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Plasticity is a remarkable feature of the brain, allowing neuronal
structure and function to accommodate to patterns of electrical
activity. One component of these long-term changes is the activity-
driven induction of new gene expression, which is required for
both the long-lasting long-term potentiation of synaptic transmis-
sion associated with learning and memory, and the activity-
dependent survival events that help to shape and wire the brain
during development. We have characterized molecular mecha-
nisms by which neuronal membrane depolarization and subse-
quent calcium influx into the cytoplasm lead to the induction of
new gene transcription. We have identified three points within this
cascade of events where the specificity of genes induced by
different types of stimuli can be regulated. By using the induction
of the gene that encodes brain-derived neurotrophic factor (BDNF)
as a model, we have found that the ability of a calcium influx to
induce transcription of this gene is regulated by the route of
calcium entry into the cell, by the pattern of phosphorylation
induced on the transcription factor cAMP-response element (CRE)
binding protein (CREB), and by the complement of active transcrip-
tion factors recruited to the BDNF promoter. These results refine
and expand the working model of activity-induced gene induction
in the brain, and help to explain how different types of neuronal
stimuli can activate distinct transcriptional responses.

E lectrical activity within the brain rapidly encodes information
about the world, but for these fleeting perceptions to have a

lasting impact, long-term changes in the structure and function
of neurons must follow. At the synapse, neurotransmitter recep-
tion initiates a number of biochemical signaling cascades in the
postsynaptic cell, one of the most important of which is the
elevation of intracellular calcium (1). This calcium rise is a
critical component of signaling pathways whose functional con-
sequences include activity-dependent survival (2) and the syn-
aptic plasticity of long-term potentiation (LTP; ref. 3).

Early events induced by the rise of calcium in dendrites are
likely to be local, resulting from posttranslational modifications
of the synaptic machinery. However, for long-term structural
and functional changes in the neuron, the calcium signal must
regulate the expression of new gene products. There are several
potential calcium-dependent steps in the process of new gene
expression: elements of mRNA transcription, elongation, splic-
ing, stability, and translation have all been suggested to be
regulated by calcium in neurons. Especially exciting evidence has
been accumulating in favor of the idea that some calcium-
regulated mRNA translation occurs locally at postsynaptic sites,
providing a means for rapid and accurate expression of activity-
induced gene products at activated synapses (4, 5). The relative
importance of dendritic mRNA translation in calcium-
dependent biological processes will become clearer when the
specific mRNAs that are regulated in this manner are identified.

Our laboratory has focused on the mechanisms by which
calcium regulates new gene transcription. This line of investiga-
tion began with the observation that application of acetylcholine
receptor agonists to the PC12 pheochromocytoma cell line
induces rapid transcriptional initiation of the c-fos proto-

oncogene in a manner that depends on calcium influx (6). c-Fos
is a transcription factor whose mRNA expression had been
shown to be rapidly induced when quiescent fibroblasts are
stimulated by growth factors to reenter the cell cycle (7). That
c-fos could also be induced in neurons suggested that an equally
intricate pattern of regulated transcription might be responsible
for cellular responses to neuronal activity. Indeed it has subse-
quently been shown that transcription of a large number of
genes, encoding both transcription factors and molecules that
function at synapses, is induced by synaptic activity and subse-
quent calcium influx (8, 9). These activity-dependent changes in
gene transcription have been shown to be required for both
neuronal survival (10) and for the maintenance of the late phase
of LTP (11).

One of the best studied of the activity-induced genes is
brain-derived neurotrophic factor (BDNF). BDNF is a small
secreted protein that acts by binding to its receptors, the
tyrosine kinase TrkB and the low-affinity neurotrophin recep-
tor p75 (12). Ligation of TrkB receptors by BDNF promotes
the activation of signaling pathways that both rapidly modify
the function of local synaptic targets and also have long-term
effects on gene transcription. BDNF was originally identified
as an important neuronal survival factor in the central nervous
system (13, 14). BDNF promotes survival through inactivation
of components of the cell death machinery and also through
activation of the transcription factor cAMP-response element
binding protein (CREB), which drives expression of the pro-
survival gene Bcl-2 (15, 16). In addition to its role in neuronal
survival, BDNF also modulates synaptic activity (17). Mice
lacking the BDNF gene show impaired hippocampal LTP, and
overexpression of BDNF rescues this defect (18, 19). Both
presynaptic and postsynaptic mechanisms may underlie this
effect on synaptic plasticity. BDNF application to presynaptic
terminals of Xenopus spinal neurons enhances both sponta-
neous and evoked release of neurotransmitter via a mechanism
that may involve the phosphorylation and functional regula-
tion of synaptic vesicle proteins (17, 20). At the postsynaptic
membrane, BDNF may act as a neurotransmitter itself, as
rapid pulsatile application of BDNF to neurons can cause
TrkB-dependent membrane depolarization within millisec-
onds (21).

Perhaps because BDNF plays so many important roles in
neuronal development and function, the expression and action of
this protein is tightly regulated in time and space. In particular,
expression of BDNF mRNA is highly responsive to electrical
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activity in the brain, being induced by a wide range of stimuli
including seizures (22), electrical stimulation that produces LTP
(23), and patterned visual input (24). BDNF is categorized as an
immediate-early gene, meaning that the stimulus-induced tran-
scriptional initiation of new BDNF mRNA occurs rapidly and
without the need for new protein synthesis (25); stimuli induce
the expression of new BDNF mRNA through the posttransla-
tional modification of preexisting transcription factors. The
function of BDNF protein expressed as a result of this activity-
induced transcription can be assessed by acutely blocking the
action of BDNF, either through the addition of function-
blocking anti-BDNF Abs or soluble TrkB receptor extracellular
domains that sequester newly synthesized and secreted BDNF.
This approach has been used to study the role of BDNF in
calcium-dependent neuronal survival. Depolarization and sub-
sequent calcium influx promote the survival of cortical neurons
in culture and also drive an increase in the transcription of BDNF
mRNA (26). To determine whether stimulus-induced expression
of BDNF is required for calcium-dependent neuronal survival,
function-blocking BDNF Abs were added to the culture medium
when the cells were depolarized, leading to a blockade of the
ability of BDNF to activate TrkB receptors. Under these con-
ditions, neuronal survival is reduced, suggesting that activity-
induced BDNF expression is required for calcium-dependent
neuronal survival. Similar experiments have implicated acutely
synthesized BDNF in LTP. Sequestration of BDNF up to 1 h
after the induction of hippocampal LTP causes previously
potentiated synaptic transmission to return to baseline, suggest-
ing that BDNF expression driven by stimuli that produce LTP
may be required for the maintenance of synaptic poten-
tiation (27).

By using the induction of BDNF mRNA as an assay, we have
explored in detail the mechanism of calcium-induced neuronal
gene expression. Our studies, in combination with the work of
numerous other labs, have revealed pathways that lead from the
outer membrane of the cell, where calcium first enters the cell
to the nucleus, where transcription is initiated. A summary of
these pathways is presented in Fig. 1. Neurotransmitter reception
and membrane depolarization open ligand- and voltage-gated
calcium channels in the cell membrane, allowing the influx of
extracellular calcium into the cell. This calcium is quickly bound
by proteins that sit at the top of calcium-activated signaling
cascades. A large number of pathways can respond to the
elevation of intracellular calcium, and activation of these signal-
transduction cascades amplifies the calcium signal while carrying
it to the nucleus. Within the nucleus, the transcription factor
CREB seems to be prebound to the BDNF promoter in an
inactive form. Phosphorylation of CREB by calcium-regulated
kinase cascades stimulates the recruitment of components of the
basal transcription machinery to the BDNF promoter, and then
new BDNF mRNA is synthesized.

Despite the elucidation of this general mechanism by which
calcium elevation induces neuronal gene expression, a number of
questions remain to be addressed. For example, there are many
routes of calcium entry in neurons, and it has been widely
observed that not all paths of entry are equally efficient at
inducing the expression of activity-induced genes including
BDNF. This observation raises the question, how is it possible
that some calcium channels are tightly coupled to gene expres-
sion whereas others are not? Downstream of calcium entry,
calcium-activated signaling pathways couple to transcription
through the phosphorylation of CREB, but certain phosphory-
lation events render CREB competent to drive transcription
whereas others do not. We have studied the molecular mecha-
nisms of calcium-activated CREB-dependent transcription and
investigated how CREB phosphorylation affects the formation
of active transcriptional complexes. Finally, although CREB is
one calcium-responsive transcription factor that contributes to

BDNF transcription, mutational analysis of the BDNF promoter
has revealed that there are additional non-CREB binding
elements required for calcium-dependent BDNF transcription.
We have used these elements to identify other calcium-regulated
transcription factors that drive BDNF transcription and have
explored how this complex of transcriptional activators
gives specificity to transcriptional initiation at the BDNF pro-
moter. In this article, we present our past and current work
addressing these issues and describe how these findings have
contributed to our working model of neuronal calcium-induced
gene expression.

The Route of Calcium Entry Matters: Channel-Associated
Signaling Complexes
The first step in calcium regulation of neuronal gene expression
is the influx of calcium into the cytoplasm. There are four
primary routes of calcium entry into the cytoplasm of the
postsynaptic neuron: extracellular calcium can enter through the
ligand-gated ion channels of the N-methyl-D-aspartate-type
(NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onate-type (AMPA) (28) glutamate receptors, through voltage-

Fig. 1. Calcium-activated signaling pathways that regulate gene transcrip-
tion. In neurons, neurotransmitter reception and membrane depolarization
lead to the opening of ligand- and voltage-gated calcium channels. Subse-
quent calcium influx across the plasma membrane drives the activation of a
number of signaling molecules, including the calcium-sensitive adenylate
cyclase, calciumycalmodulin-activated kinases, and Ras. Each of these mole-
cules activates a cascade of signaling proteins that amplifies the calcium signal
and carries it to the nucleus. Dashed lines represent the components of each
pathway that are proposed to translocate into the nucleus. Nuclear kinases
including protein kinase A, CaMK-IV, and members of the Rsk family phos-
phorylate CREB at Ser-133, rendering it competent to mediate transcription of
genes such as BDNF. [Reproduced with permission from ref. 60 (Copyright
1999, Annual Reviews, http:yyAnnualReviews.org).]
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gated calcium channels, or calcium can be released from intra-
cellular stores (29).

The NMDA subtype of glutamate receptor is responsible for
a substantial fraction of the total calcium influx in response to
synaptic activity, especially early in development (30). The
NMDA receptor (NMDA-R) is uniquely suited to play a role in
Hebbian synaptic plasticity, because maximal ion flow through
this channel depends on the coincidence of presynaptic activity,
which releases glutamate to bind the receptor, and postsynaptic
depolarization, which is required to relieve blockade of the
NMDA-R channel by extracellular magnesium (31). Calcium
entry through the NMDA-R has been shown to play a critical
role in the induction of LTP (32), and it also induces the
transcription of many immediate-early genes (33, 34). The other
major route of calcium influx across the plasma membrane is
through the voltage-sensitive calcium channels. In neurons,
L-type, dihydropyridine-sensitive, alpha 1C- or 1D-containing
voltage-sensitive calcium channels (L-VSCCs, designated Cav1.2
and Cav1.3) are especially concentrated in the basal dendrites
and cell soma, where they are well positioned to transduce
calcium-regulated signaling events to the nucleus (35, 36).
Despite the fact that pharmacological inhibitors of L-VSCCs
block a relatively minor fraction of the calcium influx that is
induced by spontaneous synaptic activity in cultured cells, this
blockade largely suppresses IEG transcription, suggesting that
calcium flux through L-VSCCs is tightly linked to gene expres-
sion (37).

Although calcium is a ubiquitous second messenger, cells have
found ways to endow distinct calcium signals with specific
functions. Numerous studies have shown that not all routes of
calcium entry are equivalent in their ability to induce specific
gene-transcription events (38–40). The transcription of BDNF is
preferentially driven by calcium inf lux through L-VSCCs,
whereas it is poorly induced by calcium entering through
NMDA-Rs (26). This channel specificity is despite the fact that
there is little difference in the duration or magnitude of the
somatic calcium rise mediated by direct stimulation of
NMDA-Rs and L-VSCCs (41). Similarly, although calcium
influx through L-VSCCs strongly activates CREB, calcium en-
tering through non-L-VSCCs [including somatodendritically lo-
calized N-type channels (42)], generates a calcium rise in the cell
soma that is equivalent in amplitude to that of L-type channels,
but activation of these channels does not lead to CREB-
dependent gene transcription (ref. 43 and R.E.D. and M.E.G.,
unpublished observations).

There are at least two possibilities to explain why the entry of
calcium through different channels might lead to differences in
the activation of gene transcription. By using the activation of
CREB phosphorylation as an assay, one set of studies has led to
the hypothesis that this specificity comes from the tethering of
molecules required for the activation of calcium signaling path-
ways near the mouths of the channels (43, 44). The extremely
high levels of calcium reached within the microdomain at the
mouth of the channel would activate signaling pathways that
travel to the nucleus to phosphorylate and activate CREB.
However, another set of studies has suggested instead that the
critical parameter for the activation of CREB-dependent tran-
scription is the elevation of nuclear calcium (45, 46). In this case,
the specificity of channel signaling for transcription would
depend on the ability of each type of channel to generate a
nuclear calcium rise leading to the activation of nuclear kinases
that phosphorylate and activate CREB. To gain further insight
into where and how calcium influxes gain their specificity toward
transcription, we have examined the properties of calcium
channels that enable them to drive CREB-dependent transcrip-
tion. Our data support the hypothesis that the physical
association of signaling molecules with calcium channels is an

important means of regulating the coupling of calcium influxes
to gene transcription.

During early neuronal development, calcium influx through
the NMDA-R is thought to play a critical role in the regulation
of a number of developmental processes including the plasticity
of synapses. Recent studies have revealed that there are a large
number of proteins in close association with the NMDA-R in the
postsynaptic density (47, 48). Of particular interest is evidence
that the NMDA-R directly associates with the EphB family of
receptor tyrosine kinases (49). Both EphB receptors and their
ephrin ligands are found concentrated at synapses, suggesting
that they have important signaling functions at this site of
cell–cell contact (50), and one of the roles of synaptic EphB
receptors seems to be the regulation of synapse formation or
function. Ligation of EphB receptors causes them to cluster
within minutes, and within an hour promotes the coclustering of
NMDA-Rs (49). In addition to these immediate events, activa-
tion of EphB receptors also has long-term effects on the number
of synaptic sites. Stimulation of EphB receptors over a period of
days increases the number of NMDA-R clusters as well as the
number of presynaptic release sites. One way EphB receptor
stimulation might mediate these long-term effects on synapse
formation is through the regulation of genes required for
synaptogenesis or synaptic plasticity. Our preliminary experi-
ments suggest that activation of EphB receptors modulates the
ability of calcium influx through NMDA-Rs to induce expression
of immediate-early genes (M.A.T., M.B.D., and M.E.G., unpub-
lished observations). These results suggest that in developing
neurons, the association between the EphB receptor and the
NMDA-R may play two roles, both immediately affecting chan-
nel clustering and later having a long-term effect on the regu-
lation of gene products required for the development of new
synapses.

The ability of NMDA-Rs to drive changes in CREB-
dependent gene expression is a developmentally regulated event.
Whereas in embryonic neurons cultured for 7 days in vitro
(DIV), activation of calcium influx through NMDA-Rs leads to
robust CREB-dependent transcription, by 14 DIV, a similar
stimulus does not induce CREB-dependent transcription (51).
The ability of calcium influx to induce CREB-dependent tran-
scription is correlated with the ability of calcium to promote the
sustained phosphorylation of CREB at a serine residue required
for activation (Ser-133). In contrast to calcium influx through
L-VSCCs that leads to sustained CREB Ser-133 phosphoryla-
tion, the entry of calcium through NMDA-Rs, except in very
young neurons, triggers only transient phosphorylation of CREB
at Ser-133 (41, 51). Recently it has been demonstrated that in
embryonic cortical neurons cultured for 14 DIV, calcium entry
through the NMDA-R induces a phosphatase that dephospho-
rylates CREB at Ser-133 (51). Because calcium entry through
L-VSCCs does not activate this phosphatase, there is a source-
specific ability of calcium to drive either transient or sustained
CREB phosphorylation. Protein phosphatase 1 (52) has been
shown to associate with the NMDA-R, however it remains to be
determined whether the local tethering of this phosphatase near
the receptor is required for the rapid dephosphorylation of
CREB at Ser-133.

These results help to explain why NMDA-Rs are develop-
mentally regulated activators of CREB-dependent transcrip-
tion, but what allows L-VSCCs to efficiently drive CREB? One
possible explanation is that specific signaling molecules that
transduce the calcium signal into CREB phosphorylation are
physically coupled to L-VSCCs. Several signaling molecules
are known to bind L-VSCCs, including the protein kinase A
anchoring protein AKAP (53), the nonreceptor tyrosine ki-
nase Src (54), and the calcium transducer calmodulin (55).
Studies to date have concentrated on how association of these
signaling proteins with the L-VSCCs affects the function of the
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channel. However, our data suggest that binding of signaling
molecules may also regulate the ability of L-VSCCs to mediate
calcium-dependent cellular responses such as transcriptional
activation. We propose that the physical association of signal-
ing molecules with the L-VSCC is required for activation of
signaling pathways such as the Rasymitogen-activated protein
kinase (MAPK) or calciumycalmodulin-dependent kinases
(CaMKs) that are downstream of the channel itself (56).

Calcium-Regulated Transcription Factors: CREB
It is well established that changes in intracellular calcium levels
are transduced into activation of gene transcription by signal
transduction pathway-induced modifications of transcription
factors. A number of transcription factors have been identified
whose transcriptional activity is regulated by calcium-activated
signaling pathways. The challenge has been to identify calcium-
dependent sites of phosphorylation on these transcription fac-
tors, and to link these phosphorylation events mechanistically to
the resulting change in transcriptional competence of the tran-
scription factors. Recent studies have begun to provide an
understanding of how calcium-signaling pathways regulate the
transcription factor CREB.

CREB was first purified as a binding protein for the
sequence 59-TGACGTCA-39 in the somatostatin promoter
(57). This sequence (named the CRE for cAMP response
element) had been identified as an element within the soma-
tostatin promoter required for the transcriptional up-
regulation of somatostatin expression in response to elevation
of cellular cAMP levels and the activation of protein kinase A.
Mutagenesis of the c-fos promoter resulted in the identifica-
tion of a similar sequence element (59-TGACGTTT-39) that is
required for the induction of c-fos transcription in response to
membrane depolarization and calcium inf lux (58). CREB was
subsequently identified as the c-fos promoter calcium-response
element (CaRE) binding protein and shown to mediate both
cAMP and calcium induction of c-fos expression through the
CREyCaRE sequence (59).

CREB has been implicated in a number of biological func-
tions, all of which depend on its ability to act as a stimulus-
induced transcription factor that can be activated by a variety of
extracellular signals. In the brain, CREB mediates both activity-
dependent synaptic plasticity and trophic factor-dependent neu-
ronal survival (60, 61). Consistent with its role as an activity-
dependent transcriptional factor, CREB is phosphorylated at a
serine critical for its function (Ser-133) in physiologically active
brain areas during a wide range of behaviors, including birdsong,
cocaine reward, fear conditioning, and spatial learning. Genetic
manipulations of CREB expression in Aplysia, Drosophila, and
mice suggest that CREB is required for the potentiation of
synaptic strength in paradigms of learning and memory (62).
Neurotrophic factor stimulation also leads to the phosphoryla-
tion of CREB at Ser-133, and in two studies, the inhibition of
CREB function was found to block BDNF-mediated survival of
cerebellar granule neurons (15, 16). Further identification of the
range of target genes induced by activated CREB in response to
different stimuli will help to refine our understanding of the role
played by CREB in cellular behaviors including synaptic plas-
ticity and survival.

How do extracellular stimuli lead to the activation of
CREB? The prevailing view is that in unstimulated cells,
CREB is found in the nucleus bound to CREs within the
promoters of CREB-regulated genes (Fig. 2; ref. 60). After
cellular stimulation, signaling pathways are activated that
transmit the signal to the nucleus and cause the phosphory-
lation of CREB at Ser-133. CREB is phosphorylated on this
residue in response to cAMP elevation, membrane depolar-
izationycalcium inf lux, and growth-factor reception, and phos-
phorylation of this site is critical for the function of CREB as

a transcriptional activator in response to these stimuli (63–65).
After phosphorylation at Ser-133, CREB recruits the CREB
binding protein (CBP), which acts as a transcriptional coacti-
vator (66, 67). CBP promotes transcription through its recruit-
ment of components of the RNA polymerase II transcription
machinery and through its function as a histone acetyl trans-
ferase. CBP-catalyzed acetylation of lysine residues within
histones helps to remodel chromatin structure into a form that
is accessible to active transcription. Recent experiments have
tested the importance of the CREB–CBP association for
transcriptional activation (68). We used an Escherichia coli
two-hybrid binding system to screen for mutations of the
CREB binding domain of CBP (called the KIX domain) that
interact more or less strongly than wild-type CBP with CREB
phosphorylated at Ser-133 in the presence of cotransfected
protein kinase A (69). When these mutations were introduced
into full-length CBP, and the mutant CBPs were transfected
into mammalian cells, a CBP that bound with higher affinity
to CREB-enhanced CREB reporter gene transcription. By
contrast, expression of a mutant CBP that bound CREB with
lower affinity than wild type was less effective at promoting
CREB-dependent transcription. These data indicate that the
strength of the CREB–CBP interaction determines the level of
CREB-dependent transcription.

CREB is phosphorylated at Ser-133 in response to a wide
variety of stimuli, and a number of signaling pathways have
been proposed to culminate in the nuclear phosphorylation of
CREB at this residue. Among these pathways are the calciumy
calmodulin-activated kinases and the RasyMAPK pathway.
Activation of plasma membrane voltage- and ligand-gated
calcium channels leads to the elevation of cytoplasmic and
nuclear calcium levels and the activation of the CaMKs.
Although CaMKs I, II, and IV can each phosphorylate Ser-133
in vitro, CaMK-IV seems to be the most relevant CaMK in
cells. CaMK-IV is localized to the nucleus, and the kinetics of
its activation correlate in time with CREB phosphorylation
and dephosphorylation on Ser-133 (44). Disruption of
CaMK-IV activity by treatment of cells with CaMK-IV anti-
sense oligonucleotides or by genetic homologous recombina-

Fig. 2. The prevailing view for the mechanism of calcium-dependent CREB
activation. CREB sits prebound as a dimer to the CRE in unstimulated cells. In
response to neuronal stimulation and the activation of CREB kinases, CREB is
phosphorylated at Ser-133 within the kinase-inducible domain (KID), allowing
it to bind the KIX domain of CBP (or potentially a CBP dimer) recruiting this
coactivator to the promoter. CBP promotes transcriptional activation in part
through binding indirectly to the RNA polymerase II via an interaction with the
RNA helicase A (RHA) protein, and thus CBP recruits the polymerase complex
onto promoters bound by Ser-133-phosphorylated CREB. Other CREB-
mediated interactions with the basal transcription machinery may also help to
promote transcription. Through a glutamine-rich region (Q2), CREB binds to
TAF130, a component of TFIID, and also to TFIIB. These complexes of pro-
teins associate with the TATA binding protein (TBP) at the TATA box that is
found just proximal to the initiation site of many genes. [Reproduced
with permission from ref. 60 (Copyright 1999, Annual Reviews, http:yy
AnnualReviews.org).]
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tion reduces activity-dependent CREB Ser-133 phosphoryla-
tion, providing strong evidence that this kinase contributes a
substantial fraction of the endogenous membrane depolariza-
tion-activated CREB kinase activity (44, 70). Calcium inf lux
also triggers activation of the RasyMAPK pathway, which
culminates in the activation of the nuclear Rsk kinases,
including Rsk2, a kinase first shown to phosphorylate CREB
at Ser-133 in response to growth factor signaling (65, 71). Rsks
are also activated by membrane depolarization (72), suggesting
that they could mediate both growth factor- and calcium-
dependent CREB phosphorylation. In response to many stim-
uli, the activation of the RasyMAPKyRsk and CaMK pathways
occur in concert, suggesting that these pathways may play
cooperative roles in CREB activation. Careful examination of
the kinetics of CREB-dependent phosphorylation has re-
vealed that CaMKs seem to dominate the rapid phase of
CREB phosphorylation after membrane depolarization,
whereas RasyMAPK pathway activation is slower and becomes
the predominant CREB kinase at later times after stimulation
(56, 73). The timing and magnitude of activation of each of the
kinase pathways could transmit information about the nature
or extent of the stimulus that may subsequently be translated
into the type or amount of transcription driven by CREB under
different conditions.

Although phosphorylation of CREB at Ser-133 is required for
the calcium induction of CREB-dependent transcription, there are
many instances in which phosphorylation of CREB at Ser-133 is not
sufficient for target gene activation. Depolarization of neurons
leads to phosphorylation of CREB at Ser-133 within minutes, but
CREB-dependent transcription takes longer to initiate. Ser-133
phosphorylation also persists past the time when transcription has
ceased. In PC12 cells, depolarization, elevation of cAMP, and the
neurotrophic factor nerve growth factor (NGF) are all able to
induce the phosphorylation of CREB on Ser-133; however, NGF is
unable to drive transcription from a CREB-dependent reporter
gene (74). These results suggest that in addition to phosphorylation
of CREB at Ser-133, other phosphorylation sites on either CREB,
CBP, or some other transcriptional coactivator, may be regulated in
concert with Ser-133 for calcium to effectively drive CREB-
dependent transcription.

What is the nature of these additional signaling events? CREB
is known to be phosphorylated on sites in addition to Ser-133,
and our recent experiments suggest that phosphorylation at
some of these sites is required for the activation of CREB in
response to membrane depolarization. In vitro studies showed
that CaMK-II could phosphorylate CREB at Ser-142, however
phosphorylation at this site had been proposed to be inhibitory,
as mutation of the serine at 142 to an alanine enhances the
CREB-dependent activation of a reporter gene (75). In contrast
to this prediction, Ser-142 phosphorylation is induced by mem-
brane depolarization at times when CREB-dependent transcrip-
tion is activated (J.M.K., A.J.S, and M.E.G., unpublished ob-
servations). Our preliminary evidence indicates that membrane
depolarization-induced Ser-142 phosphorylation may be accom-
panied by the phosphorylation of CREB at additional sites.
Given that phosphorylation of Ser-142 andyor Ser-143 has been
shown to disrupt the association of CREB with the KIX domain
of CBP (76), it may be that phosphorylation at these sites allows
CREB to form a complex with a coactivator other than CBP or
with a region of CBP other than the KIX domain. In either case,
the formation of this alternative transcription complex in re-
sponse to these specific signaling events may offer a way to
modulate the range of target genes induced by CREB in
response to different types of stimuli, and may help to explain the
ability of CREB to function in a wide range of biological
functions.

Calcium Regulation of BDNF Transcription
CREB can be activated by a wide variety of stimuli and
signaling pathways in neurons and other cells, but at least one
of its target genes, the gene encoding BDNF, is induced under
a more restricted set of conditions. Although membrane
depolarization of the PC12 neuroendocrine cell line leads to
robust transcription of a CREB-dependent reporter gene at
levels similar to those seen in neurons, BDNF expression is
poorly induced in these cells by membrane depolarization
(A.E.W., X.T., and M.E.G., unpublished observations). In
neurons, BDNF expression is only strongly induced by mem-
brane depolarization, whereas CREB-dependent transcription
can also be driven by intracellular cAMP elevation or extra-
cellular BDNF application.

To understand the calcium- and neural-specific regulation of
BDNF transcription, we have identified elements within the
BDNF promoters that are required for induction of expression
in response to membrane depolarization in neurons. The gene
for BDNF has a complex organization with four initial exons,
each of which can be spliced to a single 39 exon containing the
coding domain for the BDNF protein (Fig. 3A; ref. 77). Each of
these four splice variants uses one of two alternative polyade-
nylation sites within the 39-untranslated region. At present, the
differential functions of these eight transcripts, all of which
encode the same protein, are not known. One possibility is that
these mRNA transcripts might be differentially targeted and
translated within the cell, as some BDNF mRNA has been found
to be transported into dendrites (78).

Regulatory elements that control transcription are most com-
monly found in the DNA sequences that flank the 59 end of the
initial exon of a transcript. Because there are four possible initial
exons in the BDNF gene, it is important to determine which of
these promoters are responsive to neuronal calcium-signaling
pathways. Transcripts containing exons I, II, and III are ex-
pressed throughout the brain, whereas exon IV-containing tran-
scripts are expressed primarily outside of the brain. Both exon I-
and III-containing transcripts are induced by seizure activity in
adult brain (77). Reverse transcription (RT)-PCR analysis dem-
onstrates that transcripts containing exon III are the most highly
induced BDNF transcripts in membrane-depolarized embryonic
cortical neuron cultures (Fig. 3B; ref. 79). In these cells, induc-
tion of exon III-containing transcripts is not blocked when new
protein synthesis is inhibited with cycloheximide, indicating that
exon III transcription is driven by the posttranslational modifi-
cation of preexisting transcription factors.

To identify sequences within promoter III of the BDNF gene
that mediate membrane depolarization induction of BDNF
exon III, we and others developed a reporter gene assay in
cultured embryonic cortical neurons (79, 80). The 170 base
pairs 59 to the BDNF exon III initiation site when fused to a
luciferase reporter gene were able to drive calcium-induced
transcription of the reporter gene in response to membrane
depolarization. We made a series of deletions of this promoter
region to identify the sequences that are required for calcium
induction of the reporter gene. The initial analysis revealed a
requirement for a DNA sequence resembling a CREB binding
site at -35 bp relative to the transcription initiation site,
suggesting that CREB might drive BDNF transcription (79,
80). Point mutations within this DNA sequence element
abolish membrane depolarization-driven induction of the
BDNF promoter III-luciferase reporter gene. Although the
BDNF CRE (B-CRE) is a variant of the canonical CRE
sequence, recombinant CREB is capable of binding the B-
CRE sequence. A protein present in neuronal nuclear extracts
was identified that also binds the B-CRE in an electrophoretic
mobility shift assay. This protein binds to the B-CRE in vitro
with the same specificity as the protein that drives B-CRE-
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dependent transcription, because point mutations in the B-
CRE that block calcium induction of transcription also block
binding of the nuclear protein to the B-CRE in the electro-
phoretic mobility shift assay. Anti-CREB Abs were found to
bind to the nuclear proteinyB-CRE complex, implying that the
endogenous B-CRE binding protein is indeed CREB or a
closely related CREB family member. In further support of
this idea, overexpression of a dominant interfering form of
CREB in neurons blocks the induction of endogenous BDNF
mRNA by membrane depolarization. In total, these data
suggest that CREB itself or a CREB family member is an
important regulator of BDNF transcription in cells.

In addition to the CREB binding site, further deletion analysis
and detailed point mutagenesis of promoter III has revealed that
there are two other DNA elements that are also required for
calcium induction of the BDNF promoter III-luciferase reporter
(A.E.W., W.G.C., X.T., and M.E.G., unpublished observations;
refs. 79 and 80). The other two CaREs lie between -77 and -45
bp 59 of the initiation site. The more proximal element contains
an E-box sequence, and we have found that it binds a member
of the basic helix–loop–helix family of transcription factors. The
distal CaRE does not resemble any known transcription factor
binding sites, so we used a yeast one-hybrid approach to identify
proteins capable of binding to this DNA element. The yeast
one-hybrid screen utilizes a selection strategy in which an
auxotrophic survival gene is placed under the regulatory control
of the DNA element we had identified from the deletion analysis.
Then the yeast are transfected with a neuronal cDNA library in
which each clone is expressed as a fusion protein with a yeast
transcriptional activation domain. Any clones from the library
that are capable of binding the DNA element should recruit the
transcriptional activation domain onto the promoter of the
survival gene, and then the yeast will grow on plates deficient in
the amino acid used for the selection. From this screen we cloned
a novel transcription factor that binds the distal CaRE from
BDNF promoter III. Point mutations of the distal CaRE that

block calcium induction in the context of the BDNF promoter
III-luciferase reporter also eliminate binding of the novel tran-
scription factor, consistent with a role for this factor in the
calcium-regulated transcription of BDNF exon III.

What is the purpose of having three distinct CaREs within
BDNF promoter III? Mutation of any one of the three CaREs
nearly eliminates calcium induction of the BDNF promoter III
reporter gene, implying that coordinated activation of all three
factors on the promoter is required for efficient transcriptional
initiation. This requirement for cooperativity may serve to
restrict activation of BDNF transcription until a number of
signaling events can be integrated into the activation of the
three transcription factors. Nuclear run-on assays support the
idea that BDNF transcription may require several events, as
transcriptional initiation of BDNF takes 60 min after mem-
brane depolarization, whereas initiation of c-fos, another
calcium-regulated gene, occurs in less than 30 min (79). In
addition, requiring the activation of all three transcription
factors to initiate transcription from the promoter may explain
the preference of BDNF induction for membrane depolariza-
tion over other types of stimuli. If phosphorylation of CREB
at Ser-133 were sufficient to drive BDNF transcription, ele-
vation of intracellular cAMP should induce BDNF, but it does
so poorly. One potential explanation is that when intracellular
cAMP is elevated, although CREB may be found in an
activated form on the BDNF promoter III, at least one of the
other two transcription factors is not, and thus transcription at
the promoter cannot be initiated. Why phosphorylated CREB
is not sufficient to initiate transcription at BDNF promoter III
is not yet clear, however, one possibility is that the three
transcription factors may cooperatively recruit a common
transcriptional coactivator (Fig. 4).

ConclusionsyFuture Directions
The specificity of signaling within the brain is a critical feature that
allows neurons to have a wide dynamic range of responses to a
myriad of stimuli. We have identified at least three points of
specificity that influence the induction of gene expression in
response to neuronal activity. First, we have shown that the physical
association of signaling molecules with calcium channels influences

Fig. 3. Calcium-dependent induction of BDNF exon III expression. (A) The
BDNF gene has four potential initial exons, each of which can be alternately
spliced to a single 39 exon containing the complete BDNF coding sequence.
Each of these splice variants can use one of two alternative polyadenylation
sites within the 39 untranslated region, generating a total of eight distinct
transcripts, all of which encode the same protein sequence. (B) Cultured
embryonic cortical neurons were depolarized with 50 mM KCl for the times
indicated, then RNA was harvested from the cells for quantitative reverse
transcription (RT)-PCR analysis by using probes specific for the four initial
exons of the BDNF transcripts or for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). Exon III is strongly induced within 180 min of depolarization.
GAPDH is constant over the time course examined, serving as a control for RNA
input and reverse transcription efficiency. [Reproduced with permission from
ref. 79 (Copyright 1998, Elsevier Science).]

Fig. 4. Three transcription factors bind to the BDNF promoter III CaREs and
coordinately regulate transcription. Three elements within BDNF promoter III
are required for calcium-dependent induction of a luciferase reporter gene,
and three distinct transcription factors bind to these elements. ‘‘A’’ represents
the novel calcium-regulated transcription factor that binds to CaRE1, and ‘‘B’’
represents the basic helix–loop–helix family member that binds the CaRE2y
E-box element. CREB binds the CaRE3yCRE. In response to depolarization and
the activation of calcium-signaling pathways, all three factors are activated to
promote transcription, potentially through the phosphorylation-dependent
recruitment of a common transcriptional coactivator.
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the ability of these channels to promote gene expression. Next, we
have demonstrated that different stimuli drive phosphorylation of
the transcription factor CREB at unique sites, altering its tran-
scriptional activity. Finally, we have seen that the neuron- and
calcium-specific induction of BDNF promoter III is mediated in
part by the coordinated action of three separate transcription
factors, each of which seems to be activated by a distinct but
overlapping set of intracellular signaling pathways. The challenge
for the future is to link these steps together and to understand the
molecular mechanisms that regulate them. For example, if calcium
influx through L-VSCCs leads to specific sites of phosphorylation
on CREB, is this the result of local tethering of signaling molecules
to the L-VSCCs that then mediate these phosphorylation events?
Could calcium-specific phosphorylation of CREB play a role in
calcium-specific induction of BDNF promoter III? If so, how does

altered CREB phosphorylation regulate its ability to interact with
the other two transcription factors at the promoter? These and
other similar questions will drive future efforts to obtain a more
detailed understanding of long-term activity-dependent plasticity
and gene expression in the brain.
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