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Abstract. On a cellular level, formation of memory is ory paradigms in invertebrates and vertebrates is illus-
trated. The data support the importance of selectivebased on a selective change in synaptic efficacy that is

both fast and, in case of important information, long- changes in gene expression for LTM. Proteins newly
lasting. Rapidity of cellular changes is achieved by synthesized during memory consolidation are likely to

contribute to restructuring processes at the synapse,modifying preexisting synaptic molecules (receptors, ion
altering the efficiency of transmission beyond the scopechannels), which instantaneously alters the efficacy of

synaptic transmission. Endurance, that is the formation of STM. Increased or, less often, decreased synthesis of
proteins appears during specific time windows followingof long-term memory (LTM), is based on transient and
learning. Recent evidence supports older data suggest-perhaps also long-lasting changes in protein synthesis.
ing that two or even more waves of protein synthesisA number of different methods exist to interfere with

the synthesis of specific proteins or proteins in general. exist during the consolidation period. It is expected that
the new molecular methods will help to identify andOther methods, in turn, help to identify proteins whose
characterize molecules whose expression changes duringsynthesis is changed following learning. These mostly
LTM formation even in complex vertebrate learningmolecular methods are briefly described in the present

review. Their successful application in a variety of mem- paradigms.
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Introduction

For more than a century [1], two forms of memory have
been distinguished on the basis of their duration: short-
term memory (STM), which is rapidly formed and can
outlast the learning situation for minutes to hours, and
long-term memory (LTM), lasting from hours to days,
weeks or years. With the advent of sophisticated phar-
macological, molecular and anatomical tools, it has
become possible to establish specific biological charac-
teristics of STM and LTM and to gain insight into the
neural mechanisms underlying the storage of informa-
tion in the nervous system. As a result it is now widely
believed that STM in both vertebrates and invertebrates
is based on transient modifications of preexisting
molecules, most importantly phosphorylation and

dephosphorylation of enzymes, receptors and/or ion
channels, capable of instantaneously altering the effi-
ciency of synaptic transmission (for review, see Mons et
al., Micheau and Riedel, Riedel, all this issue). LTM, in
contrast to STM, can be blocked by protein synthesis
inhibitors, indicating that it is dependent on de novo
synthesis of proteins [2]. It furthermore is—at least in
those cases that were accessible to adequate analysis—
associated with structural changes of existing synapses
or generation of new neuronal circuits through reactive
sprouting and synaptogenesis [e.g. 3–6; Moser, this
issue]. Proteins newly synthesized during memory con-
solidation are likely to contribute to restructuring pro-
cesses and thereby alter the efficiency of synaptic
transmission beyond the scope of STM. Structural
changes underlying memory formation do not necessar-
ily imply de novo protein synthesis. For example, long-
term facilitation at the crayfish neuromuscular junction* Corresponding author.
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leads to rapid modifications of preexisting active zones
as well as insertion of new release sites, in the absence
of the neuronal soma and protein synthesis [7, 8]. For
more permanent structural changes that outlast the first
few hours following stimulation or training, however,
protein synthesis seems to be an indispensable prerequi-
site, as we attempt to illustrate in this review.
Synthesis of most proteins can be regulated through
sequence-specific transcription factors (TFs) capable of
modulating transcription rates by supporting or inhibit-
ing the formation of a transcriptional preinitiation com-
plex at the promoter region of their target gene.
Transcription rates are generally low in the absence of
TFs, but greatly increased upon their activation [9]. In
neurons, specific spatial and temporal patterns of affer-
ent activity can stimulate intracellular signal transduc-
tion pathways that regulate the activity of TFs such as
the adenosine 3%,5%-cyclic phosphate (cAMP)-responsive
element binding protein (CREB) [10]. Changes in TF
activity can thus be indicative of altered transcription,
and interference with the function of TFs (e.g. in mouse
mutants) may affect the expression of specific sets of
proteins during formation of LTM. In addition to regu-
lation at the transcriptional level, modulation of mes-
senger RNA (mRNA) degradation (e.g. through
differential polyadenylation or the presence of stabiliz-
ing factors such as hormones) may greatly determine
the quantity of the final protein. Moreover, the se-
quence of a gene product may be changed through
alternative splicing of primary transcripts or through
RNA editing [11], and precise, possibly even synapse-
specific, regulation of the translation process may be
achieved through the transport of some mRNAs into
dendrites [12–14]. Following translation, protein fold-
ing and transport modifications such as glycosylation
are often necessary to ensure functionality of a newly
synthesized protein. During formation of memory, all
these cellular mechanisms may be involved in the func-
tional expression of new proteins, some of which (such
as inducible TFs and neurotrophins) will play roles in
the activation and specification of the cellular response.
Others (including receptors, cytoskeleton components
and cell adhesion molecules) will modify signal trans-
duction pathways or synaptic structures and thereby
contribute to permanent changes of synaptic efficacy.

Methods

A variety of methods have become available to study
plasticity-associated changes in gene expression at dif-
ferent molecular levels. Conversely, it is possible to
pharmacologically interfere with specific steps of
protein synthesis and to selectively modify expression of
a protein through transgenic or acute molecular inter-

ventions. In the following sections we attempt to briefly
describe some of the most common and promising
approaches, which were so far mainly used to investi-
gate gene expression in relatively simple models of
synaptic plasticity. They are likely to promote our un-
derstanding of memory formation in the near future
through their increased application to more complex
vertebrate learning paradigms.

Detecting changes in gene expression

Transcription factor binding and activity: gel shift assays
and reporter genes. The activity of TFs depends on their
DNA binding ability, an ability that can be modulated
by several factors including the abundance of the TF
itself, availability of potential dimerization partners,
phosphorylation state or presence of activators such as
steroid hormones or Ca2+. Therefore, transcriptional
activation may be best monitored by analyzing DNA
binding activity of TFs. One method to determine DNA
binding activity is the gel-mobility shift (gel-retardation)
assay. In this assay, a (usually P32) radiolabeled DNA
fragment resembling a certain promoter element is incu-
bated with nuclear extracts from the tissues under inves-
tigation. The resulting protein-DNA complexes are
separated according to their size by gel electrophoresis
and quantified (see e.g. [15]).
Another elegant approach involves the generation of
transgenic animals, in which the expression of a re-
porter molecule, such as b-galactosidase or luciferase, is
controlled by the promoter element of interest. Induc-
tion of the reporter gene product can then be monitored
by incubation of sections or tissue extracts with the
appropriate substrate solution [16].
Detection of mRNA by hybridization methods. To detect
changes in the expression of a specific gene, its mRNA
may be isolated from the tissue and detected using
Northern hybridization or an RNase protection assay.
In Northern hybridization, the mRNA sample is sepa-
rated according to size using denaturing gel elec-
trophoresis, blotted to nylon or nitrocellulose filters and
then hybridized with a probe of radioactively (P32) or
nonradioactively (e.g. digoxigenin) labeled complemen-
tary DNA (cDNA) or RNA. In an RNase protection
assay, the mRNA sample is first hybridized with a
labeled RNA probe. In a second step single-stranded
RNA is removed through digestion with ribonuclease A
or T1, leaving only double-stranded mRNA/probe hy-
brids for detection and quantification. Due to its high
sensitivity, an RNase protection assay can be used to
distinguish even closely related isoforms and to quantify
mRNAs present in low abundance.
In situ hybridization (ISH) can moreover provide infor-
mation about gene expression and mRNA distribution
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with a cellular or even subcellular resolution, and may
be especially valuable when only a few cells in the brain
tissue under investigation express the mRNA of inter-
est. During ISH, RNAs are labeled in tissue sections
from either prefixed or freshly frozen specimen through
hybridization with a radioactively (S35) labeled antisense
RNA, nick-translated cDNA or oligonucleotide probe.
Detection of radioactive signals with a cover of photo-
emulsion allows quantification of the signal by densito-
metric analysis on a single-cell level as well as detection
of mRNA in specific cellular compartments such as
dendrites [12]. The development of a similarly sensitive
detection method with digoxigenin-labeled probes and
enzyme-conjugated antibodies and the availability of
custom oligonucleotides have led to a widespread use of
ISH in the analysis of behaviorally induced gene expres-
sion. Double ISH (radioactive/nonradioactive) and
combined ISH/immunohistochemistry protocols have
been developed to further identify the labeled cells and
to study coexpression of different mRNAs (for a com-
parison of ISH with blot hybridization approaches, see
e.g. [17–20]).
Detection with RT-PCR. Due to its high sensitivity and
its handiness, polymerase chain reaction (PCR) has
greatly influenced recent developments in almost all
biological and medical disciplines. During PCR a piece
of DNA can be amplified exponentially in multiple
cycles of (i) denaturing the sample DNA (at 94 °C), (ii)
annealing of primer oligonucleotides designed to hy-
bridize specifically with the DNA fragment of interest
(usually at a temperature between 55 and 72 °C, de-
pending on the sequence and length of the oligonucle-
otide), and (iii) DNA polymerization through a
thermostable DNA polymerase (at 72 °C). For detec-
tion of RNA it is necessary to reverse-transcribe the
RNA sample into DNA and thereby generate a double-
stranded cDNA template for subsequent PCR amplifi-
cation (RT-PCR). RT-PCR may be used to study
expression of mRNAs with extremely small amounts of
starting material, such as a single cell, using the patch-
clamp method [21]. Products of RT-PCR can be iden-
tified by hybridization with suitable probes or by
sequence analysis, which allows detection even of subtle
changes resulting from alternative splicing or RNA
editing.
Reliable quantification of gene products by RT-PCR,
however, may often be impeded through fluctuations in
amplification efficiency. Multiplex assays, in which the
gene of interest is amplified together with an internal
(i.e. housekeeping gene) or external control (in vitro
transcribed RNA) of different size [22, 23], and compet-
itive PCR, in which the target DNA is competing for
amplifcation with a standard of known concentration
[24], have successfully been employed to overcome this
problem. Recent development of a fluorogenic system

now allows continuous quantification of PCR products
(including internal controls) as the PCR proceeds,
providing an effective tool for routine quantification of
mRNAs present in widely differing abundance. On the
other side of the spectrum, the development of in situ
RT-PCR has opened the exciting prospect of carrying
(possibly also in combination with conventional ISH)
the sensitivity of PCR detection to the histological level,
although at present it may still be hampered by a
modest tissue preservation and a vulnerability to non-
specific labeling through amplification of genomic
DNA.
Differential cDNA cloning: subtractive hybridization, dif-
ferential display. Many investigators have used differen-
tial cDNA cloning strategies to study tissue-specific or
treatment-induced gene expression in a variety of or-
ganisms. Subtractive hybridization and differential dis-
play have become the two most popular and widespread
methods to this aim. In subtractive hybridization,
mRNA or cDNA from one (the experimental) sample is
hybridized with an excess cDNA from a second (con-
trol) sample carrying a tag for separation (such as
magnetic beads, biotin or digoxigenin). Fragments that
are only expressed in the experimental sample will re-
main single-stranded after the hybridization and will be
strongly enriched after removal of tagged double
strands. A PCR-based variation of subtractive hy-
bridization involves the ligation of specific adaptors to
the experimental cDNA sample and amplification of the
enriched differentially expressed messages using primer
oligonucleotides directed against these adaptors [25].
Subtracted samples can be used to construct subtractive
cDNA libraries, as demonstrated by Nedivi and co-
workers [26], who isolated 52 candidate plasticity genes,
induced in the hippocampus 6 h after kainic acid
treatment.
In differential display, cDNA is synthesized from both
experimental and control RNA samples and amplified
by PCR with oligo-dT anchor primer oligonucleotides
and a mix of up to 256 different 10mer oligonucleotides
serving as 5% primers. Amplification with these primers
results in a vast number of different fragments, reflect-
ing the presence of 5% primer binding sites in the cDNA
pool. Banding patterns of PCR products are compared
between samples by gel electrophoresis to identify frag-
ments derived from differentially expressed gene prod-
ucts. These fragments can then be rescued from the gel
and used for further analysis. Several investigators have
applied differential display successfully to identify plas-
ticity-related genes [27, 28]. Such PCR-based cloning
methods offer great sensitivity and can be applied to a
very small amount of starting material (i.e. 50 ng of
total RNA), but commonly require additional screening
with conventional methods due to their high probability
for false positives (for comparison of these methods, see
[29]).
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Pulse labeling and detection of proteins. A comparative
analysis of proteins selectively expressed after the mani-
festation of a specific behavior can be performed by
pulse labeling of proteins and subsequent identification
of labeled products in two-dimensional (2D) gel elec-
trophoresis samples. In this procedure, the organism/
slice preparation is supplied at a certain time point (e.g.
after a training session) with a radioactively labeled
amino acid (such as S35Met). Later, proteins are iso-
lated and separated according to their isoelectric point
and size by 2D gel electrophoresis. Comparison of 2D
gels from experimental and control samples will lead to
identification of proteins generated during the time
when the labeled amino acid was available for protein
synthesis. This approach was chosen by Barzilai and
co-workers [30], who identified 21 proteins whose ex-
pression was altered after sensitization training in
Aplysia californica. Changes in expression of a specific
protein may then be further visualized by quantitative
Western blotting, which involves separation of proteins
on a polyacrylamide gel, transfer to a membrane and
detection with a target-specific primary antibody and
radiolabeled or enzyme-conjugated secondary antibody.
Alternatively, the concentration of a specific protein
may be measured by enzyme-linked immunosorbant
assay (ELISA) or radioimmunoassay (RIA).
Immunohistochemistry. Immunohistochemistry allows
the analysis of protein expression with a cellular resolu-
tion. Antigens are detected in situ using a specific anti-
body and are labeled with a secondary antibody
conjugated either with a fluorochrome (FITC, rho-
damin) or an enzyme (such as horseradish peroxidase)
catalyzing a color reaction. With the use of confocal
laser scanning microscopy it is possible to obtain infor-
mation about the cell type and structure (e.g. dendrites,
spines) expressing the epitope, but quantification may
be difficult and in many cases involves cell counting
(e.g. [31]). In order to obtain higher resolution, immu-
noelectronmicroscopy with gold- or enzyme-conjugated
antibodies can be applied to detect changes in antigen
expression in subcellular compartments such as the
postsynaptic density [32, 32a]. Functional expression of
transmembrane and extracellular proteins usually in-
volves glycosylation, which may be regulated during
memory formation. Glycoepitopes can be detected in
the same way as the core protein itself. Incorporation of
radiolabeled sugars [33] and detection with specific anti-
bodies [34] have already been successfully used to study
changes in glycosylation following learning.
When interpreting immunohistochemistry signals it
should be considered, however, that structural changes
(e.g. at the synapse) might affect access of antibodies to
the target protein and that subtle differences (e.g. in
sequence) will often remain undetected. Therefore, in
many cases it will be advisable to confirm results with

RNA hybridization methods, such as ISH or Northern
hybridization.

Manipulating gene expression

Inhibitors of transcription and translation. Antibiotics
such as 8-azaguanine or actinomycin-D (dactinomycin)
can be employed to disrupt RNA synthesis during
memory formation. While the former substitutes for the
natural nucleoside guanine and becomes incorporated
into RNA [35], the latter acts by directly binding to
DNA [36]. Actinomycin-D does not cross the blood-
brain barrier and, therefore, has to be injected intracra-
nially when blocking transcription in the central
nervous system is desired. Unfortunately, doses of these
substances sufficient to substantially suppress cerebral
RNA synthesis cause rapid and irreversible systemic
toxicity as well as necrosis ([37, 38], and references
therein). Intracranial injections of low doses (1 mg) of
actinomycin-D, on the other hand, had little effect on
RNA synthesis but still attenuated retention even when
injected as late as 24 h after training [38]. This suggests
that retention deficits may be the result of drug-induced
hippocampal damage and abnormalities in electrical
activity. Thus, experiments with these transcription in-
hibitors should include anatomical and electrophysio-
logical controls and have to be interpreted with caution.
Three classes of translation inhibitors have been widely
used in memory experiments: puromycin (PURO), glu-
tarimides [cycloheximide (CXM), ementine, and ace-
toxycycloheximide] and anisomycin (ANI). PURO is
incorporated into the growing peptide chain at its car-
boxyl end, resulting in premature release of peptidyl-
PURO fragments from the ribosomal complex. Such
peptidyl-PURO fragments may by themselves have a
long-lasting effect on cell function that causes amnesia
(see [2]). In addition to inhibiting protein synthesis,
PURO induces hippocampal seizures, swelling of mito-
chondria and disaggregation of ribosomes (for refer-
ences see [39]). Due to its numerous side effects, PURO
cannot be recommended to investigate the effects of
protein synthesis inhibition on memory formation (for
discussion see [2]).
ANI interferes with peptide bond formation [40] and is,
at doses that successfully block retention, a fairly non-
toxic protein synthesis inhibitor. Successive injections of
ANI permit an inhibition of variable duration in the
range of 2 to 8 h, with the inactive form deacetyl-ANI
serving as control compound [39]. CXM, on the other
hand, inhibits not only translation (initiation, transloca-
tion and steps of elongation processes) but also DNA
and RNA synthesis [35]. CXM in effective doses is far
more toxic than ANI [41]. Doses inhibiting protein
synthesis 80% or more can cause sickness and, under
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stressful training conditions, even death. On the be-
havioral level, changes in locomotor activity occur
which are not seen after ANI injections [39]. Both
protein synthesis inhibitors can cause diarrhea, but
the signs are hardly noticeable after ANI injections
[39].
Several hypotheses have been put forward to explain
the amnestic effects of protein synthesis inhibitors by
mechanisms other than their blockade of protein syn-
thesis (e.g. by producing sickness and conditioned
aversion, changes in locomotor activity, inhibition of
steroidogenesis and disturbance of catecholamine neu-
rotransmission). A number of careful experiments in
different laboratories provided results that make all
these alternative explanations unlikely (for review see
[2]). However, it still should be considered that in-
hibitors of protein synthesis may affect behavioral
performance not only through their interference with
memory formation, but also by acting on learning-re-
lated processes involved in, for example, attention or
motivation.
Mutant strategies. The development of transgenic and
gene-targeting techniques has made it possible to
overexpress or delete a specific gene and, thus, analyze
its functions in an intact organism. In the transgenic
approach a genetic construct—generally consisting of
a promoter sequence, a coding sequence for the gene
of interest and a polyadenylation signal—is injected
into a pronucleus of fertilized oozytes. Injected eggs
are implanted into the oviduct of pseudopregnant host
females, and as the transgene integrates into their
genomes at different copy numbers, transgenic ani-
mals showing different levels of transgene expression
can be obtained. Generally two or more mutant lines
are bred and analyzed to consider phenotypic changes
related to different expression levels or to unintended
disruption of other genes through the randomly in-
serted transgene. By choosing a specific promoter, it
has now also become possible to restrict the expres-
sion of the transgene to a subset of cells or to a
developmental stage [42–44].
Gene null mutations (knockouts), on the other hand,
are generated through homologous recombination in
embryonic stem (ES) cells. To obtain a suitable
targeting vector, a genomic clone must be modified
such that the critical exons are replaced by a positive
selection marker (typically a neomycin resistance cas-
sette). The targeting vector is introduced by electropo-
ration into ES cells, which are grown and screened for
homologous integration. ES cell clones carrying the
desired mutation are injected into blastocysts, which
are then implanted into the uterus of pseudopregnant
females. Some of the recombinant ES cells may inte-
grate into the embryo and result in chimeras with

germ-cell contribution, which can be further bred to
obtain homozygous null mutants.
Both transgenic overexpression and null mutation
provide powerful tools to study functions of a specific
protein in neural plasticity and LTM, if some consid-
erations are accounted for: for one, mutation of a
gene may affect a variety of biological functions, espe-
cially if it is active during development, making it
difficult to specifically address memory formation.
Second, mutant phenotypes may be related to com-
pensatory upregulation or cis activation [45] of other
genes, rather than the mutation itself. Third, since
null mutant mice are generally generated as hybrids of
the ES cell donor strain (e.g. a substrain of 129) and
another strain (mostly C57B/6), genetic background
effects must be carefully controlled (see [46, 47]).
Some of these problems may be overcome with in-
ducible transgenic or knockout mutants responsive to
an externally provided substance, such as tetracycline
in the drinking water [48, 49]. However, it may still
be difficult to clearly distinguish roles of the mutated
molecules in STM and LTM, as experimentally in-
duced changes in gene expression require time and
can hardly be controlled to occur in an exact time
window before, during or after training.
Antisense oligonucleotides. The application of anti-
sense oligonucleotides and the introduction of genes
through viral vectors provide ways to not only acutely
but also locally alter the expression of specific
proteins. After application of antisense oligonucle-
otides into the superfusion fluid of a slice preparation
or directly into the brain and their uptake into cells,
they can hybridize with complementary sequences on
mRNAs and thereby disturb their translation. This
antisense strategy has been successfully applied to a
variety of mRNAs, providing additional evidence for,
for example, a crucial involvement of c-jun and CREB
in learning processes [50, 51].
Conversely, genes can be introduced into the mature
nervous system through viral vectors [adenovirus, her-
pes virus, human immunodeficiency virus (HIV-1)].
To that aim, replication-deficient recombinant viruses
are generated which carry the gene of interest and can
transduce it into cells. This approach has been used to
elucidate the roles of Ca2+/calmodulin-dependent
protein kinase (CaM kinase II) in LTP [52] and to
reintroduce brain-derived neurotrophic factor (BDNF)
synthesis into slices of BDNF null mutant mice,
thereby rescuing LTP that was disturbed in mutants
[53]. However, in many cases it may be difficult to
induce or delete a protein both effectively and within
a distinct time window. If antisense oligonucleotides
or viruses are applied well before training, on the
other hand, they are at danger to disturb cellular
functions that are not involved in LTM formation.
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Models of learning and memory

An involvement of protein synthesis has been demon-
strated in several electrophysiological model systems of
neural plasticity and in a great variety of vertebrate and
invertebrate learning paradigms, all of which share a
number of key features. First, a single event or experi-
ence is sufficient to modify the way the system or
organism reacts in response to an unaltered stimulus
(i.e. a stimulation-induced change in response probabil-
ity appears). Second, changes in synaptic efficacy are
accompanied by structural and functional alterations at
the cellular and synaptic level. Third, de novo protein
synthesis is necessary for long-term modification of
synaptic efficacy and behavioral responses to occur as
we will show in the following section where we present
evidence for this hypothesis collected in both electro-
physiological plasticity models and learning paradigms.

Electrophysiological models: kindling and LTP
The term ‘kindling’ refers to a neural phenomenon of
recurrent subconvulsant electrical or chemical stimula-
tion eventually eliciting seizure; this procedure is con-
sidered to be an experimental model of epileptogenesis
[54]. Kindling-induced seizures are accompanied by a
dramatic increase of neuronal activity and changes in
structure and function of neurons, mostly in the neocor-
tex and hippocampus. Structural and functional
changes have been shown to be accompanied by alter-
ations in gene expression and protein synthesis that
commence soon after seizure induction and last from
hours to weeks. Kindling-induced structural changes
include sprouting and formation of novel synapses (e.g.
[55, 56]). The contribution of these morphological
changes to the permanent increase in seizure susceptib-
lity still has to be determined.
Protein synthesis was shown to be important for the
development of kindling in vivo (e.g. [57]), as well as
maintenance of spontaneous bursting in an in vitro
kindling model [58]. In the kindled state, immediate
early genes were found to be expressed in hippocampal
and neocortical areas within minutes after seizure onset
(e.g. c-fos, tissue-plasminogen activator [59–61]). Neu-
rotrophic factors and their receptors (NGF, BDNF,
trkB, trkC [62, 63]) were also quickly induced and
remained altered for hours or even days, as were the
expression of peptides [64], neurotransmitter and hor-
mone receptors [mGluR1, subunits of AMPA and
NMDA receptors, g-aminobutyric acid type A receptor
(GABAA), mineralcorticoid and glucocorticoid recep-
tors; [65–70], and nitric oxide synthase [71].
Long-term potentiation (LTP) and long-term depres-
sion (LTD) are electrophysiological models of learning
and memory that can be tested in vivo as well as in

vitro. Physiological and molecular events characterizing
LTP and LTD resemble those observed in learning
paradigms, that is strong parallels exist between
hippocampal LTP and spatial learning [72, 73], and
amygdala LTP and fear conditioning [74, 75]. Like
memory formation, LTP and LTD can be divided into
a protein synthesis-independent early phase and a
protein synthesis-dependent late phase which is accom-
panied by synaptic structural changes. Numerous exper-
iments revealed that protein synthesis inhibitors prevent
the development of long-lasting LTP (late LTP or L-
LTP) as well as long-lasting LTD while leaving short-
term potentiation and depression unaffected (e.g.
[76–81]). In a study by Otani and co-workers [82],
maintenance of LTP for up to 3 h required protein
synthesis—but not mRNA synthesis—within 0–15 min
following its induction, suggesting that proteins sup-
porting a limited maintenance of LTP were synthesized
shortly after induction of LTP from preexisting mRNA,
which may at least in part have been located at postsy-
naptic sites [83, 84].
To maintain LTP for more than 3 h not only transla-
tional but also transcriptional activation appears to be
necessary. With a transgenic reporter gene containing a
CRE promoter it could be shown that stimuli that
generate L-LTP also induce CRE-mediated gene expres-
sion in the hippocampus [85]. A key role for CREB in
establishing L-LTP, but not early LTP, is further sug-
gested by two other experimental approaches with
transgenic animals: both mice with a selective inhibition
of hippocampal protein kinase A, one of the protein
kinases that activates CREB [86], and mice with a null
mutation in the CREB gene [87] were deficient in L-
LTP.
Activation of CREB and other preexisting TFs was
likely responsible for the observed increases in mRNA
of immediate early genes (zif/268, c-fos, c-jun, junB,
junD) following induction of L-LTP. Among these ex-
pression of zif/268 appears to be most closely correlated
with the induction of L-LTP [14, 61, 88, 89]. Other
genes that changed their expression rate following in-
duction of LTP include neurotrophins (BDNF, NGF,
neurotrophin-3) and their receptors [90–92],
proenkephalin [93] as well as glutamate receptors (the
presynaptic receptor G33 [94], AMPA receptors [95]).
Changes in growth factor expression during unilateral
LTP appeared not only in hippocampal cells of the
tetanized hemisphere but also in the hippocampus of
the nonstimulated hemisphere [91]. Especially the in-
volvement of BDNF in L-LTP is well established.
Treatment of slices with antibodies to its receptor, trkB,
disrupted L-LTP [96]. Further, almost normal LTP
could be recovered in slices from BDNF-deficient mice
when BDNF expression was reinstated through virus-
mediated gene transfer [53, 97].
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Memory formation in invertebrates

A. californica. The natural response of the marine mol-
lusc A. californica is to withdraw its siphon and gill
when being touched on the mantle shelf, siphon or gill.
This reflex habituates with repeated stimulation but is
sensitized by a nocious stimulation of the tail. Basic
elements of sensitization of the gill-withdrawal reflex
can be simulated in an in vitro preparation consisting of
sensory and motor neurons. If the sensitizing stimula-
tion is simulated by one brief application of sero-
tonin—which is released in vivo by interneurons—a
short-term facilitation of synaptic transmission results
that lasts several minutes. Five spaced applications of
serotonin can produce a long-term facilitation that lasts
for days and involves changes in gene expression and
growth of new synaptic connections [98].
Inhibition of protein or mRNA synthesis 1–3 h follow-
ing serotonin application suppressed long-term facilita-
tion and the accompanying structural changes [30,
99–101]; short-term facilitation was not affected. In a
study using cAMP injections as the sensitizing stimulus,
injections of ANI around the time of induction (−1 to
+2 h) and 4–7 h later—but not 12–15 h later—
blocked the formation of structural changes associated
with long-term sensitization [102]. Further, presynap-
tic—but not postsynaptic—injection of a protein syn-
thesis inhibitor blocked the branch-specific long-term
facilitation and accompanying structural changes. This
synapse-specific facilitation was dependent on CREB-
mediated transcription [98].
Using 2-D gel electrophoresis, Barzilai and co-workers
[30] detected three temporally distinct changes in indi-
vidual proteins following an application of serotonin
that simulated long-term facilitation. There was an in-
crease in 10 and a decrease in 5 proteins at 30 min. A
transient increase in 4 proteins was observed at 3 h, and
a sustained increase in the expression of two proteins at
24 h. Two other proteins showed a sustained increase
that persisted for at least 24 h after long-term facilita-
tion. In another study, altered expression of four
proteins was shown during the maintenance phase after
long-term sensitization after 4 days of sensitization
training [104].
Subsequent identification of the isolated proteins has
shown that among the first wave induced in long-term
facilitation are the TF C/EBP and C-terminal ubiquitin
hydrolase [105, 106]. Proteins decreasing in expression
very likely included Aplysia cell adhesion molecules
(apCAMs), homologs of the neural cell adhesion
molecule (NCAM) found in vertebrates [103]. Inhibiting
the expression of either protein was sufficient to block
induction of long-term but not short-term facilitation.
mRNAs for calmodulin and an as yet unidentified
protein were also transiently increased immediately af-

ter sensitization training [107]. Three hours after the
onset of long-term facilitation increases in the mRNA
for the Aplysia homolog of BiP, an endoplasmatic
reticulum resident protein with chaperone function,
could be detected [108]. Further, clathrin light-chain,
actin and Aplysia intermediate filament protein have
been identified as potential late effector genes in long-
term facilitation [109, 110]. Increases were also observed
in the steady-state level of mRNA for calreticulin dur-
ing the maintenance phase of long-term sensitization
[111]. Calreticulin is a major calcium-binding protein
within the endoplasmatic reticulum particularly found
in presynaptic varicosities. All the above-described
changes in gene expression take place presynaptically to
the motor neuron. Postsynaptic changes in form of an
increase of functional receptors may also occur [112],
although they are apparently not required for long-term
facilitation measured at the 24-h time point.
Hermissenda crassicornis. An associative memory forms
in the marine mollusc Hermissenda when light is con-
tiguously paired with rotation, which elicits foot retrac-
tion as an unconditioned response. After conditioning,
light alone is sufficient to elicit foot contraction as a
conditioned response. The conditioned response dissi-
pates within 45 min if two pairings are provided, but
can be detected at least 90 min after training with nine
pairings. The conditioning is associated with sensitivity
changes at the neuronal level (type B photoreceptor
neurons), which can be detected electrophysiologically
in vitro, and with structural changes of neurons in-
volved in this type of learning [113]. Injections of ANI
attenuated the conditioned response 90 min after condi-
tioning in vivo as well as in vitro [114], but injections of
ANI 5 min after the �9.5-min conditioning session
failed to attenuate retention of the conditioned response
during the 90 min following conditioning.
In a model system of this conditioning paradigm the CS
(light) is paired during 5 min with application of sero-
tonin to the exposed nervous system [115]. Short-term
(1 h) and long-term enhancement (24 h) of generator
potentials recorded from identified lateral and medial B
photoreceptors can be detected. When ANI or a tran-
scription inhibitor was present during and shortly after
the conditioning trial, but not when given 1 h later,
long-term enhancement was blocked while short-term
enhancement remained unaffected [114, 116].
Extensive conditioning of the association ‘light-rota-
tion’ over 3 days suppresses the animals’ normal photo-
tactic response measured 24 h after the last training
session. Conditioning, but not random presentation of
CS and US, was shown to be correlated with RNA
changes maximal at 24 h and still detectable after 4 days
[117]. Increases appeared in at least 21 high molecular
weight mRNAs [118]. An increase in a specific G
protein (cp20) in conditioned but not in control animals
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could also be detected 24 h after training using high-
performance liquid chromatography [119]. Injection of
this G protein back into type B photoreceptor neurons
resulted in reduced potassium currents (IK and IK-Ca).
Drosophila melanogaster. Memory formation in D.
melanogaster can be studied through classical condition-
ing of an odor-avoidance response. After exposing flies
simultaneously to a specific odor and electric shock, the
avoidance reaction to the shock-paired odor can be
determined in a T maze. In this paradigm, the existence
of a protein synthesis-independent form of LTM, in
addition to a protein synthesis-dependent form, was
observed [120]. The former, CXM-insensitive memory,
was anesthesia-resistant but decayed within 4 days after
training. The latter, CXM-sensitive memory, required
training with spaced trials and usually lasted at least 7
days [120]. The crucial role of CREB-related molecules
in the CXM-dependent form of LTM has been shown
in transgenic studies. Overexpression of dCREB2-b (a
dominant negative form of CREB functionally related
to a mammalian CREM isoform) could specifically
disrupt the CXM-sensitive, but not the CXM-insensi-
tive, form of LTM [121]. Induced expression of the
CREB activator dCREB2-a, on the other hand, was
sufficient to enhance LTM following only a single train-
ing session [122]. CREB furthermore appears to act in
concert with fasciclin II, the Drosophila homologue of
NCAM, to modify synaptic strength, as shown with
different CREB and fasciclin mutants. A mutation,
which resulted in constant expression levels of fasciclin
II at the synapse, prevented cAMP- and CREB-medi-
ated synaptic plasticity induced by increased neuronal
activation in eag Shaker and dunce mutants [123]. Fur-
thermore, expression of dCREB2-a increased synaptic
strength in mutants that show a 50% reduction of
synaptic fasciclin, but not in wild types [124]. Con-
versely, these fasciclin II mutants showed an increased
number of synaptic boutons, but unaltered synaptic
strength in the absence of the CREB activator [125].
Other invertebrates. Passive avoidance learning in the
praying mantis could be prevented by protein synthesis
inhibition. When tested 24 h after a training session,
animals injected with CXM immediately after train-
ing—but not those injected with a delay of 2 h—acted
like naive animals [126].
LTM of neither olfactory conditioning nor color learn-
ing were inhibited by protein synthesis inhibition in the
bee [127, 128]. Although CXM suppressed protein syn-
thesis for more than 90% over a period of 3 h and in
some cases over a period of up to 7 h, it did not reduce
test performance 24 h after learning. The results show
that in the bee, as in D. melanogaster, LTM of up to 24
h is possible without need of protein synthesis for
several hours after training. However, this does not
exclude that longer-lasting LTM (for more than 24 h)

may be dependent on learning-induced protein synthe-
sis. Protein synthesis-independent LTM in the bee could
be related to sustained activation of protein kinase C
(PKC). After only three training sessions in an olfactory
memory task, PKC activity in the antennal lobe re-
mained activated for up to 3 days [129]. The RNA
synthesis inhibitor actinomycin D injected 1 h post-
training blocked PKC activation 18 h but not 3 h later.
In contrast, actinomycin D-induced performance
deficits were not manifest until 3 days later. Thus, at
least one protein synthesis- and PKC-independent
memory trace lasting for 24 h seems to exist in the bee.

Memory formation in birds

Imprinting. Early during development birds can be im-
printed to a variety of arbitrary objects. For example,
24 h after hatching, chicks can be imprinted to a con-
spicuous moving object (e.g. a red ball with yellow
stripes) in a single 10-min exposure. CXM administered
5 min after this imprinting session reduced the time
spent near the object, a measure of imprinting strength,
2 days later [130]. Imprinting also induced structural
changes in the intermediate medial hyperstriatum ven-
trale (IMHV), a brain structure known to be essential
for different types of visual learning in chicks; however,
blocking these changes with protein synthesis blockers
has not yet been tried [131].
Changes in mRNA and protein synthesis as a conse-
quence of imprinting have been repeatedly demon-
strated (e.g. [132–135]). A selective change was
observed in Fos-like immunoreactivity [136] and the
mRNA for MARCKS [137], a PKC substrate and cy-
toskeleton-associated protein, in the IMHV. Some of
the cells with increased Fos expression were immunore-
active for GABA [138] or PKCg [139]. Furthermore, a
decrease in the expression of a gene encoding a subunit
of the avian GABAA receptor has been reported [140].
The decrease was apparent at 10 h but not at 5 h after
training in the IMHV and selected other areas. A selec-
tive increase in clathrin heavy chain (but not light
chain) has also been observed in the IMHV of good but
not of bad learners [141].
Song learning. Songbirds learn to recognize the song of
conspecific individuals with long-lasting retention of
songs, for example for up to 8 months in male hooded
warblers [142]. In zebra finches, listening to a conspe-
cific song initially elicited increased neuronal activity
and expression of the immediate early genes zenk (syn-
onym to zif/268, erg1, NGFI-A and krox24) and c-jun
in the caudomedial striatum [143–146]. With repeated
listening to the same song, neuronal activity became
smaller, and zenk expression disappeared. In contrast,
increased neuronal activity and zenk expression were
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still elicited when other calls or complex sounds were
presented. This ‘stimulus-specific habituation’ can last
for up to 2 days [147, 143]. Long-term habituation, that
is the reduction in neuronal activity and loss of zenk
expression, could be blocked by an injection of CXM
immediately after presentation of a conspecific song
(0.5–3 h) or at multiple subsequent periods (5.5–7 h,
14–15 h and 17–18.5 h [143, 147, 148]).
Passive avoidance lear ning. Newly hatch ed chicks
quickly acquire a passive avoidance reaction directed
towards bitter-tasting fluids. To test this, water droplets
forming at differently colored and shaped beads are
presented. When one of the beads signals that the water
droplet is altered by a bitter-tasting substance, picking at
this kind of beads is avoided when tested 24 h later [149].
Critical brain areas for this type of learning have been
identified as the IMHV and the lobus parolfactorius
[149], both of which show structural changes such as
long-term increases (24 h later) in synaptic density (in the
lobus parolfactorius [150]) and increases in the density of
dendritic spines (in the IMHV [151]). Inhibition of
protein synthesis by ANI immediately before or up to 30
min after initial training blocked the formation of LTM
tested 24 h later (e.g. [152, 153]) and prevented the
structural changes in the lobus parolfactorius when given
30 min before the training [150]. ANI also prevented
LTM formation when injected at a second, later time
window (4–5 h post-training [154]).
After LTM training, new proteins appear to be synthe-
sized in two distinct waves sensitive to protein synthesis
inhibition. The first wave immediately follows training
(0–1 h). Interference with protein synthesis during that
wave blocks LTM formation as described above.
Proteins whose expression have been found increased at
this time include the immediate early genes c-fos and
c-jun (30 min post-training [17, 18]), and tubulin (1 h later
[155]). A second wave of protein synthesis essential for
LTM formation appears 5–8 h post-training. During this
time changes were observed in the synthesis of pre- and
postsynaptic membrane glycoproteins, some of which are
very likely cell adhesion molecules (e.g. [156–159]) and
incorporate externally provided [3H]fucose [160]. In-
hibitors of protein synthesis as well as inhibitors of
fucosylation prevented the formation of LTM when
applied during this time window [33, 161]. Whether a
strong or weak memory trace forms generally is depen-
dent on both the training procedure and increase in
plasma corticosterone levels (e.g. [33, 162]). However,
glycoprotein synthesis was only enhanced after a training
protocol that leads to the formation of LTM [162].

Memory formation in rodents
Inhibitors of transcription or of protein synthesis have
been employed for more than 3 decades to investigate

memory formation in rats and mice. These data have
been thoroughly reviewed by Davis and Squire [2]. Thus,
the following section summarizes a selective number of
older studies and emphasizes more recent studies some of
which were using molecular methods to investigate the
role of de novo protein synthesis in LTM formation.
Avoidance learning. There is ample evidence that protein
synthesis inhibitors when injected before or immediately
after training can prevent passive avoidance learning in
mice (e.g. [39, 41, 163, 164]) and rats (e.g. [165, 166]). The
amnestic action of protein synthesis inhibition was
shown to decrease with the strength of training (i.e. weak
training with low shocks and strong training with high
shocks) and to increase with longer duration of protein
synthesis inhibition [39, 41, 163]. Performance during
acquisition of the task and short-term memory were not
affected by the treatment. Similar results were obtained
when RNA synthesis was blocked by intracranial injec-
tion of actinomycin-D [166]. Immediate posttrial bilat-
eral injections of the drug into the dentate gyrus in rats
led dose-dependently to amnesia for the passive avoid-
ance task measured 24 h after training. The dentate
gyrus was also the site of an increased polysialylation
of NCAM180, 12 and 24 h after passive avoidance
training, which occurred without detectable change in the
amount of core protein [34]. Intracranial injection exper-
iments suggest that the amygdala may also be a critical
structure of protein synthesis in active avoidance learning
[167].
Protein synthesis inhibition through systemic injection of
ANI also blocked active avoidance learning in mice.
However, multiple injections were necessary to achieve
amnesic effects [168]. Moreover, retention of the extinc-
tion of active avoidance learning was dependent on
protein synthesis in a way similar to the initial acquisition
of the response [169]. Further, induction of the immedi-
ate early gene TFs c-fos and zif/268 was observed in the
hippocampus and visual cortex following active avoid-
ance learning [170].
Discrimination learning. Effects of protein synthesis in-
hibitors on memory formation have been studied in a
variety of discrimination tasks. Injections of either CXM
or ANI during and following training in an object
discrimination task interfered with the establishment of
LTM [171]. In contrast, memory formation after olfac-
tory discrimination learning remained unaffected by
systemic injections of ANI [165], possibly due to residual
protein synthesis or the occurrence of protein synthesis-
independent synaptic changes outlasting the training-test
interval. On the other hand, the development of a pref-
erence for an odor associated with artificially scented rat
pups and odor-elicited maternal behavior were prevented
by an intraventricular injection of CXM [172].
In a brightness discrimination task the existence of two
waves of protein synthesis has been demonstrated by
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injecting ANI bilaterally into the hippocampus 10 min
before training or at various times after training [173].
Double injections around training (10 min pre- and 80
min post-) or several hours later (4 and 6 h post-train-
ing) attenuated retention measured 24 h after the train-
ing session. Injections between these two time windows
(45 min and 2 h 45 min post-training) had no amnesic
effect. Training of rats in a shock-motivated brightness
discrimination task was followed by an increased ex-
pression of several immediate early genes in the
hippocampus (c-fos, junB, zif/268) and in the cerebel-
lum (c-fos [174]). Rats trained in a similar task exhibited
increased incorporation of L-[1-3H]fucose into glyco-
proteins of the hippocampal formation [175]. While
labeling of glycoproteins in the dentate gyrus was in-
creased only 0–2 h post-training, labeling of glyco-
proteins in the CA1 and CA3 regions of the
hippocampus was also increased between 3–9 h and
7–9 h post-training, respectively. During the first time
window fucose was found to be mainly incorporated
into soluble proteins, whereas in the second time win-
dow radioactive fucose labeled membrane-bound insol-
uble proteins.
Spatial learning. Spatial learning can be measured in
mazes such as the water maze or radial maze. In the
water maze an animal has to learn to locate an escape
platform in a fixed position by using only distal spatial
cues. The platform is hidden 1 cm below water surface
and, therefore, does not provide any local cues. Spatial
learning in this test system could be blocked by intra-
ventricular injection of ANI 20 min before, but not at
any time point after, training [176]. Protein synthesis
during consolidation seems to be at least in part con-
trolled by CREB. In rats, bilateral hippocampal injec-
tions of antisense oligonucleotides to CREB before
training impaired performance 48 h—but not 4 h—
later [177]. Furthermore, mice with targeted mutation
of the CREB gene failed to learn the position of the
hidden platform [87]. A possible involvement of the TF
Fos is suggested by results obtained in mice with abla-
tion of the c-fos gene. These mice were deficient in a
spatial and a cued version of the water maze task, but
not in a simpler learning paradigm [178].
Using RNA fingerprinting, water maze training has
been shown to induce the expression of several genes in
the hippocampus [179]. Two induced gene products
were identified as the rat homologue of the ryanodine
receptor type-2 (RYR2), an intracellular Ca2+-release
channel that participates in the homeostasis of cytosolic
calcium, and glutamate dehydrogenase, an enzyme that
catalyzes the conversion of a-ketoglutarate to gluta-
mate. Significant increases were found 6 and 12 h post-
training for glutamate dehydrogenase and 6 h
post-training for RYR2 in the hippocampal formation.
No increases were seen at 2 or 24 h post-training. Less

systematically observed outside the hippocampus, gluta-
mate dehydrogenase but not RYR2 was found to show
training-induced increases in the cingulate cortex and
laterodorsal nucleus of the thalamus. Other groups have
observed changes in the expression of polysialylated
NCAM in the dentate gyrus and the entorhinal cortex
10–12 h after water maze training [180, 181].
In a radial maze, hungry animals can collect food
pellets at the distal end of eight arms radiating from a
central platform, and working memory or reference
memory can be tested depending on training conditions.
When a working memory task was acquired in this
system, increased syntaxin 1B mRNA expression was
observed in all hippocampal regions. When a reference
memory task had to be learned, similar increases were
detectable in subregions of the frontal cortex and nu-
cleus accumbens [182].
Classical conditioning. Fear conditioning can be
achieved by presenting to rodents pairings of a condi-
tioned stimulus (CS, such as light or tone) and an
unconditioned stimulus (US, such as footshock), result-
ing in a fear response to the presentation of the CS
alone (cued version). Alternatively, contextual memory
can be analyzed by reexposing animals to the training
environment. In rats systemic injection of CXM pre-
vented the formation of such contextual memory [183].
The dependence of fear conditioning on de novo
protein synthesis is further supported by evidence for an
involvement of CREB in this type of learning. Mice
with a targeted disruption of the CREB gene showed
deficits in context- and cue-induced freezing behavior
when tested 1–24 h (but not 30 min) after training,
although genotypes did not differ in their reaction to
the footshock itself [87]. This deficit could be overcome
through a training protocol with temporally spaced
training sessions [184]. Following contextual or cued
training, induction of c-fos and zif/268 have been ob-
served by several investigators in the amygdala and a
variety of other brain areas (e.g. [19, 20, 31, 185, 186]).
Interestingly, ablation of another TF, the CCAAT/en-
hancer binding protein d, resulted in specific enhance-
ment of contextual fear conditioning with the
performance after auditory cued fear conditioning and
spatial learning remaining unaffected [187].
Consolidation of conditioned taste aversion learning, in
which a novel taste is followed by the induction of
sickness (e.g. through rotation or administration of
LiCl) is also dependent on de novo protein synthesis.
Intraventricular injection of CXM [188] or bilateral
injections of ANI directly into the gustatory cortex
[189] of rats prevented the development of aversion
against a flavor associated with malaise as measured in
a preference test 24 h or 4 days after training, respec-
tively. Injections several hours before training of anti-
sense oligonucleotides to CREB into another structure
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critical for this type of learning, the amygdala, blocked
formation of LTM but not STM [51].

Discussion

Transcriptional activation and protein synthesis have
proven crucial for LTM formation in a variety of be-
havioral paradigms in both vertebrates and inverte-
brates. First, several transcription inhibitors (e.g.
actinomycin D) and translation inhibitors (e.g. CXM,
ANI) were capable of blocking the formation of LTM.
Second, learning situations activated preexisting TFs
(e.g. CREB) and rapidly induced immediate early gene
TFs (e.g. c-fos or c-jun) that regulate expression of
effector genes crucial to the formation of LTM. Fur-
ther, molecular disruption of TFs (CREB, c-fos, c-jun)
by mutation or by application of antisense oligonucle-
otides prevented LTM formation [50, 87, 121, 122, 178,
190]. The findings with behavioral learning paradigms
are paralleled by similar observations in electrophysio-
logical models of neural plasticity such as kindling and
LTP. Furthermore, a strong similarity is apparent be-
tween synaptic modulation underlying memory forma-
tion and the regulation of growth during development
and regeneration in the nervous system. All these pro-
cesses are activity-dependent, require retrograde mes-
sengers and recruit cellular programs of growth
including de novo protein synthesis to evoke changes in
synaptic structure and function [191–193].
Several studies have suggested the existence of two or
more waves of protein synthesis during memory consol-
idation; only when applied within these time windows
are protein synthesis inhibitors able to block the forma-
tion of LTM [33, 154, 173, 194]. One of the first steps in
the molecular response to a learning situation appears
to be the activation of certain preexisting TFs (such as
CREB), which trigger the expression of other genetic
regulators, such as c-fos, zif/268 etc., ultimatedly lead-
ing to the expression of specific sets of effector genes
[195]. The responsiveness of both preexisting and stimu-
lus-induced TFs to different signal transduction path-
ways and their ability to interact with each other
provide them with the important ability to integrate
temporally and spatially converging patterns of stimula-
tion (coincidence detection, see Mons et al., Lamprecht,
this issue).
Neurotrophic factors, including NGF, BDNF, neuro-
trophin-3, -4 and -6 which regulate survival and differ-
entiation of neurons during development, are among
those quickly induced factors in paradigms of synaptic
plasticity as diverse as lesion-induced sprouting [196],
induction of LTP [91] and spatial learning [197] (for
review see [198]). Their mRNA can be localized dendrit-
ically (e.g. BDNF and trkB mRNAs in hippocampal

neurons [199]), likely supporting a quick as well as
locally restricted synthesis upon stimulation. Neuro-
trophins are able to act on presynaptic neurons and
neighboring cells, where they in turn can induce the
expression of TFs such as c-fos, NGFI-A, and NGFI-C
[200] and neuropeptides [201], and are thus perfectly
suited to orchestrate the activity-dependent functional
and structural reorganization of neuronal networks.
Target genes of transcriptional activators, expressed in
later waves of protein synthesis, very likely include
effector molecules that participate in the modification of
synaptic structure. In addition, changes in signal trans-
duction properties through, for example, differential
expression of (mGluR, NMDA, AMPA or GABAA)
receptor subunits may occur. Changes in preexisting
synaptic structures require at least two steps: (i) an
initial breaking (or loosening) of the structures, for
example through the activation of proteases or the
internalization or glycosylation of cell-adhesion
molecules, followed by (ii) a generation (or strengthen-
ing) of modified connections through reestablishing cel-
lular contacts. It is clear that these cellular processes
require a precisely controlled, locally and temporally
restricted expression of proteases and their inhibitors, as
well as cytoskeleton components, cell adhesion
molecules and extracellular matrix molecules. As one
example, the neural cell adhesion molecule (NCAM)
and its homologues fasciclin II and apCAM have been
implicated in learning-related and other forms of neural
plasticity in rodents [202–205], Drosophila [123, 125]
and Aplysia [103]. However, modifications of NCAM
expression and function during learning are not
restricted to the transcriptional level, but also involve
endocytosis [32] and polysialylation [206] of the pro-
tein.
Generally, transcriptional activation may be envisaged
as a trigger event shortly after stimulation, whereas
downstream mechanisms will modify the newly synthe-
sized proteins according to the cellular requirements.
For example, several studies have implicated alternative
splicing of mRNAs encoding structural proteins and
receptor subunits in developmental or learning-related
neural plasticity [24, 207–209]. Other mRNAs of
molecules involved in memory formation, including 2,6-
sialyl transferase [206, 210] and some glutamate receptor
subunits [11, 211] can be modified through RNA edit-
ing. Direct evidence for an involvement of mRNA edit-
ing in neural plasticity, however, is still lacking [68].
In this context it is important to note that transport of
mRNA into dendrites appears to be common for plas-
ticity-related molecules, including microtubule-associ-
ated protein 2 (MAP2) [12, 13], CaM kinase II [212],
arg3.1 [14], brain spectrin [213], trkB and BDNF [199],
and probably many others not yet investigated. Such
mRNA transport makes it possible that factors of neu-
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ral plasticity, such as protein constituents of the postsy-
naptic junction, are synthesized locally [214] and thus
may speed up local reorganization processes. In addi-
tion, a compartment-specific stabilization of specific
mRNAs through retrograde messengers such as nitric
oxide becomes possible [215], providing a mechanism
for localized and transcription-independent regulation
of protein synthesis. In fact, protein synthesis during
the first time window after training appears to be not
entirely dependent on transcriptional activation, as a
limited LTM can be induced even in the presence of
transcription inhibitors (e.g. [82, 98]).
It remains a great challenge to clarify how neurons can
obtain the necessary synaptic specificity and guide spe-
cific mRNAs and newly synthesized proteins from the
cell body to the site of activation. A very appealing
hypothesis has recently been summarized by Frey and
Morris [81], who suggest that during the induction of
synaptic plasticity, molecular changes at the synapses
concerned will alter local protein constituents. These
modified (e.g. phosphorylated or proteolytically
cleaved) molecules may then serve as a tag guiding
newly synthesized proteins towards the site of stimula-
tion. One candidate for such a molecular tag is—once
again—the adhesion molecule apCAM, which may
serve such function during sensitization of the siphon
withdrawal reflex in the marine mollusk A. californica
[216].

Conclusions

In recent years, the use of molecular techniques and
mutant strategies have led to the identification of key
molecules in memory formation, such as CREB, BDNF
and NCAM homologues and have helped to elucidate
their molecular and cellular functions [210, 216–219].
Future studies using cell type-specific and inducible
mutants and highly sensitive tools for detection of gene
expression, such as in situ PCR, are likely to provide
more detailed insight into the regulation of gene expres-
sion and the roles of specific molecules during memory
formation.
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holm D., Thoenen H. et al. (1993) The induction of LTP
increases BDNF and NGF mRNA but decreases NT-3
mRNA in the dentate gyrus. Neuroreport 4: 895–898

91 Bramham C. R., Sourthard T., Sarvey J. M., Herkenham M.
and Brady L. S. (1996) Unilateral LTP triggers bilateral
increases in hippocampal neurotrophin and trk receptor
mRNA expression in behaving rats: evidence for interhemi-
spheric communication. J. Comp. Neurol. 368: 371–382

92 Dragunow M., Hughes P., Mason-Parker S. E., Lawlor P.
and Abraham W. C. (1997) TrkB expression in dentate
granule cells is associated with a late phase of long-term
potentiation. Mol. Brain Res. 46: 274–280

93 Roberts L. A., Large C. H., O’Shaughnessy C. T. and
Morris B. J. (1997) Long-term potentiation in perforant
path/granule cell synapses is associated with a post-synaptic
induction of proenkephalin gene expression. Neurosci. Lett.
227: 205–208

94 Smirnova T., Laroche S., Errington M. L., Hicks A. A.,
Bliss T. V. P. and Mallet J. (1993) Transsynaptic expression
of a presynaptic glutamate receptor during hippocampal
long-term potentiation. Science 262: 433–436

95 Nayak A., Zastrov D. J., Lickteig R., Zahniser N. R. and
Browning M. D. (1998) Maintenance of late-phase LTP is
accompanied by PKA-dependent increase in AMPA receptor
synthesis. Nature 394: 680–683

96 Korte M., Kang H., Bonhoeffer T. and Schuman E. (1998)
A role for BDNF in the late-phase of hippocampal long-
term potentiation. Neuropharmacol. 37: 553–559

97 Korte M., Caroll P., Wolf E., Brem G., Thoenen H. and
Bonhoeffer T. (1995) Hippocampal long-term potentiation is
impaired in mice lacking brain-derived neurotrophic factor.
Proc. Natl. Acad. Sci. USA 92: 8856–8860

98 Martin K. C., Casadio A., Zhu H., Yaping E., Rose J. C.,
Chen M. et al. (1997) Synapse-specific, long-term facilitation
of Aplysia sensory to motor synapses: a function for local
protein synthesis in memory storage. Cell 91: 927–938



CMLS, Cell. Mol. Life Sci. Vol. 55, 1999 589Multi-author Review Article

99 Castellucci V. F., Blumenfeld H., Goelet P. and Kandel E.
R. (1989) Inhibitor of protein synthesis blocks long-term
behavioral sensitization in the isolated gill-withdrawal reflex
in Aplysia. J. Neurobiol. 20: 1–9

100 Montarolo P. G., Goelet P., Castellucci V. F., Morgan J.,
Kandel E. R. and Schacher S. (1986) A critical period of
macromolecular synthesis in long-term heterosynaptic facili-
tation in Aplysia. Science 234: 1249–1254

101 Bailey C. H., Montarolo P., Chen M., Kandel E. R. and
Schacher S. (1992) Inhibitors of protein and RNA synthesis
block structural changes that accompany long-term het-
erosynaptic plasticity in Aplysia. Neuron 9: 749–758

102 O’Leary F. A., Byrne J. H. and Cleary L. J. (1995) Long-
term structural remodeling in Aplysia sensory neurons re-
quires de novo protein synthesis during a critical time
period. J. Neurosci. 15: 3519–3525

103 Mayford M., Barzilai A., Keller F., Schacher S. and Kandel
E. R. (1992) Modulation of an NCAM-related adhesion
molecule with long-term synaptic plasticity in Aplysia. Sci-
ence 256: 638–644

104 Castellucci V. F., Kennedy T. E., Kandel E. R. and Goelet
P. (1988) A quantitative analysis of 2-D gels identifies
proteins in which labeling is increased following long-term
sensitization in Aplysia. Neuron 1: 321–328

105 Alberini C., Ghirardi M., Metz R. and Kandel E. R. (1994)
C/EBP is an immediate-early gene required for the consoli-
dation of long-term facilitation in Aplysia. Cell 76: 1099–
1114

106 Hedge A. N., Inokuchi K., Pei W., Casadio A., Ghirardi M.,
Chain D. G. et al. (1997) Ubiquitin C-terminal hydrolase is
an immediate-early gene essential for long-term facilitation
in Aplysia. Cell 89: 115–126

107 Zwartjes R. E., West H., Hattar S., Ren X., Noel F.,
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