enriched in the brain of flies (Santoyo et al., 1997)
and mammals (Berlanga et al., 1999; Sood et al.,
2000), especially in the hippocampus (Costa-
Mattioli et al., 2005). Thus, the well-documented
requirement for translation in modulating synaptic
activity and memory, together with strong evi-
dence linking elF2a phosphorylation and transla-
tional control to ATF4 activity (Lu et al., 2004;
Vattem and Wek, 2004), raised the intriguing
possibility of a role for GCN2 in regulating
synaptic plasticity, learning, and memory. To
explore this possibility, a GCN2 knockout mouse
was generated. The GCN2 gene was mutated
by deleting the essential exon 12 (Costa-Mattioli
et al., 2005). In addition, splicing of exon 11 to
exon 13 was predicted to disrupt the reading frame
of the mRNA and introduce multiple stop codons
which destabilize the mRNA. GCN2 was absent in
the hippocampus of GCN2 knockouts as deter-
mined by two different antibodies which recognize
the amino and carboxy-terminal of the protein.
The GCN2 knockout mice are viable, fertile, and
develop normally. In the hippocampus of GCN2
knockouts, both elF2a phosphorylation and the
memory repressor ATF4 are reduced (Costa-
Mattioli et al., 2005).

We first examined synaptic plasticity at synapses
on CAl pyramidal cells by recording in stratum
radiatum extracellular excitatory postsynaptic
potentials evoked by electrical stimulation of the
Schaffer collateral pathway. Basal synaptic trans-
mission (i.e., input—output curves, fiber volley
amplitude, and pair pulse facilitation) was not
altered in GCN2 knockout mice. Surprisingly, a
protocol that usually elicits an E-LTP, which is
independent of gene expression (translation and
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transcription), elicited a typical gene expression-
dependent L-LTP in hippocampal slices from
GCN2 knockout mice (Costa-Mattioli et al.,
2005). By three independent criteria, the LTP
generated in GCN2 knockout mice is indistin-
guishable from the normal L-LTP induced by four
trains of stimulation: it is (i) dependent on gene
expression, (ii)) dependent on PKA, and (iii)
immune to depotentiation. The ability to convert
a stimulus that normally leads to a short-term
change to a long-term change in plasticity has been
seen in numerous genetic manipulations in several
species (Bartsch et al., 1995; Yin et al., 1995;
Malleret et al., 2001; Barco et al., 2002; Genoux
et al., 2002; Chen et al., 2003), and is invariably
due to a decrease in the threshold for activating
gene expression. For instance, mice with enhanced
CREB activity (Barco et al., 2002) or those
expressing a dominant negative for ATF4 (Chen
et al., 2003) are remarkable examples of this
principle: as in the GCN2 knockout mice, a single
train of high-frequency stimulation was sufficient
to elicit a sustained L-LTP in these mice. In this
regard, it is noteworthy that in the basal state,
GCN2 knockout mice exhibit decreased ATF4
levels. Thus, a plausible interpretation is that the
facilitated LTP elicited in GCN2 knockout mice is
associated with a lower threshold for activation of
gene expression. Therefore, the effect of GCN2 on
long-lasting changes in plasticity could be
mediated through modulating ATF4/CREB acti-
vity. However, to our surprise, a L-LTP inducing
protocol, such as four trains at 100Hz or
forskokin, elicited an impaired L-LTP in the
GCN2 knockout hippocampal slices.

Deleting GCN2 affects LTP but not long-term
depression (LTD), another well-characterized
form of synaptic plasticity, induced by either
low-frequency stimulation (LFS) or incubation
with DHPG, an agonist of group I mGluRs
(Costa-Mattioli et al., 2005). Therefore, it is
possible that GCN2 does not play any role in
protein synthesis-dependent LTD or the signaling
pathway which regulates GCN2 activity is not
altered by LTD-inducing protocols.

Is the altered synaptic efficacy in the hippocam-
pal neurons of GCN2 knockout mice manifested
at the behavioral level? To answer this question,

mice were first subjected to Pavlovian fear
conditioning. Pairing tone presentations with a
foot shock in a particular environment leads to
both auditory and contextual fear conditioning.
Contextual fear conditioning is a hippocampus-
dependent process in which LTM for the context is
established following a single training session.
Auditory fear conditioning on the other hand,
which associates a tone (CS) with the foot shock
(US), is dependent on the amygdala but not the
hippocampus (Fanselow and LeDoux, 1999;
LeDoux, 2000). Both contextual and cue fear
conditioning are dependent on new protein synth-
esis (Bourtchouladze et al., 1998; Schafe et al.,
1999).

GCN2 knockout mice exhibited reduced “‘freez-
ing” when tested after a retention delay of 24 h and
10 days after training, indicating that hippocam-
pus-dependent fear memories are impaired in these
mice. By contrast, when GCN2 knockout mice
were evaluated in auditory fear conditioning, they
exhibited normal associative memory for the tone.
These data indicate that the lack of GCN2
selectively affects hippocampal-dependent memo-
ries but not amygdala-dependent auditory fear
conditioning.

To further assess the role of GCN2 in hippo-
campal-dependent memories, wild-type (WT) and
GCN2 knockout mice were subjected to the
hidden-platform version of the Morris water maze,
a hippocampus-dependent reference memory task,
in which a mouse must find a platform (using
visual spatial clues) hidden under opaque water in
a pool (Morris et al., 1982). Using a conventional
training protocol (three trials per day), spatial
learning of GCN2 knockout mice was impaired, as
determined by escape latencies and quadrant
occupancy (Costa-Mattioli et al., 2005). Since a
short-lasting LTP protocol induced a robust gene-
expression-dependent LTP in GCN2 knockout,
mice were trained in a weak training protocol
(once per day). Remarkably, when the GCN2
knockout mice were given a weak training, they
exhibited enhanced spatial learning and memory
(Costa-Mattioli et al., 2005). In parallel to the
electrophysiological findings in hippocampal slices
of GCN2 knockout mice, where weak stimulation
elicited L-LTP instead of E-LTP, but strong



stimulation failed to evoke the expected L-LTP, a
weak training protocol induced an enhanced
memory but a stronger protocol impaired memory
consolidation in these mice. These data provide the
first genetic evidence that translational control is
critical for long-lasting synaptic plasticity and
memory consolidation.

GCN2 in the brain regulates selection of balanced
diet

Omnivorous animals such as rats reject diets
lacking essential amino acids. Selection of such a
balanced diet plays an important role in human
evolution. It has been reported that neurons of the
apical periform cortex, which project to appropriate
feeding neuronal circuits, are activated by intracel-
lular indispensable amino acids (Haberly and Price,
1978). The apical periform cortex appears to be
critical for such an adversive response, because
bilateral lesion of this region abolishes the bias
against diets lacking essential amino acids (Gietzen,
1993). Interestingly, consumption of an imbalanced
diet increases the phosphorylation of elF2a in
neurons of the apical periform cortex (Gietzen
et al.,, 2004). Recently, two independent groups
showed that GCN2 is responsible for this basic
mechanism of functional stress (Hao et al., 2005;
Maurin et al., 2005). Both groups showed that WT
mice reject diet lacking threonine and leucine
whereas GCN2 knockout mice consumed equal
amount of balanced and imbalanced diet.
Consistent with these data, injection of amino
alcohol threoninol, an inhibitor of a single tRNA
synthetase into the apical periform cortex caused
a decrease in food intake of a balanced diet (Hao
et al., 2005). These data indicated that uncharged
tRNA, which as amino acid deprivation activates
GCN2, is the signal that triggers the feeding
response. Thus, GCN2 appears to be responsible
for the increased phosphorylation of elF2a in
neurons of the apical periform cortex. An increase
in elF2a phosphorylation was observed in brain
section from WT mice feed with an imbalanced
diet whereas the same diet did not alter elF2a
phosphorylation levels in GCN2 knockout brain
slices (Hao et al., 2005; Maurin et al., 2005). It will
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be interesting to learn whether in WT mice either
fed with a diet lacking amino acids or injected with
amino alcohol threoninol in WT mice, the activity
of GCN2 (phosphorylation) also is up-regulated in
the apical periform cortex. Indeed, consumption of
a diet lacking indispensable amino acids led to an
elF2a phosphorylation in the liver (Anthony et al.,
2004; Maurin et al., 2005).

Taken together, these data indicate that GCN2
senses the imbalance in amino acids and activates
down-stream signaling pathways which lead to the
behavioral rejection of a diet lacking amino acids.

Important question remains with respect to the
role of GCN2-mediated elF2a in sensing amino
acid deficiency in mammalian periform cortex. Is
ATF4 the downstream target responsible for this
or the decrease in translation associated with an
increased elF2o phosphorylation? Does local
activation of the other elF2o kinases, such as
PERK or PKR, in the apical periform cortex,
recapitulates the phenotype observed in WT fed
with a diet lacking amino acids? Finally, it will be
interesting to investigate whether other protein
kinases also contribute to this feeding behavior.

A master switch for the conversion from short-term
to long-term synaptic plasticity and memory
formation

Consolidation of long-term memories requires the
expression of new genes (Squire, 1987). Thus, if*
new gene expression is the rate-limiting step
necessary to strengthen existing synaptic connec-
tions between neurons, how is this process turned
on? If one could find such a mechanism and switch
it on, then stimulation that normally elicits only
E-LTP and STM should lead to L-LTP and LTM.
This was the goal of our research. In diverse phyla,
a key component in memory formation is the
transcription factor CREB (cAMP responsive
element-binding protein). CREB is regulated by
phosphorylation of its serine 133, and is also
under the control of the repressor protein ATF4
(CREB-2) (Bartsch et al., 1995; Silva et al., 1998;
Kandel, 2001; Chen et al., 2003), which in turn is
regulated at the level of mRNA translation. As
described above, phosphorylation of elF2a
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Fig. 4. Decreased elF2a phosphorylation facilitates L-LTP and long-term spatial memory consolidation. (A) A single train of high-
frequency stimulation elicits an enhanced LTP in hippocampal slices from elF20 " /S5 mice. (B) elF20 /51 mice exhibited and
enhanced long-term spatial memory with a weak training protocol in the Morris Water Maze.

suppresses general translation, and selectively sti-
mulates the translation of ATF4 (Dever et al., 2007;
Ron and Harding, 2007). Thus, eIF2a phosphory-
lation regulates two fundamental processes essential
for the conversion from short-term to long-term
synaptic plasticity and memory: (a) de novo protein
synthesis and (b) CREB-mediated gene expression

via ATF4. According to recent evidence, elF2a
phosphorylation is tightly correlated with neuronal
activity. We and others have shown that L-LTP-
inducing protocols decrease elF2a phosphorylation
(Takei et al., 2001; Costa-Mattioli et al., 2005). In
keeping with a role in memory formation, elF2a
phosphorylation is reduced when rats are trained in
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Fig. 5. Increased elF2a phosphorylation impairs L-LTP and spatial memory consolidation. (A) The induction of L-LTP is blocked by
Sal003, an inhibitor of the eIF2a phosphatases. (B) Infusion of Sal003 into the hippocampus immediately after training blocks memory
consolidation. Dark syringes refer to either vehicle or Sal003 infusions across groups.

a Pavlovian-fear conditioning task (Costa-Mattioli
et al., 2007b). In addition, in mice lacking GCN2
(the main elF2a kinase in the mammalian brain)
elF2a levels are reduced and synaptic plasticity and

memory are altered (Costa-Mattioli et al., 2005).
We therefore predicted that reduced elF2a
phosphorylation would facilitate gene expression,
L-LTP induction, and LTM storage.
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We investigated long-lasting synaptic plasticity
and memory in elF2a heterozygous mutant mice
(eIF20. " /551y in which eIF2o phosphorylation and
ATF4 levels are decreased. As expected, LTP was
elicited more readily in hippocampal slices from
these mice: stimulation that normally induces a
short-lasting E-LTP in WT mice elicited a sus-
tained, gene expression-dependent L-LTP in hip-
pocampal slices from elF20 /53" mice (Fig. 4A)
(Costa-Mattioli et al., 2007a). Furthermore, mice
lacking GCN2, in which elF2a phosphorylation is
reduced (Costa-Mattioli et al., 2005), and those
expressing an inducible inhibitor of ATF4 (Chen
et al., 2003) had similar phenotypes. In agreement
with the enhanced LTP in hippocampal slices,
elF20 " /55" mice have an enhanced memory and
lower threshold for learning in several behavioral
tasks, such as the Morris water maze (Fig. 4B),
associative fear conditioning, and conditioned taste
aversion. These data strongly support the notion
that reduced phosphorylation of elF2a facilitates
the expression of genes required for long-lasting
synaptic plasticity and memory consolidation.

We reasoned that, if dephosphorylation of el F2a
is essential for memory consolidation, preve-
nting the decrease in elF2a phosphorylation that
normally occurs during memory formation
should inhibit not only gene expression but also
L-LTP and LTM. To test this prediction, we
applied Sal003, a compound which suppresses
elF2a dephosphorylation (Boyce et al., 2005). As
expected, the Sal003-mediated increase in elF2a
phosphorylation resulted in inhibition of general
translation and selective increase in translation
of ATF4 mRNA. Furthermore repeated tetanic
stimulation induced only short-lasting LTP in
Sal003-treated hippocampal slices from WT mice
(Fig. 5A) (Costa-Mattioli et al., 2007a). In further
electrophysiological tests, L-LTP elicited in
slices from ATF4 knockouts was resistant to
Sal003, confirming that the increase in ATF4
levels mediates the inhibitory action of Sal003.
Moreover, locally injected Sal003 increased elF2o
phosphorylation in the hippocampus of WT mice
and impaired their learning and memory in the
water maze (Fig. 5B) and during contextual fear
conditioning (Costa-Mattioli et al., 2007a).

The ability to enhance memory formation by
decreasing the levels of repressors of gene expres-
sion appears to be a widely conserved mechanism,
from sea slugs to mammals. After injecting
antibodies against the Aplysia homolog of ATF4,
ApCREB2, into sensory neurons, a single pulse of
5-HT, which normally induces only short-term
facilitation (lasting minutes), is sufficient to evoke
a gene expression-dependent long-term facilitation
that lasts beyond one day (Bartsch et al., 1995).

Our findings thus reveal a crucial step in
mnemonic processing: the phosphorylation of a
single site on elF2a determines whether a STM
process is transformed into a long-lasting one,
through modulation of gene expression. A better
understanding of the molecular basis of memory
should lead to improved therapy of memory loss,
whether associated with aging or, more devastat-
ingly, with Alzheimer-type dementia.

Summary

Significant advances in studies of translational
control of synaptic plasticity and memory forma-
tion have emerged in the last few years. GCN2-
mediated phosphorylation of elF2a and signaling
downstream is an ancient signaling pathway, which
is critical for the regulation of various biological
processes. Recent well-integrated multidisciplinary
approaches (molecular biology, genetics, electro-
physiology, and behavior) have revealed the crucial
role of elF2a phosphorylation in synaptic plasti-
city and memory, thus providing new insights into
the molecular mechanisms underlying synaptic
plasticity and memory formation.
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