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Ca2+-dependent regulation in neuronal gene expression 
Haruhiko Bito*t, Karl Deisseroth*t and Richard W Tsien*s 

Cal+ is an important signal-transduction molecule that plays a 

role in many intracellular signaling pathways. Recent advances 

have indicated that in neurons, Ca2+-controlled signaling 

mechanisms cooperate in order to discriminate amongst 

incoming cellular inputs. Ca2+-dependent transcriptional 

events can thereby be made selectively responsive to bursts 
of synaptic activity of specific intensity or duration. 
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Abbreviations 
APl activator protein 1 
BAPTA 1,2-bis(2-aminophenoxy)ethane-tetraacetic acid 
CaM calmodulin 
CaMK Ca2+/CaMdependent protein kinase 
CaMKK CaMK kinase 
CBP CREB-binding protein 
CRE CAMP-response element 
CREB CRE-binding protein 
EGF epidermal growth factor 
EGTA ethylene glycol-bis(P_aminoethyl ether)-tetraacetic acid 
GRF guanine nucleotide releasing factor 
JNK c-Jun N-terminal kinase 
L-LTP late-LTP 
LTP long-term potentiation 
MAPK mitogen-activated protein kinase 
MAPKAP MAPK-activated protein 
NCAM neural cell adhesion molecule 
NFAT nuclear factors of activated T cell 
NMDA N-methyl-D-aspartate 
pCREB phospho-CREB 
PKA protein kinase A 
PPl protein phosphatase 1 
SAPK stress-activated protein kinase 
SRE serum response element 
SRF serum response factor 
STAT signal transducer and activator of transcription 

Introduction 
Recent studies have helped to delineate some of the 
mechanisms involved in activity-dependent surface-to- 
nucleus signaling in neurons [l-8]. The signaling path- 
ways are being mapped, and the points of crosstalk 
between them are being identified. In some cases, we 
have even begun to understand the functional significance 
of these synaptically recruited signaling pathways. In this 
review, we will summarize briefly recent advances in 
this rapidly moving field, and then focus specifically on 

regulatory events that are modulated by Caz+, a critical 
messenger in the CNS [9]. 

Signaling from the synapse to the nucleus: 
key features of Ca2+ as a second messenger 
Activity-dependent changes in neuronal structure and 
synaptic remodeling [1,2], which are so essential for brain 
function, depend critically on protein synthesis [3]. In 
considering how these events come about, it is important 
to understand the relationship between the electrical 
activity of a CNS neuron and gene expression at its 
nucleus [4-8]. From its vantage point within the cell body, 
the nucleus acts as a sensitive information-processing 
device, receiving inputs derived from surface stimuli that 
are transferred centrally via diverse cytoplasmic signals. 

In some ways, the nucleus may be compared to the axonal 
action potential initiation zone- both are computers of 
sorts, stationed downstream of the dendritic tree, with the 
nucleus deciding on RNA production in the same way 
that the action potential initiation region decides on spike 
firing. Both devices are clearly sensitive to the intensity, 
duration, and temporal pattern of incoming information, 
and both probably rely on some pre-processing of 
incoming signals within the dendritic tree, whether the 
signals be electrical or biochemical. 

In several respects, however, the nucleus has a much more 
complex job to perform. First, whereas the action potential 
initiation zone takes one type of input (membrane voltage) 
and generates one type of output (the action potential), 
the nucleus has many different types of input (multiple 
converging signal-transduction cascades) and generates 
many different types of output (multiple genes that 
can be expressed in different patterns and at different 
levels). In this sense, the nucleus is the more complicated 
computer of the two. Second, nuclear signaling may 
need special engineering in a way that the spike-firing 
decision does not. The latter takes a fast input (membrane 
depolarization) and uses a rapid calculator (voltage-gated 
Na+ and K+ channels) to determine a fast output (the 
action potential). But the nucleus, in generating its slow 
output of changes in gene expression, needs to consider 
not only similarly slow inputs, like hourly variations in 
external hormone, but also fast changes in membrane 
voltage, on a time-scale of milliseconds. If the nucleus 
could not respond to fast synaptic depolarizations, it would 
be throwing away potentially useful information- in 
modern parlance, wasting bandwidth. 

Relying on voltage changes themselves to generate a 
second messenger for nuclear signaling is part of the 
solution. As a general strategy, excitable cells achieve fast 
conversion from electricity to biochemistry through an 
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intense but local influx of Ca2+ [9]. In neurons, voltage-de- 
pendent Caz+ channels and postsynaptic NMDA receptor 
channels are able to respond quickly to millisecond-scale 
electrical events by generating Caz+ signals, which can 
have a lasting impact once they are decoded by the 
appropriate Ca2+- sensitive proteins. This signaling cascade 
provides a rationale for why Caz+ may be an important 
mediator of synapse-to-nucleus signaling. 

Indeed, extensive studies of stimulus-dependent gene 
expression in CNS neurons, carried out in V~VO [5,8,10-131, 
in acute slices [14”], and in cultured neurons [15”], 
have generally borne out the importance of Caz+ entry 
pathways. This has been demonstrated by disrupting 
signaling to the nucleus with blockers of NMDA receptors 
[lO,ll], inhibitors of voltage-gated Caz+ channels [ 14”], or 
both [15**]. In these studies, nuclear signaling pathways 
are able to discriminate between features of the electrical 
stimuli, such as their frequency, intensity, duration or 
pattern of repetition. Such discrimination may well 
involve Caz+ signaling mechanisms. In principle, fast 
Ca2+ influx could link up to Caz+ targets with different 
Ca2+ sensitivity, thereby providing discrimination between 
Caz+ signals of varying amplitudes, or to Caz+ targets 
that activate or inactivate over time [9,16’,17”,18], thus 
representing the duration or temporal pattern of the 
signals. 

Knowledge about the general properties of activity-depen- 
dent gene expression has heightened interest in the mech- 

Figure 1 

anisms of signaling from the synapse to the nucleus. At 
least three fundamental questions need to be addressed. 
First, what are the various molecular pathways that link 
patterns of synaptic activity with specific downstream 
genes? Are they all dependent on Caz+, to some extent, 
or are some Ca*+-independent? Second, what are the 
downstream genes and how is their expression modified? 
How do they give rise to activity-induced changes (or 
maintenance) of neuronal properties? Third, how does 
gene expression at the nucleus lead to synapse-specific 
changes? Does this involve a mechanism of local ‘synaptic 
tagging’ [ 19**]? 

Activity-dependent regulation of nuclear 
transcription factors 
Increasing attention has been directed lately toward the 
signaling pathways that are crucial for the activation of 
nuclear events. Initial studies carried out in immortalized 
neuronal cell lines such as phaeochromocytoma PC12 cells 
highlighted the complexity of the signaling pathways 
that lead to transcriptional activation (e.g. [4,20-26,27*]). 
More recently, it has become possible to examine 
signaling pathways in non-immortalized neurons and 
to delineate the specific patterns of neuronal input 
that can lead to transcriptional activation and gene 
expression [28-33,34”,35”]. Likewise, there has been a 
progression from gel-shift assays, which measure generic 
changes in the binding of transcription factors to their 
cognate regulatory elements (see e.g. [36]), to analysis of 

Integration of multiple signaling pathways onto pCREB/CBP In neuronal cells, phosphorylation of CREB at Ser133 could be mediated by many 

different serinelthreonine protein kinases. Extensive crosstalk amongst these pathways has been reported. Once CREB is phosphorylated to 

pCREB, it presents a high-affinity binding site to CBP, which is a histone acetyltransferase and which could interact as a co-activator with 

various other transcriptional activators, such as El A, APl, STATS or nuclear hormone receptors. AC-I, type I adenylyl cyclase. 
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specific transcription factors and their upstream signaling 
pathways. 

A leading example is the Caz+/cAMP-response element 
binding protein (CREB), which is activated by phos- 
phorylation of Ser133, an event that can be brought 
about by a variety of neuronal protein kinases, includ- 
ing protein kinase A (PKA), Caz+/calmodulin-dependent 
protein kinase II (CaMKII), CaMKIV, pp90rsk, rsk-2, 
and MAP kinase-activated protein (MAPKAP) kinase-2 
[34*D,37-47,48*,49] (Figure 1). The convergence of mul- 
tiple signaling pathways onto CREB raises the issue 
of whether and how information from specific neuronal 
inputs might be preserved. Increased phosphorylation 
of CREB leads to the formation of a stable complex 
with the CREB-binding protein (CBP) and, in turn, to 
recruitment of the RNA polymerase II holoenzyme [SO]. 
CBP is itself a remarkable signal integrator [Sl-53,54*,55*]. 
When phosphorylated by PKA and mitogen-activated 
protein kinase (MAPK), CBP responds in distinct ways to 
stimulate c-jos transcription [56]. Furthermore, pp90rsk, by 
binding to CBP, seems to act as an inhibitory regulator of 
CREB-mediated transcription [55’], despite the fact that 
pp90rsk and rsk-2 are known CREB kinases [35**,48’]. 

Finally, and most dramatically, CBP has been shown to 
be a co-activator of transcription not only for CREB, but 
also for a number of other transcription factors, including 
(but clearly not restricted to) activator protein 1 (APl), 
nuclear hormone receptors, and STATS (signal transducers 
and activators of transcription) [57”-60”,61-701. The 
convergence of signals onto CBP is all the more re- 
markable in light of evidence suggesting an additional 
role for CBP (and for P/CAF, a CBP-binding protein) 
as a histone acetyltransferase critical for transcriptional 
initiation [71,72”,73”]. Taken together, the multiplicity 
of signaling mechanisms acting on CREB and CBP 
provide a rich array of possibilities for input-specific 
patterns of gene expression. 

Interest in the CREB/CBP system has been intensified 
by rapidly growing evidence for its importance in memory 
storage. The first analyses of specific transcriptional events 
in synaptically connected neurons were carried out in 
Aplysia by Kandel’s group [3,74-76,77”], who established 
that PKA-dependent regulation of the CREB system was 
essential in the long-term sensitization of the gill-with- 
drawal reflex, a classic example of implicit learning. In 
Drosoph’a, a dramatic dependence on CREB signaling has 
been found for protein-synthesis-dependent, long-lasting 
components of olfactory learning [78,79,80**]. Mutant 
mice lacking a- and &isoforms of CREB display intact 
short-term memory but deficient long-term memory in 
three independent learning tasks [81,82”]; concomitantly, 
late long-term potentiation (L-LTP) in hippocampal CA1 
is also impaired [Bl]. 

In contrast to the striking phenotype of the CREB-de- 
ficient mice, knockouts of immediate early transcription 

factor ~$268 (also known as NGFI-A) [83], NFAT (nu- 
clear factors of activated T cell) [84] and CAMP-response 
element modulator (CREM) (JA Blendy, JH Kogan, 
G Schutz, AJ Silva, Sot Neurosci Abstr 1996, 22:1391) have 
not yet yielded remarkable behavioral changes. Deletions 
of c-j& [85] andfosB [86] cause behavioral abnormalities, 
but their neurobiological basis is not understood. There- 
fore, the pronounced but specific defects arising from 
elimination of only two of the many CREB isoforms is 
particularly interesting. Taken together, these results have 
placed the CREB/CBP system at the forefront of current 
thinking about the role of the nucleus in controlling 
long-term changes in the properties of neurons. 

On the basis of studies in Ap/ysia and Drosophda, PKA 
has been assumed to be important in CREB-dependent 
learning in mammals. PKA clearly is required for learning 
and L-LTP [87], and its catalytic subunit shuttles to the 
nucleus in forskolin-stimulated PC12 cells [BB]. However, 
it remains to be established that PKA is involved directly 
in CREB phosphorylation. PKA may also be important for 
phosphorylating other components of the transcriptional 
apparatus, such as CBP, or, alternatively, PKA could be 
important for the local (e.g. dendritic) implementation of 
a change directed by the nucleus. 

Signaling from the synapse to the nucleus: an 
example of Ca *+-dependent CREB regulation 
A central issue is how synaptic activity leads to activation 
of the CREB pathway. Several groups have examined 
the patterns of synaptic activity required for triggering 
phosphorylation of nuclear CREB at Ser133 and have tried 
to relate this phosphorylation to activation of downstream 
genes such as c-j& [14**,15”,34”,35”]. In hippocampal 
cultures, rapid, Caz+-dependent CREB phosphorylation 
can be evoked in postsynaptic neurons when they receive 
synaptic input at frequencies that induce either increases 
or decreases in synaptic strength; however, in the absence 
of synaptic transmission, high-frequency action potential 
firing is not able to induce CREB phosphorylation ([ 15”]; 
see also [89]). Thus, CREB activation seems to depend 
critically on postsynaptic Caz+ entry-the substantial 
amount of Caz+ influx (and nuclear Caz+ elevation) that 
occurs during action potential firing is present in either 
the wrong place or the wrong quantity to give rise to 
CREB phosphorylation [15”]. This is an interesting and 
potentially useful distinction for a neuron to make, as 
discriminating against action potentials allows synaptic 
potentials to have a much greater relative effect on nuclear 
signaling. 

In hippocampal neurons, both the phosphorylation and 
dephosphorylation of CREB have been found to utilize 
Caz+/calmodulin (CaM)-regulated mechanisms. Positive 
regulation occurs through a CaMK cascade involving 
nuclear CaMKIV [34”]. CaMK cascades have been 
studied intensively in vitro [90-96,97**], and it has been 
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Figure 2 

Regulation of CREB by Ca*+ in hippocampal neurons. (a) Schematic diagram illustrating the net effect on gene expression of a dual 

Ca*+/CaM-dependent regulation. When a short stimulus is applied, the combined activation of both kinase and phosphatase activities leads 

to a transient pCREB state in the nucleus, which is presumably insufficient to trigger a significant amount of transcriptional activity. When the 

synaptic activity is long-lasting, an inactivation of the phosphatase pathway enables a more sustained pCREB state in the nucleus, leading 

to a detectable amount of CRE-mediated transcription. This state could be mimicked in vitro by coupling a short stimulus with inhibition 

of calcineurin. (b) Synaptic activity induces Ca *+ influx through glutamate receptor channels of the NMDA-type (NMDA-R), as well as 

through L-type voltage-gated Ca *+ channels. This influx leads to a build-up of Ca*+/CaM near the plasma membrane, which activates two 

Ca*+/CaM-dependent mechanisms: a CaMK cascade, which culminates in the stimulation of nuclear CaMKlV via CaMKK; and calcineurin 

(CaN)-mediated regulation of nuclear PPl activity, presumably by a change in the phosphorylation state of a PPl regulatory subunit. Both 

mechanisms are stimulated simultaneously when synaptic stimuli are applied; however, the CaN-regulated mechanism is inhibited when the 

stimulus duration is increased substantially by a superoxide-sensitive mechanism. Phospho-CREB (pCREB) can then stably associate with CBP 

in the nucleus (not shown) to induce a variety of CRE-regulated genes. Adapted with permission from (34”). PPase, protein phosphatase. 

established that CaMKIV can be strongly activated by Ca2+-dependent CREB phosphorylation in different cell 
trans-phosphorylation via an upstream CaMK [98-1011. types. 
Together, the distinct brain localization of CaMK ki- 
nase (CaMKK)-a or CaMKK-B [102] and the differing Negative regulation of CREB in hippocampal neurons 
efficiencies of CaMKK action on various CaMKs [103*] has been found to occur through calcineurin-dependent 
offer interesting possibilities for subtle fine-tuning of regulation of nuclear protein phosphacase 1 (PPl) activity 
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[34**,35**] (Figure 2). An interesting parallel has been 
uncovered in organotypic slice cultures of the striatum; 
Liu and Graybiel [35**] suggest that a calcineurin-con- 
trolled phosphatase gate may provide a mechanism for 
activity-dependent regulation of CREB phosphorylation 
and striatal compartment formation. 

In hippocampal cultures, increasing stimulus duration 
has been found to block the effect of calcineurin and 
thereby allow phospho-CREB (pCREB) to persist for 
a much longer time. This turns out to be significant 
for gene expression, as sustained, but not transient, 
elevation of nuclear CREB phosphorylation is required 
for efficient stimulus-transcription coupling in both hip- 
pocampal [34**] and striatal [35”] neurons. This discrim- 
ination appears to work through an activity-dependent 
inactivation of calcineurin [34*-l. As first described by 
Klee and colleagues [16’,17”] in vitro, such inactivation 
requires Caz+/CaM activation of calcineurin, but it also 
depends on the action of superoxide. There is evi- 
dence for activity-dependent reactive oxygen production 
in hippocampal neurons, as well as evidence for the 
involvement of superoxide in controlling the rate of CREB 
dephosphorylation [34”]. 

It is tempting to speculate on the information-processing 
utility of these different Caz+-dependent control steps. 
For example, consider Caz+-dependent activation of 
CREB phosphorylation coupled with Caz+-dependent 
inactivation of CREB dephosphorylation. If activation 
of both Caz+-dependent pathways is required to give 
rise to stable pCREB levels in the nucleus, there will 
probably exist some degree of cooperativity in the Caz+- 
dependent control of CREB-dependent gene expression. 
Such cooperativity could well allow for non-linear or 
switch-like behavior in the synaptic control of nuclear gene 
expression. Whether this intriguing control mechanism 
is involved in learning and memory remains to be 
established. 

The importance of other signaling pathways 
and crosstalk 
Even though the Caz+/CaM-dependent component of 
Caz+/cAMP-response element (CRE) regulation appears 
to play a critical role in many types of neurons [15*g,20,27D, 
31,33,34”,104], several groups (see (15”,104]) have noted 
a PKA-dependent component in neurotransmitter-acti- 
vated regulation of CRE, raising the possibility of an 
additional regulatory phosphorylation event. Without a 
doubt, CREB phosphorylation is itself strongly dominated 
by PKA in certain systems (such as dopaminergic neurons 
in the CNS) [6,35”], even though the dephosphorylation 
of CREB may still lie under the control of calcineurin 
in these cells (such as in striosomal neurons [35**]). 
Furthermore, in vitro studies have suggested that PKA 
may exert its effects by increasing the transcriptional 
potential of CBP [51,X,54*], as does MAPK [53]. Whether 
PKA regulates CBP in neurons remains to be determined. 

PKA may also have an impact on the activation of the 
Ca2+-effector pathway: PKA-dependent phosphorylation 
of CaMKK has been found to inhibit its activation of 
CaMKIV (GA Wayman, H Tokumitsu, TR Soderling, 
Sot Neurosci Abstr 1996, 22:372), and PKA is known to 
act as a kinase to the phosphorylation site targeted by 
calcineurin during the calcineurin-mediated inactivation 
of the inhibitory subunits for PPl, such as inhibitor-l or 
DARPP-32 [ 1051. Conversely, CaMKIV can phosphorylate 
and inactivate the enzymatic activity of Caz+/CaM-sen- 
sitive type I adenylyl cyclase [106’] (Figure 1, dashed 
arrows), thus suppressing the PKA pathway. 

The role of Caz+ in CRE-mediated gene expression 
may not be limited solely to CaMKIV-induced CREB 
phosphorylation. In the immortalized AtT20 cell line, 
CRE-dependent transcription depends more on nuclear 
Caz+ than on cytoplasmic Caz+ [27’]. This is in contrast 
to hippocampal neurons, in which highly local rises 
in Caz+, but not bulk cytoplasmic or bulk nuclear 
Caz+, are the critical signals in synaptic activation of 
CREB phosphorylation [15”]. In fact, in hippocampal 
neurons, generalized elevations in nuclear Caz+ are not 
only unnecessary for CREB phosphorylation but also 
insufficient [15”]. It is easy to imagine, however, why such 
different cell types might use different signaling pathways. 
Neurons, with vast and spatially complex dendritic trees, 
would perhaps be best designed if they could make good 
use of local Caz+ signals in synapse-to-nucleus signaling; 
whereas the much more compact AtT20 cells (which have 
no neuronal processes) may have no need for such clever 
engineering, as the whole surface plasma membrane is 
close to the nucleus. Alternatively, a nuclear Caz+ pool, 
although not critical for CREB phosphorylation per se, 

could influence the long-term stability of pCREB. If 
so, this would profoundly affect CRE-dependent gene 
expression [34”]. Though speculative, a model in which 
two separate cellular pools of Caz+ are used to control 
distinct steps in the same signaling pathway is interesting 
computationally, implying that synaptically generated Caz+ 
is a variable that may be used in two or more terms within 
the same equation. 

Are the effects of Ca2+ restricted to regulation of CRE-like 
elements? Clearly not. There is strong evidence for a 
Caz+-dependent pathway leading to Ras/MAPK activation, 
which is critical in neuronal serum response element 
(SRE)-mediated transcription [27*,107,108’]. The links 
between Caz+ and Ras have not been outlined clearly 
in neurons, though possible candidates for a Caz+ sensor 
include protein kinase C (PKC) [109], pyk2 [llO”], and 
Ras-GRF (guanine nucleotide releasing factor) [ll lo*]. 
Furthermore, overexpression of a constitutively active 
form of CaMKIV in PC12 cells either phosphorylates 
serum response factor (SRF) directly [112] or leads 
to increased basal activity of various MAPK pathways, 
including the ERK, JNK/SAPK, and ~38 pathways [113*] 
(Figure 1, dashed arrows), all of which have been 
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implicated upstream of SRE via phosphorylation of either 
elk-l or SRE Other regulators of small GTP-binding 
proteins such as IQGAPl and IQGAPZ have also been 
reported to bind Caz+/CaM, suggesting an alternate small 
GTPase route by which Caz+ might regulate SRE through 
JNK/p38, downstream of Rac/Cdc42 pathways [114-l 171. 
The JNK/SAPK pathways could also be modulated by 
Ca2+ via pyk2 [118]. 

Taken together, these studies su,ggest that a wide variety 
of possibilities must be considered when approaching 
CREB signaling in specific neuronal systems. In addition, 
of course, the CREB/CBP system will not stand alone 
in the induction of target genes. For example, maximal 
activation of c-j& in vtio requires cooperation among 
multiple regulatory elements on the c-fos promoter, 
including SRE, the s&inducible element, the API binding 
element, and CRE [119”]. 
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Regulation of gene expression by the opposing actions of kinases 

and phosphatases. Activation of a kinase cascade is associated 

with inhibition of its opposing phosphatase (a) in CREB signaling in 

hippocampal neurons, as well as (b) in EGF signaling in A431 cells. 

Transcription factor shuttling is regulated by the balance of kinase 

and phosphatase activities on each side of the nuclear membrane 
(c) in NFAT signaling and (d) in the JakISTAT system. 

Common features of phosphotylation/ 
dephosphotylation-mediated regulation of 
gene transcription 
It is interesting to compare Caz+ regulation of gene 
expression in neurons to that found in other cell types, 
particularly T lymphocytes (Figure 3a,c). Stimulation of 
T cells with antigen initiates a sustained Caz+ influx that, 
in turn, leads to transcription of the interleukin-2 gene 
(Figure 3~). The targets of Caz+-dependent regulation 
are NFATs, transcription factors that are activated when 
dephosphorylated by calcineurin. Dephospho-NFAT shut- 
tles into the nucleus [120**-122**], where it binds to 
a co-activator complex such as APl, thereby activating 
transcription. A constitutive nuclear protein kinase activity 
rephosphorylates NFAT, leading to its rapid export 
from the nucleus [120**,122**]. Nuclear CaMK, such as 
CaMKIV [123] or a nuclear isoform of CaMKII [124], 
may also play a role in NFAT-dependent transcription. 
As in the case of neuronal CREB, activation of NFAT 
in lymphocytes requires Caz+/CaM-dependent enzymatic 
activity, but it is a phosphatase rather than a kinase that 
acts as the initial trigger. 

From an even more general perspective, it is useful 
to recognize that bidirectional regulation of transcription 
factor complexes by opposing kinases and phosphatases 
also exists outside of the specific context of Ca2+-mediated 
nuclear signaling. A classic example is the activation of the 
tyrosine kinase cascade by growth factors (Figure 3b,d). As 
shown recently, autophosphorylation and activation of the 
epidermal growth factor (EGF) receptor tyrosine kinase 
is associated with an EGF-induced, hydrogen-peroxide- 
dependent inactivation of a critical tyrosine phosphatase 
[125**] (Figure 3b). Two other groups [126*,127*] have 
found that STAT-dependent transcription is negatively 
regulated by a nuclear tyrosine phosphatase that promotes 
export of STAT from the nucleus by dephosphorylating 
tyrosine residue(s), identical to the Jak kinase phospho- 
rylation site(s), that are critical for STAT’s nuclear entry 
(Figure 3d). Again, as in the case of NFAT, the dynamic 
shuttling of the activated transcription factor is regulated 
by the opposing kinase (or phosphatase) activity in the 
nucleus (Figure 3). Thus, both Ca2+-influx-mediated 
nuclear signaling and ligand-receptor-interaction-induced 
surface-to-nucleus signaling may control the timing of 
nuclear events by using similar signaling principles. 

Next steps: what are the target genes and 
what are their functions? 
Despite the considerable effort invested in elucidating 
the molecular mechanisms involved in activity-induced 
gene transcription, surprisingly little is known about how 
changes in gene expression lead to long-term biological 
consequences, such as synaptic remodeling. 

In Aplysia neurons in culture, where CREB signaling 
seems important for enduring changes in the efficacy 
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and morphology of synapses [3,77”,128], one of the 
important downstream genes is an adhesion molecule, 
ApCAM, an Aplysia homolog of mammalian neural cell 
adhesion molecule (NCAM) [77”,129,130]. In mammalian 
neurons, NCAM is involved in activity-induced synapse 
plasticity [131,132] and learning [133], but the molecular 
linkage between activity and NCAM is less clear in 
the mammalian system than in Aplysia. Expression of 
another neural adhesion molecule, Ll, can be induced by 
restricted patterns of impulse activity [29]. Other gene 
products whose expression changes in association with 
synaptic plasticity include tissue plasminogen activator 
[ 134*,135], P-A-activin [136], Narp [ 1371, Arc [138*], and 
cyclooxygenase-2 [ 1391. 

As more activity-dependent genes are uncovered, critical 
attention must be focused on their relationship to the 
implementation of long-lasting modifications. The elegant 
study by Frey and Morris [19”] brings to the fore 
additional questions regarding the interaction between 
short-term, synapse-specific changes, probably involving 
post-translational effects, and long-term changes in synap- 
tic number or shape that require transcriptional activation. 
Many mysteries lie ahead, but there is little question that 
Caz+ signaling will play a significant role in these events. 

Acknowledgements 
Supported by National Institutes of Health grant NSZ4067 (R\V Tsien), a 

hlcdical Scientist Training Program fellowship (K Deisserorh) and a Human 

Frontiers Science Program long-term fellowship (H Bito). 

References and recommended reading 
Papers of particular interest, published within the annual period of review, 
have been highlighted as: 

. of special interest 

. . of outstanding interest 

1. Squire LR, Alvarez P: Retrograde amnesia and memory 
consolidation: a neurobiological perspective. Curr Opin 
Neurobiol 1995, 5:169-l 77. 

2. 

3. 

Shatz CJ: Emergence of order in visual system development 
Proc Nat/ Acad Sci USA 1996, 93:602-608. 

Bailey Cl-t, Bartsch D. Kandel ER: Toward a molecular definition 
of long-term memory storage. Proc Nat/ Acad SC; USA 1996, 
93:13445-l 3452. 

4. 

5. 

6. 

Curran T, Morgan JI: Fos: an immediate-early transcription 
factor in neurons. J Neurobiol 1995, 26:403-412. 

Worley PF, Bhat RV, Baraban JM, Erickson CA, McNaughton BL, 
Barnes CA: Thresholds for synaptic activation of transcription 
factors in hippocampus: correlation with long-term 
enhancement J Neurosci 1993,13:4776-4786. 

Self DW, Nestler EJ: Molecular mechanisms of drug 
reinforcement and addiction. Annu Rev Neurosci 1995, 
18:463-495. 

7. 

8. 

9. 

10. 

Munglani R, Hunt SP: Proto-oncogenes: basic concepts and 
stimulation induced changes in the spinal cord. Prog Brain Res 
1995,104:283-298. 

Dragunow M: A role for immediate-early transcription factors in 
learning and memory. Behav Genet 1996, 26:293-299. 

Tsien RW, Wheeler DB: Voltage-gatad calcium channels. In 
lntracehlar Calcium. Edited by Carafoli E, Klee CB. New York: 
Oxford University Press; 1997: in press. 

Cole AJ, Saffen DW, Baraban JM, Woriey PF: Rapid increase 
of an immediate early gene messenger RNA in hippocampal 

11. 

12. 

13. 

14. 
. . 

neurons by synaptic NMDA receptor activation. Nature 1989, 
348474-476. 

Wisden W, Errington ML, Williams S, Dunnett SB, Waters C, 
Hitchcock D, Evan G, Bliss TVP, Hunt SP: Differential expression 
of immediate early genes in the hippocampus and spinal cord. 
Neuron 1990, 4:603-614. 

Thomas KL, Laroche S, Errington ML, Bliss TVP, Hunt SP: Spatial 
and temporal changes in signal transduction pathways during 
LTP. Neuron 1994, 13~737-745. 

Abraham WC, Christie BR, Logan B, Lawlor P, Dragunow M: 
Immediate early gene expression associated with the 
persistence of heterosynaptic long-term depression in the 
hippocampus. Proc Nat/ Acad Sci USA 1994. 91 :10049-l 0053. 

lmpey S, Mark M, Villacres EC, Poser S, Chavkin C, Storm DR: 
Induction of CRE-mediated gene expression by stimuli that . . 
generate long-tasting LTP in area CA1 of the ntppocampus. 
Neuron 1996, 16:973-982. 

In acute slices taken from transgenic mice carrying multiple copies of a 
6 x VIP-CRE-IacZ reporter construct, S-galactosidase induction was asso- 
ciated with L-LTP-inducing stimuli but not with early LTP-inducing stimuli, 
whereas CREB phosphorylation was seen in both cases. PKA inhibitors and 
L-type Can+ channel blockers were both sufficient to block L-LTP-induced 
downstream gene expression. 

15. Deisseroth K, Bito H, Tsien RW: Signaling from synapse to 
. . nucleus: post-synaptic CREB phosphorylation during multiple 

forms of hippocampal synaptic plasticity. Neuron 1996, 
16:89-101. 

In hippocampal cultures, postsynaptic CREB phosphotylation could be sti m- 
ulated by a wide range of synaptic activities, including those that are capable 
of inducino LTP and lono-term deoression (LTD). CREB phosphorylation in 
these net&s was dependent on ‘Ca 2+ inflox through L-type Cal+ channels 
and NMDA receptors, and a Can+ effector that was BAPTA-sensitive but 
EGTA-insensitive. 

16. Stemmer PM, Wang X, Krinks MH, Klee CB: Factors responsible 
. for the Ca(P+)-dependent inactivation of calcineurin in brain. 

FEBS Lett 1995,374:237-240. 
See annotation [17”1. 

1 7. Wang X, Culotta VC, Klee CB: Superoxide dismutase protects 
. . calcineurin from inactivation. Nature 1996, 383:434-437. 
In an earlier study 116’1, the authors showed that calcineurin activity is inac- 
tivated within minutes when a partially purified fraction of calcineurin is ex- 
posed to a high concentration of Cas+/CaM. In this paper [17”1, they show 
that this process is prevented by combining superoxide dismutase (SOD) 
with calcineurin. Genetic disruption of SOD in yeast is associated with a 
significant loss of calcineurin activity. The phenotype of the SOD-deficient 
yeast was similar to that seen in calcineurin mutants. 

18. Schulman H, Heist K Srinivasan M: Decoding Gas+ signals to 
the nucleus by multifunctional CaM kinase. Prog Brain Res 
1995, 105:95-l 04. 

19. Frey U, Morris RGM: Synaptic tagging and long-term 
. . potentiation. Nature 1997, 385:533-536. 
A reversible post-translational synaptic modification (tagging) confers synap 
tic specificity for L-LTP by recruiting a protein-synthesis-dependent factor 
induced during L-LTP 

20. 

21. 

22. 

23. 

24. 

25. 

Sheng M, Thompson MA. Greenberg ME: CREB: a Gas+- 
regulated transcription factor phosphorylated by calmodulin- 
dependent kinases. Science 1991,252:1427-l 430. 

Hagiwara M, Alberts A, Brindle P, Meinkoth J, Feramisco J, 
Deng T, Karin M, Shenolikar S, Montminy M: Transcriptional 
attenuation following cAMP induction requires PP-1 -mediated 
dephosphorylation of CREB. Cell 1992, 70:105-l 13. 

Enslen H, Soderling TR: Roles of calmodulin-dependent 
protein kinases and phosphatase in calcium-dependent 
transcription of immediate early genes. J Biof Cbem 1994, 
269:20672-20877. 

Brindle P, Nakajima T, Montminy M: Multiple protein kinase A- 
regulated events are required for transcriptional induction by 
CAMP. Proc Nat/ Acad Sci USA 1995, 92:10521-10525. 

Thompson MA, Ginty DD, Bonni A, Greenberg ME: L-type 
voltage-sensitive Can+ channel activation regulates 
c-fos transcription at multiple levels. I Biol Chem 1995, 
270:4224-4235. 

Tang K, Wu H. Mahata SK, Taupenot L, Rozensky DJ, 
Parmer FU, O’Connor DT: Stimulus-transcriptton coupling 
in pheochromocytoma cells. Promoter region-specific 



426 Signalling mechanisms 

26. 

27. 
. 

activation of chromogranin A biosynthesis. J Biol Chem 1996, 
271:28302-20390. 

Ebihara T, S&en D: Murcarinic acetylcholine receptor-mediated 
induction of &2&l mRNA in PC1 2D cells requires protein 
kinase C and the influx of extracellular calcium. J Neurochem 
1997,6&l 001-l 010. 

Hardingham GE, Chawla S, Johnson CM, Bading H: Distinct 
functions of nuclear and cytoplasmic calcium in the control of 
gene expression. Nature 1997, 385:260-265. 

In AtT20 cells, nuclear injection of BAPTA-de&an significantly reduced the 
degree of nuclear Can+ increase while blocking c-fos CRE. However, c-fos 
SRE, which is also activated by Ca 2+ influx, was insensitive to the reduction 
of Ca”+ in the nucleus, suggesting that CRE and SRE are responsive to 
spatially distinct Ca2+ signals. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 
. . 

Ginty DD, Komhauser JM, Thompson MA, Bading H, 
Mayo KE, Takahashi JS, Greenberg ME: Regulation of CREB 
phosphorylation in the suprachiasmatic nucleus by light and 
a circadian clock. Science 1993, 260:238-241. 

ltoh K, Stevens B, Schachner M, Fields RD: Regulated 
expression of the neural cell adhesion molecule Ll by specific 
patterns of neural impulses. Science 1995,270:1369-l 372. 

Moore AN, Waxham MN, Dash PK: Neuronal activity increases 
the phosphorylation of the transcription factor cAMP response 
element-binding protein (CREB) in rat hippocampus and 
cortex. J Biol Chem 1996,271 :14214-l 4220. 

Bading H, Ginty DD, Greenberg ME: Regulation of gene 
expression in hippocempal neurons by distinct calcium 
signaling pathways. Science 1993, 260:181-l 86. 

Lerea LS, Carlson NG, McNamara JO: N-methyl-D-aspartate 
receptors activate transcription of c-fos and NGFI-A by distinct 
phospholipase A!&requiring intracellular signaling pathways. 
MO/ Pharmacoll995, 47:1119-l 125. 

Liu FC, Takahashi H, McKay RD, Graybiel AM: Dopaminergic 
reaulation of trenscriotion factor exoression in oroanotvoic -_- 
cultures of developing striatum. J hi,urosci 1995,- 
15:2367-2384. 

Bito H, Deisseroth K, Tsien RW: CREB phosphorylation 
and dephorphorylation: a Ca2+- and stimulus duration- 
dependent switch for hippocampal gene expression. Ce// 1996, 
87:1203-1214. 

Prolonged, but not transient, CREB phosphorylation is required for CRE-reg- 
ulated gene induction. The phosphorylation state of CREB is activated by a 
CaMKK-CaMKIV cascade, while a negative regulation is mediated by PPl 
activity, regulated by a cytoplasmic calcineurin. Prolonged synaptic stimula- 
tion induces activity-indiced inactivation of calcineurin, and slows the rate 
of pCREB dephosphorylation, thus allowing synaptic-activity-induced CRE 

35. Liu FC. Gravbiel AM: Soatiotemooral dvnamics of CREB 
. . phosphoryl&on: transient versus susiained phosphorylation 

in the developing striatum. Neuron 1996, 17:1133-l 144. 
In an organotypic striatal slice preparation, sustained, but not transient, 
CREB phosphorylation was found to be critical in c-fos induction. Transience 
of CREB phosphorylation was regulated by a calcineurin-controlled phos- 
phatase gate in striosomal neurons (DARPP-32-positive) but not in matrix 
neurons (DARPP-32-negative). 

36. 

37. 

38. 

39. 

40. 

41. 

Meberg PJ, Kinney WR, Valcourt EG, Routtenberg A: Gene 
expression of the transcription factor NF-kappa B in 
hippocampus: regulation by synaptic activity. MO/ Brain Res 
1996, 38:179-l 90. 

Karin M. Hunter T: Transcriotional control bv orotein 
phosphbrylation: signal transmission fromthe cell surface to 
the nucle’us. Curr Bioll995, 5:747-757. 

Darnell JE Jr: The JAK-STAT pathway: summary of initial 
studies and recent advances. Recent Prog Harm Res 1996, 
51:391-403. 

Sassone-Corsi P: Transcription factors responsive to cAMP. 
Annu Rev Cell Dev Bio/l995,11:355-377. 

Montminy MR: Transcriptional regulation by cyclic AMP. Annu 
Rev Biochem 1997, 66:in press. 

Enslen H, Sun P, Bricke D, Soderling SH, Klamo E, Soderling TR: 
Characterization of Ca !: +/calmodulin-dependent protein 
kinese IV. Role in transcriptional regulation. J Biol Chem 1994, 
269:15520-l 5527. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 
. 

Matthews RP, Guthrie CR, Wailes LM, Zhao X, Means AR, 
McKnight GS: Calcium/calmodulin-dependent protein kinase 
types II and IV differentially regulate CREB-dependent gene 
expression. MO/ Cell Biol 1994, 14:6107-6116. 

Sun P, Enslen H, Myung PS, Maurer RA: Diirential activation of 
CREB by Ca2+/calmodulin-dependent protein kinases type II 
and type IV involves phosphorylation of a site that negatively 
regulates activity. Genes Dev 1994,8:2527-2539. 

Ginty DD, Bonni A, Greenberg ME: Nerve growth factor 
activates a Ras-dependent protein kinase that stimulates 
c-fos transcription via phosphorylation of CREB. Cell 1994, 
77:713-725. 

Bohm M, Moellmann G, Cheng E, Alvarez-Franc0 M, Wagner S, 
Sassone-Corsi P, Halaban R: Identification of p9ORSK as the 
probable CREB-Ser133 kinase in human melanocytes. Cell 
Growth Differentiation 1995, 6:291-302. 

Enslen H, Tokumitsu H, Soderling TR: Phosphorylation of CREB 
by CaM-kinase IV activated by CaM-kinase IV kinase. Biochem 
Biophys Res Commun 1995, 207:1036-l 043. 

Lee HJ, Mignacca RC, Sakamoto KM: Transcriptional activation 
of egr-1 by granulocyte-macrophage colony-stimulating 
factor but not interleukin 3 requires phosphorylation of cAMP 
response element-binding protein (CREB) on serine 133. J Biol 
Chem 1995, 270:15979-l 5983. 

Xing J, Ginty DD, Greenberg ME: Coupling of the RAS-MAPK 
pathway to gene activation by RSKP, a growth factor-regulated 
CREB kinase. Science 1996, 273:959-963. 

By fractionating a growth-factor-stimulated CREB phosphorylating activity, a 
CREB kinase was purified and identified as rsk-2. Dominant-negative rsk-2 
abolished growth-factor-mediated CRE activation, thus highlighting the criti- 
cal importance of a RaslMAPWrsk-2 pathway upstream of CREB phospho- 
tylation during a growth-factor-dependent process. 

49. 

50. 

51. 

52. 

53. 

54. 
. 

Tan Y, Rouse J, Zhang A, Cariati S, Cohen P, Comb MJ: FGF 
and stress regulate CREB and ATF-1 via a pathway involving 
~38 MAP kinase and MAPKAP kinase-2. EMBO J 1996, 
15:4629-4642. 

Janknecht R, Hunter T: Versatile molecular glue. Transcriptional 
control. Curr Bioll996, 6:951-954. 

Janknecht R, Nordheim A: Regulation of the c-fos promoter by 
the ternary complex factor Sap-la and its coactivator CBP. 
Oncogene 1996, 12:1961-l 969. 

Kee BI. Arias J. Montminv MR: Adaotor-mediated recruitment 
of RNA polym&ase II th a signal:dependent activator. J Biol 
Chem 1996,271:2373-2375. 

Janknecht R, Nordheim A: MAP kinase-dependent transcriptional 
coactivation by Elk-l and its cofactor CBP. Biochem Biophys 
Res Commun 1996, 228:831-837. 

Swope DL, Mueller CL, Chrivia JC: CREB-binding protein 
activates transcription through multiple domains. I Biol Chem 
1996,271:28138-26145. 

Association of a PKA-sensitive factor to the amino-terminal portion of CBP 
is sufficient to provide full CBP activation. 

55. Nakajima T, Fukamizu A, Takahashi J, Gage FH, Fisher T, Blenis J, 
. Montminy MR: The signal-dependent coactivator CBP is a 

nuclear target for ppSORSK. Cell 1996, 86:465-474. 
Whereas binding of pp90rsk inhibits CREB-mediated gene induction, it is 
required for Ras-mediated gene expression. 

56. Janknecht R, Hunter T: Transcription: a growing coactivator 
network. Nature 1996, 383:22-23. 

57. 
. . 

Kamei Y, Xu L, Heinzel T, Torchia J, Kurokawa R, Gloss B, Lin SC, 
Heyman RA, Rose DW, Glass CK, Rosenfeld MG: A CBP 
integrator complex mediates transcriptional activation and 
AP-1 inhibition by nuclear receptors. Cell 1996, 86:403-414. 

See annotation [SO**]. 

58. Chakravarti D. LaMorte VJ. Nelson MC. Nakaiima T. Schulman IG. 
. . Juguilon H, Mbntminy M, Evans RM: Rble of’CBP;P300 in 

nuclear receptor signalling. Nature 1996, 383:99-l 03. 
See annotation [SO**]. 

59. Bhattacharya S, Eckner R, Grossman S, Oldread E, Arany Z, 
. . D’Andrea A, Livingston DM: Cooperation of Stat2 and pJOO/CBP 

in signalling induced by interferon-alpha. Nature 1996, 
303:344-347. 

See annotation [SO~~I. 

60. Kwok RP, Laurance ME, Lundblad JR, Goldman PS, Shih H, 
. . Connor LM, Marriott SJ, Goodman RH: Control of cAMP- 



C&+-dependent regulation in neuronal gene expression Bite, Deisseroth and Tsien 427 

regulated enhancers by the viral transactivator Tax through 
CREB and the co-activator CBP. Nature 1996, 380:642-646. 

These papers [57**-60*‘,61-701 illustrate how many transcription factors 
can bind CBP and modify its transactivation potential, providing a convenient 
point of convergence downstream of a wide variety of signaling pathways. 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

66. 

69. 

70. 

71. 

72. 
. . 

Zhang JJ, Vinkemeier U, Gu W, Chakravarti D, Horvath CM, 
Damell JE Jr: Two contact regions between Stat1 and 
CBPIp300 in interferon gamma signaling. Proc N&l Acad Sci 
USA 1996,93:15092-l 5096. 

Arany Z, Huang LE, Eckner R, Bhattacharya S, Jiang C, 
Goldbera MA, Bunn HF, Livingston DM: An essential role for 
p3OO/CBP in the cellular reiponse to hypoxia. Proc Nat/ Acad 
SC; USA 1996,93:12969-l 2973. 

Eckner R, Yao TP, Oldread E, Livingston DM: Interaction and 
functional collaboration of p3OO/CBP and bHLH proteins 
in muscle and B-cell differentiation. Genes Dev 1996, 
10:24?0-2490. 

Smith CL, Onate SA, Tsai MJ, O’Malley BW: CREB binding 
protein acts synergistically with steroid receptor coactivator-1 
to enhance steroid receptor-dependent transcription. Proc Nat/ 
Acad Sci USA 1996, 93:6884-8888. 

Lee JS, Zhang X, Shi Y: Differential interactions of the 
CREB/ATF family of transcription factors with ~300 and 
adenovirus El A. J Biol Chem 1996, 271 :17666-l 7674. 

Yuan W, Condorelli G, Caruso M, Felsani A, Giordano A: Human 
~300 protein is a coactivator for the transcription factor MyoD. 
J Biol Chem 1996,271:9009-9013. 

Oliner JD, Andresen JM, Hansen SK, Zhou S, Tjian R: SREBP 
transcriptional activity is mediated through an interaction with 
the CREB-binding protein. Genes Dev 1996, 10:2903-2911. 

Dai P, Akimaru H, Tanaka Y, Hou DX, Yasukawa T, Kanei-lshii C, 
Takahashi T, lshii S: CBP as a transcriptional coactivator of 
c-Myb. Genes Dev 1996.10:528-540. 

Eckner R, Ludlow JW, Lill NL, Oldread E, Arany Z, Modjtahedi N, 
DeCaprio JA, Livingston DM, Morgan JA: Association of ~300 
and CBP with simian virus 40 large T antigen. MO/ Ce// Biol 
1996,16:3454-3464. 

Perkins ND, Felzien LK, Betts JC, Leung K, Beach DH, 
Nabel GJ: Regulation of NF-kappaB by cyclin-dependent 
kinases associated with the ~300 coactivator. Science 1997, 
275523-527 

Yang XJ, Ogryzko W, Nishikawa J, Howard BH, Nakatani Y: 
A p300/CBP-associated factor that competes with the 
adenoviral oncoprotein EIA. Nature 1996, 362:319-324. 

Bannister AJ, Kouzarides T: The CBP co-activator is a histone 
acetyltransferase. Nature 1996, 384:641-643. *__... 

See annotatIon IyY’.J. 

73. Ogryzko VV, Schiltz RL, Russanova V, Howard BH, Nakatani Y: 
. . The transcriptional coactivators ~300 and CBP are histone 

acetyltransferases. Cell 1996, 87:953-959. 
These two papers [?2”.73”*] demonstrate that CBP is a histone acetyttrans- 
ferase. 

74. Alberini CM, Ghirardi M, Huang YY, Nguyen PV, Kandel ER: 
A molecular switch for the consolidation of long-term memory: 
CAMP-inducible gene expression. Ann NY Acad Sci 1995, 
758:261-286. 

75. 

76. 

Mayford M, Abel T, Kandel ER: Transgenic approaches to 
cognition. Cuff Opin Neurobiol 1995, 5:141-l 48. 

Carew TJ: Molecular enhancement of memory formation. 
Neuron 1996, 16:5-B. 

77. Bartsch D, Ghirardi M, Skehel PA, Karl KA, Herder Se Chen M, 
. . Bailey CH, Kandel ER: A&&a CREB2 represses long-term 

faciliiation: relief of repieision converts-transient facilitation 
into long-term fundiOnal and structural change. Cell 1995, 
83:9?9-992. 

dCREB2, an inhibitory isoform of the CREB gene, is identified as bind- 
ing partner of ApC/EBP. Over-expression of dCREB2 suppresses long- 
term sensitization. and abolishes activity-induced increases in varicosities in 
Aplysia sensory neurons. 

78. Yin JC, Wallach JS, Del Vecchio M, Wilder EL, Zhou H, 
&inn WG. Tullv T: Induction of a dominant neaative CREB 
transgene ‘specifically blocks long-term mem&y in Drosophile. 
Celf 1994, 79:49-58. 

79. Yin JC, Del Vecchio M, Zhou H, Tully T: CREB as a memory 
modulator: induced expression of a dCREB2 activator isoform 

enhances long-term memory in Drosophile. Cell 1995, 
61 :107-l 15. 

80. Yin JC, Tully T: CREB and the formation of long-term memory. 
Curr Opin Neurobioll996, 6:264-266. 

y model is presented in which the balance between CREB activators and 
CREB inhibitors is critical in determining the amount of effective downstream 
transcriptional activation. 

81. Bourtchuladze R, Frenguelli 8, Blendy J, Cioffi D, Schutz G, 
Silva Al: Deficient long-term memory in mice with a targeted 
mutation of the cAMP-responsive element-binding protein. Cell 
1994, 79:59-68. 

82. 
. . 

Kogan JH, Frankland PW, Blendy JA, Coblentz J, Marowitz Z, 
Schutz G, Silva AJ: Spaced training induces normal long-term 
memory in CREB mutant mice. Curr Bioll997, 7:1-l 1. 

In CREBa/G-homozygous knockout mice, long-term memory associated with 
hiDDocamDal function is sianificantlv deficient relative to wild-tvoe mice in 
th;ee inde’pendent learning-paradigms (contextual fear conditioing, Morris 
water maze, social transmission of food preference). However, this defect 
can be rescued if a second trial is provided with an intertrial interval of one 
hour, but not one minute, indicating the critical importance of timing. 

63. 

64. 

65. 

66. 

67. 

66. 

69. 

90. 

91. 

92. 

93. 

94. 

95. 

96. 

97. 
. . 

Lee SL, Sadovsky Y, Swimoff AH, Polish JA, Goda P, Gavrilina G, 
Milbrandt J: Luteinizing hormone deficiency and female 
infertility in mice lacking the transcription factor NGFI-A 
(EQr-I). Science 1996, 273:1219-l 221. 

Xanthoudakis S, Viola JP, Shaw KT, Luo C, Wallace JD, Boua Pr, 
Curran T, Rao A: An enhanced immune response in mice 
lacking the transcription factor NFATl, Science 1996, 
272:892-895. 

Paylor R, Johnson RS, Papaioannou V, Spiegelman BM, 
Wehner JM: Behavioral assessment of c-fos mutant mice. Brain 
Res 1994,651:275-282. 

Brown JR, Ye H, Bronson RT, Dikkes P, Greenberg ME: A defect 
in nurturing in mice lacking the immediate early gene fosB. 
Cell 1996, 86:29?-309. 

Abel T, Nguyen PV, Barad M, Deuel TAS, Kandel ER, 
Bourtchouladze R: Genetic demonstration of a role for PKA in 
the late phase of LTP and in hippocempus-based long-term 
memory. Cell 1997, E&615-626. 

Hagiwara M, Brindle P, Harootunian A, Armstrong R, Rivisr J, 
Vale W, Tsien R, Montminy MR: Coupling of hormonal 
stimulation and transcription via the cyclic AMP-responsive 
factor CREB is rate limited by nuclear entry of protein 
kinase A Mel Cell Biol 1993, 13:4852-4059. 

Luckman SM, Dyball RE, Leng G: Induction of c&s expression 
in hypothalamic magnocellular neurons requires synaptic 
activation and not simply increased spike activity. J Neurosci 
1994,14:4025-4030. 

Okuno S, Fujisawa H: Requirement of brain extract for the 
activity of brain calmodulin-dependent protein kinase IV 
expressed in Escherichia coli. J Biochem 1993, 114:167-l 70. 

Mochizuki H, Sugita R, Ito T, Hidaka H: Phosphorylation 
of Ca*+/calmodulin-dependent protein kinase V and 
regulation of its activity. Biochem Biophys Res Commun 1993, 
197:1595-l 600. 

Lee JC, Edelman AM: A protein activator of Cal+- 
calmodulin-dependent protein kinase la. J Biol Chem 1994, 
269:2158-2164. 

Tokumitsu H, Brickey DA, Glad J, Hidaka H, Sikela J, Soderiing TR: 
Activation mechanisms for Ca2+/celmodulin-dependent protein 
kinase IV. Identification of a brain CeM-kinase IV kinase. J Biol 
Chem 1994,269:26640-20647. 

Okuno S, Kitani T, Fujisawa H: Purification and characterization 
of Caz+/calmodulin-dependent protein kinase IV kinase from 
rat brain. J Biochem 1994, 116:923-930. 

Su 
Ca P 

ita R, Mochizuki H, Ito T, Yokokura H, Kobayashi R, Hidaka H: 
+/celmodulin-dependent protein kinase kinase cascade. 

Biochem Biophys Res Commun 1994, 203:694-701. 

Aletta JM, Selbert MA, Nairn AC, Edelman AM: Activation of a 
calcium-calmodulin-dependent protein kinase I cascade in 
PC1 2 cells. J Biol Chem 1996,271:20930-20934. 

Tokumitsu H, Enslen H, Soderling TR: Characterization of a 
Ca*+/calmodulin-dependent protein kinase cescade. Molecular 
cloning and expression of calcium/calmodulin-dependent 
protein kinase kinase. J Biol Chem 1995, 270:19320-l 9324. 



426 Signalling mechanisms 

Molecular cloning of CaMKK demonstrated that it is a member of the CaMK 
gene family. Coexpression of CaMKK with either CaMKlV or CaMKl dramati- 
cally increase CRE-dependent transcription. 

98. 

99. 

100. 

101. 

102. 

103. 
. 

Kameshita I, Fuiisawa H: Preoaration and characterization of 
calmodulin:dependent protein kinase IV (CaM&inase Iv) free 
of CaM-kinase IV kinase from rat cerebral cortex. J Biochem 
1995, 117:65-90. 

Haribabu 8, Hook SS, Selbert MA, Goldstein EG, Tomhave ED, 
Edelman AM, Snyderman R, Means AR: Human calcium- 
calmodulin depindent protein kinase I: cDNA cloning, domain 
structure and activation by phosphorylation at threonine-177 
by calcium-calmodulin dependent protein kinare I kinase. 
EMBO J 1995,14:3679-3686. 

Selbert MA, Anderson KA, Huang QH, Goldstein EG, Means AR, 
Edelman AM: Phosphorylation and activation of Ca(2+)- 
calmodulin-dependent protein kinase IV by Ca2+-calmodulin- 
dependent protein kinase la kinase. Phosphorylation of 
threonine 196 is essential for activation. J Biol Chem 1995, 
270:17616-17621. 

Edelman AM, Mitchelhill KI, Selbert MA, Anderson KA, Hook SS, 
Stapleton D, Goldstein EG, Means AR, Kemp BE: Multiple Ca2+- 
calmodulin-dependent protein kinase kin&es from rat brain. 
Purification, regulation by Car+-calmodulin, and partial amino 
acid sequence. J Biol Chem 1996, 271 :10606-l 0610. 

Okuno S, Kitani T, Fujisawa H: Evidence for the existence of 
Ca2+/calmodulln-dependent protein kinase IV kinase isoforms 
in rat brain. J Biochem 1996, 119:1176-l 161. 

Okuno S, Kitani T, Fujisawa H: Purification and characterization 
of Ca2+/calmodulin-dependent protein kinase kinase p from 
rat cerebellum. J Biochem 1997, 121 :155-l 60. 

Another CaMKK isoform was found in the cerebellum, a preferred site for 
CaMKlV expression, suggesting a certain degree of tissue-spectiic regulation 
of the CaMKK cascade by differential expression of CaMKK isoforms. 

104. Barthel F, Boutillier AL, Trouslard J, Loeffler JP: Fine tuning 
of calcium entry into neurons regulates adenosine 3’,5’- 
monophosphate-dependent transcription by several distinct 
mechanisms. Neuroscience 1996, 70:1053-l 065. 

105. Desdouits F, Cohen D, Nairn AC, Greengard F’, Girault JA: 
Phosphoryiation of DARPP-32, a dopamine- and CAMP- 
regulatedphosphoprotein, by casein kinase I in vitro and in 
vivo. J Biol Chem 1995, 270:0772-0770. 

Robertson LM, Kerppola TK, Vendrell M, Luk D, Smeyne RJ, 
Bocchiaro C, Morgan JI, Curran T: Regulation of c-fos 
expression in transgenic mice requires multiple 
interdependent transcription control elements. Neuron 1995, 
141241-252. 

106. Wayman GA, Wei J, Wong S, Storm DR. Regulation of type I 
. adenylyl cyclase by calmodulin kinase IV in vivo. MO/ Cell Biol 

1996,16:6075-6062. 
See annotation [113*1. 

Using transgenic lines carrying a few copies of the complete or mutated 
5’-flanking region of the c-fos gene fused to a IacZ reporter, the cooperativity 
of various regulatory elements (e.g. SRE, SIE, FAP and CRE) is established. 

107. Rosen LB, Greenberg ME: Stimulation of growth factor receptor 
signal transduction by activation of voltage-sensitive calcium 
channels. Proc Nat/ Acad Sci USA 1996, 93:1113-l 116. 

120. Loh C, Shaw KT, Carew J, Viola JP, Luo C, Perrino BA, Rao A: 
. . Calcineurin binds the transcription factor NFATl and reversibly 

regulates its activity. J Biol Chem 1996, 271 :10664-l 0691. 
See annotation [122”1. 

NMDA-mediated SRE activation in hippocampai neurons was blocked by 
overexpression of dominant-negative Ras and dominant-negative ERK. 

106. Xia Z, Dudek H, Miranti CK, Greenberg ME: Calcium influx via 
. the NMDA receptor induces immediate early gene transcription 

by a MAP kinase/ERK-dependent mechanism. J Neurosci 1996, 
16:5425-5436. 

121. Shibasaki F, Price ER, Milan D, McKeon F: Role of kinases 
. . 

122. Timmerman LA, Clipstone NA, Ho SN, Northrop JP, Crabtree GR: 

and the phosphatase calcineurin in the nuclear shuttling of 

. . 

transcription factor NF-AT4. Nature 1996, 382:370-373. 
See annotation [122**1. 

Rapid shuffling of NF-AT in discrimination of Ca2+ signals and 

109. Pende M, Fisher TL, Simpson PB, Russell JT, Blenis J, Gallo V: immunosuppression. Nature 1996, 363:637-640. 

Neurotransmitter- and growth factor-induced CAMP response These three papers [120”-122”] examine the activity-dependent nuclear 

element binding protein phosphorylation in glial cell translocation of NFAT, and determine that NFAT shuttling is dependent en- 

progenitors: role of calcium ions, protein kinase C, and tirely on its dephosphorylation by cytoplasmic calcineurin. Once Ca2+ influx 

mitogen-activated protein kinase/ribosomal S6 kinase is terminated, NFAT is rapidly exported from the nucleus, presumably after 

pathway. J Neurosci 1997, 17:1291-l 301. rephosphorylation. 

110. Lev S, Moreno H, Martinez R, Canoll P, Peles E, Musacchio JM, 
. . Plowman GD, Rudy B, Schlessinger J: Protein tyrosine kinase 

PYK2 involved in Ca2+-induced regulation of ion channel and 
MAP kinase functions. Nature 1995, 376:737-745. 

A novel soluble tyrosine kinase, pyk2. was found to be a Ca2+-activated 
tyrosine kinase linked to MAPK activation. 

123. Ho N, Gullberg M, Chatila T: Activation protein 1 -dependent 
transcriptional activation of interleukin 2 gene by 
Ca2+/calmodulin kinase type IV/Gr. J Exp Med 1996, 
164:101-112. 

124. 

111. Buchsbaum R, Telliez JB, Goonesekera S, Feig LA: The 
. . N-terminal pleckstrin, coiled-coil, and IQ domains of the 

exchange factor Ras-GRF act cooperatively to facilitate 
activation by calcium. MO/ Cell Biol 1996, 16:4666-4696. 

Extensive mutagenesis of a brain-specific splice variant of Ras-GRF demon- 
strates the role for IQ domains and others in Can+-dependent activation of 
Ras-GRF. 

Nghiem P, Ollick T, Gardner P, Schulman H: Interleukin-2 
transcriptional block by multifunctional Ca*+/calmodulin 
kinase. Nature 1994, 371~347-350. 

125. 
. . 

Bae YS, Kang SW, Seo MS, Baines IC, Tekle E, Chock PB, 
Rhee SG: Epidermal growth factor (EGO-induced generation 
of hydrogen peroxide: role in EGF receptor-mediated tyrosine 
phosphorylation. J Biol Chem 1997,272:217-221. . 

112. Miranti CK, Ginty DD, Huang G, Chatila T, Greenberg ME: 
Calcium activates serum response factor-dependent 
transcription by a Ras- and Elk-l -independent mechanism that 

EGF-Induced actlvatlon ot gene expresslon IS cntlcally dependent on the 
activation of a tyrosine kinas; cascade initially triggered by tyiosine phospho- 
rylation of the EGF receptor molecule itself. The authors show that this event 
is preceded by an inactivation of a tyrosine phosphatase, which is mediated 
by hydrogen peroxide. 

involves a Ca2+/calmodulin-dependent kinase. MO/ Cell Biol 
1995,15:3672-3664. 

113. Enslen H, Tokumitsu H, Stork PJ, Davis RJ, Soderling TR: 
. Regulation of mitogen-activated protein kinases by a 

calcium/calmodulin-dependent protein kinase cascade. Proc 
Nat/ Acad Sci USA 1996,93:10603-l 0606. 

Two recent papers [106*,113*] have provided examples of crosstalk be- 
tween various activity-dependent signal cascades. Wayman et a/. [106’] 
showed adenylyl cyclase type I is inhibited upon specific phosphorylation by 
CaMKlV but not CaMKII. In their paper, Enslen et al. [113*1 provide evidence 
for an interplay between CaMK$ and MAPKs: overexpre&ion of activated 
forms of CaMKlV and CaMKK increased substantially the basal activity of 
MAPKs (ERKl, ERK2, JNKl, and ~36) and SRE-dependent transcription. 
Furthermore, Wayman et al. (GA Wayman, H Tokumitsu, TR Soderling, Sot 
Neurosci Abstr 1996, 22:372) suggest that PKA-induced phosphorylation 
of CaMKKa inhibits its activity towards CsMKIV. 

114. 

115. 

116. 

1 1 7. 

116. 

119. 
. . 

Hart MJ, Callow MG, Souza B, Polakis P: IQGAPl. a calmodulin- 
binding protein with a rasGAP-related domain, is a potential 
effector for cdc42Hs. EMBO J 1996,15:2997-3005. 

Kuroda S, Fukata M, Kobayashi K, Nakafuku M, Nomura N, 
lwamatsu A, Kaibuchi K: Identification of IQGAP as a putative 
target for the small GTPases, Cdc42 and Racl. J Biol Chem 
1996, 271:23363-23367. 

Brill S, Li S, Lyman CW, Church DM, Wasmuth JJ, Weissbach L, 
Bemards A, Sniiders AJ: The Ras GTPase-activatina-Protein- 
related human-protein IQGAPP harbors a potential actin 
binding domain and interacts with calmodulin and Rho family 
GTPases. Mel Cell Biol 1996, 16:4669-4676. 

McCallum SJ, Wu WJ, Cerione RA: Identification of a putative 
effector for Cdc42Hs with high sequence similarity to the 
RasGAP-related protein IQGAPl and a Cdc42Hs binding 
partner with similarity to IQGAPL J Biol Chem 1996, 
271121732-21327. 

Tokiwa G, Dikic I, Lev S, Schlessinger J: Activation of Pyk2 
by stress signals and coupling with JNK signaling pathway. 
Science 1996, 2731792-794. 



Caw-dependent regulation in neuronal gene expression Bito, Deisseroth and Tsien 429 

1 26. Shuai K, Liao J, Song MM: Enhancement of antiproliferative 
. activity of gamma interferon by the specific inhibition of 

tyrosine dephosphorylation of STATl. MO/ Cell Biol 1996, 
16:4932-4941. 

See annotation Il27.1. 

127. Haspel RL, Salditt-Georgieff M, Darnell JE Jr: The rapid 
. inactivation of nuclear tvrosine ohosohorvlated STAT1 

depends upon a protein tyrosine phosphitase. EM80 J 1996, 
15~6262-6268. ._._-. - .---. 

These two papers [126*,127*] establish the involvement of a nuclear tyrosine 
phosphatase in the inactivation of STAT. 

126. 

129. 

130. 

131. 

132. 

133. 

Martin KC, Ksndel ER: Cell adhesion molecules, CREB, and 
the formation of new synaptic connections. Neuron 1996, 
l7:567-570. 

Mayford M, Barzilai A, Keller F, Schacher S, Ksndel ER: 
Modulation of an NCAM-related adhesion molecule with long- 
term synaptic plasticity in A&&% Science 1992, 266:638-644. 

Bailey CH, Chen M, Keller F, Kandel ER: Serotonin-mediated 
endocytosis of apCAM: an early step of learning-related 
synaptic growth in &&a. Science 1992, 256:645-649. 

Fazeli MS, Breen K, Errington ML, Bliss TVP: Increase in 
extracellular NCAM and amyloid precursor protein following 
induction of long-term potentiation in the dentate gyrus of 
anaesthetired rats. Neurosci Leti 1994, 169:77-60. 

Muller D, Wang C, Skibo G, Toni N, Cremer H, Calaora V, 
Rougon G, Kiss Ji!: PSA-NCAM is required for activity-induced 
synaptic plasticity. Neuron 1996, 17:413-422. 

Cremer H, Lange R, Christoph A, Plomann M, Vopper G, Roes J, 
Brown R, Baldwin S, Kraemer P, Scheff S et a/.: Inactivation 
of the N-CAM gene in mice results in size reduction of the 

olfactory bulb and deficits in spatial learning. Nature 1994, 
367:455-459. 

134. Seeds NW, Williams BL, Bickford PC: Tissue plasminogen 
. activator induction in Purkinje neurons after cerebellar motor 

learning. Science 1995, 270:1992-l 994. 
Tissue plssminogen activator was significantly induced in the Purkinje neu- 
rons of mice performing cerebellar motor tasks compared to control mice. 

135. 

136. 

137. 

136. 
. 

Huang YY, Bach ME, Lipp HP, Zhuo M, Wolfer DP, Hawkins RD, 
Schoonjans L, Ksndel ER, Godfraind JM, Mulligan R et al: Mice 
lacking the gene encoding tissue-type plasminogen activator 
show a selective interference with late-phase long-term 
potentiation in both Schaffer collateral and mossy fiber 
pathways. Proc Nat/ Acad Sci USA 1996, 93:8699-8704. 

Andreasson K, Worley PF: Induction of beta-A activin expression 
by synaptic activity and during neocortical development 
Neuroscience 1995, 69:781-796. 

Tsui CC, Copeland NG, Gilbert DJ, Jenkins NA, Barnes C, 
Worley PF: Narp. a novel member of the pentraxin family, 
promotes neurite outgrowth and is dynamically regulated by 
neuronal activity. J Neurosci 1996, 16:2463-2478. 

Lyford GL, Yamagata K, Kaufmann WE, Barnes CA, Sanders LK, 
Copeland NG, Gilbert DJ, Jenkins NA, Lsnahsn AA, Worley PF: 
Arc, a growth factor and activity-regulated gene, encodes 
a novel cytoskeleton-associated protein that is enriched in 
neuronal dendrites. Neuron 1995, 141433-445. 

Following stimulation, both Arc mRNA and protein were induced and en- 
riched in the dendrites. Association of Arc with cytoskeletal elements was 
suggested both in viva and in vitro, suggesting a role for Arc in activity-de- 
pendent plasticity of dendritic structures. 

139. Kaufmann WE, Worley PF, Pegg J, Bremer M, lsakson P: COX-2, 
a synaptically induced enxyme. is expressed by excitatory 
neurons at postsynaptic sites in rat cerebral cortex. Proc Nat/ 
Aced Sci USA 1996, 93:2317-2321. 


