
Abstract. It has repeatedly been shown that long-term memory formation

involves neuronal gene expression. In this article several different roles for

neuronal gene function in a context of learning are considered: maintenance of

neural functioning, replenishment of cellular elements that are exhausted in

response to massive neuronal stimulation accompanying behavioral training,

maintenance of the plastically reorganized neuronal connections, and finally

integration of information at the level of transcription factor-promoter

interaction. It is strongly advocated that only careful scrutiny of

learning-related gene expression phenomena may aid in understanding of the

complex learning process.
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INTRODUCTION

Recent developments in the molecular neurobiology

of learning and memory have profoundly changed our

understanding of these phenomena. Although the con-

nection between gene expression and learning was al-

ready observed almost forty years ago (Flexner et al.

1963, see also: Davis and Squire 1984, Matthies 1989),

only further experiments, as well as studies implicating

specific genes and their protein products in neuronal

plasticity, have provided unequivocal evidence for a role

for gene expression in learning and memory (see, e.g.:

Dash et al. 1990, Rose 1991, Kaczmarek 1993, Nguyen

et al. 1994, Lamprecht and Dudai 1996, Lamprecht et al.

1997). Moreover, the notion of a pivotal link between

gene function and neural plasticity has been widely ac-

cepted. Presently, the question of whether such a link ex-

ists has been replaced by the question - “what is this

link?”. Two facets of this problem could, in theory, be

considered: (1) effects of alterations in gene structure

and expression on learning and memory; (2) effects of

learning and memory on gene structure and function.

Whereas the first of the aforementioned two issues has

attracted considerable attention recently, studies on the

second aspect may be at least as important as the previ-

ous one. At the moment, there is no reliable proof for

learning-related changes in gene structure. On the other

hand, there are multiple lines of evidence that learn-

ing-evoked changes (and neuronal plasticity in general)

are accompanied by alterations in gene expression (see:

Rose 1991, Robertson 1992, Kaczmarek 1993, Kaczmarek

and Chaudhuri 1997 for review). It has repeatedly been

shown that identifying genes that are activated under cer-

tain physiological and pathological conditions may re-

veal molecular mechanisms driving those conditions.

Thus, it is believed that studies on learning-evoked gene

expression may provide clues to understand the learning

process itself, by identifying proteins that are involved in

its molecular and cellular mechanisms.

At the same time, it is also clear that learning is a com-

plex phenomenon that often correlates with many other

events, not directly related to memory formation. Hence,

it is important to dissect the behavioral training in order

to isolate processes such as sensory information, arousal,

motivation, emotion, reward, etc., that have to be inte-

grated in memory formation (Gibs and Ng 1977, Gold

and Zornetzer 1983, McGaugh 1989). The integration of

various inputs reaching a neural network can be taken as

the essence of the learning process. Similarly, it is also of

great importance to examine gene expression events that

correlate with learning, especially its various compo-

nents. This article is an attempt to analyze this issue theo-

retically, and to focus on experimental data on

transcription factors that control gene expression. The

transcription factors are taken as an example that is of

particular interest, as they are believed to be the most re-

vealing in disclosing changes in molecular programs in-

volving many genes to be regulated in a concerted

manner.

GENE EXPRESSION AND
NEURONAL MAINTENANCE

The simplest explanation for a link between gene ex-

pression and learning is a role of the former in mainte-

nance of neural functioning. Every living cell requires

gene expression to make up for the proteins that are lost

during physiological metabolic turnover, and thus there

is a continuous need for proteins that are responsible for

the homeostatic maintenance of nerve cells. The genes

that are involved in such processes should be ubiqui-

tously expressed, however their levels may be modu-

lated according to neuronal activity (Fig. 1). Expression

pattern of zif268 in neocortex can be used to exemplify

such a possibility. This gene has been extensively stud-

ied in the central nervous system, and it encodes a tran-

scription factor (ZIF268) whose recognition element

was found in genes coding for ubiquitously expressed

neuronal proteins such as synapsins, and glutamate

dehydrogenase (Das et al. 1993, Thiel et al. 1994,
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Fig. 1. Graphic representation of the gene expression exem-

plary to the concept of maintenance. Expression of a "mainte-

nance" gene is always present, but can be modulated

according to neuronal activity, e.g. enhanced in such situation

as sensory stimulation in a novel environment, and decreased

after sensory deprivation.



Petersohn et al. 1995). The expression of the Zif268 pro-

tein in cortical neurons is maintained at relatively high

levels with ongoing synaptic stimulation. However, it

can be rapidly down-regulated by, e.g., sensory depriva-

tion (for review see: Kaczmarek and Chaudhuri 1997),

or by treating neuronal cell cultures with tetrodotoxin

(Murphy et al. 1991).

THE MAINTENENACE HYPOTHESIS
DOES NOT EXPLAIN ALL THE
FINDINGS

Despite the fact that the maintenance as an explana-

tion for gene expression requirement in learning may

clarify a number of experimental data, it does not eluci-

date such findings as training-related time-windows, in

which the inhibitors of either protein or RNA synthesis

operate (Davis and Squire 1984, Matthies 1989). Multi-

ple studies documented that inhibition of protein and/or

RNA synthesis affects acquisition of long-term memory.

Long-term memory is defined operationally as memory

which lasts longer than a few hours and that is protein

synthesis dependent. Treating animals with drugs block-

ing de novo protein synthesis does not affect shorter last-

ing memory traces. To be effective, the inhibition of

protein synthesis has to occur around the time of training

or a few hours afterwards. Inhibitors given either a cou-

ple of hours or 10 or more hours after training do not af-

fect memory formation (Squire and Davis 1984,

Matthies 1989, Rose 1995). Therefore, during and im-

mediately after training as well as several hours later,

there are two waves of de novo synthesis of proteins in-

volved in memory formation/consolidation. On the

other hand, the aforementioned results indicate that there

is a period, within a few hours after the training, when in-

hibition of gene expression does not affect the memory

trace. Thus, the scenario in which there is a constant re-

quirement for gene expression/mRNA accummulation/

protein synthesis that if blocked results in inhibition of

memory formation, can not hold. In conclusion, the ex-

perimentally proven phenomenon of learning-evoked

gene expression is not compatible with the maintenance

of neural functioning hypothesis defined as above.

REPLENISHMENT AS AN
EXPLANATION FOR
LEARNING-RELATED GENE
EXPRESSION

The term replenishment may capture the events sur-

rounding learning evoked gene expression. Although

this may be considered to be an aspect of homeostasis -

included in the previously described maintenance hy-

pothesis - it should be viewed separately as it reflects the

sudden needs of a neuron entering a period of intense ac-

tivity. Most learning conditions involve abrupt bursts of

spiking activity - following relative quiescence periods -

related to information processing. This may result in (1)

rapid depletion of neuronal components (e.g., synaptic

release machinery, metabolic enzymes, etc.) and in (2)

the need to replace these exhausted elements (see:

Rainbow 1979). Obviously, one would expect that a re-

plenishment-related wave of gene expression should fol-

low stimulation conditions such as behavioral training

(Fig. 2). It is conspicuous that tasks based on aversive,

rather than appetitive conditioning - the former resulting

probably in more robust neuronal response than the lat-

ter - were shown to be the most effective in triggering

elevatations in the expression of certain genes (for re-

view see: Kaczmarek 1993). It is noteworthy that there

are transcription factors whose expression pattern

appears to be compatible with the concept of replenish-

ment. AP-1 may serve as an example in this regard (Fig. 3).

AP-1 is a protein dimer made of Fos and Jun compo-

nents (Morgan and Curran 1991, Hughes and Dragunow

1995). Some of these proteins, especially c-Fos, have

been extensively characterized with respect to their ex-

pression pattern in nerve cells (Hughes and Dragunow

1995, Kaczmarek and Chaudhuri 1997). In the brains of

naive animals, the expression of c-Fos remains very low.

However, stimulation of various kinds results in a rapid,
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Fig. 2. Graphic representation of the gene expression exem-

plary to the concept of replenishment. Expression for "replen-

ishment" gene is at low levels under basal conditions, and is

transiently upregulated as a result of stimulation, such as, e.g.,

behavioral training, sudden sensory exposure, etc.
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and usually very transient, activation of gene expression

and protein accumulation. Given that c-Fos is a compo-

nent of the AP-1 transcription factor and that it can initi-

ate gene expression, even the transient nature of c-Fos

expression may have a prolonged impact on neuronal

physiology.

Upregulated expression of c-Fos (and AP-1 containing

c-Fos) has been observed in the context of neural plastic-

ity (Morgan and Curran 1991, Hughes and Dragunow

1995, Kaczmarek and Chaudhuri 1997). This transcrip-

tion factor is elevated at the time of intense plastic

changes in the neocortex (critical periods), and can be in-

duced upon activation of glutamate receptors, especially

the NMDA receptor. It is also upregulated by electrical

stimuli leading to long lasting LTP as well as sensory

stimuli, and behavioral training. It is noteworthy that

during the aforementioned massive neuronal activation

of various kinds, there is also a massive release of synap-

tic vesicles. Therefore, it can be suggested that replenish-

ment of synaptic vesicles is one of the reasons for the

subsequent gene expression.

MAINTENANCE OF PLASTIC
CHANGES

The concept of replenishment implies that learning-

(or rather neuronal activity-) evoked gene expression is

involved in the metabolic recovery triggered by deple-

tion of key cellular components during learning and thus

serves to reinstate the same situation as before the train-

ing. On the other hand, learning is thought to be based on

the reorganization of specific synaptic connections that

cause a lasting change in neural functioning. Hence,

another possible way to explain learning-evoked gene

expression is that it serves to produce proteins, whose

function is to maintain the plastically reorganized

neuronal connections. Most obviously, these proteins

should be targeted to specific synapses to support their

newly gained functions (these may include forma-

tion/loss as well as their strenghtening/weakening of

synapses).

Recent advacements in studies on targeting proteins

and mRNAs to well defined subcellular domains - in-

cluding dendrites and even synapses - suggest how neu-

rons may target key proteins and mRNAs to specific

synapses (Frey and Morris 1997, Martin et al. 1997,

Steward et al. 1998, Casadio et al.1999).

INFORMATION INTEGRATION

The maintenance of plastic changes hypothesis can be

extended further to suggest that learning-evoked gene

expression may be central to the learning process. Gene

regulatory regions always contain sites for binding mul-

tiple transcription factors and interactions between these

factors are believed to be mandatory to drive gene ex-

pression. Thus, the regulatory regions of genes encoding

proteins directly subserving synaptic reorganization

("effector" proteins) may act as coincidence detectors al-

lowing a convergence of information provided by vari-

ous transcription factors, activated by different signaling

pathways of behavioral relevance, such as sensory infor-

mation, arousal, motivation, reward, etc. (Kaczmarek

1993, 1995). There is a vast literature suggesting that

there are separate neurotransmitter/receptor systems for

conveying these inputs (Gold and Zorntezer 1983,

McGaugh 1989, Decker and McGaugh 1991). The mo-

lecular meaning of this transcriptional coincidence de-

tection may be to trigger and elaborate long-term plastic

changes.

In this context it is important to stress that the

upregulation of AP-1 does not always correlate with just

neuronal excitation (Kaczmarek and Chaudhuri 1997).

On the other hand, c-Fos expression appears to strictly

correlate with propensity to a long-term change in

neuronal function. A similar role has been previously

proposed for c-Fos in driving phenotypic changes in

other cells in the cell cycle and cell differentiation

(Goelet et al. 1986, Kaczmarek 1986, Marx 1987,

Kaczmarek and Kaminska 1989, Angel and Karin 1991,

Kaczmarek and Chaudhuri 1997). Moreover, there are
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Fig. 3. Graphic representation of expression patterns of Zif268

and AP-1 transcription factor proteins in a context of various

sensory conditions.
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indications that upregulation of c-Fos is a prerequisite

for long term changes both in neurons and other cells

(Fagarasan et al. 1991, Colotta et al. 1992, Riabowol et

al. 1992, Grimm et al. 1997).

Another transcription factor that has been functionally

implicated in memory is CREB (Kaang et al. 1993,

Bourtchaladze et al. 1994, Frank and Greenberg 1994,

Yin et al. 1994, 1995, Bartsch et al. 1995, Carew 1996,

Guzowski and McGaugh 1997, Lamprecht et al. 1997).

There are multiple pieces of evidence that down-regula-

tion of its levels adversely affect long-term memory for-

mation. Moreover, upregulation of CREB results in

enhanced transition from short-term to long-term mem-

ory in Drosophila (Bartsch et al. 1995, Yin et al. 1995).

CONCLUSION

This paper presents an attempt to dissect a complex

phenomenon of learning-related gene expression. Major

conclusions to be drawn from this analysis are following.

First, the careful scrutiny of various aspects of a pattern

of gene expression in a context of learning has to be ap-

plied as a necessary step before any learning-related

roles could be ascribed to specific genes. Second, as a re-

sult of such a scrutiny, one may expect to select genes

whose protein products indeed subserve the learning

process. Finally, it might be envisioned that identifica-

tion of such genes, and especially their regulatory re-

gions, might reveal the molecular mechanisms of

coincidence detection at the levels of transcription regu-

lation.
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