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Summary response genes (LRGs) (Halegoua et al., 1996). Several
of the LRGs encode proteins that comprise the dif-

Neurotrophins regulate neuronal survival, differentia- ferentiated phenotype, such as voltage-dependent ion
tion, and synaptic function. To understand how neuro- channels and the enzymes and receptors necessary to
trophins elicit such diverse responses, we elucidated synthesize and respond to certain neurotransmitters
signaling pathways by which brain-derived neuro- (Dichter et al., 1977; Garber et al., 1989; Fanger et al.,
trophic factor (BDNF) activates gene expression in cul- 1995; Toledo-Aral et al., 1995). Little is known about
tured neurons and hippocampal slices. We found, un- how neurotrophins regulate gene expression in neurons,
expectedly, that the transcription factor cyclic AMP but new gene expression is likely to be important for
response element-binding protein (CREB) is an impor- neuronal differentiation during development as well as
tant regulator of BDNF-induced gene expression. Ex- the long-term adaptive responses of mature neurons.

Work in PC12 cells has revealed mechanisms by whichposure of neurons to BDNF stimulates CREB phos-
the neurotrophin NGF signals to induce gene expressionphorylation and activation via at least two signaling
(Klein et al., 1990; Vetter et al., 1991; D’Arcangelo andpathways: by a calcium/calmodulin-dependent kinase
Halegoua, 1993; Kaplan and Stephens, 1994; GreeneIV (CaMKIV)-regulated pathway that is activated by
and Kaplan, 1995). NGF binds and dimerizes its cognatethe release of intracellular calcium and by a Ras-
receptor, TrkA; dimerization activates the receptor’s in-dependent pathway. Thesefindings reveal apreviously
trinsic tyrosine kinase. Activated TrkA autophosphory-unrecognized, CaMK-dependentmechanism by which
lates several tyrosine residues found within the recep-neurotrophins activate CREB and suggest that CREB
tor’s cytoplasmic domain. The phosphotyrosines serveplays a central role in mediating neurotrophin re-
as docking sites for adapter proteins and kinases suchsponses in neurons.
as phospholipase Cg (PLCg), phosphatidylinositol-39 ki-
nase (PI3K), and the adapter protein SHC (Soltoff et al.,

Introduction 1992; Marsh et al., 1993; Ng and Shooter, 1993; Widmer
et al., 1993; Stephens et al., 1994). These molecules

The neurotrophins are a family of secreted proteins that trigger kinase cascades that culminate in the phosphor-
potently regulates diverse neuronal responses. Family ylation and activation of transcription factors that direct
members include nerve growth factor (NGF), brain-derived gene expression (D’Arcangelo and Halegoua, 1993). For
neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and example, SHC triggers the activation of the small GTP-
neurotrophin 4/5 (NT4/5). Neurotrophins, released by binding protein Ras and the subsequent sequential
target neurons, regulate the type and the number of phosphorylation and activation of the kinases Raf, mi-
afferent synapses by promoting the survival of discrete togen- and extracellular-regulated kinase (MEK), and
neuronal subpopulations (Hyman et al., 1991; Oppen- extracellular-regulated kinase (ERK). ERK activates a
heim et al., 1992; Sendtner et al., 1992; Arenas and ternary complex transcription factor (TCF), such as Elk-1
Persson, 1994). Neurotrophins also regulate differentia- or serum response factor accessory protein (SAP), that
tion, influence cell fate choices, and regulate neurite forms a complex with a dimer of serum response factor
morphology (Snider, 1988; Diamond et al., 1992a, 1992b; molecules (SRF) to regulate gene expression through
Ip et al., 1993a). Neurotrophins alter the synaptic con- the serum response element (SRE). The prevailing view
nectivity of the developing cortex (Castren et al., 1992; is that NGF and other growth factors induce transcrip-

tion mainly through the Ras/ERK/pp90 ribosomal S6Maffe et al., 1992; Cabelli et al., 1995; Prakash et al.,
kinase (RSK) pathway and the SRE via a TCF such as1996) and possibly synaptic strength in adult animals
Elk-1 (Segal and Greenberg, 1996). However, several(Kang and Schuman, 1995; Korte et al., 1995; Figurov
lines of evidence suggest that other DNA response ele-
ments also contribute toneurotrophin responses (D’Arc-
angelo et al., 1996; Gaiddon et al., 1996; Iwata et al.,§To whom correspondence should be addressed.
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1996). In PC12 cells, neurotrophins transactivate cyclic promoter. After transfection of these reporter genes into
AMP response element-binding protein (CREB) by in- neurons, we analyzed their ability to mediate BDNF-
ducing its phosphorylation on a critical residue (Ser-133) induced transcription by RNase protection assays. The
that enables CREB to mediate gene expression cooper- c-fos promoter contains several DNA elements that con-
atively (Bonni et al., 1995). Nevertheless, in neurons, it trol stimulus-induced gene transcription, including an
remains unknown how neurotrophins activate CREB or SRE located approximately 300 nucleotides 59 of the
whether CREB plays a role in neurotrophin-mediated initiation start site and a Ca/CRE located approximately
gene expression (Ip et al., 1993b). 60 nucleotides 59 of the initiation start site. We first

To begin to understand how neurotrophins elicit spe- tested whether BDNF induced the expression of both
cific neuronal responses, we sought to identify the sig- the transfected and endogenous c-fos in neurons. When
naling pathways that mediate BDNF-induced gene ex- neurons were transfected with a c-fos reporter plasmid
pression in neurons (Klein et al., 1991; Marsh et al., 1993; (pF4) that contains a large region (750 bp) of the wild-
Ip et al., 1993a, 1993b). Surprisingly, we found that the type promoter, BDNF induced a response from the
SRE, a common target of receptor tyrosine-kinase sig- transfected c-fos gene that mimicked the response of
naling, is largely dispensable for BDNF-induced tran- the endogenous c-fos gene (Figure 1A). Previous work
scription in neurons. Rather, BDNF activates CREB to has shown that the SRE is required for growth factor
induce transcription through its cognate-binding site, induction of c-fos transcription in a variety of cell types
the Ca21 and cyclic AMP response element (Ca/CRE), (Segal and Greenberg, 1996). To test whether an intact
independently of other promoter-bound factors. BDNF SRE is necessary to mediate BDNF responses in neu-
activates CREB, in part, by stimulating the release of rons, we tested whether BDNF could induce transcrip-
intracellular Ca21 stores that leads to the activation of a tion of pAF222, a reporter that lacks the SRE and only
CREB kinase, CaMKIV. Exposure to BDNF also activates contains 222 nucleotides of the wild-type promoter. Sur-
the Ras/ERK/RSK pathway that culminates in CREB prisingly, neurons transfected with pAF222 showed
phosphorylation. In addition, BDNF induced CREB (Ser- strong BDNF responses, suggesting that the presence
133) phosphorylation in neurons from hippocampal

of an SRE is not necessary to mediate BDNF-induced
slices, suggesting that similar pathways could trans-

gene expression (Figure 1A). This result distinguishes
duce the BDNF signal in the intact nervous system.

neurons from a variety of other cell types in which the
Taken together, these findings suggest that CREB plays

SRE is required for growth factors to induce c-fos tran-a central role in mediating neurotrophin responses and
scription.that neurons have evolved multiple pathways to mediate

In contrast to the results with pAF222, BDNF failed toneurotrophin signaling to CREB. The identification of a
activate a reporter that only contained 42 nucleotidesCa21/CaMKIV-dependent pathway to CREB suggests
of the wild-type promoter (pAF42) (Figure 1A). This sug-new mechanisms by which neurotrophins might locally
gests that a DNA response element(s) between basealter synaptic function or rapidly signal from the synapse
pairs 42 and 222, such as the Ca/CRE, mediates BDNF-to the nucleus over long distances.
induced transcription. In other cell types, the Ca/CRE
does not confer growth factor responses on its own butResults
has been well characterized as a mediator of cAMP and
Ca21 responses (Sheng et al., 1991). In PC12 cells, NGFTo characterize mechanisms that link neurotrophin re-
induces c-fos transcription by a cooperative mechanismceptors with gene expression, we traced signaling path-
that depends on interactions between CREB and tran-ways in reverse from a reporter gene, c-fos, back to the
scription factors bound at other DNA regulatory ele-receptor that initially triggered c-fos induction. The c-fos
ments such as the SRE (Bonni et al., 1995). To testgene is a useful reporter because its message levels
whether the Ca/CRE is sufficient to mediate BDNF re-are low basally, and they increase rapidly and robustly
sponses inneurons, we used a reporter gene (pAF42.Ca/upon neurotrophin stimulation. Notably, neurotrophins
CRE) in which a Ca/CRE was inserted immediately up-induce c-fos transcription by pathways that do not re-
stream of the minimal promoter. The presence of thequire new protein synthesis. Thus, c-fos levels represent
Ca/CRE restored BDNF-induced transcription to pAF42,a sensitive measure of the immediate activity of the
suggesting that the Ca/CRE is capable of conferringpathways that culminate in c-fos transcription. In corti-
BDNF responses in neurons. This result also suggestscal neurons, we have assayed c-fos induction by BDNF
that Ca/CRE-mediated BDNF responses do not requirefollowing specific genetic and pharmacological manipu-
cooperation between proteins bound to the Ca/CRE andlations of candidate pathway components. This ap-
proteins bound to other response elements such as theproach has enabled us to deduce sequentially the DNA
SRE (Figure 1A). Insertion of an SRE immediately 59 of aelements within the c-fos promoter that mediate BDNF
minimal promoter was also sufficient to mediate BDNF-responses, the transcription factors that bind to these
induced c-fos transcription in neurons, indicating thatpromoter elements, and the kinase cascades activated
while the SRE is not essential for a BDNF response, thisby BDNF that culminate in the phosphorylation and acti-
element can confer a transcriptional response to BDNFvation of the critical transcription factors.
(Figure 1A).

The preceding experiments suggest that the Ca/CREPromoter Requirements
plays a central role in mediating BDNF-induced c-fosWe deduced the DNA regulatory elements that mediate
transcription. However, these conclusions are based onBDNF responses in neurons by assaying the transcrip-
experiments using reporter constructs in which largetional responsiveness of a series of c-fos reporter plas-

mids under the control of portions of the wild-type c-fos portions of the c-fos promoter have been deleted or the
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Figure 1. BDNF Induces Gene Transcription in Neurons through the Calcium and Cyclic AMP Response Element (Ca/CRE) via CREB

(A) RNase protection analysis shows BDNF responses from primary cortical neurons transfected with reporter plasmids that contain the
human c-fos (fosh) gene under the control of different portions of the wild-type promoter (see text for details). The c-fos probe protects the
transfected fosh transcript and a smaller fragment of the endogenous rat c-fos (fosr) transcript. The a-globin gene is cotransfected and probed
as an internal control for transfection efficiency and RNA recovery. Neurons were either left untreated (2) or stimulated with BDNF (50 ng/
ml) for 1 hr before lysis. BDNF robustly induced fosh transcription in neurons transfected with a reporter (pF4) that contains the wild-type
promoter (B) (lanes 1 and 2) or a reporter (pF222) in which the SRE has been deleted (lanes 3 and 4) but not a reporter (pAF42) in which the
Ca/CRE has also been deleted and only 42 bp of the promoter 59 of the start site remain (lanes 5 and 6). Insertion of either a minimal Ca/CRE
sequence (lane 7) or SRE sequence (lane 8) 59 of the inactive promoter (pAF42.SRE) restores the ability of BDNF to stimulate c-fosh transcription.
Similar results were obtained from three separate experiments.
(B) The Ca/CRE is an important mediator of BDNF responses in the context of the full promoter. An RNase protection analysis shows neuronal
BDNF responses mediated by transfected reporter constructs that express a fusion gene of c-fos and choline acetyl transferase gene under
the control of mutated or wild-type portions of the c-fos promoter (fosCAT, see text and Figure 1A legend for details). Neurons were either
left untreated (2) or stimulated with BDNF (50 ng/ml) for 1 hr before lysis. BDNF robustly induced fosCAT transcription from a reporter under
the control of a portion of the wild-type promoter (356 bp 59 of the initiation start site) (B) (lanes 1 and 2: 8.7- 6 0.2-fold induction). BDNF
induced 36% less fosCAT message levels from neurons transfected with SREm.fosCAT, a reporter in which the SRF-binding site has been
mutated (lane 3: 5.9- 6 1-fold induction). CREm.fosCAT, a reporter in which the CREB-binding site has been mutated, mediated 62% less
BDNF-induced fosCAT expression than the wild-type promoter (lane 4: 3.9- 6 1-fold induction; ANOVA, p , 0.03).
(C) BNDF rapidly induces phosphorylation of Ser-133 of CREB (PCREB) and tyrosine phosphorylation of ERK2 in cortical neurons. Neurons
were stimulated with BDNF (50 ng/ml) for the indicated times, lysed, and subjected to Western analysis either with an antibody that specifically
recognizes the Ser-133-phosphorylated form of CREB (anti-PCREB) or anti-phosphotyrosine antibodies (4G10 and PY20). The identity and
phosphorylation state of ERK2 was confirmed independently using an antibody specifically developed against the phosphorylated form of
ERK (anti-phosphoERK2). These findings have been repeated in four similar experiments.
(D and E) BDNF rapidly induces phosphorylation of Ser-133 of CREB within the nucleus of cortical neurons. Neurons were left unstimulated
(D) or stimulated (E) with BDNF (50 ng/ml) for 15 min, fixed, probed with the anti-PCREB antibody, and visualized using diaminobenzidine
(DAB) staining. This staining pattern occurred in three separate experiments. Scale bar 5 20 mm.
(F) BDNF mediates gene expression through CREB. RNase protection assays show that cotransfection and expression of a dominant-interfering
CREB mutant (CREBM1, lane 3) blocks fosh transcription through the Ca/CRE by BDNF, whereas the empty parent vector does not block
BDNF responses (lanes 1 and 2). BDNF-induced gene expression could be reconstituted within neurons by cotransfecting the altered binding
site mutant, GAL4CREB, and a fosh reporter with five GAL4 sites inserted 59 of the minimal promoter of pAF42 (lanes 4 and 5). By contrast,
cotransfection of the GAL4 DNA-binding domain alone without the rest of the CREB moiety or cotransfection with a Ser-133 mutant of
GAL4CREB fails to mediate BDNF-induced transcription (lanes 6–9). Similar results were obtained in duplicate experiments.

responsive c-fos promoter elements have been moved transcription within the c-fos promoter. Therefore, we
wanted to test whether the Ca/CRE is an important me-relative to the initiation start site of transcription. These

perturbations could disturb protein–protein interactions diator of BDNF-induced c-fos transcription by using re-
porter constructs that contain small mutations in eitherat sites besides the SRE or Ca/CRE that normally govern
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the Ca/CRE or SRE within the context of the full pro- to the Ca/CRE (Ginty et al., 1993). In cortical neurons,
BDNF robustly induced CREB (Ser-133) phosphoryla-moter. We compared, by RNase protection assay, BDNF
tion within minutes of stimulation, confirming previousresponses mediated by neurons transfected with report-
findings (Figures 1C–1E) (Bonni et al., 1995).ers that express a portion of the c-fos gene fused to

Having found that CREB is present in the nuclei ofthe choline acetyl transferase gene (fosCAT) under the
cultured neurons and is robustly phosphorylated in re-regulation of either wild type or subtly mutated forms
sponse to BDNF, we next sought to determine whetherof the c-fos promoter (Graham and Gilman, 1991; Bonni
binding of endogenous CREB to the Ca/CRE was re-et al., 1995). Figure 1B shows that BDNF robustly in-
quired for BDNF-induced pAF42.Ca/CRE-dependentduces fosCAT transcription in neurons transfected with
transcription. We tested whether cotransfection andthe reporter containing the wild-type promoter (compare
overexpression of a mutant form of CREB (CREBM1)lanes 1 and 2). Small in-context mutations in the SRE
that lacks the essential Ser-133 site necessary for CREB(CCATATTAGG to ggATATTAcc: SREm.FosCAT) that
activation would affect BDNF-induced transcription ofdisrupt SRF binding reduced by one-third the levels
pAF42.Ca/CRE. CREBM1 has been previously shown toof fosCAT induced by BDNF (compare lanes 2 and 3).
function as a dominant negative, attenuating stimulus-Disruption of CREB binding by mutating the Ca/CRE
induced CRE-dependent transcription in other cell types(from CACTGCATC to gAgTcgATC: CREm.FosCAT)
(Bonni et al., 1995). We found that BDNF failed to in-reduced by half BDNF-induced fosCAT transcription
duce Ca/CRE responses in neurons cotransfected with(compare lanes 2 and 4). The fact that small mutations
CREBM1 but not with equivalent amounts of the emptywithin the Ca/CRE, in the context of the full promoter,
vector (Figure 1F). We obtained similar results usingsignificantly reduced BDNF-induced c-fos transcription
a different CREB mutant (KCREB), in which the DNA-strongly suggests that the Ca/CRE itself and likely pro-
binding domain is mutated, but the key Ser-133 site isteins bound directly to the Ca/CRE contribute to BDNF
intact (data not shown) (Walton et al., 1992). The fact thatresponses in neurons. The fact that BDNF induces tran-
both dominant negative CREBs, functioning by differentscription through the Ca/CRE within c-fos is likely to
mechanisms, had similar effects suggests that CREBhave wide significance, since many neuronal genes con-
itself or a closely related family member is required fortain CREs (Bonni et al., 1995).
BDNF-induced Ca/CRE dependent transcription.We conclude that, in neurons, the Ca/CRE is a major

To test whether CREB is sufficient to mediate BDNF-
growth factor-responsive DNA element that is at least

induced transcription and whether Ser-133 is necessary
as potent as the SRE. Consistent with these findings,

for this response, anadditional series of experiments were
Gaiddon et al. (1996) have shown that the Ca/CRE also

performed. To distinguish transcriptional responsesmedi-
mediates BDNF responses in cerebellar granule cells

ated by transfected CREB from responses mediated by
(Gaiddon et al., 1996). Clearly, BDNF induces transcrip-

endogenous CREB or CREB-related transcription fac-
tion inneurons by mechanisms that aresomewhat differ- tors, we fused the yeast GAL4 DNA-binding domain to
ent from those utilized by growth factors in other cell CREB. Upon transfection of the GAL4CREB fusion into
types. The ability of the Ca/CRE tomediate growth factor neurons, we examined its ability to activate transcription
responses independently of other elements within the from a pAF42.GAL4X5.FOS reporter in which five tan-
c-fos promoter may be a property specific to neurons. dem GAL4-binding sites were inserted adjacent to the
We have found that the Ca/CRE alone can mediate NGF- TATA box (Sheng et al., 1991). Proteins in mammalian
induced c-fos transcription in TrkA-transfected cortical cells do not normally contain GAL4 DNA-binding do-
neurons but not in wild-type PC12 cells or TrkA-trans- mains, so the pAF42.GAL4X5.FOS reporter does not
fected nnR5 cells (PC12 cells in which TrkA was mu- bind any endogenous proteins. Thus, the reporter does
tated) (S. F. and M. E. G., unpublished data). This sug- not respond to stimuli unless it is cotransfected with a
gests that intrinsic differences between neurons and transcriptional regulator such as GAL4CREB that binds
PC12 cells rather than stimulus-specific differences be- to the GAL4 site within the promoter of pAF42.GAL4X5.
tween neurotrophins enable CREB, in neurons, to medi- FOS. We found that BDNF induced transcription from a
ate transcription independently of other response ele- transfected pAF42.GAL4X5.FOS reporter only if GAL4-
ments within the c-fos promoter. CREB was cotransfected and only if the GAL4CREB

had a functional Ser-133 site (Figure 1F). Thus, BDNF
induces c-fos transcription through CREB in a Ser-133-

CREB: A Major Mediator of dependent way.
Neurotrophin Responses Since GAL4CREB contains a leucine zipper motif that
Having shown that the Ca/CRE is a key neurotrophin might enable it to form homo- or heterodimers with en-
response element in neurons and that mutations suffi- dogenous leucine zipper-containing transcription fac-
cient to disrupt CREB binding reduce BDNF responses, tors, it remained possible that GAL4CREB might affect
we set out to define the transcriptional regulators that BDNF-induced transcription through interactions with
bind to the Ca/CRE and mediate BDNF-induced c-fos other endogenous transcription factors (Bonni et al.,
transcription. A variety of transcription factors can bind 1995). Thus, it was possible that GAL4CREB could func-
to the Ca/CRE, including CREB, activating transcription tion partly by recruiting to the pAF42.GAL4X5.FOS pro-
factor-1 (ATF-1), and the CCAAT enhancer-binding pro- moter endogenous transcription factors that were im-
tein b (C/EBPb) (Liu et al., 1993; Alberini et al., 1994; portant for BDNF-induced transcription. To test whether
Kobayashi and Kawakami, 1995). Gel-shift assays have CREB alone is sufficient to mediate BDNF responses,
established that the transcription factor CREB is present we mutated the leucine zipper of GAL4CREB (GAL4-

CREBDLZ). We found that BDNF remained able to inducein nuclear extracts prepared from neurons and binds
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Figure 2. CREB Is a Critical Mediator of
BDNF Responses by the Endogenous Gene

Cortical neurons were transfected with an ex-
pression plasmid for b-galactosidase (LacZ)
and either the empty vector (pRcRSV) or an
expression plasmid for dominant-interfering
CREB (pRcRSVCREBM1). Two days after
transfection, some neurons were left unstim-
ulated and others were stimulated with BDNF
(50 ng/ml) for 90 min. After stimulation, neu-
rons were fixed and immunostained against
Fos and LacZ (A–J). Transfected neurons typ-
ically showed very little Fos immunostaining
in theabsence of stimulation ([A] and [F],solid
white arrow) but in response to BDNF (50 ng/
ml), both transfected ([B] and [G], hollow
white arrow) and untransfected ([B] and [G],
solid white arrow) neurons show striking Fos
immunoreactivity. By contrast, neurons trans-
fected with CREBM1 showed minimal BDNF
responses ([C], [H] and [D], [I], hollow arrows),
although neighboring untransfected neurons
showed robust BDNF-induced Fos expres-
sion ([C], [H] and [D], [I], solid arrows). These
experiments were repeated on over 1000 cells
in four different cultures using two different
lots of two different c-fos antibodies. Fos im-
munostaining could be largely blocked by
preincubation with a 10-fold excess of the
peptide against which the antibody was
raised (E and J). Scale bar 5 20 mm (F). Quan-
titative confocal microscopy showed that co-
transfection of CREBM1 (but not empty vec-
tor) significantly reduced (double asterisks 5
p , 0.0001, ANOVA) BDNF-induced Fos lev-
els while not affecting the expression of the
transfection marker, LacZ ([K]; see text for
details).

transcription from pAF42.GAL4X5.FOS but at reduced with an expression plasmid for the marker, b-galactosi-
dase (LacZ), along with either the expression vectorlevels (GAL4CREB [6.6- 6 2-fold] versus GAL4CREBDLZ

[4.1- 6 2-fold], n 5 3, p , 0.01 by two-tailed t test). for CREBM1 or the corresponding empty vector and
compared BDNF responses by performing Fos and LacZSince CREB mediates responses in the absence of its

leucine zipper, we conclude that CREB itself, rather than immunocytochemistry and quantitative confocal micros-
copy (Figures 2A–2J). We found that BDNF induced Fosanother dimerization partner, is sufficient to mediate

BDNF-induced c-fos transcription in neurons. Thus, expression in untransfected neurons or neurons
transfected with the empty vector (3.7- 6 0.9-fold); how-neurons appear to be a cell type in which CREB is suffi-

cient to mediate a portion of the growth factor response ever, neurons transfected with CREBM1 showed mini-
mal BDNF-induced Fos expression (1.1- 6 0.2-fold)and is required together with other transcription factors

for full growth factor-mediated gene expression. (ANOVA, p , 0.0001) (Figure 2K). To assess for the possi-
bility that CREBM1 might be blocking c-fos expressionWe next wanted to test whether the CREB- and

Ca/CRE-dependent pathways revealed by reportergene by nonspecific mechanisms such as affecting neuronal
health, we also quantitated the immunofluorescence ofassays also mediate BDNF-induced transcription of the

endogenous c-fos gene. Reporter genes could differ the transfection marker LacZ. We found that there were
no statistically significant differences between levels offrom endogenous genes in ways (e.g., interactions with

chromatin) that might alter their respective transcrip- LacZ within neurons transfected with empty vector or
CREBM1 (Figure 2K). Since LacZ is constitutively ex-tional responses. Therefore, we sought to test the role

that CREB plays in mediating BDNF responses of the pressed but is turned over at moderate rates, levels of
LacZ likely reflect cumulative expression within hoursendogenous c-fos gene by testing the effect of domi-

nant-interfering CREB expression (CREBM1) on BDNF- to days of measurement and might, therefore, be sensi-
tive to nonspecific blockade of gene expression or toinduced c-fosr expression. Since our method for intro-

ducing CREBM1 succeeds in transfecting only a small the general health of the cell over that period. The fact
that CREBM1 specifically blocks BDNF-induced Fos ex-percentage of neurons, we assayed the level of BDNF-

induced c-fosr expression in single neurons by immuno- pression without affecting gene expression generally
suggests that CREBM1 specifically interferes with thelabeling with an anti-Fos antibody and quantitatively

measuring immunofluorescence by confocal micros- pathways that mediate BDNF-induced expression of en-
dogenous Fos. Together, the reporter gene and Foscopy (Niswender et al., 1995). We transfected neurons
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Figure 4. BDNF Induces Rapid Tyrosine Phosphorylation of Phos-
pholipase Cg

Cortical neurons were stimulated with BDNF (50 ng/ml) for the time
points indicated and lysed under nondenaturing conditions. Phos-
pholipase Cg (PLCg) was immunoprecipitated and the samples were
divided onto two blots. One blot (top panel) was probed with a
cocktail of antiphosphotyrosine antibodies. To confirm equal proteinFigure 3. BDNF Induces an Increase in Cytosolic Ca21 in Cortical
loading, the other blot (bottom panel) was probed with anti-PLCgNeurons
antibody. Similar results were obtained from two separate experi-Cortical neurons were bath loaded with the Ca21 indicator fluo-3 and
ments.imaged by time-lapse video microscopy. With fluo-3, fluorescence

changes are directly proportional to changes in intracellular Ca21.
BDNF induces a slow sustained increase in intracellular Ca21 in
cortical neurons, whereas the metabotropic glutamate receptor ag- We investigated whether Ca21 might mediate BDNF-
onist, (1)-1-aminocyclopentate-trans-1,3-dicarboxylic acid (ACPD), induced gene expression by testing first if BDNF induces
or depolarizing concentrations of extracellular potassium (55 mM

changes in intracellular Ca21 in cortical neurons. UsingKCl) induce a rapid Ca21 increase. The figure shows a representative
imaging techniques and the Ca21-sensitive fluorescentresponse from three independent experiments in which 97% of cells
dye fluo-3, we found that BDNF induced a slowly devel-showed BDNF responses (34 total cells measured).
oping but sustained increase in cytosolic Ca21 in a ma-
jority of cortical neurons (Figure 3). BDNF induced an
increase in intracellular Ca21 in the absence of extracel-immunocytochemistry experiments suggest that the
lular Ca21, suggesting that the source of BDNF-inducedCa/CRE and CREB play critical roles mediating BDNF-
Ca21 increase was mainly via the release of intracellularinduced c-fos transcription.
Ca21 stores (data not shown). One mechanism by which
BDNF could lead to the release of intracellular Ca21 is
through the production of IP3 due to PLCg activation.BDNF Activates CREB and Ca/CRE via a

Calcium/Calmodulin-Dependent Kinase Therefore, we asked whether BDNF induces PLCg phos-
phorylation in cortical neurons with activation kineticsHaving defined CREB as a mediator of BDNF-regulated

gene expression, we sought next to elucidate the path- that were consistent with a role for PLCg in CREB phos-
phorylation (Vetter et al., 1991). PLCg was immunopre-ways by which TrkB receptor activation led to the

phosphorylation of CREB and the activation of Ca/CRE- cipitated from untreated or BDNF-treated cortical neurons
and its state of tyrosine phosphorylation determined bydependent transcription. TrkB, similar to other neuro-

trophin receptors, activates a variety of intracellular sig- Western blotting with antibodies that specifically recog-
nize phosphotyrosine residues. We found that BDNFnaling cascades, including the Ras/ERK pathway, the

PLCg pathway, and the PI3K pathway. Activation of robustly induces tyrosine phosphorylation of PLCg in
cortical neurons within 5 min of stimulation and that thePLCg is known to raise intracellular Ca21 in neurons and

PC12 cells by producing inositol 1,4,5-trisphosphate levels of tyrosine phosphorylation remain increased for
up to an hour following stimulation (Figure 4). Thus,(IP3), which releases intracellular Ca21 stores (Vetter et

al., 1991; Berninger et al., 1993; Baxter et al., 1995). PLCg becomes activated early enough for it potentially
to play a role in mediating CREB phosphorylation.We suspected that BDNF responses might be partly

mediated by Ca21-dependent mechanisms, since sev- We next examined whether PLCg activation can trig-
ger Ca/CRE-dependent c-fos transcription. We soughteral features of BDNF-induced CREB-dependent tran-

scription resemble CREB responses induced by Ca21 in a way to activate PLCg selectively, without activating
other signaling cascades that are linked to growth factorPC12 cells (Sheng et al., 1990; Bonni et al., 1995). In

PC12 cells, Ca21 influx through voltage-dependent Ca21 receptors. To test the effects of selectively activating
PLCg, we began by transfecting cortical neurons withchannels induces Ca/CRE-dependent transcription, in-

dependently of the SRE. However, it was controversial a growth factor receptor, the platelet-derived growth
factor receptor (PDGFR). The PDGFR couples to PLCgwhether BDNF stimulation leads to Ca21 rises in neu-

rons. One study in hippocampal neurons found that but is not normally expressed at high levels in cortical
neurons (Valius and Kazlauskas, 1993; Kim et al., 1997).BDNF and NT-3 induced rapid increases in intracellular

Ca21 (Gaiddon et al., 1996), whereas another study in Neurons transfected with the PDGFR should become
responsive to PDGF. By mutating the PDGFR at variouscerebellar granule cells found that BDNF did not induce

a detectable change in intracellular Ca21 (Berninger et residues and testing the ability of the receptor mutants
to confer responses in transfected cells, it should beal., 1993).
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Figure 5. Activation of Phospholipase Cg

Triggers Ca/CRE-Dependent Transcription

(A) RNase protection shows that transfection
with the PDGFR confers PDGF-dependent
fosh responses to neurons. Transcriptional re-
sponses mediated by the transfected c-fosh

reporter absolutely required the presence of
a cotransfected PDGF receptor (lanes 1–3).
PDGF did induce detectable c-fosr gene re-
sponses in cultures that were not transfected
by the PDGFR (lane 1) that, by immunocyto-
chemical analysis, appeared to arise mainly
from the small number of contaminating glia
present in these cultures (data not shown;
see text for details). Thus, fosh responses can
be used to assay the signaling activity of
transfected PDGFRs in neurons.
(B) RNase protection shows that neurons trans-
fected with the wild-type PDGF (wtPDGFR) re-
ceptor (5 mg) are also able to activate Ca/
CRE-dependent transcription in response to
PDGF treatment. Neurons transfected with a
mutant PDGFR (F5) that lacks the tyrosine
residues that are necessary for the PDGFR
to signal to PLCg, RasGAP, p85/PI3K, or
SHP1PTP no longer show significant PDGF

responses through the Ca/CRE. If the binding site for PLCg is restored to F5, the resultant PDGFR (Y1021), when transfected into neurons,
can mediate PDGF-induced Ca/CRE-dependent transcription that is quantitatively similar to responses mediated by the wild-type PDGFR.
Similar results were obtained in two separate experiments.

possible to determine whether PLCg activation can trig- selectively restored (F5 or Y1021). We first confirmed
by immunocytochemistry that transfected wild-type, F5,ger Ca/CRE-dependent transcription.

We first tested whether transfection of the wild-type and Y1021 PDGFRs are comparably expressed, to be
certain that obvious expression differences would notPDGFR (wtPDGFR) confers PDGF responses to neurons

by assaying the receptor and PDGF dependence of c-fos contribute significantly to differences in PDGF-induced
transcription (data not shown). To compare signaling byexpression using RNase protection assay and im-

munocytochemistry. We tested for PDGF-induced fosh wild-type and mutant PDGFRs, we used RNase protec-
tion assays and found that the Ca/CRE is sufficient totranscription from a reporter under the control of the

wild-type promoter (pF4) and found responses only in mediate PDGF-dependent c-fos transcription in neurons
cotransfected with wild-type PDGF receptors (Figure 5B).cultures transfected with the PDGFR (Figure 5A). Al-

though PDGF treatment of cortical neurons failed to However, PDGF only weakly activated pAF42.Ca/CRE in
cultures transfected with F5, the PDGFR mutant thatinduce detectable pF4 transcription in the absence of

cotransfected PDGFR, PDGF did induce the endoge- lacks phosphotyrosine-binding sites for PLCg, RasGAP,
SHP1PTP, and p85/PI3K. Thus, one or more of the sig-nous c-fosr in cells that were not transfected with the

PDGFR. This response appears to be mediated mainly naling pathways affected by mutating the PDGFR medi-
ates PDGF-induced Ca/CRE-dependent transcription.by endogenous PDGFR expression within the small

number of contaminating glia present in these cultures. When the PLCg-binding site was restored to F5 by add-
ing back tyrosine 1021, the resultant receptor (Y1021)Immunostaining experiments showed that PDGF in-

duced Fos expression within most of the glial cells, was capable of mediating levels of Ca/CRE-dependent
transcription that were similar to the wtPDGFR. Sincealthough glia represented only a small fraction of the

cells in these cultures (data not shown). PDGF also in- PLCg is the only protein known to bind to this site, these
results suggest that activation of the PLCg-dependentduced Fos in neurons transfected with PDGF receptors

but not untransfected neurons (data not shown). Impor- signaling pathway is sufficient to mediate growth factor-
dependent transcription through the Ca/CRE.tantly, our methods have been optimized to transfect

almost exclusively neurons rather thanglia. Consequently, One likely mechanism by which PLCg activation and
cytosolic Ca21 increases trigger Ca/CRE-dependentPDGF-induced c-fosh transcription by transfected re-

porter genes appears to be mediated almost exclusively transcription is through activation of CaMKs. To begin
to test whether BDNF induces CREB phosphorylationby transfected PDGF receptors in neurons. Thus, it

should be possible to deduce the signaling conse- and transcription through CaMKs, we examined the ef-
fects of the CaMK antagonist KN62 (Tokumitsu et al.,quences of specific mutations in the PDGFR by compar-

ing responses mediated by a cotransfected c-fosh re- 1990; Enslen et al., 1994). We found that KN62 attenu-
ated BDNF-induced CREB phosphorylation and Ca/CRE-porter.

To test whether the activation of PLCg can trigger dependent transcription (Figures 6A and 6B). KN62
failed toblock forskolin-induced CREBphosphorylation,Ca/CRE-dependent transcription, we next compared

PDGF responses in cells transfected with the wtPDGFR which occurs by a Ca21-independent mechanism, sug-
gesting KN62 is acting specifically to block Ca21-depen-to responses in cells transfected with mutant PDGF re-

ceptors in which the PLCg-binding site is mutated or dent BDNF responses. We also found that the CaMK
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Since KN62 might have effects on cortical neurons in
addition to inhibiting CaMKs, the possibility that CaMKs
might mediate BDNF-induced CREB phosphorylation
was further investigated in several other ways. For a
particular CaMK to be a good candidate to mediate
BDNF-induced CREB phosphorylation, it must be pres-
ent in the nucleus where CREB is, and it must become
activated with kinetics that precede CREB phosphoryla-
tion. Of the three CaMKs that are known to function as
CREB kinases, CaMKIV and certain isoforms of CaMKII
have been found in the nucleus of neurons. Western
blotting revealed that CaMKIV is highly expressed in
cortical cultures although apparently not in PC12 cells
(Figure 7A). Using either an N or a C terminus anti-
CaMKIV antibody, a protein doublet of 65–67 kDa was
detected in extracts of cortical neurons (Figure 7A) that
comigrated with recombinant CaMKIV that was overex-
pressed in COS cells (data not shown). Immunostaining
of cortical neurons confirmed that CaMKIV is localized
to the soma and nuclei of neurons in these cultures,
consistent with previous observations (Figure 7B) (Naka-
mura et al., 1995). We tested whether BDNF activates
CaMKIV in cortical neurons by first assaying whether
BDNF induces CaMKIV phosphorylation. CaMKIV phos-
phorylation was examined by immunoprecipitating
CaMKIV from 32P-labeled neurons and then assessing
its level of phosphorylation by phosphorimaging. We
found that BDNF induces CaMKIV phosphorylation
within 1–5 min of stimulation, consistent with a possible

Figure 6. The CaMK Antagonist KN62 Inhibits BDNF-Induced CREB role for this kinase in BDNF-inducedCREB phosphoryla-
Phosphorylation and Ca/CRE-Dependent Transcription tion (Figure 7C). In order to determine whether BDNF-
(A) Western blot showing lysates from cortical neurons stimulated induced phosphorylation of CaMKIV resulted in an in-
with BDNF (50 ng/ml) for the indicated time or with forskolin (10 crease in CaMKIV activity, an immune complex kinase
mM) for 10 min in the presence (1) or absence (2) of KN62 (10 mM).

assay was performed. BDNF inducedCaMKIV activityasAfter stimulation, neurons were lysed in SDS lysis buffer, proteins
assayed by phosphorylation of the synthetic substrateseparated by SDS-PAGE, and transferred to nitrocellulose. Blots
syntide-2 (Figure 7D) in a manner that could be largelywere probed with anti-PCREB antibody to detect Ser-133 phosphor-

ylated CREB orwith antiphosphotyrosine antibodies to detect phos- blocked by the addition of KN62 (data not shown). While
phorylated ERK. Similar results have been found in eight separate membrane depolarization and BDNF treatment also in-
experiments. duced CaMKII autophosphorylation in neurons, BDNF
(B) RNase protection assay showing that KN62 (10 mM) partially

induction of CaMKII phosphorylation occurred slowlyinhibits BDNF-induced fosh transcription through the Ca/CRE in cor-
and at time points too delayed to be consistent with atical neurons. KN62 reduced levels of fosh transcription (after nor-
major role mediating rapid BDNF-induced CREB phos-malization to the cotransfected a-globin) by an average of 32% 6

6% (n 5 4, p , 0.05, two-tailed t test). KN62 also reduces the phorylation (Figure 7E; compare with Figure 1C). Others
induction of endogenous c-fos (fosr) by approximately 25% (20- 6 have recently found evidence that BDNF activates
4-fold induction of c-fosr in the absence of KN62 versus 15 6 7 in CaMKII in the hippocampal slice by a pathway that
the presence of KN62 [n 5 4, p , 0.05, two-tailed t test]). depends on the activation of PLCg and the release of

intracellular Ca21 and that peak activity occurs hours
antagonist KN93, but not the inactive congener KN92, after stimulation (Blanquet and Lamour, 1997).
blocked BDNF-induced CREB phosphorylation, further Having shown that BDNF induced cytosolic Ca21 in-
suggesting that KN62 is acting specifically (data not creases and CaMKIV activation, we next considered
shown). KN62 has no consistent effect on BDNF-induced whether CaMKIV might mediate BDNF-induced Ca/
ERK phosphorylation, suggesting that it also does not CRE-dependent transcription (Matthews et al., 1994;
interfere with Rasactivation. The fact that KN62 does not Sun et al., 1994). To test whether CaMKIV is necessary
interfere with ERK phosphorylation is important because for BDNF responses, we overexpressed a kinase-inac-
PLCg is known to activate Ras and, via Ras, to activate tive mutant of CaMKIV and found that we could inhibit
ERKs. Previously, it has been shown that growth factors a portion of BDNF-induced Ca/CRE-dependent tran-
can stimulate CREB phosphorylation via the Ras/ERK scription (Figure 8B). The fact that the mutant CaMKIV
pathway through RSK. Since KN62 treatment does not did not block BDNF-induced SRE-dependent transcrip-
effectively block BDNF induction of the Ras/ERK path- tion suggests that the mutant CaMKIV specifically inter-
way, we conclude that one way that BDNF induces feres with the pathway by which BDNF activates the
CREB phosphorylation in neurons is through a Ras- Ca/CRE (Figure 8B). We have also found that the mutant

CaMKIV does not interfere with forskolin-induced Ca/independent pathway that involves CaMKs.
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Figure 7. BDNF Activates Ca21/Calmodulin-
Dependent Kinases

(A) Western blot analysis shows that CaMKIV
is abundant in neurons. CaMKIV and CaMKII
were immunoprecipitated from neurons and
PC12 cells and blotted for CaMKIV. The blot
shows that CaMKIV is abundant in neurons
but not PC12 cells and establishes that the
CaMKII antibodies do not immunoprecipitate
CaMKIV.
(B) CaMKIV is found in the nucleus and in
the cytosol of the cell soma (a-CaMKIV). By
contrast, the microtubule-associated protein
MAP-2 is found extensively in neurites as well
as the cell soma (a-MAP-2). Scale bar 510 mm.
(C) BDNF induces CaMKIV phosphorylation
in neurons. Neurons were metabolically la-
beled in vivo with 32P and stimulated for the
indicated times with BDNF (50 ng/ml), and
CaMKIV was immunoprecipitated and sub-
jected to gel electrophoresis. To confirm that
approximately equal amounts of CaMKIV
were immunoprecipitated, the immunopre-
cipitate was divided and a portion was ana-
lyzed by Western analysis. BDNF induces a
2-fold increase in CaMKIV phosphorylation
as shown here by the increased intensity of
CaMKIV by autoradiography with no change
in the amount of CaMKIV by Western analy-
sis. Similar results were obtained in three in-
dependent experiments.
(D) BDNF induces an increase in CaMKIV ac-
tivity in neurons. Neurons were stimulated for
15 min with BDNF (50 ng/ml), and CaMKIV
was immunoprecipitated. CaMKIV activity
was measured by 32P incorporation into syn-
tide-2. On average, BDNF induced a 4- to
5-fold increase in CaMKIV activity (n 5 3).
(E) BDNF induces CaMKII phosphorylation in-
neurons with delayed kinetics compared to
depolarization. Neurons were metabolically
labeled in vivo with 32P and stimulated for the
indicated times with BDNF (50 ng/ml) or KCl
(55 mM). The a and b isoforms of CaMKII

were immunoprecipitated and subjected to gel electrophoresis. To confirm that we recovered approximately equal amounts of CaMKII, the
immunoprecipitate was divided and a portion was analyzed by Western analysis (data not shown). BDNF induces an increase in CaMKII
phosphorylation that is delayed relative to the effects of depolarization and relative to kinetics of BDNF-induced CREB phosphorylation (see
Figure 1C). The experiment was repeated twice with similar results.

CRE-dependent transcription, consistent with the idea BDNF triggers CREB Ser-133 phosphorylation. In addi-
tion to its ability to stimulate intracellular Ca21 rises,that it specifically blocks Ca21-dependent signaling to

the Ca/CRE (data not shown). To test whether CaMKIV activated PLCg can induce Ras (Stephens et al., 1994).
TrkB is also capable of activating Ras via the adapteris sufficient, we transfected neurons with a constitutively

active form of CaMKIV and found that this was sufficient protein SHC and the guanine nucleotide exchange fac-
tor GRB2/SOS (Zirrgiebel et al., 1995). Finally, KN62 onlyto induce transcription through the Ca/CRE (Figure 8A).

Taken together, these results suggest that BDNF acti- partially blocks CREB phosphorylation. Therefore, we
considered whether the Ras/ERK pathway might alsovates CREB phosphorylation and Ca/CRE-dependent

transcription partly through a Ras/ERK-independent mediate BNDF-induced CREB phosphorylation. In PC12
cells, NGF activates CREB phosphorylation through se-pathway that involves the release of intracellularly

stored Ca21 and CaMKIV activation. quential activation of Ras,Raf, MEK,ERK, and RSK (Xing
et al., 1996). However, it is unknown whether similar
pathways are important in neurons and whether theirBDNF Activates CREB by the

Ras/ERK/RSK Pathway activation contributes toCREB phosphorylation and Ca/
CRE-dependent transcription.Although the preceding experiments indicate that BDNF

induces CREB phosphorylation through TrkB by a path- To test for the involvement of the Ras/ERK/RSK path-
way in BDNF signaling, we performed three sets of ex-way that involves PLCg activation, intracellular Ca21 re-

lease, and CaMKIV activation, several observations sug- periments. We tested whether BDNF activates compo-
nents of the Ras/ERK/RSK pathway, whether activationgest that additional mechanisms may exist by which
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Figure 8. CaMKIV Mediates BDNF-Induced
Ca/CRE-Dependent Transcription

(A) CaMKIV activates Ca/CRE-dependent
transcription. RNase protection assay shows
that cotransfection of a constitutively active
form of CaMKIV (5 mg; CaMKIVDCT) is suffi-
cient to induce transcription through the Ca/
CRE (pAF42.CaRE) to levels significantly
greater than control but less than those
achieved by stimulation with BDNF. Similar
results were obtained in three separate ex-
periments.
(B) CaMKIV is required for BDNF to activate
fully Ca/CRE-dependent transcription. RNase
protection assayshows that cotransfection of a
kinase-inactive CaMKIV (10 mg; CaMKIVK75E)
inhibits BDNF-induced transcription through
the Ca/CRE (pAF42.CaRE) but not the SRE
(pAF42.SRE). Cotransfection of the empty
parent vector (pSG5) had no effect. Similar
results were obtained in two other separate
experiments.

of these pathway components is necessary to mediate RSK2 activity against the synthetic substrate CREBtide
(Figure 11B).BDNF signaling, and whether activation of these compo-

nents was sufficient to activate CREB and Ca/CRE- Having shown that BDNF activates components of the
Ras/ERK/RSK pathway, we tested whether this pathwaydependent transcription. To test whether BDNF acti-

vates the Ras/ERK/RSK pathway, we examined the was necessary for BDNF responses by interfering with
Ras, MEK, or RSK signaling. We found that neuronseffects of BDNF on Ras, ERK, and RSK. We found by

GTP loading assay that BDNF stimulation consistently cotransfected with a dominant-interfering form of Ras
(RasN17) showed a dose-dependent decrease in BDNF-increased GTP binding to Ras compared with unstimu-

lated neurons, confirming others’ results that suggest induced Ca/CRE-dependent transcription (Feig and
Cooper, 1988) (Figure 9B). We also found that dominant-that BDNF activates Ras in primary cortical neurons (Ng

and Shooter, 1993; Zirrgiebel et al., 1995) (Figure 9A). interfering Ras attenuated BDNF-induced transcription
in neurons cotransfected with GAL4CREB and pAF42.We also found that BDNF activated ERK2 and RSK2 as

shown by an increase in ERK2 phosphorylation and a GAL4X5.FOS, suggesting that the effects of BDNF on
reporter gene transcription are mediated by CREB (dataretardation in the gel migration of RSK2 (Figures 10 and

11A). To test directly whether BDNF increases RSK2 not shown). The MEK inhibitor PD098059 blocked BDNF-
induced ERK2 phosphorylation, RSK2 gel retardationactivity, we performed immune complex kinase assays

and found that BDNF induces an 8- to 15-fold increase in shift, and RSK2 activation (Dudley et al., 1995) (Figures

Figure 9. BDNF Activates Ras in Cortical
Neurons, and Ras Mediates BDNF-Induced
Ca/CRE-Dependent Transcription

(A) BDNF activates Ras in cortical neurons.
Neurons were metabolically labeled in vivo
with 32P and stimulated for 2 min with BDNF
(50 ng/ml). Ras was immunoprecipitated and
the bound guanine nucleotides eluted on thin
layer chromatography plates. BDNF induced
a 2.1- 6 0.4-fold increase in the amount of
GTP relative to GDP bound to Ras, sug-
gesting that BDNF activates Ras (n 5 8, p ,

0.003, two-tailed t test).
(B) Ras mediates BDNF-induced Ca/CRE-
dependent transcription. RNase protection
analysis shows that cotransfection of an ex-
pression vector for a constitutively active
form of Ras (RasR61L, 2 mg) was sufficient
to activate Ca/CRE-dependent transcription
in neurons. Constitutively active Ras in-
creased fosh transcription by an average of
2.1- 6 0.3-fold (n 5 3). Additionally, cotrans-

fection of a dominant-interfering form of Ras (RasN17, 2 5 2 mg; 10 5 10 mg) attenuated BDNF-induced Ca/CRE-dependent transcription in
a dose-dependent way. BDNF induced fosh by 4.6- 6 0.6-fold in the presence of the empty vector (pMT3), which fell to 3.5- 6 0.4-fold in
neurons cotransfected with 2 mg of RasN17, and which further fell to 2.7- 6 0.2-fold (p , 0.05, ANOVA) in neurons transfected with 10 mg of
RasN17.



CREB Mediates Neuronal Neurotrophin Responses
1041

the dominant negative Ras at blocking BDNF-induced
Ca/CRE-dependent transcription, suggesting the possi-
bility that Ras-dependent, RSK2-independent pathways
exist that regulate Ca/CRE-dependent transcription.
Ras may induce CREB Ser-133 phosphorylation inde-
pendently of RSK2 by activating other RSK family mem-
bers that are capable of phosphorylating CREB. Nota-
bly, BDNF also increases the CREB kinase activity in
cortical neurons of two other RSK2-related molecules,
RSK1 and RSK3, in a MEK-dependent way (S. F. T., S. F.,
and M. E. G., unpublished data).

These results suggest that BDNF activates compo-
Figure 10. BDNF Activates CREB Phosphorylation through a MEK- nents of the Ras/ERK/RSK pathway and that the Ras/
Dependent Pathway ERK/RSK pathway must be intact for BDNF to induce
Cortical neurons were stimulated with BDNF (50 ng/ml) for the indi- fully CREB phosphorylation and Ca/CRE-dependent
cated times in the presence or absence of the MEK antagonist

transcription. We next sought to test whether activationPD098059 (20 mM). Neurons were lysed in boiling SDS sample buffer
of components of the Ras/ERK/RSK pathway is suffi-immediately after stimulation and analyzed by Western blotting us-
cient to mediate Ca/CRE-dependent transcription. Weing anti-phosphoCREB (PCREB) antibodies or anti-phosphotyrosine

(shown for ERK2 and TrkB) or anti-phosphoERK antibodies (not found that cotransfection of a constitutively active form
shown). PD098059 inhibited BDNF-induced ERK- and CREB-phos- of Ras (RasR61L) was sufficient to induce Ca/CRE-
phorylation without interfering with TrkB phosphorylation. dependent transcription (Kremer et al., 1991) (Figure 9B).

Overexpression of wild-type RSK2 in neurons also en-
hanced BDNF-induced Ca/CRE-dependent transcrip-

10, 11A, and 11B). PD098059 also partially attenuated tion (Figure 11C). These results suggest that the Ras/
BDNF-induced CREB phosphorylation, suggesting that ERK/RSK pathway is present in neurons and is critical
the Ras/ERK/RSK pathway is a major pathway by which for BDNF to activate fully Ca/CRE and CREB-dependent
BDNF induces CREB phosphorylation. PD098059 did transcription. These results also suggest that neurons
not interfere with BDNF-induced TrkB phosphorylation, have evolved multiple signaling pathways by which neu-
consistent with the idea that PD098059 is a specificMEK rotrophins activate CREB and Ca/CRE-dependent tran-
inhibitor (Figure 10). Currently, in experiments where we scription, including activation of the two CREB kinases
have pharmacologically orgenetically activated the Ras/ RSK and CaMKIV.
ERK/RSK or CaMK pathways independently, we have
found no evidence for significant cross talk between the BDNF Induces CREB Phosphorylation
two as measured by changes in CREB phosphorylation in Acute Hippocampal Slice
(data not shown). To test further the involvement of Experiments shown above implicate CREB as a central
RSK2, we cotransfected neurons with a kinase-inacti- mediator of BDNF responses in cortical cultures and
vated form of RSK2 and found that it inhibited BDNF- define pathways that mediate BDNF-induced CREB
induced Ca/CRE-dependent transcription (Figure 11C). phosphorylation. As these experiments used dissoci-

ated cultures of neurons, it was unclear whether theHowever, the kinase-inactive RSK2 is less effective than

Figure 11. BDNF Activates CREB through a
RSK-Dependent Pathway

(A) BDNF activates RSK2. Western analysis
reveals that BDNF (50ng/ml for 15 min) stimu-
lation of cortical neurons retards the mobility
of RSK2 by gel electrophoresis, suggesting
that BDNF induces RSK2 phosphorylation.
The MEK antagonist PD098059 (20 mM)
blocks the BDNF-induced shift in RSK2 mo-
bility, suggesting that BDNF activates RSK2
through a MEK-dependent pathway. Immedi-
ately after stimulation, neurons were lysed in
boiling SDS buffer, and RSK2 was resolved
by gel electrophoresis (10% gel) and Western
blotting with a RSK2-specific antibody (UBI).
(B) RSK2 is a MEK-dependent CREB kinase
in neurons. BDNF stimulation induces an
11- 6 5-fold increase in RSK2-mediated
CREB kinase activity (n 5 3) in cortical neu-
rons. BDNF-induced, RSK2-dependent CREB

kinase activity is also blocked by PD098059. After stimulation, RSK2 was immunoprecipitated from neurons, and CREB kinase activity was
measured as the amount of 32P incorporation into Ser-133 of CREBtide by in vitro kinase assay.
(C) BDNF activates Ca/CRE-dependent transcription partly through a RSK-dependent pathway. RNase protection shows that overexpression
of wild-type RSK2 (pMT2RSK2, 5 mg) enhanced BDNF-induced Ca/CRE-dependent transcription compared with the empty parent vector
(pMT2, 5 mg), whereasoverexpression of kinase-inactive RSK2 (pMT2RSK2K100R, 5 mg) partially attenuated BDNF-induced Ca/CRE-dependent
transcription. Similar results were obtained from three independent experiments.
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Figure 12. BDNF Induces CREB Phosphory-
lation in Acute Hippocampal Slice

(A) A hippocampal slice, stimulated by BDNF,
illustrates intense nuclear staining in subicu-
lum, areas CA1, CA2, and CA3c, and the infra-
pyramidal blade of the dentate gyrus. The
absence of nuclear staining in the suprapy-
ramidal blade of the dentate gyrus was con-
sistent across most experiments, while the
absence of staining in the CA3a-b region was
not consistent across slices. Responses to
BDNF stimulation were further assessed in
the CA1 region of hippocampal slices (yellow
rectangle). Scale bar 5 230 mm.
(B and C) BDNF induced a substantial in-
crease in anti-PCREB immunoreactivity in the
nucleus of CA1 hippocampal neurons when
unstimulated slices (n 5 4 slices, [B]) were
compared to BDNF-stimulated slices (n 5 5
slices, [C]). Scale bar 5 80 mm.
(D) A high magnification of CA1 hippocampal
neurons illustrating the intense anti-PCREB
staining in BDNF-treated slices is confined to
the nuclei. Scale bar 5 40 mm.

preceding results would be relevant under conditions 12A). Analysis of neuronal cell bodies in the CA1 region
showed that BDNF induced a substantial increase inwhere the physiologic functions and many of the ana-

tomic relationships of neurons are preserved. Therefore, the number of Ser-133 CREB-stained nuclei (n 5 4–5)
(Figures 12B and 12C). Taken together, these resultswe sought a way to test whether a pathway from BDNF

to CREB might also be present in neurons from a prepa- demonstrate that BDNF signaling pathways that trigger
CREBSer-133 phosphorylation function inan intact sliceration that more closely resembled the intact brain. We

tested by immunostaining the effects of BDNF applica- from a mature animal and raise the possibility that these
signaling paths may operate in the intact brain as well.tion on CREB phosphorylation in acute hippocampal

slices. Since BDNF application to hippocampal slices
induces rapid increases in synaptic activity, and neuro- Discussion
transmitters are known from previous experiments to
induce CREB phosphorylation, synaptic activity was Neurotrophins regulate a wide array of diverse processes

in neurons during development through adulthood. Topharmacologically blocked for eachexperiment (see Ex-
perimental Procedures). We confirmed the efficacy of identify the mechanisms by which neurotrophins exert

their effects, we have elucidated the intracellular signal-synaptic blockade by performing extracellular field re-
cordings. To test whether a pathway between BDNF ing pathways that the neurotrophin BDNF activates to

mediate gene expression in cortical neurons. In contrastand CREB exists in the adult, we exposed slices to
BDNF or PBS control in a static bath for 3–5 hr to ensure to the prevailing view that growth factors require TCFs

and SRF to mediate IEG expression, we find that inthat BDNF permeated the slice. We subsequently fixed
and immunostained slices with an antibody that specifi- neurons the transcription factor CREB is sufficient to

mediate BDNF-induced gene expression. In neurons,cally recognizes Ser-133 phosphorylated CREB (Figure
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BDNF activates CREB-dependent gene expression by lead to the activation of other members of the leucine
zipper family of transcription factors that typically re-at least two pathways: one that depends on the release
spond to Ca21 but not to activation of the Ras/ERKof intracellular Ca21 and the activation of CaMKIV and
pathway (Foulkes et al., 1991; Ginty et al., 1993; Liu etanother that depends on activation of the Ras/ERK/RSK
al., 1993; Bonni et al., 1995; Ellis et al., 1995). CREB canpathway. These findings suggest that CREB regulates
dimerize with a number of related transcription factors,growth factor responses differently in neurons than in
including ATF-1 and C/EBPb. Thus, by activating differ-several other cell types.
ent CREB partners, BDNF could determine the dimersClues as to how CREB might mediate diverse cellular
that form, which, in turn, may regulate both the type andresponses are provided by the finding that CREB regula-
level of gene that is expressed. Whether the CaMKIVtion and function is different in neurons than in several
or Ras/ERK/RSK pathways might differentially regulateother cell types. In undifferentiated PC12 cells, CREB
CREB heterodimer formation is not yet clear.must interact with other proteins bound at the promoter

BDNF activation of the CaMKIV pathway suggeststo contribute to NGF-induced c-fos transcription. In
mechanisms by which BDNF might rapidly signal to thewell-differentiated neurons, we find that CREB can func-
nucleus over long distances within neurons. By activat-tion independently of other promoter-bound transcrip-
ing PLCg and the local production of IP3, BDNF mighttion factors such as SRF and TCFs. This would allow
transmit a long distance signal by triggering a regenera-neurotrophins to induce, in mature neurons, an array
tive Ca21 wave that propagates to the nucleus (Cornell-of genes that contains CREB-binding sites within their
Bell et al., 1990; Spitzer, 1994; Spacek and Harris, 1997).regulatory regions regardless of the presence of other
Since Ca21 waves travel roughly 20 mm/s, much fasterregulatory elements. It is interesting to note that the
than long-range protein diffusion or active transport,results we obtained by assaying BDNF-induced c-fos
Ca21-dependent signals might be expected to arrive inexpression in transient gene reporter assays were quali-
the nucleus from the tip of a neurite minutes to hourstatively similar to those we obtained by assaying BDNF-
before signals sent by the Ras pathway. The possibleinduced expression of endogenous Fos (compare Figure
coexistence of slow and fast pathways to the nucleus1 and Figure 2). However, we found quantitatively that
also suggests a novel way that a neuron could localizedisruption of CREB or Ca/CRE function nearly com-
the source of a stimulus in space and produce distinctpletely blocked BDNF-induced expression of endoge-
and appropriate transcriptional responses. If BDNF

nous Fos but only partly blocked BDNF-induced c-fos
stimulation at one pointon a neurite activates two signal-

expression from a transiently transfected FosCAT re-
ing pathways (e.g., CaMKIV and Ras/ERK/RSK path-

porter that contained an intact SRE and an in-context
ways) that send signals at different but constant veloci-

Ca/CRE mutation. The quantitative difference between
ties, the difference between the time it takes each signal

results obtained from transiently transfected reporter
to reach the nucleus will be directly proportional to the

genes and endogenous genes could simply reflect dif- distance that the signals traveled. Thus, the precise pat-
ferences in the assays. However, the results could also tern of the resultant IEG and LRG responses might de-
suggest that while CREB can function on its own to pend on the temporal overlap of the signals as they
mediate BDNF responses in mature neurons, transcrip- arrive at the nucleus from the two pathways, on whether
tion factors bound to other growth factor-responsive the promoters of the target genes contain CREs and/or
elements may require interactions with CREB in order SREs, and on whether or not the genes are responsive to
to mediate c-fos transcription (Figure 2; also see Robert- the CaMKIV and/or Ras/ERK/RSK signaling pathways.
son et al., 1995). In mature neurons, neurotrophin induc- The finding that CREB mediates BDNF responses is
tion of the expression of CREB-regulated genes may be of particular interest, given that BDNF and CREB have
a mechanism by which the neurotrophin effects long been shown to regulate synaptic transmission (Kang and
lasting changes in synaptic function. There is consider- Schuman, 1995). BDNF most likely strengthens synaptic
able evidence that, in mature neurons, the long lasting transmission through both gene expression-dependent
effects of neuronal activity on synaptic function are and gene expression-independent mechanisms. BDNF-
partly mediated by CREB (Frank and Greenberg, 1994). induced CREB phosphorylation and activation may reg-
Since, in response toeither neurotrophins or neurotrans- ulate gene expression-dependent synaptic changes. In
mitters, CREB mediates transcriptional responses inde- Aplysia californica, CREB has been shown to regulate
pendently of other promoter-bound factors, it is likely synaptic plasticity in part by regulating genes that medi-
that the effects of these different extracellular stimuli on ate changes in synaptic structure or the formation of
synaptic function may involve the activation of a similar new synaptic connections (Bartsch et al., 1995; Martin
set of CREB-regulated genes. It remains to be deter- and Kandel, 1996). In mammals, the application of a
mined whether CREB’s ability to function by distinct neurotrophin to neurons in vitro and in vivo results in
mechanisms in different cell types explains how CREB increases in axonal sprouting and dendritic length and
might mediate diverse cellular responses. arbor (Snider, 1988; Diamond et al., 1992b; Schnell et

We have found that BDNF stimulates CREB Ser-133 al., 1994). Neurotrophins are known to mediate neurite
phosphorylation through two distinct intracellular sig- outgrowth through both Ras- and PLCg-dependent
naling pathways in neurons, a CaMKIV- and a Ras- pathways that could involve CREB (Bar-Sagi and Fera-
dependent pathway. Neurons may have evolved multiple misco, 1985; Hagag et al., 1986; Domenico et al., 1989;
mechanisms for catalyzing CREB Ser-133 phosphoryla- Vaillancourt et al., 1995).
tion to enable BDNF to regulate specific neuronal func- BDNF could also influence synaptic transmission by
tions and to broaden the number of genes that are re- mechanisms that do not depend on new gene expres-

sion but do involve the Ras/ERK/RSK pathway and/orsponsive to BDNF. BDNF stimulation of CaMKIV may



Neuron
1044

were transfected at 1 mg and 700 ng per 60 mm dish. Expressionthe CaMKIV-signaling pathway. In hippocampal slices,
vectors for other molecules such as constitutively active or domi-BDNF can increase synaptic responses quickly by
nant-interfering molecules were used at indicated levels. RNA wasmechanisms that are partly independent of new gene
isolated and RNase protections for c-fosh were performed as de-

expression (Kang and Schuman, 1996). Electrophysio- scribed (Chomczynski and Sacchi, 1987; Xia et al., 1996). RNase
logical analyses suggest that neurotrophins rapidly protections for fosCAT were performed as described (Bonni et al.,

1995). For quantitative comparisons, RNase protection results wereenhance synaptic responses in part by presynaptic
analyzed using a Phosphorimager.mechanisms, presumably by increasing the amount of

neurotransmitter that is released (Lohof et al., 1993;
Immunoprecipitation, Western Immunoblotting,Kang and Schuman, 1995; Levine et al., 1995; Stoop
and Protein Kinase Assays

and Poo, 1995). BDNF might effect presynaptic changes Immunoblotting for CREB and ERK2 was performed using pre-
through TrkB by activating signaling pathways charac- viously published methods (Bonni et al., 1995) using the following
terized in this study. For example, BDNF might affect sources of antibody: anti-PCREB (Ginty et al., 1993); anti-phos-

phoERK2 (NEB); antiphosphotyrosine antibodies (4G10 [UBI] andsynaptic changes by stimulating PLCg and by producing
PY20 [ICN]); and anti-CaMKIV polyclonal (UBI) and monoclonal (Sig-IP3 or by activating the Ras/ERK/RSK pathway. PLCg
nal Transduction Laboratories). Immunoprecipitations of PLCg wereactivation and IP3 production could modulate presyn-
performed using an HNTG buffer and protocol previously described

aptic function by increasing neurotransmitter release (Bonni et al., 1993).
through increases in presynaptic Ca21 levels, by affect- CaMKIV was immunoprecipitated by two methods. To detect
ing CaMK- and PKC-dependent changes in ion channel CaMKIV phosphorylation from in vivo labeled neurons, BDNF stimu-

lation was terminated by the addition of 200 ml of a modified boilingfunction, and/or by inducing cytoskeletal changes that
SDS buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.5% sodiummight increase synaptic responses. Therefore, BDNF,
dodecyl sulfate). Lysates were boiled, cooled to 48C, and dilutedvia the PLCg/Ca21/CaMKIV and Ras/ERK/RSK path-
with 800 ml of 1.253 RIPA buffer (50 mM Tris-HCl [pH 7.5], 150 mM

ways, might affect rapid changes in synaptic strength NaCl, 2.5 mM EDTA, 1.25 mM phenylmethylsulfonylfluoride, 1.25
through local effects at the synapse and might consoli- mg/ml aprotinin, 1.25 mg/ml leupeptin, 1.25 mg/ml pepstatin, 1.25
date synaptic changes through new CREB-dependent mM Na3VO4, 1.25mM NaF). Immunoprecipitation kinaseassays were

performed using previously published methods (Park and Soderling,gene expression.
1995). In both assays, 5 mg of anti-CaMKIV antibody (Signal Trans-
duction Laboratories) and 40 ml of a 50% slurry of a 1:1 mixture ofExperimental Procedures
protein G-Sepharose (Sigma) and protein A-Sepharose (Pharmacia)
were added to volumes of lysate that contained equal amountsMaterials
of protein. Ras loading assays were performed on in vivo labeledPlasmids pF4 and pF222 were gifts from Dr. R. Treisman (Treisman,
neurons using methods described previously (Rosen et al., 1994).1985); pRcRSV, pRcRSV-KCREB were gifts from Dr. R. Goodman
RSK2 immunoprecipitations, RSK2 Western analyses, and RSK2-(Walton et al., 1992); wild-type, Y1021, and F5 PDGF receptor ex-
dependent CREB kinase activity measurements were performed aspression vectors were gifts of Dr. A. Kaslauskas (Valius and Kaz-
described previously except that neurons were used instead oflauskas, 1993); pSG5CaMKIVDCT and CaMKIV pSG5CaMKIVK75E
PC12 cells (Xing et al., 1996).were gifts of Dr. T. Chatila (Miranti et al., 1995); the expression

vectors pMT3RasR61L and pMT3RasN17 were gifts from Dr. L. Feig
Immunocytochemistry and Immunohistochemistry(Feig and Cooper, 1988). The following constructs have been de-
Our general method of immunocytochemistry has been previouslyscribed previously: pSVa1 (Shyu et al., 1989); pRcRSVCREBM1
published (Xia et al., 1996). Additional antibodies used for immuno-(Bonni et al., 1995); pON260 (Cherrington and Mocarski, 1989);
cytochemistry not described for immunoblotting include anti-MAP-2pAF42 and pAF42.Ca/CRE (Sheng et al., 1990); pAF42.SRE (Rivera
(gift of Dr. Valee), anti-LacZ (Promega), and anti-c-Fos (Ab-2 andet al., 1990); GAL4CREB, GAL4CREBDLZ, GAL4CREBM1 (Sheng et
Ab-5 from Oncogene Science). Primary antibody binding was vari-al., 1991); pMT2RSK2 and pMT2RSK2K100R (Pende et al., 1994).
ouslydetected with Cy-2 (1:300), Texas red ora biotinylated second-
ary antibody (1:150; Vector), and fluorescein-conjugated streptavi-Cell Culture, Stimulation, and Labeling
din (1:25; Vector) or Cy-3 conjugated streptavidin (1:500; JacksonCortical neurons from postnatal day 0 (P0) rats were cultured ac-
Labs).cording to previously published procedures and grown in a media

based on basal medium eagle (BME) (Xia et al., 1996). For Western
blotting, immunoprecipitation, or immune complex kinase assay ex- Imaging and Electrophysiology

Cortical neurons were seeded on coated glass coverslips (22 3 22)periments, cells were used between 2 days in vitro (DIV) and 7 DIV;
for transfection and RNase protection analysis, cells were stimu- and used between 2–7 DIV. On the day of an experiment, neurons

were washed in BME containing TTX, APV, CNQX, and nimodipinelated and lysed on 6 DIV. For Western blotting and immunoprecipita-
tion experiments, 2 hr prior to stimulation, growth media was re- and were bath loaded with fluo-3 (5 mM) and inhibitors for 30 min.

The glass coverslip was mounted in a superfusion chamber (Warnerplaced by an equal amount of BME that contained pharmacological
antagonists designed to attenuate neuronal electricalactivity includ- Instrument) and placed on the stage of a Leitz Fluovert FU epifluo-

rescence microscope. Cells were illuminated with a mercury arcing tetrodotoxin (TTX, 1 mM), amino-5-phosphonovaleric acid (APV,
100 mM), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 40 mM), and lamp through neutral density filters (Omega Optical) and a long pass

filter suitable for fluorescein optics. Images were collected with animodipine (not used when depolarization was the stimulus, 5 mM).
Other inhibitors such as KN62 (10 mM, Calbiochem) or PD098059 silicon intensified tube (SIT) camera, digitized using Image-1 soft-

ware (Universal Imaging Corp.) and an 8-bit Matrox frame grabber,(20 mM, NEB) were added 30 min before stimulation. BDNF (50 ng/
ml) or human recombinant PDGF-bb (UBI, 50 ng/ml) was added and stored on a computer hard drive. Pixel intensities were sampled

over the soma of each neuron, and the relative changes in intracellu-directly to the media in the dish, mixed thoroughly, and allowed to
incubate for the indicated times. In vivo 32P labeling of neurons and lar Ca21 were calculated as percent DF/F. To calculate percent DF/F,

an average of baseline fluorescence values is subtracted from eachPC12 culture was performed as previously described (Rosen et al.,
1994). fluorescence value of the record, and the result is divided by the

same average baseline fluorescence value. Quantitative confocal
scanning laser microscopy (CSLM) of Fos immunostaining was per-Transfection, RNA Isolation, and RNase Protection

Primary cortical neurons were transfected using a calcium phos- formed using a Noran Oz CSLM. A Z series of ten images, 1 mm
apart, was captured for each transfected neuron using a 1003 Nikonphate method described previously (Xia et al., 1996). Typically, re-

porter plasmids and expression vectors for transcription factors objective. A plane midway through the vertical axis of the nucleus
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was identified, and the average pixel intensity of a 3 mm2 area in Bartsch, D., Ghirardi, M., Skehel, P.A., Karl, K.A., Herder, S.P., Chen,
M., Bailey, C.H., and Kandel, E.R. (1995). Aplysia CREB2 repressesthe center of the nucleus was sampled.
long-term facilitation: relief of repression converts transient facilita-For electrophysiology, hippocampal slices were prepared from
tion into long-term functional and structural change. Cell 83,male rats of the Long-Evans strain approximately 30–45 days old
979–992.(63–82 g) according to previously published methods (Harris and

Teyler, 1984; Kremer et al., 1991). Half of the slices was received Baxter, R.M., Cohen, P., Obermeier, A., Ullrich, A., Downes, C.P., and
into ice cold media (116.4 mM NaCl, 5.4 mM KCl, 3.2 mM CaCl2, 1.6 Doza, Y.N. (1995). Phosphotyrosine residues in the nerve-growth-
mM MgSO4, 26.2 mM NaHCO3, 1.0 mM NaH2PO4, 10 mM D-glucose), factor receptor (Trk-A). Their role in the activation of inositolphos-
and the other half was received into ice cold media that also con- pholipid metabolism and protein kinase cascades in phaeochromo-
tained the activity antagonists TTX (1 mM), CNQX (40 mM), nimodi- cytoma (PC12) cells. Eur. J. Biochem. 234, 84–91.
pine (5 mM), and APV (100 mM). Slices were transferred to interface Berninger, B., Garcia, D.E., Inagaki, N., Hahnel, C., and Lindholm,
chambers and maintained in a humidified atmosphere at 30–318C D. (1993). BDNF and NT-3 induce intracellular Ca21 elevation in
(Harris and Teyler, 1984). BDNF (50 ng/ml) was included in the media hippocampal neurones. Neuroreport 4, 1303–1306.
and applied directly to the surface of the slice for half of the wells

Blanquet, P.R., and Lamour, Y. (1997). Brain-derived neurotrophic
containing activity antagonists. An equal amount of media was in-

factor increases Ca21/calmodulin-dependent protein kinase 2 activ-
cluded in the bath and applied directly to the surface of slices

ity in hippocampus. J. Biol. Chem. 272, 24133–24136.
in the other wells. All slices equilibrated for at least 1 hr before

Bonni, A., Frank, D.A., Schindler, C., and Greenberg, M.E. (1993).physiological recordings.
Characterization of a pathway for ciliary neurotrophic factor signal-Slices without activity antagonists were tested for health and/or
ing to the nucleus. Science 262, 1575–1579.the capacity to induce LTP at the Schaffer collateral-CA1 synapses.
Bonni, A., Ginty, D.D., Dudek, H., and Greenberg, M.E. (1995). SerineSlices with activity antagonists were tested physiologically to ensure
133-phosphorylated CREB induces transcription via a cooperativethat no synaptic responses could be generated. Two concentric
mechanism that may confer specificity to neurotrophin signals. Mol.bipolar stimulating electrodes (ultrasmall, 50 mm pole separation,
Cell Neurosci. 6, 168–183.Fred Haer Co., Brunswick, ME) were positioned 600–800 mm apart

in the middle of stratum radiatum surrounding a single extracellular Cabelli, R.J., Hohn, A., and Shatz, C.J. (1995). Inhibition of ocular
recording electrode (glass micropipette filled with 0.12 M NaCl). dominance column formation by infusion of NT-4/5 or BDNF. Sci-
Alternating stimuli were delivered at one per 15 s at an intensity ence 267, 1662–1666.
that evoked field excitatory postsynaptic potentials (EPSPs) slopes Castren, E., Zafra, F., Thoenen, H., and Lindholm, D. (1992). Light
of approximately 1 mV/ms. Increasing stimulus intensitieswere used regulates expression of brain-derived neurotrophic factor mRNA in
to generate input–output (I–O) curves, and the half-maximal re- rat visual cortex. Proc. Natl. Acad. Sci. USA 89, 9444–9448.
sponses were monitored for 20–40 min for each independent path- Cherrington, J.M., and Mocarski, E.S. (1989). Human cytomegalovi-
way prior to induction of LTP (two trains of 100 Hz stimulation for rus transactivates the a promoter-enhancer via an 18-base-pair re-
1 s separated by a 20 s interval, repeated three times). All responses peat element. J. Virol. 63, 1435–1440.
were digitized and analyzed online using the Scope software (RC

Chomczynski, P., and Sacchi, N. (1987). Single-step method of RNAElectronics Inc., Santa Barbara, CA). Extracellular recordings in CA1
isolation by acid guanidinium thiocyanate-phenol-chloroform ex-in response to stimulation along the Schaffer collateral pathway
traction. Anal. Biochem. 162, 156–159.showed that the slices exhibited normal field EPSPs and could
Cornell-Bell, A.H., Finkbeiner, S.M., Cooper, M.S., and Smith, S.J.undergo long-term potentiation in response to tetanization (data not
(1990). Glutamate induces calcium waves in astrocytes: long-rangeshown). However, in the presence of synaptic activity antagonists,
signaling. Science 247, 470–473.slices showed no EPSPs, suggesting that the pharmacological an-

tagonists were effective. After 2–4 hr, slices were rapidly fixed in D’Arcangelo, G., and Halegoua, S. (1993). A branched signaling
4% paraformaldehyde, 0.2% glutaraldehyde in 0.1 M PBS using a pathway for nerve growth factor is revealed by Src-, Ras-, and Raf-

mediated gene inductions. Mol. Cell. Biol. 13, 3146–3155.microwave-enhanced protocol (Jensen and Harris, 1989). Slices
were then transferred to PBS containing 1 mM NaF until thin (50 D’Arcangelo, G., Habas, R., Wang, S., Halegoua, S., and Salton, S.R.
mm) sections were cut using a vibratome. Immunostaining with the (1996). Activation of codependent transcription factors is required
anti-PCREB antibody on these free-floating sections was performed for transcriptional induction of the vgf gene by nerve growth factor
as described previously (Ginty et al., 1993). and Ras. Mol. Cell. Biol. 16, 4621–4631.

Diamond, J., Foerster, A., Holmes, A., and Coughlin, M. (1992a).
Acknowledgments Sensory nerves in adult rats regenerate and restore sensory function

to the skin independently of endogenous NGF. J. Neurosci. 12,
We thank Amgen for providing BDNF and NT-3. This work was 1467–1476.
supported by National Institutes of Neurological Disease and Stroke Diamond, J., Holmes, M., and Coughlin, M. (1992b). Endogenous
(NINDS) grant K08 NS01817, Mental Retardation Research grant NGF and nerve impulses regulate the collateral sprouting of sensory
New Investigator Award (S. F.); National Institutes of Neurological axons in the skin of the adult rat. J. Neurosci. 12, 1454–1466.
Disease and Stroke (NINDS) NS21184 and NS33574 (K. M. H.); and

Dichter, M.A., Tischler, A.S., and Greene, L.A. (1977). Nerve growth
National Institutes of Health (NIH) grant NS28829 (M. E. G.); the

factor-induced increase in electrical excitability and acetylcholine
Mental Retardation Center grant NIH P30-HD18655; and a Strategic sensitivity of a rat pheochromocytoma cell line. Nature268, 501–504.
Research Fund grant from Zeneca.

Domenico, B., John, J., Wittinghofer, A., Barde, Y.A., Sendtner, M.,
and Heumann, R. (1989). ras p21 protein promotes survival and fiber

Received March 31, 1997; revised October 6, 1997. outgrowth of cultured embyronic neurons. Neuron 2, 1087–1096.

Dudley, D.T., Pang, L., Decker, S.J., Bridges, A.J., and Saltiel, A.R.
References (1995). A synthetic inhibitor of the mitogen-activated protein kinase

cascade. Proc. Natl. Acad. Sci. USA 92, 7686–7689.
Alberini, C.M., Ghirardi, M., Metz, R., and Kandel, E.R. (1994). C/EBP Ellis, M.J., Lindon, A.C., Flint, K.J., Jones, N.C., and Goodbourn, S.
is an immediate-early gene required for the consolidation of long- (1995). Activating transcription factor-1 is a specific antagonist of
term facilitation. Cell 76, 1099–1114. the cylic adenosine 39,59-monophosphate (cAMP) response element
Arenas, E., and Persson, H. (1994). Neurotrophin-3 prevents the binding protein-1-mediated response to cAMP. Mol. Endocrinol. 9,
death of adult central noradrenergic neurons in vivo. Nature 367, 255–265.
368–371. Enslen, H., Sun, P., Brickey, D., Soderling, S.H., Klamo, E., and
Bar-Sagi, D., and Feramisco, J.R. (1985). Microinjection of the ras Soderling, T.R. (1994). Characterization of Ca21/calmodulin-depen-
oncogene protein into PC12 cells induces morphological differentia- dent protein kinase IV. Role in transcriptional regulation. J. Biol.

Chem. 269, 15520–15527.tion. Cell 42, 841–848.



Neuron
1046

Fanger, G.R., Jones, J.R., and Maue, R.A. (1995). Differential regula- Kim, H.K., Kim, J.W., Zilberstein, A., Margolis, B., Kim, J.G., Schles-
singer, J., and Rhee, S.G. (1997). PDGF stimulation of inositol phos-tion of neuronal sodium channel expression by endogenous and
pholipid hydrolysis requires PLC-gamma1 phosphorylation on tyro-exogenous tyrosine kinase receptors expressed in rat pheochromo-
sine residues 783 and 1254. Cell 65, 435–441.cytoma cells. J. Neurosci. 15, 202–213.

Klein, R., Martin-Zanca, D., Barbacid, M., and Parada, L.F. (1990).Feig, L.A., andCooper, G.M. (1988). Inhibitionof NIH 3T3 cell prolifer-
Expression of the tyrosine kinase receptor gene trkB is confined toation by a mutant ras protein with preferential affinity for GDP. Mol.
the murine embryonic and adult nervous system. Development 109,Cell. Biol. 8, 3235–3243.
845–850.Figurov, A., Pozzo-Miller, L.D., Olafsson, P., Wang, T., and Lu, B.
Klein, R., Nanduri, V., Jing, S.A., Lamballe, F., Tapley, P., Bryant, S.,(1996). Regulation of synaptic responses to high-frequency stimula-
Cordon-Cardo, C., Jones, K.R., Reichardt, L.F., and Barbacid, M.tion and LTP by neurotrophins in the hippocampus. Nature 381,
(1991). The trkB tyrosine protein kinase is a receptor for brain-706–709.
derived neurotrophic factor and neurotrophin-3. Cell 66, 395–403.Foulkes, N.S., Borrelli, E., and Sassone-Corsi, P. (1991). CREM gene:
Kobayashi, M., and Kawakami, K. (1995). ATF-1CREB heterodimeruse of alternative DNA-binding domains generates multiple antago-
is involved in constitutive expression of the housekeeping Na,K-nists of cAMP-induced transcription. Cell 64, 739–749.
ATPase a1 subunit gene. Nucl. Acids Res. 23, 2848–2855.Frank, D.A., and Greenberg, M.E. (1994). CREB: a mediator of long-
Korte, M., Carroll, P., Wolf, E., Brem, G., Thoenen, H., and Bonhoef-term memory from mollusks to mammals. Cell 79, 5–8.
fer, T. (1995). Hippocampal long-term potentiation is impaired in

Gaiddon, C., Loeffler, J.P., and Larmet, Y. (1996). Brain-derived neu-
mice lacking brain-derived neurotrophic factor. Proc. Natl. Acad.

rotrophic factor stimulates AP-1 and cyclic AMP-responsive ele-
Sci. USA 92, 8856–8860.

ment dependent transcriptional activity in central nervous system
Kremer, N., D’Arcangelo, G., Thomas, S., DeMarco, M., Brugge, J.,neurons. J. Neurochem. 66, 2279–2286.
and Halegoua, S. (1991). Signal transduction by nerve growth factor

Garber, S.S., Hoshi, T., and Aldrich, R.W. (1989). Regulation of ionic and fibroblast growth factor in PC12 cells requires a sequence of
currents in pheochromocytoma cells by nerve growth factor and Src and Ras actions. J. Cell Biol. 115, 809–819.
dexamethasone. J. Neurosci. 9, 3976–3987.

Levine, E.S., Dreyfus, C.F., Black, I.B., and Plummer, M.R. (1995).
Ginty, D.D., Kornhauser, J.M., Thompson, M.A., Bading, H., Mayo, Brain-derived neurotrophic factor rapidly enhances synaptic trans-
K.E., Takahashi, J.S., and Greenberg, M.E. (1993). Regulation of mission in hippocampal neurons via postsynaptic tyrosine kinase
CREB phosphorylation in the suprachiasmatic nucleus by light and receptors. Proc. Natl. Acad. Sci. USA 92, 8074–8077.
a circadian clock. Science 260, 238–241.

Liu, F., Thompson, M.A., Wagner, S., Greenberg, M.E., and Green,
Graham, R., and Gilman, M. (1991). Distinct protein targets for sig- M.R. (1993). Activating transcription factor-1 can mediate Ca(21)-
nals acting at the c-fos serum response element. Science 251, and cAMP-inducible transcriptional activation. J. Biol. Chem. 268,
189–192. 6714–6720.
Greene, L.A., and Kaplan, D.R. (1995). Early events in neurotrophin Lohof, A.M., Ip, N.Y., and Poo, M.M. (1993). Potentiation of devel-
signalling via Trk and p75 receptors. Curr. Opin. Neurobiol. 5, oping neuromuscular synapses by the neurotrophins NT-3 and
579–587. BDNF. Nature 363, 350–352.
Hagag, N., Halegoua, S., and Viola, M. (1986). Inhibition of growth Maffe, L., Berardi, N., Domenici, L., Parisi, V., and Pizzorusso, T.
factor-induced differentiation of PC12 cells by microinjection of anti- (1992). Nerve growth factor (NGF) prevents the shift in ocular domi-
body to ras p21. Nature 319, 680–682. nance distribution of visual cortical neurons in monocularly deprived

rats. J. Neurosci. 12, 4651–4662.Halegoua, S., Armstrong, R.C., and Kremer, N.E. (1996). Dissecting
the mode of action of a neuronal growth factor. Curr. Topics Micro- Marsh, H.N., Scholz, W.K., Lamballe, F., Klein, R., Nanduri, V., Bar-
biol. Immunol. 165, 119–170. bacid, M.,and Palfrey, H.C. (1993). Signal transduction events medi-

ated by the BDNF receptor gp 145trkB in primary hippocampalHarris, K.M., and Teyler, T.J. (1984). Development onset of long-
pyramidal cell culture. J. Neurosci. 13, 4281–4292.term potentiation in area CA1 of the rat hippocampus. J. Physiol.
Martin, K.C., and Kandel, E.R. (1996). Cell adhesion molecules,346, 27–48.
CREB, and the formation of new synaptic connections. Neuron 17,Hyman, C., Hofer, M., Barde, Y.A., Juhasz, M., Yancopoulos, G.D.,
567–570.Squinto, S., and Lindsay, R.M. (1991). BDNF is a neurotrophic factor
Matthews, R.P., Guthrie, C.R., Wailes, L.M., Zhao, Z., Means, A.R.,for dopaminergic neurons of the substantia nigra. Nature 350,
and McKnight, G.S. (1994). Calcium/calmodulin-dependent protein230–232.
kinase types II and IV differentially regulate CREB-dependent geneIp, N.Y., Li, Y., Yancopoulos, G.D., and Lindsay, R.M. (1993a). Cul-
expression. Mol. Cell. Biol. 140, 6107–6116.tured hippocampal neurons show responses to BDNF, NT-3, and
Miranti, C.K., Ginty, D.D., Huang, G., Chatila, T., and Greenberg,NT-4, but not NGF. J. Neurosci. 13, 3394–3405.
M.E. (1995). Calcium activates serum response factor-dependentIp, N.Y., Stitt, T.N., Tapley, P., Klein, R., Glass, D.J., Fandl, J., Greene,
transcription by a Ras- and Elk-1-independent mechanism that in-L.A., Barbacid, M., and Yancopoulos, G.D. (1993b). Similarities and
volves a CaM kinase. Mol. Cell. Biol. 15, 3672–3684.differences in the way neurotrophins interact with the Trk receptors
Nakamura, Y., Okuno, S., Sato, F., and Fujisawa, H. (1995). An immu-in neuronal and nonneuronal cells. Neuron 10, 137–149.
nohistochemical study of Ca21/calmodulin-dependent protein ki-

Iwata, E., Nakanishi, T., Ogawa, N., Ohyama, K., Murakami, T., and nase IV in the rat central nervous system: light and electron micro-
Takigawa, M. (1996). Neurotrophin-3 increases the DNA-binding ac- scopic observations. Neuroscience 68, 181–194.
tivities of several transcription factors in a mouse osteoblastic cell

Ng, N.F., and Shooter, E.M. (1993). Activation of p21ras by nerveline. Biochim. Biophys. Acta 1311, 85–92.
growth factor in embryonic sensory neurons and PC12 cells. J. Biol.

Jensen, F.E., and Harris, K.M. (1989). Preservation of neuronal ultra- Chem. 268, 25329–25333.
structure in hippocampal slices using rapid microwave-enhanced

Niswender, K.D., Blackman, S.M., Rohde, L., Magnuson, M.A., and
fixation. J. Neurosci. Meth. 29, 217–230.

Piston, D.W. (1995). Quantitative imaging of green fluorescent pro-
Kang, H., and Schuman, E.M. (1995). Long-lasting neurotrophin- tein in cultured cells: comparison of microscopic techniques, use
induced enhancement of synaptic transmission in the adult hippo- in fusion proteins and detection limits. J. Microsc. 180, 109–116.
campus. Science 267, 1658–1662. Oppenheim, R.W., Qin-Wei, Y., Prevette, D., and Yan, Q. (1992).
Kang, H., and Schuman, E.M. (1996). A requirement for local protein Brain-derived neurotrophic factor rescues developing avian moto-
synthesis in neurotrophin-induced hippocampal synaptic plasticity. neurons from cell death. Nature 350, 755–757.
Science 273, 1402–1406. Park, I.K., and Soderling, T.R. (1995). Activation of Ca21/calmodulin-
Kaplan, D.R., and Stephens, R.M. (1994). Neurotrophin signal trans- dependent protein kinase (CaM-kinase IV) by CaM-kinase kinase in

Jurkat T lymphocytes. J. Biol. Chem. 270, 30464–30469.duction by the Trk receptor. J. Neurobiol. 25, 1404–1417.



CREB Mediates Neuronal Neurotrophin Responses
1047

Pende, M., Holtzclaw, L.A., Curtis, J.L., Russell, J.T., and Gallo, V. Treisman, R. (1985). Transient accumulation of c-fos RNA following
(1994). Glutamate regulates intracellular calcium and gene expres- serum stimulation requires a conserved 59 element and c-fos 39
sion in oligodendrocyte progenitors through the activation of DL- sequences. Cell 42, 889–902.
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep- Vaillancourt, R.R., Heasley, L.E., Amarripa, J., Storey, B., Valius, M.,
tors. Proc. Natl. Acad. Sci. USA 91, 3215–3219. Kazlauskas, A., and Johnson, G.L. (1995). Mitogen-activated protein
Prakash, N., Cohen-Cory, S., and Frostig, R.D. (1996). Rapid and kinase activation is insufficient for growth factor receptor-mediated
opposite effects of BDNF and NGF on the functional organization PC12 cell differentiation. Mol. Cell. Biol. 15, 3644–3653.
of the adult cortex in vivo. Nature 381, 702–709. Valius, M., and Kazlauskas, A. (1993). Phospholipase C-gamma1
Rivera, V.M., Sheng, M., and Greenberg, M.E. (1990). The inner core and phosphatidylinositol 3 kinase are the downstream mediators of
of the serum response element mediates both the rapid induction the PDGF receptor’s mitogenic signal. Cell 73, 321–334.
and subsequent repression of c-fos transcription following serum Vetter, M.L., Martin-Zanca, D., Parada, L.F., Bishop, J.M., and
stimulation. Genes Dev. 4, 255–268. Kaplan, D.R. (1991). Nerve growth factor rapidly stimulates tyrosine
Robertson, L.M., Kerppola, T.K., Vendrell, M., Luk, D., Smeyne, R.J., phosphorylation of phospholipase C-gamma 1 by a kinase activity
Bocchiaro, C., Morgan, J.I., and Curran, T. (1995). Regulation of associated with the product of the trk protooncogene. Proc. Natl.
c-fos expression in transgenic mice requires multiple interdepen- Acad. Sci. USA 88, 5650–5654.
dent transcription control elements. Neuron 14, 241–252.

Walton, K.M., Rehfuss, R.P., Chrivia, J.C., Lochner, J.E., and Good-
Rosen, L.B., Ginty, D.D., Weber, M.J., and Greenberg, M.E. (1994). man, R.H. (1992). A dominant repressor of cyclic adenosine 39,59-
Membrane depolarization and calcium influx stimulate MEK and monophosphate (cAMP)-regulated enhancer-binding protein activity
MAP kinase via activation of Ras. Neuron 12, 1207–1221. inhibits the cAMP-mediated induction of the somatostatin promoter
Schnell, L., Schneider, R., Kolbeck, R., and Barde, Y.A. (1994). Neu- in vivo. Mol. Endocrin. 6, 647–655.
rotrophin-3 enhances sprouting of corticospinal tract during devel- Widmer, H.R., Kaplan, D.R., Rabin, S.J., Beck, K.D., Hefti, F., and
opment and after spinal cord lesion. Nature 367, 170–173. Knüsel, B. (1993). Rapid phosphorylation of phospholipase C
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