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Abstract

Immediate early genes (IEGs) are a class of genes that show rapid and transient but protein synthesis-
independent increases in expression to extracellular signals such as growth factors and neurotransmitters.
Many IEGs code for transcription factors that have been suggested to govern the growth and differentiation of
many cell types by regulating the expression of other genes. IEGs are expressed in adult neurons both
constitutively and in response to afferent activity, and it has been suggested that during learning, IEGs may play
a role in the signal cascade, resulting in the expression of genes critical for the consolidation of long-term
memory. Long-term potentiation (LTP) is a persistent, activity-dependent form of synaptic plasticity that stands
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as a good candidate for the mechanism of associative memory. A number of IEGs coding for transcription
factors have been shown to transiently increase transcription in the dentate gyrus of rats following LTP-
inducing afferent stimulation. These include zif/268 (also termed NGFI-A, Krox-24, TIS-8, and egr-I), c-fos-related
genes, c-jun, junB, and junD. Of these, zif/268 appears to be the most specifically related to LTP since it is evoked
under virtually all LTP-inducing situations and shows a remarkably high correlation with the duration of LTP.
There are a number of outstanding questions regarding the role of zif/268 and other IEGs in LTP, including
which second messenger systems are important for activating them, which “late effector” genes are regulated
by them, and the exact role these genes play, if any, in the stabilization and maintenance of LTP.

Index Entries: Inmediate early gene; long-term memory; long-term potentiation; Northern blot; immunohis-

tochemistry; hippocampus; N-methyl-D-aspartate; elongation factor-2; transcription factor.

Infroduction

Orderly programs of expression and repres-
sion of genes are well-known to be essential for
the normal growth and development of all tis-
sues, including the central nervous system (CNS).
However, after differentiation, migration, and
formation of synaptic contacts, neurons show a
dramatic decline in the expression of many genes,
in part because mature neurons do not enter the
mitotic cycle. Nonetheless, neurons show a sub-
stantial repertoire of differential gene expression
in response to changes in local extracellular con-
ditions, such as prolonged alterations in the fre-
quency of afferent activity or the removal of
afferent fibers (Hendry, 1973; Phillips and Stew-
ard, 1990). The question arises, therefore, whether
the more subtle patterns of neuronal activity that
normally occur during behavior are sufficient to
elicit changes in gene expression and whether such
changes mediate long-term neural plasticity. If so,
could such differential gene expression contribute
to the cellular mechanisms of long-term memory?

Immediate Early Genes
and Transcription Factors

Gene responses to changes in the extracellular
environment require the presence of factors that
can regulate gene transcription by binding directly
to cis-acting elements on DNA. Such transcrip-
tion factors can be in the form of either repres-
sors preventing the transcription of genes or
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activators inducing transcription and can them-
selves be activated in a variety of ways. One class
of external signal molecules that can directly
activate transcription factors are steroid hor-
mones, which are lipid-soluble and can readily
pass through cell membranes and bind to intra-
cellular steroid hormone receptors. These recep-
tors, when activated by the appropriate hormone
ligand, regulate gene expression by binding to
specific cis-acting elements on DNA called hor-
mone-response elements. In contrast, other exter-
nal signaling molecules such as peptides,
neurotransmitters, growth factors, and cytokines
do not readily penetrate cell membranes but pro-
duce their effects indirectly by binding to cell
membrane-bound receptors and activating a cas-
cade of events ultimately leading to differential
gene expression. For example, the ligand-recep-
tor complex, via generation of an intracellular sec-
ond messenger, may activate specific protein
kinases that phosphorylate and thereby activate
constitutively expressed transcription factors.
The first class of genes induced by an external
signal are cellular IEGs. Their induction is rapid
and transient and is not dependent on de novo
protein synthesis. The protein products (IEGPs)
of the IEGs have been shown to be expressed in
response to a number of different stimuli in a
variety of cell types. They were first identified in
dividing and differentiating cells, where they
were rapidly and transiently induced in response
to application of growth factors and cytokines
(Greenberg and Ziff, 1984; Kruijer et al., 1984;
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Miiller et al., 1984; Lau and Nathans, 1987;
Tippetts et al., 1988). Here, they may play a major
role in cell division and/or differentiation by
regulating the expression of a cascade of “late-
effector” genes and thus are likely to play a cru-
cial role in regulating the genetic program
induced by growth factors.

The first studies to suggest that IEGPs play a
role in regulating neuronal gene expression were
performed on fully differentiated PC12 cells in
culture. In these pioneering studies, it was found
that nerve growth factor (NGF; Curran and Mor-
gan, 1985) and depolarizing agents, e.g., KCl, cal-
cium, and muscarinic receptor agonists,
(Greenberg et al., 1986; Morgan and Curran, 1986)
induce the IEG c-fos. Induction by depolarizing
agents was dependent on the influx of calcium
ions (Greenberg et al., 1986; Morgan and Curran,
1986). Since these initial studies, a number of IEGs
have been described, including c-fos, Fos-related
genes (FosR), Fos-B, FRA-1, FRA-2, c-jun, junB,
junD, Krox-20, and Krox-24 (Doucet et al., 1990;
Morgan and Curran, 1991).

Krox-24 (Lemaire et al., 1988), also known as
NGFI-A (Changelian et al., 1989), TIS-8 (Tippetts
et al., 1988), zif /268 (the term we shall use in this
article; Christy et al., 1988), and egr-1 (Sukhatme
et al., 1988) codes for a zinc-finger-containing
transcription factor that is induced in mamma-
lian neurons after seizures (Saffen et al., 1988) and
is also expressed constitutively in certain brain
areas (Herdegen et al., 1990, Mack et al., 1990;
Schlingensiepen et al., 1991). Members of the Fos
and Jun families of transcription factors form
homo- (Jun family only) and hetero-dimers us-
ing a leucine-zipper motif (Chiu et al., 1988;
Nakabeppu et al., 1988; Ryder and Nathans,
1988), and form part of the AP-1 transcription fac-
tor complex, which binds to a specific response
element with varying affinity, depending on the
protein combination. These molecules regulate
their own transcription in addition to that of other
genes. IP-1, a factor that blocks binding by AP-1
to DNA following protein kinase A activation,
has recently been discovered (Auwerx and
Sassone-Corsi, 1991).
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Fos-like molecules were first observed in adult
brain neurons under basal conditions using immu-
nohistochemical methods (Dragunow et al., 1987).
This was followed by demonstrations that Fos and
FosRs are induced throughout the CNS by brain
seizures (Dragunow and Robertson, 1987; Mor-
gan et al., 1987; White and Gall, 1987) and in the
spinal cord by noxious stimulation (Hunt et al.,
1987). Other IEGs (c-jun, junB, zif/268) were sub-
sequently found to be induced in adult brain neu-
rons after seizures as well (Saffen et al., 1988). The
suggestion arose that IEGPs, as transcription fac-
tors rapidly induced by neural activity, may play
arole inlong-lasting neuronal plasticity and thus,
possibly, in long-term memory (Goelet et al., 1986;
Curran and Morgan, 1987).

Immediate Early Genes and LTP

IEGs Are Induced Following LTP

One popular experimental model of synaptic
plasticity in the mammalian CNS is LTP, a last-
ing enhancement of synaptic efficacy following
brief high-frequency electrical stimulation of
afferent pathways (Bliss and Lemo, 1973). LTP
has been shown to persist from days to months
(Bliss and Gardner-Medwin, 1973; Douglas and
Goddard, 1975; Racine et al., 1983), a property
that, in conjunction with several others, makes it
an attractive model of the mechanisms underly-
ing long-term memory (Teyler and Discenna,
1984). The prolonged time course of LTP decay
has raised the possibility that gene expression
changes may play a role in the maintenance of
LTP, and IEGs have been among the first genes
studied. IEGs now known to be induced in den-
tate gyrus granule cells following LTP induction
by perforant path stimulation are zif/268, c-Jun,
JunB, JunD, and FosR (Fig. 1; Cole et al., 1989;
Dragunow et al., 1989; Jeffery et al., 1990; Wisden
etal.,, 1990; Richardson et al., in press; Dragunow
etal., in preparation).

An increase in immunostaining for Raf-1, a
serine / threonine-specific protein kinase, has also
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Fig. 1. Photomicrographs showing FosR-like (A), c-jun-like (B), junB-like (C), junD-like (D) and zif/268-like (E)
immunoreactivity in ipsilateral (right) and contralateral (left) dentate granule cells after LTP induction in awake rats, i.e.,
LTP on right side. Bar = 400 pm. LTP was induced by 50 stimulus trains delivered in a burst type paradigm {explained in
Fig. 2 caption). LTP is measured as a change in the slope of the rising phase of the EPSP (a) and the height of the population
(b) recorded extracellularly in the dentate hilus to test pulses in the perforant path. Note the increase in these waveform
components (lower part of f) recorded 30 min posttetanization (middle part of f), relative to the baseline pretetanization

recording (upper part of f).
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been reported to occur shortly after LTP induc-
tion (Mihaly et al., 1990). The extent of IEG in-
duction depends considerably on the tetanization
protocols employed and whether anesthetic
agents are used (see below). Genes that apparently
do not respond to LTP-inducing stimulation in-
clude c-fos, NGFI-B, fos-B, PC4, and SRF (Cole et
al., 1989; Wisden et al., 1990; Dragunow et al., in
preparation). Early reports that c-fos induction
occurred with LTP were apparently attribut-
able to the use of non-selective antibodies and
cDNA probes, resulting in crossreactivity and
possibly crosshybridization with FosR (Dragunow
etal., 1989; Matthies, 1989). It is also possible, how-
ever, that c-fos mRNA is induced by LTP (in
awake rats) but the protein is not (Morgan and
Curran, 1991).

All of the responding genes show a time course
of induction typical of IEGs but with slight varia-
tions between genes. We have studied the vari-
ous time courses in awake animals using
immunohistochemical techniques most exten-
sively (Fig. 2). FosR is induced within 20 min of
stimulation, is maximal at 1 h, and returns to
baseline after 4-8 h. JunB and c-jun are induced
within 20 min, are maximal between 20 min and
1h, and are back to baseline by 4 h. zif/268 is also
induced within 20 min, is maximal between 1 and
2 h, and is back to baseline after 8 h. JunD is in-
duced at 2 h, is maximal at 4 h, and is back to
baseline between 8 and 24 h (Dragunow et al.,
1989; Richardson et al., in press; Dragunow et
al., in preparation). In situ hybridization and
Northern blot analyses demonstrated that the
mRNA levels of zif/268 and junB maximize 20—
30 min posttetanization and are back to baseline
by 2-3 h (Cole et al., 1989; Wisden et al., 1990;
Richardson et al., in press). The induction of FosR
and to a lesser extent, the Jun proteins, occurs
most strongly in the outer portion of the lower
blade of the dentate gyrus.

Our impression from the immunoreactivity
analyses is that zif/268 induction is more dramatic
and widespread in the dentate gyrus than for the
other IEGPs (Cole et al., 1989; Wisden et al., 1990).
However, restricted sites of induction laterally
and in the ventral blade of the dentate gyrus also
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occur for zif/268 under weak stimulation condi-
tions and at early and late times after LTP
induction (when levels were not maximal). This
may reflect the positioning of the stimulating
electrodes to maximize activation of this area of
the dentate gyrus or as-yet-uncharacterized
regional variations in granule cell molecular
properties.

It is important to note that so far, all of the
responsive genes have been induced in the den-
tate gyrus granule cells (and perhaps interneu-
rons), postsynaptic to the perforant path fibers
being stimulated. No gene induction or increase
in immunoreactivity has been detected in the
entorhinal cortex, which contains the cell bodies
of origin for the perforant path axons. This
postsynaptic gene response is consistent with the
requirement for postsynaptic depolarization and
NMDA receptor activation in order to induce LTP
(Collingridge et al., 1983; Wigstrom et al., 1986;
Gustafsson et al., 1987). These data do not bear
on the issue of whether LTP is finally expressed
pre- or postsynaptically, however, as retrograde
messengers to the presynaptic terminal have been
hypothesized to be released by the postsynaptic
neurons (Bliss and Lynch, 1988). On the other
hand, it is possible that gene induction postsyn-
aptically reflects downstream changes at the syn-
aptic contacts made by granule cells onto the
pyramidal cells of CA3. Such changes, however,
have not yet been reported.

Relation of IEG Expression
to the Induction of LTP

Having established that IEGs are induced by
afferent activity sufficient to elicit LTP, the next
question is how well the induction of various
IEGs correlates with the induction of LTP. In
experiments where LTP is blocked or not induced,
IEG responses are rarely observed. The N-methyl-
p-aspartate (NMDA) receptor antagonists CPP,
MK-801, and APV have been shown to dramati-
cally reduce or block IEG responses and LTP fol-
lowing high-frequency stimulation (Cole et al.,
1989; Dragunow et al., 1989; Wisden et al., 1990).
Similarly, stimulation of the inhibitory commis-
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Fig. 2. Time course of induction of IEGPs following LTP-inducing tetanization in awake rats using 50 trains of
stimulation in a burst paradigm, i.e., in bursts of 5 400-Hz trains spaced 1 s apart with 1 min between bursts. The degree of
immunostaining has been rated on a six point scale, corrected for the degree of staining in the contralateral control
hemisphere and averaged across 36 rats at each time point. The mean value at each time point has then been normalized
relative to the maximum response for each IEGP, which has been given a value of 100%. Time is plotted on a log scale. Data
are taken from Richardson et al., (in press) and Dragunow et al. (in preparation.)

sural input to the dentate gyrus, which blocks
perforant path-induced LTP, also blocks IEG
responses in the dentate granule cells (Coleetal.,
1989; Wisden et al., 1990). Finally, low-frequency
or sub-threshold high-frequency stimulation,
which does not induce LTP, does not elicitan IEG
response (Cole etal., 1989; Dragunow etal., 1989).

There are, however, differences between genes
in their response to LTP-inducing stimulation. Of
the IEGs studied so far, zif/268 expression shows
the greatest correlation with LTP induction,
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although some discrepancies have been noted.
For example, Cole et al. (1989) reported that 10
out of 13 animals showed zif/268 and LTP induc-
tion, but that in 2 of 13 animals, LTP was induced
without zif/268 induction; and in another animal,
the reverse was true. When Richardson et al. (in
press) compared average LTP induction with zif/
268 mRNA and protein induction from three dif-
ferent stimulation protocols, the correlation
coefficients were high (0.65-0.86) but not statisti-
cally significant (Fig. 3A). In contrast to zif/268,
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Fig. 3. Correlation between zif/268 (mnRNA and protein) induction and LTP induction (A) and decay (B). Messenger
RNA data are taken from densitometric analysis of Northern blots and presented as a percent change from unstimulated
control hemispheres; immunoreactivity data are presented as in Fig. 2 but not normalized. The decay data are averaged
across EPSP and population spike data, as these measures show similar decay rates (Jeffery et al., 1990). The correlation
between the changes in zif/268§ mRNA and protein levels are extremely high across the three stimulus conditions: 50B, 50
trains in a burst paradigm as described in Fig. 2; A50B, 50 trains in a burst paradigm while the animal is under pentobar-
bital anesthesia (60 mg/kg); 50S, 50 trains equally spaced 20 s apart (spaced paradigm). Linear regression lines for gene
and LTP comparisons are plotted. The correlation between gene induction and LTP induction is high (A), but it is even
higher when the comparison is with LTP decay (B). The LTP decay correlations were made using the log of the decay rate
obtained from single negative exponential curve fitting. The decay data are plotted on the log (decay rate) scale, with decay time
constant values (1/decay rate) used on the x-axis for clarity. Data are taken from Richardson et al. (in press) and Jeffery et
al. (1990). Numbers of animals are 3-6 for immunochemistry, 8-20 for Northem blots, and 5-7 for the LTP decay data.

the FosR, c-jun, junB, and junD genes showed little induction when the stimulation trains are spaced
and in many cases no induction in anesthetized 20 s apart (spaced paradigm) than when the same
animals, even though LTP is readily elicited (Dou- number of trains are delivered in bursts of 5 trains
glasetal., 1988; Cole et al., 1989; Wisdenet al., 1990). spaced only 1 s apart (burst paradigm), even
The induction of these genes is more reliable though the two stimulation paradigms elicit
in awake animals; nonetheless, their correlation nearly equivalent LTP (Fig. 4A; Jeffery et al., 1990;
with LTP induction is still relatively low when Dragunow et al., in preparation).
compared across a variety of stimulation condi- The above data clearly suggest that new syn-
tions. FosR, for example, shows much higher thesis of [EG transcription factors is neither nec-
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Fig. 4. Correlation between FosR-like immunoreactivity and LTP induction (A) and decay (B). Data are presented as in
Fig. 3, but immunoreactivity has been quantified based on counts of immunoreactive cells/100 um?. The correlation
between FosR-like immunoreactivity changes and the degree of LTP induction is very low, regardless of whether EPSP or
population spike measures are used for LTP induction. The correlation is improved when FosR induction is correlated
with LTP decay, but this is still substantially lower than for Zif/ 268 (see Fig. 3). Data are taken from Jeffery et al. (1990).

essary nor sufficient for the initial induction of
LTP. This is consistent with the facts that new
IEGPs begin to appear some minutes following
LTP induction and their levels peak one or more
hours after tetanization (see above). It is also con-
sistent with the fact that LTP can be induced in
the presence of protein synthesis inhibitors (Krug
et al., 1984; Deadwyler et al., 1987; Otani et al.,
1989) and even in the absence of cell bodies (Frey
et al., 1989).

In any event, the degree of LTP peaks withina
few minutes after tetanization (Gustafsson et al.,
1989), a time when the transcription factors are
only just beginning to be synthesized. It could be
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argued that existing IEGPs are necessary for LTP
induction, but if so, this must happen without
additional transcription or translation, since pro-
tein synthesis is not obligatory. We consider it
most likely, therefore, that initial LTP induction
occurs distally at the affected synapses and that
if differential gene expression is indeed critical, it
becomes involved during later stages of LTP.

IEG Responses

and the Persistence of LTP

Since IEG responses to LTP-inducing stimula-
tion are transient, lasting 2--8 h, these genes can-
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not be directly involved in processes that govern
the maintenance of LTP lasting days to weeks.
However, through the production of transcrip-
tion factors, [IEGs may regulate the response
of other effector genes, which subsequently gov-
ern the longevity of LTP. Thus, [EGs may be pos-
tulated to play a role in “stabilizing” LTP.
Unfortunately, this hypothesis has not been di-
rectly tested since we cannot yet manipulate the
expression of specific genes while measuring the
persistence of LTP. An alternative approach can
be used, however, whereby one correlates, in
separate groups of animals, [EG induction shortly
after tetanization with LTP persistence, as observed
following various tetanization protocols. For this
reason, we have characterized LTP decay rates
across a large number of tetanization conditions
(Jeffery et al,, 1990) in which LTP decays witha
time constant of a number of days (termed LTP2)
or of 2-3 wk (termed LTP3). The LTP1,LTP2,and
LTP3 nomenclature has been developed through
consideration of all published LTP decay rates
(Jeffery etal.,, 1990; Abraham and Otani, 1991) and
follows from the terminology introduced by
Racine et al. (1983).

The first gene(s) studied with respect to LTP
persistence was FosR (Jeffery et al., 1990). Initially,
the decay of LTP in awake behaving animals was
monitored over weeks following a number of
tetanization protocols in which train pattern
(spaced vs burst paradigm; see above), number of
trains (10-50), days of stimulation (1-5), and the
presence of pentobarbital during tetanization
were manipulated. A single negative exponen-
tial function was fitted to the data for each ani-
mal studied. On average, LTP decayed with a
time constant of 2-3 wk (LTP3) following 50 trains
of stimulation, regardless of the pattern or num-
ber of days of stimulation; but it decayed with a
time constant of only a few days (LTP2) when
just 10 trains were delivered or when 50 trains
were given in the presence of pentobarbital.

FosR immunoreactivity was then studied in
separate groups of animals given the same
tetanization treatments. The main point of corre-
lation was that 50 trains of stimulation in awake
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animals, producing LTP3, elicited a much stron-
ger FosR response than the same stimulation in
anesthetized animals, when LTP2 was produced.
On the other hand, the correlation across the other
tetanization conditions was extremely poor. For
example, FosR induction was three- to fourfold
higher following spaced stimulation than follow-
ing burst stimulation, even though they each eli-
cited equivalent LTP induction and decay (Fig.
4B). Furthermore, multiple days of stimulation
progressively lengthened LTP persistence
without inducing additional FosR after the first
day of stimulation. Overall, it is evident that FosR
levels do not correlate well with either LTP in-
duction or decay, although we cannot rule out
the possibility that FosR plays some role, perhaps
in concert with other second messengers or IEGs,
e.g., as part of fos/jun dimers.

More recently, we have been examining zif/268
in detail, combining Northern blot analysis of
mRNA levels 20 min posttetanization with
immunohistochemistry analysis of protein lev-
els 2 h after tetanization. Comparison of the zif/
268 response with LT persistence across the vari-
ous tetanization protocols previously mentioned
revealed extremely high correlations (Fig. 3B;
Richardson et al., in press). The zif/268 response
was low following conditions giving LTP2 and
correspondingly higher under conditions asso-
ciated with LTP3. Indeed, the correlations
between zif/268 levels and LTP persistence were
substantially higher than the moderately strong
correlations between z1f/268 and LTP induction,
even though the latter were made within-animal.

Preliminary analysis indicates that the Jun fam-~
ily genes that increase their expression following
LTP show moderate correlations with LTP per-
sistence, but these are not as strong as for zif/268
(Dragunow and Abraham, unpublished
observations). However, the correlations need tobe
examined in more detail and across more stimu-
lation conditions for these genes. Nonetheless,
what is clear at present is that the increased immu-
noreactivity for Jun IEGPs, like that for zif/268 and
FosR, is reduced or blocked by anesthetics (the
responses for a number of genes are compared
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1990). Zif, zif/268-like; fR, FosR-like; cj, c-jun-like; jB, junB-like; jD, junD-like.

in Fig. 5). Since LTP persistence is dramatically
shortened (from LTP3 to LTP2) by the presence
of the anesthetic pentobarbital during tetani-
zation, it is possible that a coordinate action
of IEGs is required for the generation of LTP
lasting a period of weeks (LTP3).

Mechanisms of IEG Action in LTP

Triggers for IEG Induction in LTP

The precise biochemical mechanisms that lead
to [EGP expression in neurons are presently unclear.
It is likely that different mechanisms are opera-
tive in different neuronal populations and that
different IEGs are linked to different first and
second messenger systems. More complicated
patterns of response are also possible. For
example, Bartel et al. (1989) have shown in PC12
cells that growth factors and membrane depolar-
ization will induce an overlapping set of IEGsbut
that each stimulus shows preferential activation
of a subset of the commonly induced genes.

As previously mentioned, the LTP-associated
induction of IEGPs (FosR, zif/268, and jun) in
dentate granule cells is blocked by NMDA antago-
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nists. The same is true for trauma-induced IEGP
induction in the dentate gyrus, neocortex, hypo-
thalamus, and striatum (Dragunow et al., 1990;
Olenik et al., 1991). These results suggest that
under certain conditions, IEGPs are induced via
an NMDA receptor-mediated signal transduction
pathway, although NMDA-independent induc-
tion has also been described (Dragunow and
Faull, 1990).

If NMDA receptor activation induces IEGs,
what intracellular mechanisms might mediate the
induction cascade? Calcium is a leading candi-
date second messenger since it is known to enter
through NMDA receptor-linked channels
(MacDermott et al., 1986) and because calcium
influx has been shown to be a potent inducer of
c-fos in PC12 cells (Greenberg et al., 1986; Morgan
and Curran, 1986). Elevated levels of intracellu-
lar free calcium may then result in activation of
calcium /calmodulin (CaM) protein kinases Il and
[1I, Ca**/phospholipid protein kinase C, and
phospholipase C, the latter providing positive
feedback through production of inositol triphos-
phate (IP3), which releases intracellular stores of
calcium. Other potential pathways of IEGP
induction include activation of phospholipase A,,
leading to the generation of arachidonic acid and
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lipoxygenase second messengers, thought to play
roles in LTP process (Williams et al., 1989; Mayer
and Miller, 1990), and activation of nitric oxide
and cyclic GMP (East and Garthwaite, 1991). A
role for serum response factors (SRF) is also pos-
sible because they induce IEGs in cell culture sys-
tems and may be expressed constitutively in
dentate granule cells (Wisden et al., 1990).

It is interesting that there is growing evidence
that kinases may directly enter the nucleus and
actby phosphorylating transcription factors, with
the consequence of either activating or derepress-
ing genes. For example, it has been known for
some time that CAAMP can stimulate transcription
without new protein synthesis in tissue culture
cells, suggesting the covalent modification of
existing proteins rather than de novo synthesis of
specific nuclear factors (Gonzalez and Montminy,
1989). More recent studies suggest that the gene
expression is mediated through phosphorylation
of a factor, most probably CREB (the cAMP-
responsive element-binding protein), by the cata-
lytic subunit of the cAMP-dependent kinase
(Mellon et al., 1989). The implication of this is that
the protein kinases may translocate from the
cytoplasm to the nucleus to mediate this regula-
tory role, thereby making up an active compo-
nent of the second (or third) messenger system.
Indeed, it has been shown that immunoreactiv-
ity for the cCAMP kinase catalytic subunit appears
in the nucleus after treatment of bovine cells with
cAMP (Nigg et al., 1985). A connection between
these events and long-term facilitation in Aplysia
has been made since injection of the cAMP-
responsive element (TGACGTCA—to which
CREB binds) into the nucleus of sensory neurons
blocks long-term facilitation, presumably by
competing for CREB with the natural gene
sequence (Dashetal., 1990)

Whether CREB plays a role in LTP is not clear.
CREB has not yet been observed in dentate gran-
ule cells, although adenylate cyclase is found in
these neurons. Injection of the phosphodiester-
ase inhibitor rolipram to rats, which leads to accu-
mulation of cCAMP in the brain, does not induce
expression of fos, jun, or zif/268 in dentate neu-
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rons, although other regions and cell types in the
brain express increased levels of these IEGPs
(Dragunow and Faull, 1989). Thus, it seems
unlikely that cAMP is involved in IEG expres-
sion in granule cells, but it is still possible that
calcium-dependent activation of CREB may be
involved.

Another kinase that could be directly respon-
sible for IEG induction is Ca**/CaM protein
kinase III, which phosphorylates the protein syn-
thesis factor EF-2, a 100-kDa protein involved in
the elongation of the polypeptide chain
(Ryazanov, 1987). This factor is inactivated in its
phosphorylated form, an event that occurs when
a cell moves from a quiescent state into a prolif-
erative state (Ryazanov and Spirin, 1990). Tran-
scriptional activation of IEGs may then occur by
shutting down translation of short-lived IEG
repressors. This effect can be simulated by cyclo-
heximide, an inhibitor of elongation during pro-
tein synthesis. Because phosphorylation of EF-2
has the same inhibitory effect on translation,
Ryazanov and Spirin (1990) have suggested that
this may be the critical factor allowing the acti-
vation of IEGs in cells during transition out of
the quiescent state. In LTP, this mechanism could
provide a link between NMDA receptor activa-
tion, the subsequent increase in intracellular Ca**,
and the activation of a cascade of gene responses
relevant to the long-term maintenance of LTP. We
are currently investigating the phosphorylation
status of EF-2 in the dentate gyrus and how this
changes during the induction and stabilization
of LTP.

Role of IEG Trancription Factors
in the Stabilization of LTP

The time course for induction of the IEG tran-
scription factors, i.e., occuring with some delay
yet lasting for a period of hours, indicates that
they are not directly governing either initial LTP
induction (occuring within minutes) or LTP per-
sistence (lasting days and weeks). It is presumed,
therefore, that IEG responses are linked to LTP
persistence via [EGP transcription factors regu-
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lating the expression of other, effector genes.
These other genes, as yet uncharacterized, must
then generate proteins that are transported to the
potentiated synapses and interact with structural
or functional changes already there, such that
these synaptic changes become resistant to decay.

Two general forms of interaction at the syn-
apses, occuring separately or together, can be
suggested. First, the effector proteins may directly
support the LTP expression mechanisms, and
LTP will last as long as these effector proteins
remain in elevated concentrations. One example
is a long-term increase in protein kinase C (PKC)
concentrations, resulting in a lasting enhance-
ment of the phosphorylation state of substrate
proteins. Indeed, a correlation has been reported
between the phosphorylation state of a PKC sub-
strate protein, F1/B50/GAP-43, and the degree
of LTP present 3 d after induction (Lovinger et
al., 1985).

Alternatively, the effector genes may only tran-
siently increase (or decrease) their expression and
thus play a role only in the stabilization of LTP.
Effector proteins would facilitate the generation
of specific changes in synaptic structure or func-
tion, which would then decay (actively or pas-
sively) independently of further instructions from
the nucleus. Given that IEGs are highly
expressed during development, it is plausible
that IEG responses after LTP induction may also
relate to changes in the size, shape, or number of
synapses (Lee et al., 1980; Desmond and Levy,
1983; Chang and Greenough, 1984), all correlates
of LTP expression. Gene involvement in this
growth response would be consistent with the
idea of effector proteins stabilizing but not directly
maintaining LTP.

In association with the need to know how
effector proteins serve to stabilize or maintain
LTP, it is also important to know which effector
genes are being regulated by the pool of IEGPs
induced by NMDA-receptor activation. Fos and
jun family heterodimers and jun family homo-
dimers bind to the AP-1 response element
(TGACTCA). Thus, genes containing an AP-1-
like sequence, e.g., proenkephalin, are potential
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targets for these transcription factors (White and
Gall, 1987; Sonnenberg et al., 1989); and indeed,
there is evidence that proenkephalin mRNA
levels change after LTP (Morris et al., 1988). The
consensus DNA sequence that zif/268 binds to is
a high-affinity binding site on DNA: GCGTG-
GGGCG (Christy and Nathans, 1989). zif/268 is a
zinc-finger protein such that finger 1 binds to the
last three nucleotides (GCG), finger 2 binds near
the center (GGG), and finger 3 binds near the 5'
end (GCG) (Pavletich and Pabo, 1991). Genes con-
taining this sequence in their upstream elements
may be potential targets of zif/268 regulation
following LTP.

The fact that the expression of some IEGPs,
such as FosR and junB, do not correlate well with
either the induction or persistence of LTP raises
some question about their role in this model of
synaptic plasticity. It is possible, for example, that
such genes are involved in stabilizing long-term
depression of synaptic efficacy, which can occur
at synapses not activated by the LTP-inducing
stimulation (Lynch et al., 1977; Levy and Stew-
ard, 1979; Abraham and Goddard, 1983). Hetero-
synaptic long-term depression is also NMDA
receptor-dependent in the hippocampus (Abraham
and Wickens, 1991; Christie and Abraham, 1991),
but it is not yet known how long this form of
plasticity persists.

A second possibility is that these genes have
nothing to do with synaptic plasticity as such but
are involved in global adaptive metabolic
responses to high activity rates or prolonged
depolarization. On the other hand, we cannot yet
rule out that FosR or jun proteins perform some
important function with respect to LTP. These
proteins combine with others to make up the
actual transcription factors, e.g., AP-1, and it is
the levels of such dimers that are critical for
determining the relation of these [EGs to LTP pro-
cesses. Such measurements have yet to be made.

Reldation of IEGs and Behavior

Although nonseizure-producing, LTP-induc-
ing stimulation causes an unusually synchronous
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activation of neurons not likely to occur in nor-
mal behavioral situations. Whereas there is good
reason to believe that LTP is nevertheless natu-
rally occuring (Abraham, 1988; Barnes, 1988), the
question remains whether IEGs would corre-
spondingly be induced and implicitly, whether
any such LTP would persist over days or weeks.

The findings that I[EGs show constitutive
expression suggest that their expression may be
relevant behaviorally. For example, there is strong
basal expression of zif/268 in the neocortex, sep-
tal nuclei, subiculum, and CA1 neurons in the
hippocampus (Herdegen et al., 1990; Mack et al.,
1990; Schlingensiepen et al., 1991; Schreiber et al.,
1991; Richardson et al., in press), although basal
expression of zif/268 is low in the dentate gyrus.
Furthermore, we have found that 4 h of anesthe-
sia (pentobarbital) greatly reduces basal zif/268
expression throughout these areas (Richardson
etal., in press). This shows that turnover of basal
z1f/268 occurs with a time course similar to the
LTP-inducible expression in dentate granule cells
and suggests that basal zif/268 expression is
maintained by some aspect of the awake state.

Although the fact that zif/268 is basally
expressed supports its possible role in LTP even
under relatively mild induction conditions, it
seems implausible that all basal expression is
related to synaptic plasticity. It should be kept in
mind, therefore, that there probably exist mul-
tiple intracellular pathways governing zif/268
expression, e.g., growth factor-induced vs depo-
larization-induced (Bartel et al., 1989), which may
reflect different functional roles for the protein
depending on the level of expression of other
genes, including IEGs. It is also possible that there
is a family of zif/268 molecules, either mRNA or
protein, that has yet to be resolved and that may
be mediating different signal cascades.

There is growing interest in the possibility that
IEGs can be induced by sensory or behavioral
manipulations. An early study by Hunt et al.
(1987) showed that c-fos-like immunoreactivity
isinduced in spinal cord neurons by noxious heat
or chemical stimulation to the skin. The induc-
tion was specific to particular laminae, and the
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pattern and intensity of staining varied accord-
ing the particular type of stimulation. Subse-
quently, this group demonstrated that a variety
of other IEGs are also induced in the spinal cord
by thermal stimulation of the skin (Wisden et al.,
1990). A number of other studies have now ap-
peared demonstrating the induction of c-fos in
various sensor systems following appropriate
stimulation (Bullitt, 1989; Sharp et al., 1989;
Carter, 1990; Abe et al., 1991).

Initial attempts to show learning-specific IEG
induction were less successful. Neither rats
trained in the Morris water maze (a spatial
memory task) nor motor activity controls showed
an increase in c-fos or zif/268 expression in the
dentate gyrus relative to naive animals (Wisden
etal., 1990). Acquisition of a footshock-motivated
brightness discrimination task was accompanied
by an increase in hippocampal c-fos mRINA, but
this also occured after pseudotraining and thus
was probably related to the footshock stimula-
tion rather than to learning per se (Tischmeyer et
al., 1990). This conclusion is supported by
Schreiber et al. (1991), who showed that restraint
plus tail shock induces c-fos and zif/268 in the
neocortex and hippocampus. On the other
hand, recent experiments in chicks showed
increases in both c-fos and c-jun mRNA shortly
after discrimination training. The increases were
not owing to motor activity, since previously
trained chicks exhibited smaller changes after
performing the task, nor to stress or arousal,
since monocular occlusion led to unilateral
changes in c¢-fos (Anokhin and Rose, 1990;
Anokhin et al., 1991). These data support the hy-
pothesis that [EGs may play a role in long-term
memory consolidation although, as in LTP, a
causal role for IEGs in the consolidation or
stabilization processes remains to be conclu-
sively demonstrated.

Summary

There is now good evidence that both mRNA
and protein levels of various IEGs are increased

- in the hippocampal LTP model of synaptic plas-
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ticity. The increases occur postsynaptically, are
rapid and transient (characteristic of IEGs in other
cell systems), are linked to NMDA receptor acti-
vation, and are sensitive to pentobarbital anes-
thesia. The degree of IEG induction correlates
better with the persistence of LTP than with its
initial induction, with zif/268 showing the best
correlations so far. The second messenger systems
involved in initiating IEG transcription are
unknown, although it is suggested that phospho-
rylation of elongation factor-2 may play a role by
inhibiting the synthesis of rapidly turning over
gene repressors. The mechanisms by which IEG
induction subsequently leads to LTP stabilization
are also uncertain. The key to this may be the
identification of the putative “late effector” genes,
whose expression is affected by IEGPs.

The central question of whether altered gene
expression is an essential part of the maintenance
of LTP and thereby neural plasticity remains to
be answered. It seems likely, however, given that
a “classical” signaling pathway seems to be op-
erating in the establishment of LTP, that differ-
ential gene expression will be an important
feature of the event. Furthermore, since IEGs are
constitutively expressed in awake animals and
respond to sensory and behavioral manipulations
as well as LTP induction, the suggestion that IEGs
may play a role in long-term memory consolida-
tion continues to remain tenable.
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