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216 PartV Postsynaptic Signaling and Gene Regulation

In recent years, activity-induced gene expression/ pro-
tein synthesis has received much attention as a poten-
tial mechanism likely to play a significant role in syn-
aptic plasticity and long-term memory formation. The
involved regulatory processes are intrinsically compl-
ex, and we still lack a detailed understanding of how
specific neuronal nuclear factors are activated and mo-
dulated in concert to give rise to reliable and reprodu-
cible gene induction. In this chapter, we will consider
the regulation of one of the most studied neuronal
nuclear factor, the transcription factor CREB
(Ca®*/cAMP-response element-binding protein).
CREB structure is conserved from mollusk to rodents,
and neuronal CREB mediates long-lasting forms of
synaptic plasticity. Its activation was shown to be
essential for higher brain functions such as leaming
and memory in many species. CREB usually resides
in the nucleus, and is tightly bound to CRE loci, thus
being ideally suited to rapidly convert cellular
signaling into transcription. A large number of neuronal
signaling pathways (e.g. Ca”*/CaM/CaMKK/CaMKIV,
cAMP/ PKA, Ras/MAPK, CaN/PPl) are employed
and converge onto the regulation of the phosphoryla-
tion state of CREB Ser-133, consistent with its
presumed importance in many adaptive biological
processes, including long-term neuronal plasticity and
survival. The amount of information storage available
in the neuronal network will soon saturate quickly,
however, without built-in mechanism for reversibility
and regulated extinction/erasure of plasticity. Resolving
all these problems will be of an immense clinical value
when addressing cases involving aberrant persistence
of pain sensation or posttraumatic stress disorder.

MAIN TOPICS

Stability and plasticity of a neuronal circuit: re-
quirement for activity-dependent gene expres-
sion to sustain a long-term adaptive response in
input-output relationship

Activity-regulated neuronal transcription factors:
what are they?

CREB as a transcriptional regulator

Control of CREB activity by regulated
phosphorylation at residue Ser-133
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INTRODUCTION

In order to execute a higher cognitive task in response
to external and internal stimuli, the brain needs to
compute an output, based upon a barrage of input in-
formation that it receives from the outside world. As
our brain is able to successfully compute a correct
answer above par on a continuous basis, it has been
speculated that there must a particular mechanism for
online storage of data about the input-output relation-
ship of the events that have received attention (and
not been neglected) from our brain. Furthermore, it is
also believed that “useful” information can be con-
solidated within a neuronal network, thereby perhaps
allowing the brain to store experience as a memory
and become smarter. Such external stimuli-dependent
changes in the brain have been proposed to be ac-
quired by using mechanisms of synaptic plasticity.
According to the synaptic plasticity and memory hy-
pothesis, as defined by Richard Morris and colleagues,
“activity-dependent synaptic plasticity is induced at
appropriate synapses during memory formation and is
both necessary and sufficient for the information
storage underlying the type of memory mediated by
the brain area in which that plasticity is observed”. In
recent years, both activity-induced gene expression/
protein synthesis and activity-induced changes in
neuronal morphology have received much attention as
potential mechanisms likely to play a significant role
in synaptic plasticity and long-term memory forma-
tion. Experiments in hippocampal pyramidal excita-
tory neurons have shown that robust electrical activity
can induce a large number of Ca’*-dependent gene
expression events. A crystal-clear picture of the mo-
lecular events following synaptic Ca** entry still re-
mains missing, however, in part because the repertoire
of activity-dependent transcription factors is not fully
understood. Indeed, the mechanisms for their activa-
tion and their physiological significance ha7ve been
elucidated for only a few of them, such as the
Ca”*/cAMP-response element-binding protein (CREB)
or the nuclear factor of activated T-cells (NFAT). In
this review, we shall overview some of the key sig-
naling events by which the Ca®*"/CREB/CREB-binding
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protein signaling system might critically control
long-term adaptive responses such as long-term syn-
aptic plasticity.

STABILITY AND PLASTICITY OF
A NEURONAL CIRCUIT:REQUIRE-
MENT FOR ACTIVITY-DEPENDE-
NT GENE EXPRESSION TO SUSTA-
IN A LONG-TERM ADAPTIVERE-
SPONSE IN INPUT-OUTPUT RE-
LATIONSHIP

The central nervous system (CNS) is a complex or-
ganization consisting of 10-100 billion cells. Higher
cognitive tasks and the principal information process-
ing function of the CNS are thought to be supported
in large part by the activity of excitable cells in the
CNS, namely, the neurons. Each neuron receives in-
puts from a high number of adjacent neurons to which
it physically connects to, via specialized contact do-
mains called synapses. The number of synapses can
sometimes reach over 10000, as in the case of hippo-

campal pyramidal neurons or cerebellar Purkinje cells.

The major output axons are however relatively scarce,
sometimes as few as one or two. Nonetheless, each
axon can synapse onto many distinct dendritic
arborizations via an array of en passant boutons,
which can be triggered to release their neu-
rotransmitters by the same action potential firing
event with a high degree of synchrony. These features
have led to the commonly believed notion that neurons

are computing units that fires action potentials with .

accuracy and fidelity when it receives appropriate
barrages of inputs within a neuronal cell ensemble.
The firing features of a neuron are very reliable,
to the extent that a neuron can often be defined, clas-
sified or categorized based on its temporal pattern of
firing (see chapters on excitatory and inhibitory
transmissions). Similarly, the spatial input-output re-
lationship of a neuron, or more commonly called
hardwiring diagram, is also strictly reproducible, as
demonstrated by many anatomical tracing exper-
ments. Remarkably, a large number of these spatial
and temporal characteristics seem to be conserved
across species through evolution, as critical determi-

219

nants of neuron types are encoded by tightly regulated
sets of genetic programs.

Such a built-in stability of neuronal circuits is
most likely to be at the foundation of the reliability
and the reproducibility of sensory perception over
tens of years in long-living animal species such as
human. While common sensory events are usually
chance events and mostly with neutral valence, cer-
tain sensory modality such as pain sensation has a
special affective valence (usually negative in the case
of pain), which is ethologically linked to specific pat-
terns of emotional behavior (such as escape, cry etc.).
Repeated exposure to physical stimuli that activate
pain sensation may create an altered state of respon-
siveness (escape or coping) towards these stimuli.
Similar alteration in response behavior was shown in
many situations where exposure to specific and neu-
tral sensory stimuli was associated with specific af-
fective valence (such as in addictive state, during
classical Pavlovian conditioning, or under spatial
maze tasks with food reward or water escape as a re-
inforcer).

This experience-dependent adaptation of the be-
havioral output occurs entirely based on the specific
patterns of the experienced incoming sensory stimuli.
Many pioneering works suggest that such an adaptive
responsiveness is most likely to be mediated, at least
in part, by mechanisms of synaptic plasticity at the
circuit level. Thus, activity-dependent synaptic plas-
ticity (either long-term potentiation, LTP or long-term
depression, LTD) is postulated to be induced at spe-
cific sets of synapses during association of sensory
events with affective valence. Experimental evidence
in favor of this hypothesis has been accumulated dur-
ing hippocampal spatial learning and memory, fear
memory, and pathological pain.

One major feature of activity-dependent synaptic
plasticity is its perpetuation for sometimes more than
days. The physical and molecular nature of such
“memory trace” has been much debated, yet remains
highly controversial. Among many hypotheses, one
strong postulate that has survived intense scrutiny
over dozens of years of research is the contribution of
activity-induced up-regulation of novel gene products.
This hypothesis posits that synaptic activity of the
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kind that triggers synaptic plasticity (usually a strong
burst of activity or prolonged and patterned stimuli) is
necessary and sufficient to give rise to an increase in
new protein synthesis, which in turn allows the poten-
tiated/depressed synaptic efficacy states to be sus-
tained over days, if necessary.

ACTIVITY-REGULATED NEURO-
NAL TRANSCRIPTION FACTORS:
WHAT ARE THEY?

One of the immediate challenges that face any attempt
for the molecular dissection of activity-dependent
neuronal gene expression is the accurate understand-
ing of how synaptic activity can be possibly and
tightly coupled to activation of specific nuclear tran-
scriptional machinery. Early work suggested that
mRNA transcription was a major site of regulation, as
many gene transcripts were found to be induced upon
receipt of strong depolarizing stimuli such as high K*

Sensory Information from the external world
(e.g.vision,proprioception)
Internally generated Information

(e.g.homeostatic mechanisms,thought processes)

l

hormones
neurotransmitters
growth factors

TAY

depolarization. Screening of various induced genes
suggested that a large number of genes up-regulated
by neuronal activity contained cis-regulatory elements
such as the cAMP-responsive element (CRE) or the
serum-responsive element (SRE). Consistent with the-
se findings, recent gene knockout experiments con-
firmed that the respective cognate transcription factor
CREB (CRE-binding protein) and SRF (serum-respo-
nsive factor) are involved in activity-dependent gene
activation in the CNS in vivo. Other cis-regulatory
clements involved in neuronal activity-dependent
gene expression include AP-1, NFAT, DREAM, CaRF,
NFaB, and USF. Recent evidence indicates that regu-
lation of chromatin remodeling is also implicated in
these processes as well. Clearly, activity-dependent
gene regulation is likely to be a complex orchestration
of these various nuclear events, triggered and modu-
lated by many independent yet interacting cytosolic
and nuclear signaling pathways.

Behavioral output

|

hormones
neurotransmitters
growth factors

Action
potentlal firing

Gene expression

Fig.16.1 Activity-dependent gene expression critically tunes neuronal input-output function. Each neuron receives inputs from a
high number of adjacent neurons via specialized contact domains called synapses. The number of synapses can sometimes reach
over 10000, as in the case of hippocampal pyramidal neurons or cerebellar Purkinje cells. Each synapse is a source of EPSP that can
be integrated into an axon potential in an all-or-none fashion when the summated potential exceeds the threshold to generate a sodium
spike. Activity-dependent gene expression is triggered by a distinct kind of local (synapse)-to-global(nuclear)signaling with a dif-

ferent logic of summation.

What then are the specific sets of gene products up-regulated upon induction of synaptic plasticity? Are there common transcrip-
tional regulatory elements and shared transcriptional machinery involved? How can synaptic activity traverse the space separating
the synapses from the nucleus and yet not lose much of the specificity? We will address these few issues in the following sections.
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BOX 16.1. An example of signaling from synapse to nucleus: the case of CREB.

Both gain-of-function and loss-of-function effects of
CREB have been evaluated in vivo in various animal species
including Aplysia, Drosophila, and mice and rats. The in-
volvement of CREB on neuronal functions was first sug-
gested in cultured neurons of Aplysia. The Aplysia neuronal
culture, in which sensory neurons make synaptic contacts

- with motor neurons, shows stimulus-dependent enhancement
(in synaptic transmission efficiency (synaptic facilitation),
which is a basis of behavioral sensitization to stimuli. Injec-
tion of CRE-containing oligonucleotide duplex into sensory
neurons blocked long-term facilitation (LTF) without affect-

have demonstrated that CREB-induced gene expression is
crucial for establishment and maintenance of LTF.

A direct relationship between CREB and memory has
first been shown in Drosophila. Transgenic flies expressing a
dominant negative JCREB-2 showed impairment of long-term
olfactory memory, but not short-term memory. Conversely,
transgenic flies expressing a dCREB-2 activator showed en-
hanced performance in olfactory memory task. The phenotype
of this fly line, however, remains controversial, as the
dCREB-2 activator transgene contained a mutation that in-
duced a frame-shift and a premature stop in the coding region.

219

ing short-term facilitation (STF). A series of following studies

CaMKK MAPKK

PKA /CaMKIV /MAPK

(J BDNF

Channels
(Xv3.1,AQP2)

@ /
S O ITH O O OO,

Trangeription factors \ Neanolt)r;%hms
(c-Fow, Egrl, C/EBP) . . (BDNF)
Synaptic proteins

(Synapsin 1, TrkB)

Fig.16.2 An example of signaling from synapse to nucleus: the case of CREB. CREB is a transcription factor that can be activated
by many separate signaling routes that culminate in stimulating different nuclear CREB kinases. Three well described examples, the
CaMKK/CaMKIV pathway, the PKA pathway and the MAPK pathway are illustrated. The activation kinetics and the resulting per-
sistence of pCREB in the nucleus are thought to be distinctively regulated by the relative contribution of each one of these pathways,
thereby accounting for the variety and diversity of the CREB-regu- lated transcriptome. Some of the CREB target genes such as
BDNF could also participate in the late phase control of nuclear phospho-CREB amount. Such a positive feedback mechanism may
critically determine the set of genes required for BDNF-dependent long-term plasticity and survival. )

CREB AS A TRANSCRIPTIONAL
REGULATOR

CREB is a member of the CREB/ATF family nuclear

transcription factor, which includes CREB, activating
transcription factors (ATFs) and cAMP-re- sponsive
element modulator (CREM), and shares similar
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CRE recognition characteristics with family members.
CREB homodimerizes via the leucine zipper motif at
the C-terminal, and binds to the cAMP-re- sponsive
element (CRE), a specific palindromic DNA sequence,
5-TGACGTCA-3’, often found in the 5-upstream
vicinity of transcription initiation sites of many neu-
ronal genes. These include transcription factors (e.g.,
c-Fos, Egr-1, Perl, C/EBPa), cellular meta- bolic en-
zymes (e.g., cytochrome c, phosphorenolpyruvate
carboxy kinase, cyclooxygenese-2, superoxide dis-
mutase 2, bel-2), growth factors and neuropeptides
(e.g., somatostatin, enkephalin, brain-derived neuro-
trophic factor, insulin-like growth factor, fibroblast
growth factor 6, vasopressin), and neuronal proteins
(e.g., synapsin I, B1- and B2- adrenergic receptors,
trkB). Furthermore, systematic genome-wide ap-
proaches, using comprehensive transcriptome and
chromatin immunoprecipitation analyses, have con-
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KID domain

mCREBa 113 @v@r@@s‘n@@ssmmvpmw& 154
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firmed the extreme complexity of CREB target gene
profile, which seems to be highly cell-type and con-
text-dependent.

CREB in a heterodimeric complex can also bind
to a half-site CRE motif (5-TGACG-3"). CREB ho-
modimers usually reside in the nucleus, tightly bound
to CRE loci, and are ideally suited to rapidly convert
cellular signaling into transcription. Through regula-
tion of CRE-dependent gene expression, CREB medi-
ates cell growth, survival, death, proliferation and
differentiation, in response to a variety of extracellular
stimuli in different types of cells. CREB structure is
conserved from mollusk to rodents, and neuronal
CREB mediates long-lasting forms of synaptic plas-
ticity and has been implicated in higher brain func-
tions such as learning and memory in many species.
Box 16.6 Gain-of-function and loss-of-function phe-
notypes of CREB in invertebrates.

Fig.16.3  Conservation of
CREB protein during evolu-
tion. The top panel shows a
phylogenic tree analysis of the
primary amino acid sequences
of full-length CREB protein. It
is likely that D. melanogaster
CREB ortholog (dCREB2-a)
has evolved separately from
mammalian CREB
(mCREBa, hCREBa) gene, as
elegans full-length
CREB protein (CRH-1f3) has
higher homology with its

321 mammalian, rather than the
321 fruitfly counterpart. The KID
283 and the bZIP domains show
251 overall a remarkable degree of
339 conservation, as shown in the

lower panels. Marked in red
and green are identical and
conserved amino acid residues,
respectively. Ser-133 and the
leucine residues forming a
leucine zipper are shown with
an asterisk.
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CONTROL OF CREB ACTIVITY
BY REGULATED PHOSPHORY-
LATION AT RESIDUE SER-133

CREB Ser-133 phosphorylation is a key switch that
turns on CREB function. CREB is constitutively
bound to CRE sites in the chromatin, regardless of
cellular activity. However, several nuclear kinases
have the potential to activate CREB via Ser-133
phosphorylation. When Ser-133 residue is phospho-
rylated, the kinase inducible domain (KID) which
comprises this Ser-133 becomes a high-affinity bind-
ing site for the KID-interacting (KIX) domain of a
general transcriptional co-activator, CREB-binding
protein (CBP). Whether the high affinity of phospho-
rylated Ser-133 (pS133) site is sufficient in a pative
chromatin complex to trigger the docking and to
promote the recruitment of a CBP-containing tran-
scriptional pre-initiation complex at regions immedi-

activity
Membrane- 2.
delimited Ca”™ influx
signal
CREB CaMKK
kinase CaMK
cascade

ately adjacent and downstream to the CRE sequence
remains unknown. The epigenetic state of the sur-
rounding chromatin-DNA complexes, as well as the
affinity between CREB and TAF;130 in the TFIID
complex and/or CREB-specific co-factors such as
transducers of regulated CREB activity (TORCs) may
also significantly contribute to this process.

In keeping with this complexity of regulation
surrounding the interaction of pS133-CREB with the
transcriptional pre-initiation complex, aberrance of
this nuclear protein complex in the long-term appears
to play a detrimental role in CNS function. Indeed,
CREB/CBP-dependent transcription was shown to be
repressed in several model systems of polygluitamine
diseases, and this may be causative of the typical
neurodegeneration associated with these diseases.
Molecular or pharmacological manipulations that al-
leviated this transcriptional disruption significantly
rescued neuronal cell death.

neurotrophin growth factor

\/

Ras-GTP

|

ERK
Rsk2

~

pCREB

|
polyQrepeat? —————| CBP

|

Survival genes
House-keeping genes

Fig.16.4 CREB/CBP complex is a biologically ritical node of signal convergence and its aberrance may underlie the molecular
pathology of certain polyglutamine diseacses.Various kinds of neuronal signaling events implicated in neuronal activity or survival
factors including néurotmphins or growth factors induce specific membrane-delimited signals that triggers and converge onto CREB
phosphorylation. Phosphorylated CREB, by virtue of an increased affinity to CBP, a co-activator, can then turn on transcription of a
battery of survival as well as house-keeping genes. In polyQ-diseases, the efficiency of pCREB-CBP interaction may be diminished,
thus creating a deficit in the pool of CREB-dependent survival genes. This may create an increased susceptibility to insults, thereby

augmenting the chance for neuronal death in the long run.

Although Ser133 phosphorylation of CREB was
originally reported to be mediated by cAMP-dependent

protein kinase (PKA), a large body of evidence now
shows that the phosphorylation of this site is also
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achieved by a variety of kinases including protein
kinase C (PKC), Rskl-3, Msk-1, MAPKAP-K2/3,
Akt, and CaMKI, II and IV. The kinases that mainly
phosphorylate Ser133 of CREB may depend on types
of stimuli as well as types of cells. Studies ir vifro in
cultured neurons and in vivo in either knockout or
transgenic mice have revealed that fast Ser-133
phosphorylation triggered immediately after strongly
synaptic activity is predominantly mediated by a
CaMKK/CaMKIV pathway. A temporally delayed
phase of phosphorylation was shown to involve a

MAPK pathway as well, though the specific isoform(s)

and the relevant downstream CREB kinase(s) have
not been firmly elucidated.

Compared to kinases, less information is avail-
able about phosphatases that dephosphorylate and

thereby critically determine the decay of the miclear
amount of phospho-Ser133. Depending on the cell
types, either Ser/Thr protein phosphatase 1 (PP-1) or
PP-2A were shown to directly dephosphorylate CREB
at Serl33 both in vitro and in culture cells, after
phospho-CREB is unbound from CBP. Several other
phosphatases such as calcineurin (PP2B), PTEN and
protein tyrosine phosphatase 1B (PTP1B) were sug-
gested to be indirectly involved in dephosphorylating
pS133 by suppression of upstream CREB kinases or
by activation of CREB phosphatases. Together, a huge
amount of neuronal signaling pathways are employed
and converge onto the regulation of the phosphoryla-
tion state of pS133, consistent with its presumed im-
portance in many adaptive biological processes, in-
cluding long-term neuronal plasticity and survival.

BOX 16. 2

Box 16.2 Gain-of-function and loss-of-function phenotypes of
CREB in genetically engineered mice.

Although CREB is ubiquitously expressed in all tissues
in the body, significance of CREB function has been most
extensively investigated in the central and peripheral nervous
systems as well as in some other systems including T-cell
maturation. Also, several studies using mice expressing a
dominant-negative CREB transgene have demonstrated
CREB functions in glucose and lipid metabolism.

In mice, disruption of the exon 2 of the CREB gene,
which contains the first ATG codon, resulted in abolishment
of expression of major alternative spliced isoforms (CREB
alpha/delta knockout), but at the same time, unexpected
upregulation of another activator CREB isoform, CREB beta,
and related protein CREM in a large number of organs. These
CREB hypomorphic mutant mice showed no obvious devel-
opmental abnormality in the body, in a mixed 129 x BL6

" background. There were also no obvious anatomical disorders
" in the brain. However, when the mice were assessed with
hippocampal-dependent memory tasks, the mice showed im-
pairments in formation of long-term memory, but not
short-term memory, consistent with findings reported in
invertebrates (see Box 16.1).

CREB null mutants that lack all functional activator
CREB isoforms have been generated by disrupting the bZIP
domain. In contrast to the CREB hypomorphic mice, the
CREB null mutants were smaller than wild-type littermates
and died immediately after birth from respiratory distress.
The commissural fibers in the brain were dramatically re-

duced in the mutant mice. The mice also showed severe im-
pairments in development of T-cells of the alpha/beta lineage,
but not the gamma/delta lineage.

The CREB null-mutant mice also exhibited excess
apoptosis and degeneration as well as impairment in axonal
growth and projections in sensory neurons, suggesting that
CREB plays a role in survival and growth of peripheral
neurons. Conditional forebrain-specific CREB knockout mice
with a CREM null background also showed extensive neu-
ronal apoptosis during development and progressive neuro-
degeneration in adult brains.

A study with transgenic mice with an inducible and re-
versible CREB repressor showed that CREB is crucial in vivo
for the consolidation of long-term conditioned fear memories,
but not for encoding, storage, or retrieval of these memories.
In the study, it has also shown that CREB is required for the
stability of reactivated conditioned fear memories.

Transgenic mice with spatially restricted and temporally
regulated expression of a constitutively active CREB ;
(VP16-CREB) have been generated to assess CREB roles in
hippocampal long-term potentiation (LTP), a possible cellular
basis of learning and memory. In the transgenic mice, hippo-
campal CA1 neurons showed facilitation of a persistent late
phase of LTP (L-LTP) elicited by weak stimuli, which usually
produce only an early phase long-term potentiation (E-LTP)
in wild type animals. The results indicate that elevated
CRE-driven gene products by VP16-CREB may be sufficient
for consolidation of LTP, and support the “synaptic tag and
capture” hypothesis.
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Fig.16.5 Complex control of nuclear phospho-CREB abundance by Ca*/CaM-mediated synapse-to-nucleus signaling. Patterned
synaptic activity triggers robust Ca®>* mobilization at synaptic and perisynaptic locations via opening of NMDA-rece- ptors and
voltage-dependent Ca?* channels. Calmodulin (CaM) is particular enriched at and near synapses and synaptic Ca?* entry dramati-
cally augments the amount of activated (Ca’*-bound) CaM. Ca®*/CaM acts as a cofactor to various neuronal enzymes including CaM
kinases, calcineurin, type I adenylate cyclase, GDP/GTP-exchange factors for small GTPases such as Ras and Rac. Thus, Ca?*/CaM
increase could in principle participate in activation of CaMK, Ras/MAPK, and cAMP/PKA pathways. In hippocampal CAl py-
ramidal neurons and in anterior cingulate cortical neurons, rapid nuclear translocation of activated CaM was shown. This is believed
to account, at least in part, for the predominant role of nuclear CaMKK/CaMKIV route in CREB phosphorylation in these cell-types.
In parallel to this pathway, hippocampal neurons in which Ca?* was strongly mobilized generate superoxide anions, which are able
to inactivate calcineurin activity. This event seems to alleviate calcineurin-mediated regulation of protein phosphatase-1-dependent
dephosphorylation of pS133, thereby contributing to the persistence of pS133 amount in the neuronal nuclei.

stand how plastic synapses (potentiated or depressed
CONCLUSION AND FUTURE DIR- responses triggered by predetermined sets of stim-
ECTIONS uli/sensation) could possibly coexists with the normal
synapses (unchanged responses at other synapses)
within the same neurons. A critical test in the future
will be to determine whether these up-regulated gene
products are correlated in any way (temporal or spa-
tial) with the distribution of persistent changes in in-
dividual synaptic weights within the relevant neuronal

Due to limitation in our current knowledge, we were
able to review only a very small subset of the mu-
cleus-to-synapse signaling critical for long-term adap-
tive regulation of neuronal input-output relationship.
However, there is no doubt that a far larger number of
molecular mechanisms contribute to ensuring that the circuit.

Another predominant issue is how a stabilized
the various kinds of external and internal events that  ynance could possibly be reset back to baseline value
the neuronal network is exposed to. by activity. Without such a dynamic bistability, that is,

One key issue that still escapes our studies con- the existence of regulated extinction/erasure of plas-
cerns the spatial distribution of the up-regulated gene ticity, the amount of information storage will soon
products within the activated neuron. Are they just  saturate quickly. However, how stabilization of plas-

neuronal transcriptome can be adapted in function of

widely distributed as resources with a higher avail- ticity and erasure can co-exist in concert remains to-
ability, or are there further specific regulations to traf-  tally unknown. Resolving this question would also be
fic them to special locations in the neuron, such as the of immense clinical value to addressing clinical cases

sites of previous strong activity? Obtaining an insight  involving aberrant persistence of pain sensation or
to this question will provide a clue to better under-
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posttraumatic stress disorder.
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