1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Annu Rev Neurosci. Author manuscript; available in PMC 2016 January 21.

-, HHS Public Access
«

Published in final edited form as:
Annu Rev Neurosci. 2014 ; 37: 17-38. doi:10.1146/annurev-neuro-071013-014100.

Translational Control in Synaptic Plasticity and Cognitive
Dysfunction

Shelly A. Buffington®, Wei Huang", and Mauro Costa-Mattioli
Department of Neuroscience, Memory and Brain Research Center, Baylor College of Medicine,
Houston, Texas 77030

Shelly A. Buffington: shelly.buffington@bcm.edu; Wei Huang: wei.huang@bcm.edu; Mauro Costa-Mattioli:
costamat@bcm.edu

Abstract

Activity-dependent changes in the strength of synaptic connections are fundamental to the
formation and maintenance of memory. The mechanisms underlying persistent changes in
synaptic strength in the hippocampus, specifically long-term potentiation and depression, depend
on new protein synthesis. Such changes are thought to be orchestrated by engaging the signaling
pathways that regulate mRNA translation in neurons. In this review, we discuss the key regulatory
pathways that govern translational control in response to synaptic activity and the mMRNA
populations that are specifically targeted by these pathways. The critical contribution of regulatory
control over new protein synthesis to proper cognitive function is underscored by human disorders
associated with either silencing or mutation of genes encoding proteins that directly regulate
translation. In light of these clinical implications, we also consider the therapeutic potential of
targeting dysregulated translational control to treat cognitive disorders of synaptic dysfunction.
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INTRODUCTION

Memory storage is thought to have a physical basis in long-lasting modifications of synaptic
function in selective brain circuits. Pioneering studies from the Flexners revealed the
requirement for protein synthesis as the first molecular distinction between labile short-term
memory (STM), lasting from seconds to several minutes, and more stable long-term
memory (LTM), which persists for many hours, days, years, or even a lifetime (reviewed in
Dudai 2012, Kandel 2001, McGaugh 2000). Protein synthesis inhibitors selectively block
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LTM in various species, and these fundamental studies have been supported by more recent
genetic manipulations (Costa-Mattioli et al. 2009, Richter & Klann 2009). Hence, the
current dogma of the neurobiology of learning posits that the synthesis of specific proteins is
what determines whether a synaptic or memory process remains transient or becomes
persistently stored in the brain. These newly synthesized proteins are thought either to
strengthen a preexisting synaptic connection, by inducing a structural remodeling or a
functional change (e.g., insertion of receptors), or to form new synaptic connections. In this
article, we focus on recent advances in our understanding of the role of protein synthesis in
synaptic plasticity and cognitive dysfunction, emphasizing the different mechanisms by
which protein synthesis regulates mnemonic processes, as well as potential pharmacological
approaches to the treatment of cognitive disorders where translation is altered. Although
translational control is crucial for many biological processes in the central nervous system,
we limit our discussion to these specialized areas because we believe they are particularly
important for future developments in the field.

TRANSLATIONAL CONTROL IN SYNAPTIC PLASTICITY

Synaptic plasticity, the activity-dependent modulation of the strength of synaptic
connections, underlies changes in neuronal network dynamics and is therefore thought to be
involved in the storage of LTM (Neves et al. 2008). An intriguing aspect of memory is that
different types of learning are associated with either strengthening [long-term potentiation
(LTP)] or weakening [long-term depression (LTD)] of synaptic efficacy (Malenka & Bear
2004). Repeated activity in a given neural pathway changes the efficacy of its synaptic
connections. For instance, with high-frequency activation, an increase in efficacy can last for
hours, days, or even weeks (hence LTP). The reverse is also true: Reduced activity lowers
synaptic efficacy, resulting in LTD. Both processes are known to require new protein
synthesis (Costa-Mattioli et al. 2009, Kandel 2001, Luscher & Huber 2010). Specifically, in
ex vivo rodent hippocampal slices, the induction of late-phase LTP (L-LTP) resulting from 4
trains of 100-Hz high-frequency stimuli (4 x 100 Hz) requires de novo protein synthesis,
whereas early-phase LTP (E-LTP) induced by 1 train of 100 Hz stimulus (1 x 100 Hz) is
independent of protein synthesis (Kandel 2001). In the same preparation, LTD of CA1
synapses induced by activation of metabotropic glutamate receptors 1/5 (mGIuR-LTD), but
not N-methyl-D-aspartate receptor—dependent LTD (NMDAR-LTD), also requires new
protein synthesis (Huber et al. 2000). We discuss below the translational control
mechanisms that underlie both L-LTP and mGIuR-LTD.

Mechanisms of Translation

Protein synthesis occurs in three steps: initiation, elongation, and termination. Initiation, the
rate-limiting step, is a major target for translational control (Sonenberg & Hinnebusch
2009). Translation initiation begins with the formation of the 43S preinitiation complex,
which consists of the small 40S ribosome subunit and the ternary complex; this complex is
formed by the initiator methionyl-tRNA (Met-tRNA;M€Y and the GTP-bound form of
eukaryotic initiation factor elF2 (Figure 1). The 43S preinitiation complex binds to the 5/
end of the m’-G-capped messenger RNA (MRNA), a process that is promoted by elF3, the
poly(A)-binding protein (PABP) and elF4F. elF4F consists of the cap-binding protein
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elF4E, elF4A (the DEAD-box RNA helicase), and elFAG—a scaffold protein that, through
binding with elF3, bridges the 40S ribosome to the 5’ end of the mMRNA.. elF4G also serves
as a scaffold to bind PABP, thus inducing the circularization of the mRNA (Jackson et al.
2010). After attachment, the 43S preinitiation complex scans along the mRNA ina 5" to 3/
fashion until it encounters the initiation AUG codon in an optimum context [GCC(A/
G)CCAUGG, with a purine at the —3 and a G at the +4 positions relative to the A of the
AUG codon, which is designated +1] to form the 48S preinitiation complex. During
scanning, the elF4F complex catalyzes the unwinding of secondary structures in the 5’
untranslated region (UTR). The first step in initiation codon recognition is the base pairing
between the AUG codon and the anticodon of Met-tRNA;Mét in the peptidyl-tRNA (P) site
of the 40S ribosome. Codon-anticodon recognition arrests the scanning ribosome and
triggers the activity of the elF2-specific GTPase activated protein (GAP) elF5B in the
ternary complex. elF5B hydrolyzes the ternary complex GTP when it is bound to the 40S
subunit, a process that reduces elF2’s affinity for Met-tRNA;Mét, thus leading elF2-GDP to
dissociate from the ribosome. The translation initiation factors elF1, elF1A, elF3, and elF2-
GDP must dissociate from the complex for the 40S and 60S subunits to join, forming the
80S ribosomal complex, a process facilitated by elF5B.

After initiation, translation elongation factors are recruited to elongate the polypeptide chain.
The translation elongation factors eEF1A and -1B are required for the aminoacyl-tRNA to
transfer onto the ribosome. eEF2 is a GTPase that mediates the translocation of the ribosome
along the mRNA following peptide bond formation. Upon recognition of a stop codon, the
polypeptide chain is released from the mMRNA and ribosome through the coordination of
termination factors (Jackson et al. 2012).

Translational Control Mechanisms

By activating NMDA or TrkB receptors, synaptic activity leads to changes in general or
gene-specific translation (Costa-Mattioli et al. 2009). The mechanisms regulating translation
initiation fall into two categories: (a) those regulating the recruitment of the ribosome to the
5’ end of the mRNA through phosphorylation of translation initiation factors (such as elF2a
and 4E-BPs) and (b) those that control translation at the 3’ end (PABP and Paips) and impact
the mRNA itself. In addition, translation can be regulated at the elongation level.

elF2a-mediated translational control—Protein synthesis requires the recycling of
inactive GDP-bound elF2 to active GTP-bound elF2. Phosphorylation of the alpha subunit
of elF2 (elF2a) at Ser51 blocks the activity of elF2B, the guanine nucleotide exchange
factor (GEF) of elF2 (Pavitt et al. 1998), thus reducing ternary complex formation and
thereby the ability of the cell to synthesize new proteins. Paradoxically, it also results in the
translational upregulation of a subset of mMRNAs that contain upstream open reading frames
(UORFs) in their 5 UTRs. The molecular mechanism underlying this translational
upregulation has been explained in great detail for the transcriptional activator GCN4
MRNA in yeast (Hinnebusch 2005) and the transcription factor ATF4 mRNA in mammalian
cells (Lu et al. 2004, Vattem & Wek 2004).
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The phosphorylation of elF2a at Ser51 is tightly regulated by kinases and phosphatases
(Figure 2a). Mammals have four elF2a kinases: (a) heme-regulated kinase HRI (EIF2AK1),
which is likely relevant only in erythroid cells; (b) the double-strand RNA-dependent kinase
PKR (EIF2AK?2) activated by viral double-stranded RNA and other stimuli (Garcia et al.
2007); (c) the PKR-like endoplasmic reticulum kinase (PERK, EIF2AK3), a transmembrane
endoplasmic reticulum (ER) protein kinase enzyme that is activated by ER stress caused by
misfolded proteins; and (d) the highly conserved elF2a kinase GCN2 (EIF2AK4), which is
activated by amino acid deprivation. Two phosphatase complexes are known to
dephosphorylate elF2a. The first complex, constituted by the catalytic subunit protein
phosphatase 1 (PP1) and the regulatory subunit PPP1R15A/GADD34, is induced by
phosphorylation of elF2a (Ron & Harding 2007). The second complex, formed by PP1 and
the regulatory protein PPP1R15B/CReP, is constitutively expressed.

Stimuli known to induce a long-lasting change in synaptic strength, such as BDNF or
forskolin application, repeated synaptic stimulation, or even behavioral training, all reduce
elF2a phosphorylation (Costa-Mattioli et al. 2009, Takei et al. 2001). In addition, L-LTP,
contextual fear, and spatial and gustatory LTM are facilitated in elF2a knockin
heterozygous mice (where the single phosphorylatable Ser51 is replaced by alanine) or mice
lacking the elF2a kinase GCN2 or PKR, in which elF2a phosphorylation is reduced in the
hippocampus (Costa-Mattioli et al. 2005, 2007; Stern et al. 2013; Zhu et al. 2011). By
contrast, Sal003, a small molecule inhibitor of elF2a phosphatases, selectively promotes
elF2a phosphorylation and impairs L-LTP and LTM (Costa-Mattioli et al. 2007).
Furthermore, Jiang et al. (2010) showed that L-LTP and LTM were blocked by an
independent chemical genetic strategy that selectively activates the phosphorylation of
elF2a in CA1l in vivo. Together, these data demonstrate that elF2a dephosphorylation is
both sufficient and necessary for L-LTP and LTM storage. Consistent with these findings,
treatment with integrated stress response inhibitor B (ISRIB), a new compound that blocks
the translational effects mediated by elF2a phosphorylation, or PKRI, a selective inhibitor
of PKR, improves spatial and fear-associated LTM (Sidrauski et al. 2013, Zhu et al. 2011).
Whether the activity-driven decrease in elF2a phosphorylation occurs by promoting elF2a
phosphatase activity or by blocking elF2a kinases remains unknown. Moreover, whether
elF2a phosphorylation regulates other forms of synaptic plasticity has yet to be determined.

How elF2a phosphorylation controls long-lasting changes in synaptic function has just
begun to be elucidated. elF2a phosphorylation may have a differential role in glutamatergic
versus GABAergic neurons. For instance, it is known that the elevation of elF2a
phosphorylation in glutamatergic neurons upregulates the translation of ATF4 mRNA
(Costa-Mattioli et al. 2007, Jiang et al. 2010), which encodes a protein that acts as a
repressor of CAMP response element-binding protein (CREB)-mediated L-LTP and LTM
(Chen et al. 2003, Costa-Mattioli et al. 2005). By contrast, in GABAergic neurons PKR-
mediated phosphorylation of elF2a locally represses translation of interferon-y (IFN-v),
resulting in enhanced GABAergic transmission and a consequent depression of neural
network excitability (Figure 2a) (Zhu et al. 2011). Finally, mice lacking PERK in
glutamatergic forebrain neurons display subtle memory deficits (reduced fear extinction)
and some behavioral endophenotypes relevant to schizophrenia, as evidenced by behavioral
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perseveration and decreased prepulse inhibition (Trinh et al. 2012). The phenotype of
PERK-deficient mice is remarkably different from that of other mouse models with reduced
elF2a phosphorylation. Thus, whether the schizophrenia-related behaviors in PERK-
deficient mice are due to reduced elF2a phosphorylation or the inability to cope with the ER
stress caused by the accumulation of misfolded proteins remains to be determined.

MTORC1-mediated translational control—The mechanistic target of rapamycin
complex 1 (mTORC1) regulates translation rates through phosphorylation of its main
downstream effectors elF4E-binding proteins (4E-BPs) and p70 S6 kinases (S6K1/2) (Hay
& Sonenberg 2004, Ma & Blenis 2009). The defining component of mTORCL1, Raptor,
confers substrate specificity to mTORCL and recruits its downstream targets. Specifically,
the 4E-BPs and S6Ks interact with Raptor through a short amino acid sequence called the
TOS (MTOR signaling) motif. Rapamycin binds to FKBP-12, and the FKBP-12-rapamycin
complex directly binds to and inhibits mMTORC1 (Laplante & Sabatini 2012, Wullschleger et
al. 2006).

The best-characterized process by which mTORC1 controls translation is by regulating
elF4F complex formation through phosphorylation of 4E-BPs (Figure 2b). 4E-BPs (4E-BP1,
4E-BP2, 4E-BP3) are small molecular weight proteins that compete with elF4G for a
common binding site on elF4E. 4E-BP1, the best characterized 4E-BP, undergoes a
hierarchical mMTORC1-mediated phosphorylation first at Thr37 and Thr46, which serve as
priming sites for the subsequent phosphorylation of Ser65 and Thr70. Phosphorylation of
4E-BP1 at these four sites prevents their binding to elF4E, allowing it to assemble into the
elF4F complex and thereby stimulating translation rates. 4E-BP2 is the most abundant 4E-
BP in the mammalian brain (Bidinosti et al. 2010, Tsukiyama-Kohara et al. 2001). Although
compared with 4E-BP2, 4E-BP1 is expressed at lower levels in the brain, it plays an
important role in the entrainment and synchrony of the master circadian clock (Cao et al.
2013).

An additional mechanism by which mTORC1 could regulate translation is through
phosphorylation of S6Ks (two isoforms exist in vertebrates: S6K1 and S6K2). S6Ks regulate
translation initiation, translation elongation, and ribosome biogenesis by phosphorylating
elF4B (a cofactor of elF4A), eukaryotic elongation factor 2 kinase (eEF2K), and ribosomal
protein S6, respectively (reviewed in Ma & Blenis 2009).

mTORC1 activity, as determined by the phosphorylation of its downstream targets S6Ks and
4E-BPs, is stimulated by both L-LTP and LTD-inducing stimuli (Cammalleri et al. 2003,
Hou & Klann 2004, Tsokas et al. 2007). Inhibition of mMTORCL1 by rapamycin blocks L-LTP
in rodent hippocampal slices (Cammalleri et al. 2003, Tang et al. 2002), as well as synaptic
facilitation in Aplysia neuronal cultures (Casadio et al. 1999), highlighting the conserved
role of mMTORCL in protein synthesis—dependent long-lasting synaptic potentiation. The
contribution of mMTORC1 to LTD remains controversial: Although experiments in
hippocampal slices originally suggested that rapamycin-mediated blockage of mMTORC1
impairs mGIuR-LTD (Hou & Klann 2004), recent findings have challenged this view
(Bhakar et al. 2012). Removal of upstream negative regulators of mMTORCL1, however, also
blocks mGIuR-LTD (Auerbach et al. 2011, Bateup et al. 2011).
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Behavioral studies using rapamycin support the idea that mMTORCL1 is also required for LTM
formation in mammals. Specifically, LTM, but not STM, is blocked by rapamycin treatment
(Bekinschtein et al. 2007, Blundell et al. 2008). In a recent pharmacogenetic study, a low
dose of rapamycin, subthreshold in wild-type mice, was effective in mTOR heterozygous
mice. These findings demonstrate that direct inhibition of MTORC1 blocks L-LTP and LTM
formation and rule out an off-target effect of rapamycin (Stoica et al. 2011).

mTORC1 is also crucial for the reconsolidation of memories associated with electric
footshocks or addictive substances (Barak et al. 2013, Blundell et al. 2008, Stoica et al.
2011, Wang et al. 2010b), a process that depends on new protein synthesis (Barak et al.
2013, Milekic & Alberini 2002, Nader et al. 2000). Thus, mTORC1 inhibition or blockade
of the translational program directed by mTORCL1 holds particular therapeutic potential for
conditions plagued by pathological memories, such as post-traumatic stress disorder (PTSD)
and drug addiction.

By which mechanism (or mechanisms) does mTORC1 control L-LTP and LTM formation?
Studies using mice lacking downstream targets of mMTORCL1 have begun to answer this
question. In mice lacking 4E-BP2, which show enhanced elF4F complex formation, an E-
LTP-inducing protocol elicits L-LTP, but both L-LTP induced by 4 x 100 Hz and LTM
formation are impaired (Banko et al. 2005). These mice exhibit various behavioral
abnormalities (Banko et al. 2007), alterations in excitation/inhibition balance, and
phenotypes associated with autism spectrum disorders (ASDs) (Gkogkas et al. 2013).
Because 4E-BP2 also regulates structural plasticity during development (Ran et al. 2013)
and undergoes a different posttranslational modification during adulthood (Bidinosti et al.
2010), an approach to decipher 4E-BP2’s function more clearly in the context of L-LTP and
LTM may be conditional deletion of 4E-BP2 in the adult brain.

S6Ks are likely the main downstream effectors of MTORCL1 activity necessary for long-term
facilitation (LTF) in Aplysia. Expression of dominant-negative S6K blocks LTF in Aplysia
sensory neurons, whereas expression of dominant-negative 4E-BP does not (Weatherill et al.
2010). If S6Ks are likewise the major effectors of mMTORC1 in the mammalian brain, one
would expect that in mice lacking S6Ks, L-LTP and LTM (but not E-LTP and STM) should
be blocked. However, mice lacking S6K1 or S6K2 display relatively mild memory deficits,
and L-LTP is surprisingly normal (Antion et al. 2008). Although compensation by the
remaining S6K could be taking place in the single knockout mice, S6K1/2 double knockout
mice have yet to be characterized. Alternatively, studies of conditional S6K1/2 double
knockout mice or mutant mice in which all five phosphorylatable serine residues in
ribosomal protein S6 are replaced by alanine (Ruvinsky et al. 2005) will determine whether
the S6Ks and its major target S6 are major players in mTORC1-mediated plasticity and
memory processes in the mammalian brain. That said, recent advances using transcriptome-
scale ribosome profiling convincingly show that in nonneuronal cells 4E-BPs are the main
effectors by which mTORCL1 regulates translation (Hsieh et al. 2012, Thoreen et al. 2012).
Specifically, 4E-BPs control translation of mMRNAs containing 5’ terminal oligopyrimidine
(TOP)- and TOP-like motifs. However, in adult neurons, unlike developing neurons, the
major posttranslational modification of 4E-BP2 seems to be deamidation (the conversion of
asparagine to aspartic acid), not phosphorylation (Bidinosti et al. 2010). Moreover, in the
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brain 4E-BPs seem to control translation of GIuAl1, GluA2, neuroligins, and Vip mRNAs
(Cao et al. 2013, Gkogkas et al. 2013, Ran et al. 2013).

These findings raise several interesting conceptual issues. First, is 4E-BP1 or 4E-BP2 the
major effector of mMTORCL in the adult brain? Second, do GluAl, GIuA2, neuroligins, and
Vip mRNAs contain TOP-like motifs? If not, how are they regulated by 4E-BPs? Third, how
is 4E-BP2 regulated during L-LTP and LTM formation? Fourth, does mTORCL1 control 4E-
BP2 deamidation? Finally, given that disruption of elF4F complex formation inhibits L-LTP
and LTM (Hoeffer et al. 2011, 2013), one wonders how mTORC1 regulates 4E-BP2-
mediated elF4F complex formation and translation in the adult brain.

Poly(A)-mediated translational control—The cytoplasmic polyadenylation element-
binding protein (CPEB) regulates translation of specific mMRNASs containing cytoplasmic
polyadenylation elements (CPE) in their 3’ UTR (Richter & Klann 2009). Vertebrates have
four CPEB paralogs: CPEB1-CPEBA4.

CPEB1 localizes at dendrites of mammalian neurons where it regulates translation together
with its associated partners: poly(A) polymerase Gld2, deadenylase PARN, and the
translation inhibitory factor neuroguidin (Ngd) (Richter & Klann 2009). These proteins
comprise a dendritic polyadenylation apparatus (Udagawa et al. 2012) that is subject to
regulation by neuronal activity (Figure 2c). For instance, NMDAR activation stimulates the
phosphorylation of CPEB, which is thought to remove PARN from the RNA complex.
Consequently, the poly(A) tail is elongated by Gld2, thus allowing binding of the poly(A)-
binding protein (PABP). PABP promotes the recruitment of the elF4F complex to the 5" end
of the mRNA and promotes translation of CamKlla and NR2A mRNAs (Huang et al. 2002,
Udagawa et al. 2012, Wu et al. 1998). CPEB-1 knockout mice are surprisingly defective in
protein synthesis—independent E-LTP and display reduced extinction of hippocampus-
dependent spatial and fear memory (Alarcon et al. 2004, Berger-Sweeney et al. 2006).
Modulation of CPEB partners also alters LTP: Knockdown of GId2 impairs LTP at dentate
gyrus synapses in vivo; in contrast, this LTP is facilitated in vivo by depletion of the
inhibitor Ngd (Udagawa et al. 2012). CPEB2-4, which unlike CPEB1 do not bind to CPE
and regulate polyadenylation, bind to another consensus RNA sequence (Huang et al. 2006).
These proteins are also expressed in neurons, but their role in mammals remains to be
determined.

Significant bodies of work demonstrate that the Drosophila and Aplysia CPEB homologs,
Orb2 and ApCPEB, respectively, also regulate long-term synaptic plasticity and LTM. Orb2
and ApCPEB are thought to act as prion-like proteins that form multimers essential for
LTM, but not STM (Kruttner et al. 2012, Majumdar et al. 2012), and the maintenance phase,
but not the initiation phase, of LTF (Miniaci et al. 2008; Si et al. 2003a, b, 2010),
respectively.

Poly(A)-mediated translational control in neurons can also be regulated by controlling
PABP function. The inhibitory PABP-interacting protein 2 (Paip2, of which there are two
isoforms Paip2a and Paip2b) controls translation by a dual mechanism: (a) decreasing the
affinity of PABP for the polyadenylated RNA (Khaleghpour et al. 2001) and (b) competing

Annu Rev Neurosci. Author manuscript; available in PMC 2016 January 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buffington et al.

Page 8

with elF4G for PABP binding (Karim et al. 2006). Although investigators have not observed
functional or mechanistic differences between Paip2A and Paip2B in vitro or in vivo,
evidence shows that their tissue distribution in mice differs at both the mRNA and protein
levels (Berlanga et al. 2006). In neurons, Paip2a is rapidly degraded by calpains following
neuronal stimulation or contextual fear conditioning, and mice lacking Paip2 show a
facilitated LTP and LTM after weak behavioral training (Khoutorsky et al. 2013). Paip2a
seems to control translation of CamKIla mRNA, an important regulator of LTP and LTM
(Silva et al. 1992a, b). Because mMRNAs are polyadenylated to different extents in response
to synaptic activity (Huang et al. 2002), it will be important to identify the mRNAs regulated
by PABP and to determine whether the length of the poly(A) tail makes the MRNA more
susceptible or resistant to the PABP—Paip? ratio.

Translational control during elongation—Translation elongation has also been
implicated in synaptic plasticity. One of the best-characterized pathways in translational
control at the elongation level is that of eEF2K-eEF2 (Dever & Green 2012). eEF2 is
phosphorylated by its kinase eEF2K, a Ca2*-activated protein, in response to neuronal
activity. Specifically, activation of a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid
receptors (AMPAR), NMDAR, and mGIuR1/5 all increase eEF2 phosphorylation (Taha et
al. 2013).

Phosphorylation of eEF2 is thought to block general translation by impairing its binding to
the ribosome. In cultured hippocampal neurons, eEF2 phosphorylation is maintained at
relatively low levels by intrinsic network activity, whereas miniature synaptic excitation by
spontaneous glutamate release promotes eEF2 phosphorylation locally at dendrites (Sutton
et al. 2007). This observation, together with emerging evidence for compartmentalized
regulation of the eEF2K-eEF2 pathway in neurons (Weatherill et al. 2011), points to an
intriguing model for synapse-specific modification of translation. In addition, p-eEF2
promotes translation of certain mMRNASs by yet unknown mechanisms. In the case of mGIuR-
LTD, translation of Maplb (microtubule associated protein 1B) and Arc (activity-regulated
cytoskeleton-associated protein) mMRNAs, two molecules essential to this process, is
selectively upregulated when eEF2 is phosphorylated. RNAi-knockdown of eEF2K in
primary neurons (Davidkova & Carroll 2007) and genetic knockout of eEF2K (Park et al.
2008) block the dihydroxyphenylglycine (DHPG)-induced increases in MAP1B and Arc
synthesis, respectively, both resulting in an impaired LTD. However, the mechanism by
which a particular mMRNA can be specifically upregulated by elongating its amino acid chain
remains to be determined.

Studies have also documented eEF2’s involvement in LTM formation. Phosphorylation of
eEF2 in gustatory cortex is elevated within 30 min of novel taste learning during the
conditioned taste aversion task (Belelovsky et al. 2005). In eEF2K knockin mice, where
eEF2 phosphorylation levels are reduced, associative but not incidental taste learning is
impaired (Gildish et al. 2012).

Local translational control at the synapse—AlIlmost a decade after the discovery of

LTP (Bliss & Leamo 1973), the identification of synapse-associated polyribosome complexes
(Steward & Levy 1982) led to the revolutionary theory that synapses could act as quasi-
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independent plastic units through local protein synthesis. Colocalization of specific mMRNAs
and translational machinery at postsynaptic sites suggests that local mRNA translation could
play an important role in synaptic processes (Steward 1997, Steward & Schuman 2001,
Sutton & Schuman 2006). In a landmark study, Kang & Schuman (1996) observed protein
synthesis—dependent LTP in CA1 dendrites that had been surgically severed from their cell
bodies. These data provided the first evidence for a functional role of local protein synthesis
in synaptic plasticity. Subsequent studies by the Schuman lab and others have not only
visualized local translation at dendrites (Sutton & Schuman 2006), but also shown that
activity-dependent mRNA translation in dendrites also plays a critical role in other forms of
long-lasting synaptic plasticity, such as mGIuR-LTD (Huber et al. 2000) and homeostatic
plasticity (Sutton et al. 2004, 2006). In the latter, mMTORC1 promotes local translation of
BDNF in response to AMPAR blockade. BDNF is then released as a retrograde signal to
drive the homeostatic upregulation of presynaptic function (Jakawich et al. 2010). This
mechanism is conserved between mice and flies (Henry et al. 2012, Penney et al. 2012).

Protein synthesis in dendrites involves trafficking of translationally repressed mRNAs in
RNA granules (see Martin & Ephrussi 2009, Swanger & Bassell 2011). The selective
derepression of MRNA translation at activated synapses is thought to be fundamental to
long-lasting synaptic plasticity (Wang et al. 2010a). Proteins synthesized locally in dendrites
could be captured by synapses that have been “tagged” by previous activity, in what is
defined as the synaptic tagging hypothesis (Frey & Morris 1997, Martin et al. 1997,
Redondo & Morris 2011). Although synaptic tagging occurs at single spines, as recently
shown by two-photon imaging in hippocampal slice preparations (Govindarajan et al. 2011),
and in behaving animals (Shires et al. 2012), the identities of the locally synthesized proteins
and the “tag(s)” remain largely unknown. That said, a limited number of proteins and
several dendritically localized candidate MRNAs have been identified. Studies employing in
situ hybridization (Eberwine et al. 2002, Lein et al. 2007, Poon et al. 2006) and, more
recently, deep RNA sequencing have revealed thousands of dendritically localized mRNAs,
including many that encode key regulators of synaptic plasticity (Cajigas et al. 2012).

Dendritic mRNAs translated in response to synaptic stimulation include CaMKllq, the
postsynaptic scaffolding molecule PSD-95, and the GIuR1 subunit of AMPA receptors. The
importance of local translation of these particular mMRNASs is underscored by their collective
dysregulation in fragile X syndrome (FXS) (Muddashetty et al. 2007). In addition, MRNAS
encoding components of the translational machinery, such as elongation factor 1 alpha, are
also dendritically localized and translated in response to stimuli that induce long-term
changes in synaptic strength (Huang et al. 2005, Tsokas et al. 2005). Given the number of
synaptic mRNAs and local translational machinery, and the spatial limitations of dendritic
spines, it will be interesting to determine the number of mMRNAs that can be cotranslated at
spines and whether this varies between synapses.

Application of novel technologies including high-resolution ribosome profiling (Ingolia et
al. 2009) and translating ribosome affinity purification (TRAP) (Doyle et al. 2008) in
combination with next-generation sequencing hold great promise for the identification of
mRNAs whose translation is specifically upregulated in response to synaptic activation. In
fact, simple comparative analysis of data reported in two recent studies employing these
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technologies reveals that 93 of the 100 mMRNAs most sensitive to translational repression by
the ATP-competitive inhibitor of mMTORCL1 Torin 1 (Thoreen et al. 2012) were identified
among the neuropil transcriptome (Cajigas et al. 2012). Thus, translational regulation of
dendritically localized TOP and TOP-like mRNAs by the mTOR pathway may play an
underappreciated role in compartmentalized new protein synthesis and synaptic plasticity.

DYSREGULATION OF TRANSLATIONAL CONTROL IN DISEASE

Dysregulation of the signaling pathways that engage protein synthesis have been linked to
the pathophysiology of several neurodegenerative diseases and neurodevelopmental
disorders (Bagni et al. 2012, Darnell & Klann 2013, Swanger & Bassell 2011). Indeed,
disease progression in Alzheimer’s disease (AD) and other neurodegenerative disorders has
recently been linked to dysregulation of elF2a-mediated translational control, whereas
several components of the mTORCL1 signaling pathway are implicated in the etiology of
syndromic ASDs. Finally, loss-of-function mutations in the RNA binding protein and
putative translational repressor FMRP cause FXS.

Translational Dysregulation in Neurodegenerative Diseases

Suppression of polysomal mRNA translation in the brains of AD patients was first
documented more than 20 years ago (Langstrom et al. 1989). A prevailing hypothesis
postulates that the deficits in translational control in AD could be due to aberrant elF2a
phosphorylation. Consistent with this hypothesis, increased phosphorylation of elF2a has
been observed in postmortem analysis of AD patients’ brains (Chang et al. 2002a, b; Page et
al. 2006) and also in numerous experimental preparations, including cultured neurons treated
with synthetic AB peptides (Chang et al. 2002a) and brain sections of AD mouse models
(Ma et al. 2013, O’Connor et al. 2008, Page et al. 2006). The elF2a kinases PKR and PERK
are activated under similar conditions (Chang et al. 2002a, b; O’Connor et al. 2008; Onuki et
al. 2004; Page et al. 2006). As general translation is depressed, translation of ATF4 and 3-
secretase (BACE1) mRNAs, both of which contain uORFs in the 5 UTR, appear to be
elevated by p-elF2a in AD brains (O’Connor et al. 2008). Because BACE1 promotes
amyloidogenesis by initiating cleavage of amyloid precursor protein (APP) to form Ap,
investigators believe that dysregulated translation in AD, via elevated p-elF2a, establishes a
feedforward loop that progressively diminishes the overall structure and function of the
affected neuronal population.

Significant efforts have been directed toward restoring physiological translational control in
AD in hopes of hindering disease progression. In a recent study, deletion of PERK or GCN2
in APP/PS1 mice (APPswe, PSEN1dE9) not only corrected p-elF2a levels and the
depression in global translation but also rescued the deficits in synaptic plasticity and spatial
memory displayed at 10-12 months (Ma et al. 2013). In contrast, however, genetic deletion
of GCN2 in the 5XFAD (five familiar AD mutations) mouse model, in which AD progresses
faster than in APP/PS1 mice, did not rescue but instead aggravated the memory deficits
(Devi & Ohno 2013). Thus, whether blockade of elF2a kinases could be an effective
treatment for AD remains unclear (however, see discussion below).
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PKR-elF2a signaling is also implicated in AD (Morel et al. 2009). PKR activity is
upregulated in AD patients’ brains and in mouse models of AD (Chang et al. 2002b). In
primary neurons, both genetic deletion and pharmacological inhibition of PKR prevented
inflammation and apoptosis induced by A peptides (Chang et al. 2002a; Couturier et al.
2010, 2011). Given that genetic or pharmacological inhibition of PKR enhances learning
and memory in mice (Zhu et al. 2011), PKR is a promising target for AD treatment. In this
regard, a recent study found that exposure of neuronal cultures to p-amyloid oligomers
(ABOs) triggered PKR, but not PERK (Laurenco et al. 2013), a process that is attenuated by
PKRI. Furthermore, intracerebroventricular infusion of ABOs increased elF2a
phosphorylation and resulted in cognitive impairment only in wild-type mice but not in mice
lacking PKR. Hence, in future studies, it would be interesting to determine if direct
inhibition of elF2a, by other means, could also restore the memory deficits in AD mouse
models.

MTORC1 Translational Control in Autism Spectrum Disorders

ASDs are a group of neurodevelopmental disorders that share common symptoms, including
impaired social interactions, abnormal repetitive behavior, and often intellectual disability
(Fombonne 1999, Mefford et al. 2012). Although they are genetically heterogeneous, ASDs
are heritable, and some forms are linked to single gene mutations (Zoghbi & Bear 2012). In
this regard, human mutations in negative regulators of mTORCL1, such as PTEN or tuberous
sclerosis complex (TSC) proteins (TSC1/2), are associated with ASD (O’Roak et al. 2012,
Sahin 2012). Moreover, mice with mutations in Pten or Tsc1/2 causing hyperactivation of
mMTORC1, exhibit behaviors analogous to those of human ASD patients (see Costa-Mattioli
& Monteggia 2013). Remarkably, the ASD-like phenotypes in mouse models with elevated
mTORC1 signaling can be arrested or even reversed by applying rapamycin and/or its
synthetic derivatives (termed rapalogs). Thus, considerable recent attention has been
directed toward establishing a mechanistic understanding of how the mTORC1 signaling
pathway regulates synaptic plasticity and the development of novel, mechanism-based
therapies to treat mMTORC1-related ASDs.

mTOR consists of two distinct complexes, mMTORC1 and mTORC?2, each of which critically
contributes to synaptic plasticity (Stoica et al. 2011, Huang et al. 2013). Although mTORC?2
activity could control some of the ASD-like behaviors in models of mMTORC1 hyperactivity,
here we focus on what is known about dysregulation of the mTORCL signaling pathway in
relation to disorders of synaptic dysfunction.

mMTORC1 integrates a diverse set of extracellular and intracellular inputs to manage cell
growth and metabolism, among other essential functions in most mammalian cell types
(Laplante & Sabatini 2012). Neurons further exploit the mTORCL1 pathway for the
integration of activity-dependent signaling. Extracellular neurotrophin or glutamate binding
to transmembrane receptors activates the PI3K-Akt-mTORC1 signaling pathway, which is
outlined in Figure 2b.

Heterozygous loss-of-function mutations in either the TSC1 or TSC2 genes cause TSC, a
disease that presents with neurological deficits including ASD, epilepsy, and intellectual
disability in ~20-60% of patients (Fombonne 1999, Mefford et al. 2012). Like TSC patients,

Annu Rev Neurosci. Author manuscript; available in PMC 2016 January 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buffington et al.

Page 12

mice heterozygous for either Tscl or Tsc2 show deficits in several cognitive tasks including
spatial learning in the Morris water maze, context discrimination, and fear-conditioning
paradigms (Ehninger et al. 2008, Goorden et al. 2007). Tsc1*/~ mice are also abnormal in
their social behavior (Goorden et al. 2007). In addition, spine density and AMPA/NMDA
ratios are increased in Tsc1*/~ mutants while stimuli that typically induce E-LTP produce L-
LTP in Tsc2*/~ mutants. mGIuR-LTD is also impaired in Tscl- and Tsc2-deficient neurons
(Auerbach et al. 2011, Bateup et al. 2011). At the network level, genetic deletion of Tscl
results in chronic hyperactivity owing to a loss of inhibitory synaptic transmission (Bateup
et al. 2013). These behavioral and synaptic phenotypes are thought to be caused by the
hyperactivation of mTORCL1 because they are restored by rapamycin.

Inherited mutations in PTEN, which also increase mTORC1 activity, commonly result in
multiple neurological phenotypes including ASD, intellectual disability, and macrocephaly
in humans (Endersby & Baker 2008). Similarly, conditional knockout of Pten in the mouse
brain causes impairments in social interaction and learning as well as epilepsy and
exaggerated neuronal arborization leading to macrocephaly (Kwon et al. 2006). As in the
case of Tsc2*/~ mice (Bateup et al. 2013), bidirectional plasticity (LTP and LTD) is altered
in Pten-deficient mice. Analysis of Nse-Cre Pten conditional knockout mice revealed that
the alterations in synaptic plasticity appear prior to the onset of morphological defects and
behavioral abnormalities (Takeuchi et al. 2013). Thus, synaptic dysfunction associated with
mTORC1 upregulation could be causally related to both the morphological and the cognitive
deficits observed in human patients with loss-of-function mutations in PTEN.

Consistent with a causal role for mMTORC1 upregulation in the etiology of ASD-like
phenotypes in TSC and/or PTEN-ASD mouse models, rapamycin or rapalog treatment
reverses many of the synaptic and behavioral phenotypes in these models (Costa-Mattioli &
Monteggia 2013, Ehninger & Silva 2011). The exact mechanisms by which rapamycin
ameliorates cognitive dysfunction phenotypes remain unclear as mMTORC1 regulates not
only translation rates, but also lipid synthesis, autophagy, and mitochondrial function.

The most likely mechanism by which excessive mTORCL1 signaling could cause ASD
phenotypes is by upregulating cap-dependent translation because hyperactivation of
mTORC1 promotes elF4F complex formation (Gingras et al. 2004). Like mutant mice with
hyperactive mTORCL1 signaling, mice with elevated elF4F complex in the brain (4E-BP2
knockout mice or transgenic mice overexpressing elFAE) also show ASD-like phenotypes,
including deficits in social behaviors and stereotypic repetitive behaviors (Gkogkas et al.
2013, Santini et al. 2013). Moreover, disruption of elFAF complex formation with the
protein synthesis inhibitor 4EGI-1 fully rescues the neurophysiological and autistic-like
behavioral deficits in both the elF4E-transgenic mice and the 4E-BP2 knockout mice.

Given that elF4F complex formation is presumably elevated in TSC and PTEN-ASD mouse
models, one would predict that 4EGI-1 treatment could rescue the plasticity and behavioral
phenotypes in these models. Conversely, mice overexpressing elF4E, but not 4E-BP2
knockout mice, should be sensitive to rapamycin-mediated mTORC1 inhibition. These
experiments would significantly bolster the notion that the primary mechanism by which
mTORC1 regulates synaptic plasticity is through elF4F-mediated translational control. In
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addition, whether elevated elF4F complex formation in the ASD brain leads to an increase
in global or specific protein synthesis remains unresolved. In mice overexpressing elF4E
general translation is increased (Santini et al. 2013), whereas in 4E-BP2 knockout mice the
translation of specific MRNAS encoding the ASD-associated synaptic adhesion proteins
neuroligins 1-4 (NIgn1-4) is upregulated (Gkogkas et al. 2013). As discussed above,
whether, and if so how, the mRNA features that dictate mMTORC1-mediated regulation of the
synthesis of these synaptic proteins differ from those in nonneuronal cells are important
questions that have yet to be thoroughly addressed.

Translational Control in Fragile X Syndrome

Dysregulation of translation is also implicated in the pathophysiology of FXS, the most
common inherited cause of intellectual disability and ASD (for review see Bassell & Warren
2008, Bhakar et al. 2012, Darnell & Klann 2013, Nelson et al. 2013). FXS is caused by
transcriptional silencing of the Frmr1 gene due to CGG triplet repeat expansion in the 5
UTR of the mRNA (Bassell & Warren 2008, Nelson et al. 2013). Frmr1 encodes FMRP, an
MRNA binding protein that represses translation (Laggerbauer et al. 2001, Li et al. 2001).
Accordingly, deletion of Fmr1 leads to a region-specific increase in general translation (Qin
et al. 2005). In addition, protein synthesis inhibitors rescue the LTM phenotype in
Drosophila FXS mutants (Bolduc et al. 2008). The use of an in vivo UV-crosslinking
procedure (CLIP) combined with high throughput sequencing (CLIP-seq) of polysome-
associated FMRP showed that FMRP binds to a specific subset of MRNAS. The targets of
FMRP include several mRNAs that encode proteins with significant roles in synaptic
function, such as NMDAR and mGIuR subunits, but also include ASD-linked mRNAS such
as Pten, Tsc2, and other members of the mTOR signaling pathway (Darnell et al. 2011). In
this regard, mTORC1 activity seems to be upregulated in subjects (Hoeffer et al. 2012) and
mouse models of FXS (Sharma et al. 2010). Some of the phenotypes observed in Frmrl
knockout mice are restored by rapalog treatment (Busquets-Garcia et al. 2013). In addition,
genetic removal of S6K1 also corrects some of the phenotypes in FXS mice (Bhattacharya et
al. 2012). How S6K1 regulates translation of FMRP-target mRNAs is unclear. Given that, in
one model, FMRP represses translation once associated with polysomes (Khandjian et al.
1996, Stefani et al. 2004), an interesting possibility is that S6K-mediated phosphorylation of
eEF2 derepresses translation elongation.

Because elF4F complex formation seems to be increased in the FXS mouse model (Sharma
et al. 2010), FMRP could also repress translation at the initiation level. In this model, FMRP
binds to its partner CYFIP1, which acts as a 4E-BP, binding elF4E through a noncanonical
elF4E motif, thus repressing cap-dependent translation initiation (Napoli et al. 2008).

Several important questions remain regarding the role of translational control in FXS
pathophysiology. First, does FMRP inhibit polypeptide elongation or translation initiation?
If so, is this a dynamic and reversible process? Second, does disruption of elF4F complex
formation rescue some of the FXS phenotypes? Indeed, would this be specific to elF4F, or
could a more general translation inhibitor, like in FXS Drosophila experiments (Bolduc et
al. 2008), also correct the FXS phenotypes in mice and/or humans? In this regard, crossing
Tsc2 mice—which are expected to have increased elF4F but show reduced overall
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translation rates and several behavioral deficits similar to the Fmr1 knockout mice—with
Fmr1 knockout mice rescued the mutant phenotypes (Auerbach et al. 2011). Third, if FMRP
binds to specific mMRNAs, why is general translation increased in Fmr1 knockout
hippocampus? Furthermore, given that modulation of actin polymerization through PAK
also corrects the behavioral deficits in the FXS mouse (Dolan et al. 2013, Hayashi et al.
2004), it will be interesting to determine the link between translation and cytoskeletal
dynamics in FXS. Recent data demonstrating that, through interaction with Racl, CYFIP1
also contributes to cytoskeletal remodeling at dendritic spines represent a promising first
step in this direction (De Rubeis et al. 2013).

FUTURE PERSPECTIVE

Regulation of protein synthesis is crucial for long-lasting changes in synaptic efficacy and
long-term memory storage. Over the past two decades, significant progress has been made in
understanding how translation is modulated by synaptic activity. However, the identities of
the specific mMRNAs translated during L-LTP or LTD remain unknown. One also wonders
whether these plasticity-related mRNAS can be exclusively translated at dendrites but not in
the soma. If so, what would be the mechanism underlying this process? Furthermore, how
many mRNAS can be locally translated in a given spine?

Dysregulated protein synthesis control has been associated with several cognitive disorders,
including ASD and Alzheimer’s disease. Recent studies targeting different signaling
pathways that modulate translation, such as S6K, Tsc, and CPEB, have led to the
amelioration of some of the symptoms associated with FXS (Auerbach et al. 2011,
Bhattacharya et al. 2012, Udagawa et al. 2013). Although one could therefore envision the
dream of personalized medicine for some of these disorders, we should also understand our
limitations. For instance, S6K, Tsc, and CPEB each control a different translational
program, yet genetic deletion of any one of these in the Fmr1 knockout rescues some of the
FXS symptoms. Thus, in addition to moving toward a much-needed application of these
findings in translational medicine, we should also pursue a more thorough understanding of
the basic principles of translational control in the nervous system. For instance, how is
elF4F complex formation regulated in the brain? Is neuroguidin, CYFIP, or 4E-BP the
primary regulator of cap-dependent translation initiation in neurons? Do CPEB1-4 assume
an activity-dependent prion-like conformation in the mammalian brain? If so, how does the
aggregated isoform regulate translation rates? Is translation initiation or elongation the
principal translational control mechanism in neurons? Are plasticity-related mMRNASs
degraded or recycled following translation at dendrites? If so, does the mRNA circularize in
neurons? Could internal ribosome entry site (IRES)-dependent translation be an alternative
mechanism for translational control of some forms of synaptic plasticity (Dyer et al. 2003)?
Finally, how does translational control at the pre- and postsynaptic domains, respectively,
contribute to the protein synthesis dependence of long-term synaptic plasticity? The next
few years are likely to see significant progress toward many of these goals, as well as the
development of new treatments for cognitive disorders that target specific translational
control mechanisms.
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short-term memory
long-term memory
long-term potentiation
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a protein synthesis—dependent form of LTD induced by
activation of group 1 mGIuRs

a protein synthesis—independent form of LTD induced by
NMDAR activation

composed of the initiator methionyl-tRNA (Met-tRNA;Met),
elF2, and GTP

a short open reading frame found in the 5’ UTR that serves as a
regulatory unit for expression of its downstream gene

an immunosuppressant and antiproliferative macrolide

stabilization of an existing memory following a retrieval
period during which it becomes labile and subject to
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Figure 1.
Translation initiation in neurons. Translation intitiation, often the rate-limiting step in

protein synthesis, involves multiple fundamental reactions. These include formation of the
43S preinitiation complex, ribosomal scanning along the mRNA, AUG initiation codon
recognition, and subunit joining to form the 80S ribosomal complex. Following 80S
formation, translation elongation factors are recruited to elongate the forming polypeptide
chain. Once the stop codon is reached, the elongation factors are disengaged and release of
the newly synthesized protein is orchestrated through the action of translation termination
factors.
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Figure2.
The key signaling pathways that regulate activity-dependent translation initiation in neurons.

(a) Synaptic activity triggers dephosphorylation of initiation factor elF2a by either
activation of elF2a-specific phosphatase complexes or inhibition of the elF2a kinases.
Dephosphorylation of elF2a is both sufficient and necessary to induce L-LTP and LTM
formation. In glutamatergic neurons, phosphorylation of elF2a promotes translation of
ATF4, a CREB repressor. PKR-mediated phosphorylation of elF2a in GABAergic neurons
negatively regulates translation of the inflammatory cytokine IFN-y, thus promoting GABA
release and maintaining low network rhythmicity in the absence of significant stimulatory
inputs. (b) Cap-dependent translation is mediated through mTORC1-dependent
phosphorylation of its primary downstream effectors, the 4E-BPs and S6Ks. mTORC1
activity is driven by excitatory synaptic inputs, in addition to other cellular signals, that
engage the PI3K/Akt signaling pathway. (c) Calcium influx following NMDAR activation
triggers degradation of Paip2 by calcium-activated calpains, thus releasing PABP to bind
elF4G. The elF4G-PABP complex then contributes to mRNA circularization by directly
bridging the elongated 3’ poly(A) tail to the elF4F complex at the 5 cap. Cap-dependent
translation is initiated upon subsequent recruitment of the 40S and 60S ribosomal
complexes. Abbreviations: GADD34, growth arrest and DNA damage-inducible protein;
CReP, constitutive reverter of elF2a phosphorylation; CREB, cAMP response element-
binding protein; PI3K, phosphatidylinositide 3-kinase; PDK1, phosphoinositide-dependent
kinase-1.
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