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Calcium Signaling in Neurons:
Molecular Mechanisms and
Cellular Consequences

Anirvan Ghosh and Michael E. Greenberg*

Neuronal activity can lead to marked increases in the concentration of cytosolic cal-
cium, which then functions as a second messenger that mediates a wide range of
cellular responses. Calcium binds to calmodulin and stimulates the activity of a variety
of enzymes, including calcium-calmodulin kinases and calcium-sensitive adenylate
cyclases. These enzymes transduce the calcium signal and effect short-term biological
responses, such as the modification of synaptic proteins and long-lasting neuronal
responses that require changes in gene expression. Recent studies of calcium signal-
transduction mechanisms have revealed that, depending on the route of entry into a
neuron, calcium differentially affects processes that are central to the development and
plasticity of the nervous system, including activity-dependent cell survival, modulation
of synaptic strength, and calcium-mediated cell death.

Tonic conductances in neurons have long
been a focus of research in neurobiology
because of their central role in the control
of cell excitability and synaptic transmis-
sion. More than 40 years ago our under-
standing of the propagation of electrical
signals in neurons was revolutionized by the
work of Hodgkin, Huxley, Katz, and others
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who described how voltage-sensitive sodi-
um and potassium conductances mediate
the active propagation of action potentials
along the axon (I). In subsequent years,
study of ionic conductances during synaptic
transmission led to the current view that
entry of calcium ions (Ca?*) into the pre-
synaptic terminal is the trigger for neuro-
transmitter release. It is now widely accept-
ed that the propagation of electrical signals
between cells is mediated by the binding of
neurotransmitter molecules to their recep-
tors, which act as ligand-gated channels
that regulate the influx and efflux of ions
into and from the postsynaptic cell (1).
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Although the importance of ion fluxes
in fast synaptic transmission and the role of
intracellular calcium in modulating the bio-
physical properties of membranes have been
known for some time (1), it has become
increasingly apparent during the last decade
that changes in intracellular Ca?* can act
much more broadly to influence events
such as neuronal survival (2, 3), axon out-
growth (4), and changes in synaptic
strength (5). Moreover, depending on the
mode of Ca?* entry and the cellular con-
text, Ca?* can mediate disparate biological
effects. For example, Ca?* influx through
voltage-sensitive Ca?* channels can lead to
increased cell survival of embryonic neu-
rons from the central and peripheral ner-
vous systems (2). Yet Ca?" influx does not
always result in cell survival, and Ca®*
influx via the N-methyl D-aspartate
(NMDA) subtype of glutamate receptors in
postnatal neurons mediates excitotoxic cell
death (3). Although it is not clear how
Ca?™" could cause such dramatically differ-
ent outcomes, an intriguing possibility is
that the mode of Ca?" entry may be a
critical determinant of cell survival (6).

Ca?* also appears to be a central medi-
ator of adaptive responses (plasticity) in the
nervous system. In recent years the function
of Ca™ in synaptic plasticity has been most
extensively examined in a cellular model of
plasticity called long-term potentiation
(LTP) (5). LTP and long-term depression
(LTD) are examples of synaptic transmis-
sion—dependent changes in synaptic effica-
¢y, and the mechanisms that underlie this
kind of synaptic plasticity are thought to
represent the molecular substrates of learn-
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ing and memory. The induction of LTP and
LTD in hippocampal slices requires the ac-
tivation of NMDA receptors (NMDArs)
and the subsequent influx of Ca** into the
postsynaptic cell (5).

As suggested by these examples, intra-
cellular Ca?* is likely to be a central medi-
ator of development and plasticity in the
nervous system, and consequently there has
been widespread interest in understanding
the mechanisms by which changes in intra-
cellular Ca?* can lead to diverse, long-
lasting biochemical and cellular changes. In
this review we consider the possibility that
in addition to changes in the level of intra-
cellular Ca?™, the route of Ca?* entry and
its intracellular localization give rise to the
activation of specific biochemical signaling
pathways that mediate particular biological
responses.

Modes of Calcium Entry

The concentration of intracellular free Ca?*
in most neurons is about 100 nM. This low
resting concentration is maintained by the
action of membrane-associated Ca?* aden-
osine triphosphatases (Ca?* pumps), which
must act against a fairly steep concentration
gradient to pump Ca’* into the two major
sinks—the extracellular space and the inter-
nal Ca’* stores of the endoplasmic reticu-
lum (ER), where the Ca?* concentration is
typically about 2 mM (7).

There are two major mechanisms by
which Ca?* enters the cytosol from these
Ca®"* sinks. The first is by influx of extra-
cellular Ca?* through various Ca?* chan-
nels embedded within the plasma mem-
brane. The second is by release of Ca?*
from the internal stores. The entry of Ca?*
into the cytosol can be regulated by multi-
ple mechanisms, allowing for exquisite spa-
tial and temporal control of Ca?™* by signals
such as neurotransmitters and growth fac-
tors that act at the cell surface.

Calcium influx from the extracellular space.
In most neurons of the central nervous
system (CNS) there are at least two major
classes of Ca’* channels: the voltage-sensi-
tive Ca?* channels (VSCCs) and the
NMDArs. In addition, subsets of central
neurons express other Ca?*-permeable
channels including the neuronal acetylcho-
line receptor (nAChR), the type 3 seroto-
nin receptor (SHT;R), and the Ca?*-per-
meable AMPA and kainate glutamate re-
ceptors. The opening of VSCCs is regulated
by the local membrane potential. On the
basis of electrophysiological criteria as well
as sensitivity to pharmacological agents,
VSCCs can be classified into a number of
subtypes (8). Inhibitors of specific Ca?*
channels have been used to determine the
contribution of the various VSCC subtypes
to the total Ca?t current, and in CNS
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neurons most of the voltage-sensitive Ca’™*
current appears to be carried by the L-, N-
and P-type Ca?* channels (8). These Ca?*
channel subtypes have distinct functions
within neurons. For example, N- and P-
channels have been implicated in the con-
trol of neurotransmitter release (9), whereas
L-channels are thought to be involved in
modulating the release of certain neuro-
transmitters and in regulating Ca?*-depen-
dent signaling events in postsynaptic neu-
rons (10).

Because the various subtypes of Ca’*
channels have distinct gating characteris-
tics and kinetics of inactivation, the influx
of Ca?" through different VSCCs is likely
to be acutely sensitive to the strength and
duration of synaptic stimulation. The acti-
vation of specific VSCCs may also depend
on the subcellular localization of the chan-
nels because VSCC subtypes are differen-
tially distributed within individual neurons.
For example, in hippocampal pyramidal neu-
rons the L-channels are concentrated at the
base of the apical dendrites (11), whereas the
N-channels are more broadly distributed
(12). Such differences in Ca?* channel lo-
calization could allow for increases in intra-
cellular Ca?* in specific subcellular com-
partments in response to synaptic stimula-
tion. As discussed in the next section, Ca?™*
imaging experiments support this prediction.

Although much of our understanding of
Ca?* channels comes from the study of
VSCCs, in recent years the NMDAr has
been intensively studied because of its in-
volvement in events such as synaptic plas-
ticity and cell death. A striking feature of
the NMDAr is that, in contrast to most
other ion channels, it is a ligand- and volt-
age-gated channel (13). Opening of the
channel requires the binding of the neuro-
transmitter glutamate as well as a depolar-
ization of the membrane. The voltage de-
pendence of the channel arises from the
fact that at resting potential the channel is
blocked by extracellular magnesium ions
(Mg?™). Depolarization of the membrane
allows the Mg?*-block to be relieved, and
in the open state the NMDAr allows the
entry of both Ca?* and sodium (Na™) ions.
Since the induction of LTP is completely
blocked by the inhibition of NMDArs as
well as by chelating intracellular Ca?*, the
prevailing hypothesis is that Ca?* influx
through the NMDAr leads to the potenti-
ation of active synapses (5).

Like Na* and potassium ion (K*) chan-
nels, Ca?* channels are multisubunit hetero-
mers (13). In VSCCs, the al subunit serves
as both the pore and the voltage sensor,
although the other subunits also significantly
affect the Ca?* current amplitude (14). The
cloning of various glutamate receptor sub-
units has revealed that a single residue in the
M2 transmembrane segment plays a critical
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role in determining Ca?" permeability. All
NMDA' subunits bear an asparagine residue
at position 16 of the M2 region, and substi-
tution of an arginine at this position dramat-
ically reduces Ca?* permeability (15). Ca?*
permeability through AMPA receptors is
controlled by RNA editing at this same po-
sition (16).

Both VSCCs and NMDAr subunits
have intracellular loops that include poten-
tial phosphorylation sites for a number of
kinases. There is accumulating evidence
that NMDAr function can be modulated by
channel phosphorylation. For example, ac-
tivators of protein kinase C (PKC) poten-
tiate NMDAr function in central neurons,
and recently it has been shown that the
NRI subunit of the NMDAr is directly
phosphorylated by PKC in neuronal cell
cultures (17). Recent evidence suggests
that voltage-sensitive ion channels and
NMDAs can also be regulated by tyrosine
phosphorylation (18). This is of interest not
only from the perspective of channel mod-
ulation, but also because tyrosine phospho-
rylation may allow these channel proteins
to influence intracellular signaling through
direct intermolecular interactions. A cen-
tral mechanism in the propagation of intra-
cellular signals in response to receptor ty-
rosine kinase activation is the interaction of
phosphorylated tyrosine residues on the re-
ceptor with SH2 domain—containing sig-
naling molecules (19). The identification of
SH2 domain—containing proteins that can
interact with phosphorylated channel pro-
teins could dramatically alter current views
of ion channel signaling.

Cadlcium release from internal calcium
stores. Although a major route of Ca’* entry
into the cytosol is through plasma mem-
brane Ca?* channels, release from internal
Ca’™ stores also contributes significantly to
the concentration of intracellular free Ca?™*
(20). There appear to be at least two pools of
internal Ca?™ stores in the ER, and the
release of Ca?* from these two pools is
mediated by distinct mechanisms. The first
mechanism is by the binding of inositol
triphosphate (IP;) to its receptor on the ER
membrane (20). IP; is a central regulator of
intracellular free Ca?* that is generated by
exposure of cells to a variety of stimuli,
including growth factors and neurotransmit-
ters that act through guanosine triphosphate
(GTP)-binding protein (G protein)-linked
receptors.

Another mechanism by which Ca?* is
released from the internal stores is by Ca?*-
mediated Ca?* release (20). This mecha-
nism is regulated by the activation of the
ryanodine receptor (RyanR, named after its
specific agonist ryanodine), which has been
extensively studied in muscle cells where it
plays a critical role in excitation-contraction
coupling. Although RyanRs regulate intra-



cellular Ca?* in both skeletal and cardiac
muscle, the activation of RyanRs in these
two tissues differs in an important aspect.
Whereas depolarization of skeletal muscle
directly activates RyanRs (by voltage-sensi-
tive activation), in cardiac muscle Ca?* in-
flux through dihydropyridine-sensitive chan-
nels is the trigger for RyanR activation (20).
RyanRs expressed in brain appear to be more
closely related to cardiac muscle RyanRs,
suggesting that its activation may also be
mediated by Ca?* influx through dihydro-
pyridine-sensitive Ca?* channels. Cardiac
(and presumably neuronal) RyanR activa-
tion has a biphasic Ca?* response. The Ry-
anR-activated channel opens at Ca?* con-
centrations of 100 nM to 1 puM, but is in-
hibited at Ca?* concentrations above 10
uM (20). Therefore, the release of Ca?*
from RyanR-activated internal stores may be
acutely sensitive to the magnitude of Ca**
influx after synaptic stimulation.

The IP; receptor and RyanR have been
extensively studied because of their role in
the generation of intracellular Ca?* waves
and oscillations (20, 21). In terms of neu-
ronal signaling an intriguing possibility is
that the generation of such intracellular
Ca?* waves could be influenced by patterns
of synaptic input. By such a mechanism
information about the stimulus strength or
frequency could be translated into Ca?™*-
dependent biochemical changes within the
postsynaptic cell.

There have been two important recent
advances in our understanding of RyanR
activation. The first is that a cellular target
of the immunosuppressant FK506, called
FKBP12, appears to be an intregal part of
the RyanR complex and can influence both
the stability of the channels and their prob-
ability of being in the open state (22). The
second observation is that a newly identified
nucleotide, cyclic ADP-ribose (cADPR),
appears to be an important effector of Ca?*-
dependent Ca?* release. cADPR directly
activates the cardiac (and presumably the
neuronal) but not the skeletal RyanR.
Moreover, it appears that accessory proteins,
such as calmodulin, can modulate the action
of cADPR on RyanR activation (23).

Not only can Ca** enter the cytosol
from the extracellular environment or in-
ternal Ca?™ stores, but in each case multi-
ple receptors can potentially participate in
regulating the entry of Ca?* into the cell,
and the intracellular Ca?* signal can be
significantly affected by Ca?*-binding pro-
teins that can act as local Ca?* buffers (7).
What is the biological importance of hav-
ing multiple mechanisms by which intracel-
lular Ca?™ can be regulated? One possibility
is that specific patterns of synaptic stimula-
tion may lead to localized increases in in-
tracellular Ca®*. This could result, for ex-
ample, from the differential activation of
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plasma membrane Ca?* channels or from
the activation of different intracellular
Ca?* stores. Such localized increases in in-
tracellular Ca?* could then allow for a large
number of cellular responses to be mediated
by the activation of specific Ca?*-sensitive
biochemical pathways.

Imaging of Intracellular
Calcium Dynamics

The existence of multiple routes of Ca?*
entry into the cytosol could allow for local-
ized increases in intracellular Ca?* in re-
sponse to different kinds of stimuli. Indeed,
recent Ca’*-imaging experiments support
the hypothesis that the mode of Ca?* entry
is an important determinant of the spatial
pattern of Ca?™ increase in neurons. These
imaging experiments indicate that synaptic
stimulation can lead to highly localized in-
creases in intracellular Ca?*. Consequently
the spatially restricted activation of Ca?*-
sensitive second messenger molecules may
allow for the activation of distinct bio-
chemical signaling pathways.

Direct imaging of intracellular Ca**
with Ca’*-sensitive dyes (24) has provided
important insights into the regulation of
intracellular Ca?* in neurons and its bio-
logical consequences. For instance, excito-
toxic stimulation of cultured CNS neurons
is associated with a biphasic increase in
cytosolic Ca?* (3, 25). There is an initial
transient increase in intracellular Ca?* fol-
lowed by a variable period (typically on the
order of hours) during which Ca?* is main-
tained at resting levels. Eventually there is a
loss of Ca?* homeostasis that leads to cell
death. The source of Ca?* entry appears to
be an important determinant of eventual
loss of Ca?" homeostasis and cell death.
When NMDAr or VSCCs on spinal cord
neurons in culture are activated so that they
lead to equivalent initial increases in intra-
cellular Ca?*, NMDArr activation results in
significantly more cell death (6). Therefore
the biochemical pathways that eventually
lead to cell death appear to be preferentially
activated by NMDAr stimulation.

Although many of the initial Ca?* im-
aging experiments were done on cells in
culture, the development of confocal fluo-
rescence microscopy has allowed for the
imaging of Ca" in single neurons in brain
slices in response to synaptic stimulation. It
has been of particular interest to determine
how synaptic activity affects intracellular
Ca?* in hippocampal CAl neurons where
the relation between patterns of synaptic
activity and synaptic plasticity has been
extensively explored. Transsynaptic stimu-
lation of pyramidal neurons from the CAl
region of the hippocampus at frequencies up
to 20 Hz produces an increase in the intra-
cellular Ca?* concentration from less than
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100 nM to over 1 pM in the proximal
apical and basal dendrites (Fig. 1A) (26).
Moderate, and somewhat more sustained,
Ca’" increases are also seen in the soma.
The overall pattern of Ca’?* increase ap-
pears to be independent of the location of
afferent fibers being stimulated and can be
mimicked by direct depolarization of the
postsynaptic cell by current injections. This
increase in intracellular Ca?™ levels is me-
diated largely by the activation of VSCCs.
At stimulation frequencies higher than 20
Hz, which reliably lead to the induction of
LTP, an additional component of the Ca?*
increase can be seen. At these higher fre-
quencies, there is a marked increase in in-
tracellular free Ca?™ in dendritic regions
that receive direct synaptic input (Fig. 1A).
This localized increase in Ca?™ is mediated
by the activation of NMDArs and may
therefore be directly involved in the induc-
tion of LTP (26). High-resolution imaging
experiments indicate that synaptic stimula-
tion of hippocampal neurons can produce
Ca’?* increases in individual dendritic
spines (27). These observations support the
possibility that highly localized changes in
postsynaptic Ca?* levels may allow for the
synapse specificity of LTP.

Whereas the experiments on hippocam-
pal neurons show how the frequency of
stimulation can influence the pattern of
intracellular Ca?™* increase, experiments on
Purkinje neurons provide evidence that ac-
cumulation of intracellular Ca?™ may be a
mechanism by which input from a number
of synapses could be locally integrated (28).
Recent experiments indicate that stimula-
tion of parallel fiber inputs onto terminal
spiny dendrites of Purkinje neurons leads to
an increase in postsynaptic Ca’?* within a
restricted region of the terminal dendrites
and associated spines (Fig. 1B) (28). What
is surprising is that the recruitment of more
parallel fibers to the presynaptic input by
increasing stimulus strength gives rise to an
increase in the localized intracellular Ca?*
concentration without notably changing
the spatial distribution of the Ca?* increase
within the dendrite. This increase in Ca?*
can be detected even in response to sub-
threshold stimuli (which do not result in
the generation of action potentials) and
suggests a mechanism by which subthresh-
old synaptic inputs could be integrated in a
localized region of the cell and possibly lead
to modulation of synaptic efficacy in a re-
stricted cellular compartment (28). This
observation is significant because Ca®* in-
creases in Purkinje cell dendrites are re-
quired for LTD of parallel fiber inputs and
for activity-dependent changes in inhibito-
ry inputs (29).

The above experiments are just a few
examples from an emerging body of evi-
dence suggesting that local Ca?™* increases
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may reflect temporal and spatial integration
of inputs in restricted regions of the cell
(30). These Ca’*-imaging experiments
complement long-standing electrophysi-
ological studies which indicate that neuro-
nal activity can give rise to increases in
postsynaptic Ca?* through the activation of
various Ca®*-permeable channels. Further
elucidation of the mechanisms that control
increases in intracellular Ca?* in response
to various stimuli should be facilitated by
the development of high-resolution Ca?*-
imaging technology and will likely provide
important new insights.

Activation of Calcium-Sensitive
Second Messengers

As Ca’* enters the cytosol, it encounters a
number of proteins that regulate its bio-
chemical effects. Central among them is
calmodulin, a small Ca?*-binding protein,
which can act as an intracellular Ca?* sen-
sor (7, 31). Ca?*-calmodulin (CaM) binds
to a number of enzymes and modulates their
activity. These include CaM-dependent
protein kinases (CaM kinases), protein
phosphatases, and adenylate cyclases. These
enzymes can either act locally at the syn-
apse by inducing the modifications of pre-
existing synaptic proteins or can mediate
more general cellular responses by activat-
ing molecules involved in the regulation of
gene expression.

Calcium-calmodulin—dependent protein ki-
nases. Of the five CaM kinases that have
been identified, CaM kinases II and IV
have been best characterized. Both have
broad substrate specificities and, therefore,
may regulate a number of Ca?*-dependent
biochemical events. Whereas CaM kinase
II has been extensively studied as a poten-
tial mediator of Ca?*-dependent synaptic
changes, CaM kinase IV and certain iso-
forms of CaM kinase II may be specifically
involved in mediating transcriptional acti-
vation of gene expression in response to
changes in intracellular Ca?*. Our focus in
this section will be on CaM kinase I and its
mediation of biochemical changes in re-
sponse to increases in synaptic Ca®*.

A number of studies on the localization,
activation, and perturbation of CaM kinase
II present a compelling case that CaM ki-
nase II is directly involved in the regulation
of synaptic plasticity (31). CaM kinase II is
enriched in the cortex and hippocampus
and is concentrated both pre- and postsyn-
aptically. CaM kinase II isolated from brain
contains a and B subunits in a ratio of
about 4:1 (31). Unlike protein kinase A
(PKA) and PKC, in which there are sepa-
rate catalytic and regulatory subunits, each
subunit of CaM kinase II has catalytic ac-
tivity. In the resting state, an autoinhibitory
domain of the kinase keeps the catalytic site
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Fig. 1. Temporal and
spatial integration of syn-
aptic inputs by localized
increases in intracellular
calcium. (A) Schaffer col-
lateral stimulation of hip-
pocampal CA1 neuron.
Low-frequency stimula-
tion of hippocampal neu-
rons leads to increases in
intracellular Ca2* levels in
the proximal basal and
apical dendrites, as well
as in the soma (green stip-
pling) via the activation of
VSCCs. At higher fre-
quencies of stimulation,
an additional component
of Ca2* increase mediat-
ed by the NMDAr can be
seen that is restricted to
the active synaptic re-
gions (red stipping). (B) RWA\
Parallel fiber stimulation of b
Purkinje cell dendrites. At

jLAction potential propagation along axon.
Spatial distribution of Ca2+ increase.

low stimulus strength par-

allel fiber activation results in a localized increase in intracellular Ca2* in Purkinje cell dendrites (red
stippling). Recruiting more parallel fibers to the presynaptic volley by increasing stimulus strength results
in a greater increase in postsynaptic Ca2+ without affecting the subcellular distribution of the Ca2*

increase. [Adapted from (26, 28)]

inaccessible (32). This inhibition can be
relieved by the binding of CaM to the
autoinhibitory domain. The kinase thus ac-
tivated can not only phosphorylate sub-
strates at serine residues but also undergoes
autophosphorylation at a number of sites.
The autophosphorylation of CaM kinase
II causes the enzyme to switch to a Ca?*-
independent form, that is, the kinase main-
tains catalytic activity even after intracel-
lular Ca** concentrations have returned to
basal levels (33). This is the property of
CaM kinase II that initially led to the pro-
posal that it could function as a “memory
molecule” and might contribute to long-
term modulation of synaptic function. Site-
directed mutagenesis experiments indicate
that of the multiple autophosphorylation
sites, phosphorylation at Thr?8¢ is both nec-
essary and sufficient for the generation of
Ca’*-independent activity (34). Autophos-
phorylation of Thr?® also markedly in-
creases the affinity of the kinase for cal-
modulin. After Thr?8 phosphorylation, the
time constant for dissociation of calmodulin
increases to about 10 s from about 0.2 s
prior to autophosphorylation, and this trap-
ping of calmodulin can allow CaM kinase 11
to remain in an active state even as intra-
cellular Ca?* levels decline (35).:
Physiological stimuli lead to the activa-
tion of CaM kinase II and to the generation
of the Ca?*-independent form of the en-
zyme (36). Particularly noteworthy are
changes in CaM kinase II activity that ac-
company the induction of LTP. Stimuli
that give rise to LTP in hippocampal slices
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also lead to significant increases in CaM
kinase II enzymatic activity (36). Immuno-
staining of cultured hippocampal neurons
with a phospho-specific antibody that rec-
ognizes the Thr*®_phosphorylated form of
CaM kinase II indicates that activation of
NMDAT, which is required for LTP induc-
tion, leads to autophosphorylation of CaM
kinase II at Thr® (36).

Perturbation experiments also support a
role for CaM kinase II in the induction of
LTP. For example, microinjection of a pep-
tide that selectively inhibits CaM kinase II
activity by binding to its catalytic site pre-
vents the induction of LTP in the CAl
region of the hippocampus (37), and a tar-
geted gene disruption of the CaM kinase 11
a-subunit produces a deficiency in the in-
duction of LTP (37). The CaM kinase II
null mutant mice also have a deficit in
certain spatial learning tasks. Taken togeth-
er, these observations support a role for
CaM kinase II in learning and memory.

Because CaM kinase II is thought to
mediate certain neuronal adaptive respons-
es, there is considerable interest in identi-
fying the substrates of this enzyme. Most
putative targets of CaM kinase Il have been
identified by in vitro kinase assays. In sev-
eral instances physiological stimuli that
lead to increased intracellular Ca?* levels
result in the phosphorylation of these sub-
strates at sites that are also phosphorylated
by CaM kinases II in vitro. Substrates de-
fined in this way include MAP2, synapsin I,
and the non-NMDA glutamate receptor
subunit, GluR1 (31, 38). Because MAP2 is



a microtubule-associated protein, its phos-
phorylation may be involved in Ca®*-in-
duced structural changes at the synapse.
Both synapsin I (a synaptic vesicle—associ-
ated protein) and GluR1 are involved in
synaptic transmission, and their phospho-
rylation by CaM kinase II may modulate
synaptic efficacy. Indeed, phosphorylation
of GluR1 by CaM kinase II increases chan-
nel conductance (38). Such a mechanism
may be involved in the change in postsyn-
aptic response following the induction of
LTP (39). These observations suggest that
CaM kinase 11 may regulate neuronal adap-
tive responses, at least in part by regulating
the function of various synaptic proteins.

Calcium-calmodulin—dependent  adenylate
cyclases. Although CaM kinases are impor-
tant transducers of Ca®™ signals, changes in
intracellular Ca?* can also influence bio-
chemical events by activating other second
messenger systems. One example is the abil-
ity of Ca’* to influence cyclic AMP
(cAMP) levels by the activation of CaM-
dependent adenylate cyclases. Ca?* regula-
tion of cCAMP concentration may be quite
important because CaM-sensitive adenylate
cyclase is required for certain forms of learn-
ing. For example, the Drosophila learning
mutant rutabaga lacks CaM-sensitive adenyl-
ate cyclase activity (40), and a Ca?*-sensi-
tive adenylate cyclase is involved in classical
conditioning of the Aplysia gill withdrawal
reflex (41). Also, inhibitors of PKA prevent
the induction of LTP in hippocampal slices,
suggesting that the cAMP pathway contrib-
utes to synaptic plasticity (42). Finally, mice
carrying a targeted mutation of the type I
adenylate cyclase are deficient in certain
tests of spatial learning (43).

Several CaM-sensitive adenylate cyclases
have been identified in the brain. Of par-
ticular interest is the type I Ca’*-sensitive
adenylate cyclase (I-AC), which is highly
expressed in the hippocampus and neocor-
tex, regions associated with activity-de-
pendent plasticity (44). Although it re-
mains to be shown that CaM-sensitive
adenylate cyclase is activated in neurons
in response to synaptic stimulation in
vivo, preliminary reports are consistent
with such a possibility. For example, in
[-AC-~transfected human kidney 293 cells,
Ca’" ionophores cause a marked increase
in cAMP concentrations (45). Moreover,
adenylate cyclase activity can be synergis-
tically activated by Ca?* and G,-coupled
receptors (46). This observation suggests
that Ca’>" may serve to amplify neuro-
transmitter-induced increases in cAMP.
By such a mechanism Ca’?" influx could
act as a switch to permit biochemical mod-
ifications that require a certain threshold
of cAMP levels. It will be of interest to
determine if Ca®*-sensitive adenylate cy-
clases are activated in response to NMDAr

SIGNAL TRANSDUCTION: ARTICLES

stimulation and if such a mechanism is
involved in Ca?*-dependent adaptive re-
sponses in neurons.

Propagation of Calcium Signals
to the Nucleus

Ca’"* signals are also propagated to the
nucleus, where they elicit profound changes
in gene expression that are critical for prop-
er neuronal function. Although the induc-
tion of LTP is a rapid event that most likely
involves modifications of existing synaptic
proteins, the long-term maintenance of
LTP depends on new protein synthesis and
transcription (47). Likewise, a requirement
for new gene expression has been demon-
strated for certain forms of associative
learning in the marine mollusc Aplysia (48).
It is also likely that Ca?* regulation of
neuronal survival is mediated by the acti-
vation of specific genes (2). In each of these
cases, the Ca?* signal must be transmitted
to the nucleus, and recent observations sug-
gest that there are at least two major mech-
anisms by which this may be achieved. One
possibility is that changes in intracellular
Ca?* could directly lead to the activation of
Ca?*-sensitive nuclear enzymes. Alterna-
tively, the activation of Ca?*-sensitive cy-
tosolic enzymes (such as a CaM kinase)
could result in the activation of target sig-
naling molecules that translocate to the
nucleus to influence gene expression. This
would be analogous to the mechanism by
which growth factor signals are propagated
to the nucleus (19).

Calcium activation of CaM kinases within
the nucleus. Ca®* signals can be propagated
to the nucleus by the direct interaction of
Ca?* with effector molecules localized
within the nucleus. Both the activation of
NMDAr and VSCCs can produce increases
in the nuclear Ca’* concentration (25).
Moreover, certain CaM kinase Il isoforms
and CaM kinase IV have been localized to
the nucleus where they may be directly
activated when nuclear Ca?* interacts with
calmodulin (49). As there is evidence that
nuclear CaM kinases phosphorylate specific
transcription factors that regulate expres-
sion of Ca’*-responsive genes, it seems
likely that this is one mechanism for prop-
agating Ca®™ signals to the nucleus. How-
ever, cytosolic CaM kinases may also prop-
agate Ca’™ signals to the nucleus via trans-
location. Consistent with this possibility is
the recent observation that CaM kinase IV
activation is not only dependent on CaM
binding, but also requires phosphorylation
by a newly characterized protein kinase
(49). It remains to be determined if the
activator protein functions within the nu-
cleus or if it phosphorylates CaM kinase IV
in the cytoplasm, and the active CaM ki-
nase [V is then translocated to the nucleus.
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Cdlcium activation of the Ras signaling
pathway. It has recently been shown that
the Ras signaling pathway is activated by
increases in intracellular Ca?* (50). This
pathway has been extensively studied in the
context of signaling by receptor tyrosine
kinases (19). Once activated, Ras appears
to associate with and activate the serine-
threonine kinase Raf, followed by the acti-
vation of a cascade of phosphorylation
events that result in the sequential activa-
tion of the kinase MEK-1, MAP kinases,
and ribosomal S6 kinases (Rsks). The Ras
signaling pathway is believed to transmit
extracellular signals across the plasma mem-
brane and cytoplasm to the nucleus where it
effects changes in gene expression (19).

Ca’* influx through L-VSCCs triggers
Ras activation within 30 s of stimulation
and precedes the phosphorylation and acti-
vation of the dual-specificity kinase MEK-1
and its direct target MAP kinase (50). The
expression of a dominant interfering form of
Ras in PC12 cells prevents the activation of
MAP kinase, indicating that Ca®* activa-
tion of MAP kinase requires Ras function.
Because activation of both L-VSCCs and
NMDA-r leads to MAP kinase activation in
primary cultures of hippocampal and corti-
cal neurons, a similar Ras-dependent path-
way may be activated in response to
NMDA- stimulation, although this remains
to be demonstrated. It will be important to
determine the mechanism by which Ca?*
stimulates Ras. In growth factor—stimulated
cells, Ras activation is triggered by a GTP/
GDP exchange factor, SOS, that upon
growth factor receptor tyrosine kinase acti-
vation interacts indirectly with the activat-
ed growth factor receptor via the adaptor
protein Grb-2. This interaction is believed
to then localize SOS to the plasma mem-
brane where it activates Ras. It is possible
that Ca?* activates Ras by somehow acti-
vating a growth factor receptor or by a
pathway that might involve an unknown
Ca?*-sensitive GDP/GTP exchange factor.

Ca’* activation of the Ras-dependent
MAP kinase signaling pathway could have
a number of important consequences in
neurons. MAP kinase is present in dendrites
and could therefore mediate biochemical
events in response to local changes in den-
dritic Ca?*. MAP kinase substrates include
the cytoskeletal proteins Tau and MAP2,
and phosphorylation of these molecules
may mediate the effects of Ca?* on neuro-
nal morphology. However, as is the case of
cells exposed to growth factors, it seems
likely that a major function of Ca?*-acti-
vated MAP kinase is to propagate the Ca®*
signal to the nucleus. By analogy to growth
factors, Ca?* activation of MAP kinase
might influence gene transcription by phos-
phorylating and activating transcription
factors such as c-Myc and Elk-1 (51). Thus,
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the MAP kinase signaling pathway could
play a role in mediating Ca?"-induced
adaptive responses that require new gene
expression.

Calcium Regulation of Gene
Expression

Once Ca’* signals are propagated to the
nucleus, they influence gene transcription
by activating or inhibiting the function of
various transcription factors (52). A num-
ber of genes have been identified that are
regulated by changes in intracellular Ca®*.
These genes can be divided into two classes
on the basis of their kinetics of activation
and their function in the cell. The rapidly
induced genes, termed immediate-early
genes (IEGs), do not require the synthesis
of new proteins for their transcription and
often encode transcription factors (such as
c-Fos and c-Jun) that regulate subsequent
waves of gene expression. Many IEGs are
induced not only in response to changes in
the intracellular Ca?™ level but also by
exposure to a variety of extracellular stimuli
that include growth factors and neurotro-
phins. In contrast to IEGs, the delayed re-
sponse genes (DRGs) are induced slowly
and typically require new protein synthesis
for their expression. The proteins encoded
by the DRGs usually act within the cell to
influence cell physiology more directly. It is
generally thought that transcription of the
DRG:s is regulated at least in part by factors
encoded by the IEGs.

Calcium  regulation of immediate-early
genes. Much of our understanding of Ca?*
signaling within the nucleus comes from
experiments on the transcriptional regula-
tion of IEGs (53). The view emerging from
these experiments is that the transcription
factor CREB and related molecules are crit-
ical mediators of Ca?*-dependent gene ex-
pression. CREB was initially identified as a
factor that binds to the sequence element
5'-"TGACGTCA in the somatostatin gene
promoter, and it mediates the transactiva-
tion of this gene in response to changes in
cAMP levels (54). Subsequently the soma-
tostatin cAMP response element (CRE) has
been identified in the regulatory regions of
many different genes whose transcription is
activated by increases in cAMP. The role of
CREB in mediating Ca®* responses first
became apparent from analysis of the c-Fos
promoter (55). The Ca?* response element
(CaRE) in this gene is similar to the CRE
and indeed both the c-Fos CaRE and the
consensus CRE can confer a Ca?* response
when placed in the regulatory region of a
heterologous gene (55).

CREB is a member of the bZIP family of
transcription factors that includes ATF-1,
CREM, and c-Jun, and is distantly related
to C/EBPB (56, 57). Several of these tran-
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scription factors are capable of mediating a
Ca’™ response in transient transfection ex-
periments. CREB and these related factors
can form homo- or heterodimers through
their leucine zipper domains, and the regu-
lation of dimer formation may provide a
mechanism by which transactivation via
CaREs is regulated. Although CREB homo-
and heterodimers bind CaREs with high
affinity, binding to the promoter is not
sufficient for CREB-dependent transcrip-
tion, and in fact a CREB-containing com-
plex appears to be bound to the CaRE even
before the activation of Ca?* signaling
pathways. Influx of Ca’?* must therefore
give rise to some modification of the pro-
tein complex bound to the CaRE to allow
for inducible transactivation.

The activation of CREB in response to
increased levels of cAMP or Ca?* appears
to be regulated by the inducible phospho-
rylation of a specific amino acid, Ser!3?,
which acts as a critical positive regulatory
site (57). Mutation of this site prevents
CREB-dependent transcription in response
to increases in the level of intracellular
cAMP or Ca’*. Because the Ser'** muta-
tion does not influence CREB stability,
dimer formation, or binding to DNA, it is
thought that phosphorylation at this site
promotes the assembly of the polymerase Il
transcription complex at the TATA box
and leads to the initiation of transcription.
Recently two CREB-binding proteins, CBP
and p300, have been characterized that may
mediate the interaction of Ser!**-phospho-
rylated CREB with the polymerase II tran-
scription machinery (58). For example,
CBP interacts specifically with CREB only
after it is phosphorylated at Ser'*?, and in
cotransfection experiments CBP enhances
CREB/CRE-dependent transcription. How-
ever, it has not yet been demonstrated that
CBP function is critical for Ca?*-dependent
CREB-mediated transcription.

Phosphorylation of CREB at Ser'** may
involve the direct entry of Ca’?* into the
nucleus where it could bind to calmodulin
and activate CaM kinases. Consistent with
this possibility, both CaM kinase IV and
certain CaM kinase 1l isoforms have been
localized to the nucleus, and these enzymes
can catalyze the phosphorylation of CREB
at Ser!?3 in vitro (55). However, CaM ki-
nases II and IV may not be expressed in all
cells in which Ca?* influx is known to
trigger CREB Ser!'** phosphorylation, so
that other Ca’?" signaling pathways that
lead to CREB phosphorylation must be ac-
tivated in certain cells. In this regard it is
relevant that activation of VSCCs or the
nerve growth factor (NGF) receptor in
PC12 cells results in the activation of an-
other CREB kinase that appears to be un-
related to CaM kinases (59). The NGF-
activated CREB kinase appears to be com-

SCIENCE ¢ VOL.268 <« 14 APRIL 1995

posed of a single polypeptide of 105 kD that
is activated by a Ras-dependent mecha-
nism. It will be of interest to determine
whether activation of CREB kinase in re-
sponse to VSCC activation is also mediated
by the activation of the Ras-dependent ki-
nase cascade.

Recent experiments suggest that phos-
phorylation of CREB at sites in addition to
Ser!*} may also affect CREB’s ability to ac-
tivate transcription. Once it is phosphoryl-
ated at Ser!3* CREB becomes a substrate for
glycogen synthetase kinase 3 (GSK3),
which catalyzes the phosphorylation of
CREB at Ser'? (60). Mutating Ser'?’ to an
alanine impairs CREB-dependent transcrip-
tion in cells exposed to activators of adenyl-
ate cyclase. This suggests that the phospho-
rylation of Ser'?® may contribute to CREB
activation under certain circumstances.

The phosphorylation of CREB at anoth-
er site, Ser'*?, appears to inhibit CREB’s
transcriptional-activating potential. The in-
hibitory effect of Ser'#* phosphorylation was
first revealed in experiments comparing the
effects of CaM kinase [V and CaM kinase 11
in mediating CREB-dependent transactiva-
tion of a CRE-driven reporter gene. CaM
kinase II, which phosphorylates both Ser!3?
and Ser'#?, is much less effective at inducing
CREB-dependent transcription than CaM
kinase IV, which only phosphorylates Ser!3>
(61). These findings suggest that the phos-
phorylation of CREB at Ser'*? inhibits
CREB’s ability to activate transcription
even when Ser!*? is fully phosphorylated.
Nevertheless, while phosphorylation of
CREB at Ser!#? appears to be an important
regulatory event under these circumstances,
the phosphorylation of endogenous CREB
at this site has yet to be documented.

The analysis of CREB-dependent tran-
scription in neurons has provided further
evidence that Ca?* influx through VSCCs
and NMDArs leads to the activation of
distinct signaling pathways. The analysis of
NMDAr-mediated signaling has been facil-
itated by the development of methods that
allow the transfection of primary neuronal
cultures (62). In hippocampal neurons, as
in PC12 cells, the activation of VSCCs
effectively stimulates transcription of a
CaRE-containing reporter. However, in
hippocampal neurons NMDAr activation
fails to trigger significant levels of CaRE-
dependent transcription, suggesting that
the route of Ca?" entry may determine the
specific transcription complexes that are
activated (62). Ca?* influx through the
NMDA- does lead to the induction of c-Fos
and other IEGs. NMDAr-mediated c-Fos
activation requires the presence of a second
Ca’*-responsive element, the serum re-
sponse element (SRE), which binds the
transcription factors serum response factor

(SRF) and Elk-1 (62) (Fig. 2).



The failure of NMDA receptors to me-
diate CREB-dependent transcription is not
due to a lack of CREB Ser'>? phosphoryla-
tion because both VSCC and NMDAr ac-
tivation lead to phosphorylation of CREB
at this site (62). The recent evidence that
CREB function can be regulated by phos-
phorylation at other sites suggests an inter-
esting mechanism by which Ca?* influx
through the NMDAr and VSCC could re-
sult in differential activation of CREB-me-
diated transcription. If NMDATr activation
either leads to phosphorylation of CREB at
the inhibitory site (Ser'#?) or fails to induce
CREB phosphorylation at the second posi-
tive regulatory site (Ser'??), it could explain
why CREB is incapable of mediating an
NMDA response even though CREB is ef-
fectively phosphorylated at Ser'>3 under
these conditions.

Another mechanism by which the spec-
ificity of the CREB-mediated transcription-
al response could be regulated is by differ-
ential dimerization. CREB can form het-
erodimers with a number of other bZIP
transcription factors such as CREM, ATF-
1, and C/EBPB (56, 57). C/EBPB is phos-
phorylated by CaM kinase II on a residue
within its leucine zipper, and phosphoryla-
tion at this site potentiates the transcrip-
tion-activating potential of C/EBPB (63).
The location of the phosphorylation site
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within the C/EBPB leucine zipper raises the
possibility that phosphorylation at this site
might alter C/EBPB homo- or heterodimer-
ization. The formation of different het-
erodimers after leucine zipper phosphoryla-
tion could in turn influence C/EBPB-medi-
ated transcription. If heterodimers between
different CREB family members have dis-
tinct sequence-binding specificities or differ
in their ability to activate or inhibit tran-
scription via a particular regulatory se-
quence, one could generate a wide spectrum
of nuclear responses by the activation of
distinct Ca?* signaling pathways.

Calcium regulation of ‘‘effector” genes.
Within neurons there are multiple Ca?*
signaling pathways that are differentially
activated by specific classes of Ca?* chan-
nels. In turn, activation of these distinct
Ca’* signaling pathways can regulate the
formation of transcription complexes and
influence gene expression. How does the
activation of these various Ca?* signaling
pathways ultimately produce specific bio-
logical outcomes?

As a way of understanding how CaZ*
influences particular biologic responses,
there has been considerable interest in
identifying Ca?*-inducible genes that may
directly influence physiological responses.
One of the first examples in which the
differential regulation of gene expression by
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Fig. 2. A diagrammatic representation of various Ca?* signaling pathways that are activated in response
to Ca2* influx via VSCCs and the NMDAr in neurons. Different routes of Ca2+ entry can lead to the
activation of distinct Ca2* signaling pathways which can then mediate specific Ca2*+-dependent biolog-

ical responses.

SCIENCE e+ VOL.268 <« 14 APRIL 1995

Ca?* has been linked to distinct biological
outcomes is the regulation of cell survival in
response to Ca?* channel activation (64).
The survival of embryonic cortical neurons
in culture is differentially regulated by the
activation of VSCCs and NMDArs.
Whereas VSCC activation promotes the
survival of these neurons, NMDAr activa-
tion is ineffective. Recent experiments in-
dicate that BDNF can act as an endog-
enously produced neurotrophic factor for
these cells, and the expression of BDNF is
differentially regulated by Ca?* channel ac-
tivation (64). The activation of NMDAr
leads to only a weak and transient increase
in BDNF expression, but the induction of
BDNF in response to VSCC activation is
much more robust and sustained. Consis-
tent with the interpretation that VSCC-
dependent increase in cell survival is medi-
ated by an up-regulation of a trophic factor
produced by these cells, neutralizing anti-
bodies to BDNF completely inhibit the
VSCC-mediated increase in cell survival
(64). These experiments not only suggest a
mechanism by which VSCC activation can
influence cell survival, they provide impor-
tant evidence in support of the view that
differential regulation of gene expression by
distinct Ca?* channels can mediate diverse
biological effects.

Genes encoding various growth factors
and growth factor receptors have been
shown to be regulated by neuronal activity
in vivo and by Ca?*-dependent mecha-
nisms in vitro (65). For example, the ex-
pression of BDNF and NGF is induced in
hippocampal slices by stimuli that lead to
the induction of LTP. Because these factors
are known to regulate cell morphology,
their induction during LTP suggests that
they may be involved in mediating morpho-
logical changes at the synapse that might
accompany long-term changes in synaptic
strength. These genes are also induced in
the hippocampus after limbic seizures. Giv-
en the trophic effects of these molecules on
various CNS neurons, it is possible that
they act as neuroprotective factors in re-
sponse to an excitotoxic assault.

A number of genes that encode compo-
nents of the synapse have also been shown
to be regulated by neuronal activity (66).
For example, the activation of VSCCs leads
to the induction of tyrosine hydroxylase
and the neuropeptide vasoactive intestinal
peptide (VIP) in peripheral ganglia. Several
synaptic vesicle—associated proteins are also
induced by the activation of Ca?* signaling
pathways. The activation of these genes in
response to synaptic stimulation may be
directly involved in mediating long-lasting
changes at the synapse. We now know of a
number of neurotrophic molecules and syn-
aptic components that are regulated by
Ca?* influx into neurons. The function of
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these molecules makes it likely that they are
directly involved in coupling the changes in
intracellular Ca?* levels to long-term bio-
logical responses.

Perspective

There has been substantial progress in our
understanding of how changes in intracellu-
lar Ca?* effect long-term physiological
changes in neurons. This has been possible
because of advances on a number of fronts.
The elucidation of the primary structure of
various Ca’* channels, the development of
sophisticated Ca’*-imaging systems, the
identification of a number of Ca®*-sensitive
enzymes, and the ability to transfect reporter
genes into cultured neurons and examine
their regulation have all contributed greatly
to our understanding of Ca®* signaling.

A central feature of Ca®* signaling is
that there are multiple routes by which
Ca?* can enter the cytosol (Fig. 2). Where-
as VSCCs and the NMDAr are the major
plasma membrane channels through which
Ca®* can enter the cell from the extracel-
lular space, release of Ca’?* from internal
Ca?™ stores can also significantly influence
intracellular Ca?* concentrations. It ap-
pears that Ca’" influx through specific
plasma membrane Ca?* channels or via
release from specific internal stores can re-
sult in highly localized increases in intracel-
lular Ca?*. In addition to the spatial pat-
tern of Ca’* increase, temporal character-
istics such as the duration of increase or the
frequency of Ca®* oscillations are likelyto—
be important determinants of the activation
of specific Ca?*-sensitive enzymes by dis-
tinct routes of Ca’* entry. Another mech-
anism by which the route of Ca?" entry
might give rise to the activation of specific
signaling pathways may involve the associ-
ation of intracellular signaling molecules
with Ca?* channel proteins. Thus, multiple
modes of Ca?™ entry may lead to the acti-
vation of distinct intracellular signaling
pathways.

The activation of Ca?*-sensitive enzymes
can mediate long-term adaptive responses by
two major mechanisms. The posttransla-
tional modification of preexisting proteins in
local regions of Ca?* increase (such as the
postsynaptic spine) are likely to be involved
in the induction of synapse-specific changes
such as those that accompany LTP and LTD.
Other cellular responses such as Ca’*-de-
pendent cell survival appear to require the
propagation of Ca?* signals to the nucleus
and changes in the pattern of gene expres-
sion. A number of Ca’*-regulated genes
have been identified that can directly influ-
ence cell physiology. These include genes
that encode neurotrophic factors and their
receptors, neurotransmitters and neuropep-
tides, and synaptic vesicle proteins. It will be
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of great interest to find out how specific
Ca’* signaling pathways lead to the activa-
tion of particular effector genes and ulti-
mately to specific biological responses.
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Localization of Protein Kinases
by Anchoring Proteins: A Theme
in Signal Transduction

Daria Mochly-Rosen

A fundamental question in signal transduction is how stimulation of a specific protein
kinase leads to phosphorylation of particular protein substrates throughout the cell.
Recent studies indicate that specific anchoring proteins located at various sites in the cell
compartmentalize the kinases to their sites of action. Inhibitors of the interactions between
kinases and their anchoring proteins inhibit the functions mediated by the kinases. These
data indicate that the location of these anchoring proteins provides some of the specificity
of the responses mediated by each kinase and suggest that inhibitors of the interaction
between the kinases and their anchoring proteins may be useful as therapeutic agents.

Stimulation of many signaling cascades re-
sults in activation of protein kinases, which
in turn phosphorylate their respective sub-
strates, leading to diverse physiological re-
sponses. These diverse effects result, at least
in part, from compartmentalization of a
number of signaling molecules including
protein kinases. Components in tyrosine
kinase-mediated signaling pathways are
compartmentalized (1) as are several serine
and threonine protein phosphatases and
some protein kinases (2). This review sum-
marizes data indicating that: (i) cell stimu-
lation causes translocation of several serine
and threonine protein kinases to new sites,
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presumably to alter their access to their
substrates; (ii) compartmentalization of
these kinases results from their binding to
specific anchoring proteins at their respec-
tive sites; and (iii) compartmentalization is
required for the physiological functions of
these kinases.

Adenosine 3',5'-Monophosphate
(cAMP)-Dependent Protein Kinase

The cAMP-dependent protein kinase
(PKA) is composed of two regulatory and
two catalytic subunits. There are several
gene products for each of these subunits and
multiple PKA isoforms. Both the catalytic
subunit and the type II PKA holoenzyme
can be differentially compartmentalized at
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specific subcellular locations both before
and after cell stimulation. Type 1I PKA is
found in the cell particulate fraction, often
anchored through the regulatory domain
(RII) near its protein substrates. For exam-
ple, this enzyme associates with microtu-
bules (3) near some of its known substrates,
the microtubule-associated proteins (4).
Binding of cAMP to the holoenzyme releas-
es the catalytic subunits, enabling them to
phosphorylate their substrates. Therefore,
localization of the type 1I kinase near its
substrates may ensure rapid phosphoryla-
tion of specific substrates in response to
increases in the intracellular concentration
of cAMP ([cAMP])) (5).

The dissociated catalytic subunits may
translocate to new subcellular sites to phos-
phorylate other substrates. In Madin Darby
bovine kidney cells, for example, the ho-
loenzyme is localized on the Golgi complex
(6). When [cAMP], is increased, the distri-
bution of the regulatory subunit remains
unchanged, whereas the catalytic subunit is
first found in the cytoplasm and then in the
nucleus (6). Translocation of the catalytic
subunit into the nucleus in response to
increases in [cAMP]; has also been demon-
strated by microinjection of fluorescently
tagged recombinant regulatory and catalytic
subunits (7). Before stimulation, both sub-
units are found in the cytosol (Fig. 1).
When [cAMP], increases after cells are
treated with forskolin, some of the catalytic
subunit begins to dissociate from the regu-
latory subunit and diffuses into the nucleus.
Translocation of the catalytic subunit is
transient (6); 1 hour after removal of fors-
kolin, the catalytic subunit returns to the
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