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Abstract 

Neuronal plasticity can be defined as adaptive changes in structure and function of the nervous 
system, an obvious example of which is the capacity to remember and learn. Long-term potentia- 
tion and long-term depression are the experimental models of memory in the central nervous sys- 
tem (CNS), and have been frequently utilized for the analysis of the molecular mechanisms of 
memory formation. Extensive studies have demonstrated that various kinases and phosphatases 
regulate neuronal plasticity by phosphorylating and dephosphorylating proteins essential to the 
basic processes of adaptive changes in the CNS. These proteins include receptors, ion channels, 
synaptic vesicle proteins, and nuclear proteins. Multifunctional kinases (cAMP-dependent protein 
kinase, Ca2+/phospholipid-dependent protein kinase, and Ca2+/calmodulin-dependent protein 
kinases) and phosphatases (calcineurin, protein phosphatases 1, and 2A) that specifically modulate 
the phosphorylation status of neuronal-signaling proteins have been shown to be required for neu- 
ronal plasticity. In general, kinases are involved in upregulation of the activity of target substrates, 
and phosphatases downregulate them. Although this rule is applicable in most of the cases stud- 
ied, there are also a number of exceptions. A variety of regulation mechanisms via phosphorylation 
and dephosphorylation mediated by multiple kinases and phosphatases are discussed. 

Index Entries: Kinases; phosphatases; phosphorylation; dephosphorylation; neuronal plastic- 
ity; central nervous system; receptors; ion channels; synaptic vesicles; neurotransmitters. 

Neuronal plasticity can be defined as adap- 
tive changes in structure and function of the 
nervous system during postnatal development,  
in learning and memory, in recovery from 
injury, and in aging. The immature central ner- 
vous system (CNS) is considered to be ex- 
tremely plastic, but the mature or aged CNS 

was once assumed to have little plastic capabil- 
ity. However, ever since the rapid progress of 
biochemical techniques in late 1970s and 1980s, 
the nervous system is continually being under- 
stood at the molecular level. New electrophysi- 
ological techniques, such as the patch-clamp 
technique, have also been developed that allow 
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the minute changes of current of even a single 
ion channel to be recorded. The properties of 
many individual ion channels and receptors 
have thereby been elucidated. By these analy- 
ses, the basic mechanisms underlying adaptive 
neuronal processes, such as axonal sprouting, 
dendritic growth, and glial changes are now 
being elucidated. 

Neuronal plasticity has been a topic of 
increasing interest in 1980s and 1990s. Because 
the hippocampus is the part of the cerebral cor- 
tex that is essential for learning and memory, it 
has been most frequently used for these stud- 
ies. When it is destroyed, the ability to form 
new memories is effectively lost. 

Using slices of hippocampus, experimental 
models of memory, i.e., long-term potentiation 
(LTP) and long-term depression (LTD), have 
been introduced and extensively studied. A 
short burst of high frequency (> 25 Hz) repeti- 
tive firing causes long-term potentiation (LTP) 
such that subsequent single-action potentials 
in the presynaptic cells evoke a greatly 
enhanced response in the postsynaptic cells. 
Low frequency firing (1-5 Hz), on the other 
hand, causes long-term depression (LTD); the 
hallmark of which is a significantly suppressed 
response. These effects last days or weeks and 
are interpreted as the experimental models of 
learning and memory. Since LTP and LTD have 
been discovered in other parts of the CNS such 
as cerebellum and visual cortex, these phe- 
nomena are used as generalized models to 
explain memory processes in those tissues. 

Through numerous studies on the molecular 
mechanisms of learning and memory, the phos- 
phorylation status of key proteins has been 
known to be crucial to the regulation of many 
processes that induce functional or structural 
changes in the neuronal network. The relative 
balance of protein kinase and phosphatase 
activity determines the outcome of specific 
forms of synaptic plasticity. For example, low- 
frequency electric stimulation dominantly acti- 
vates protein phosphatases to induce LTD, 
whereas high-frequency stimulation domi- 
nantly activates protein kinases to induce LTP. 
In the present review, the regulatory mecha- 

nisms of neuronal plasticity in the CNS are, 
therefore, described from the aspect of phos- 
phorylation and dephosphorylation of essential 
target proteins: receptors, ion channels, synaptic 
vesicle proteins, enzymes, and gene-regulating 
proteins. In phosphorylation and dephosphory- 
lation of these targets, kinases and phos- 
phatases with broad substrate specificity are 
involved. Examples of these multiflmctional 
kinases are cAMP-dependent protein kinase 
(PKA), Ca2+/phospholipid-dependent protein 
kinase (PKC), and Ca2+/calmodulin-dependent 
protein kinases (CaMKs). PKA is composed of 
regulatory (R) and catalytic (C) subunits, both 
of which exist as multiple isoforms. PKA is acti- 
vated by cAMP, which is generated by adenylyl 
cyclase via G protein-coupled receptor activa- 
tion. Intracellular Ca 2+ increases via influx from 
the extracellular space and via mobilization 
from intracellular stores by inositoltripl'tosphate 
(IP3) and increased Ca 2+ activates two multi- 
functional kinases: PKC and CaMKs. The acti- 
vated kinases are involved in the downstream 
signal transduction, however, they also provide 
positive or negative feedback control of the 
receptors or ion channels by phosphorylation. 
In addition, other serine/threonine kinases and 
protein-tyrosine kinases (PTKs) are also dis- 
cussed. Calcineurin (CAN), a Ca2+/calmodulin - 
dependent protein phosphatase (phosphatase 
2B, PP2B), is enriched in the CNS, and has been 
studied for its role in neuronal plasticity. Protein 
phosphatase 1 (PP1) and 2A (PP2A) are also dis- 
cussed in this review. 

Regulation of Receptor Functions 
In neuronal communications, signals are 

transduced by neurotransmitters and neuro- 
peptides released from presynaptic cells, bind to 
membrane-bound receptors, and transduce 
signals to the inside of the postsynaptic cells. 
Functions of various receptors are known to 
be regulated by phosphorylation and de- 
phosphorylation (Levitan, 1994). The effects of 
phosphorylation include modification of lig- 
and-gated ion channel conductance, regulation 
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of receptor-desensitization rate, subunit assem- 
bly, and receptor aggregation at synapses. Phos- 
phorylation and dephosphorylation of 
receptors are therefore important mechanisms 
in the regulation of receptor function and may 
play a crucial role in synaptic plasticity. 

Transmitter-gated ion channels are special- 
ized for rapidly converting extraceltular chem- 
ical signals into electrical signals at chemical 
synapses. When transmitters bind to receptors, 
ion channels open transiently, thereby produc- 
ing a brief flux of ions across the plasma mem- 
brane. Phosphorylation or dephosphorylation 
of these receptors alters channel conductance. 
Excitatory neurotransmitters such as acetyl- 
choline, glutamate, and serotonin cause the 
opening of cation channels causing Na § influx 
that then depolarizes the postsynaptic mem- 
brane. However, inhibitory transmitters--such 
as gamma-aminobutyric acid (GABA) and 
glycine--open C1- channels and this causes the 
postsynaptic membrane to be polarized. The 
activity of most transmitter-gated ion channels 
are controlled by phosphorylation and dephos- 
phorylation. 

Glutamate Receptors (Glu-Rs) 
Glutamate is the most common excitatory 

neurotransmitter for mammalian neuronal cells 
in the CNS. The glutamate signal is transduced 
by binding to Glu-Rs, the activity of which is 
regulated by various kinases and phosphatases 
(Malenka and Nicoll, 1993). Glu-Rs are classi- 
fied as either ionotropic or metabotropic re- 
ceptors. The ionotropic Glu-Rs are either 
Ca2+-channel receptors (NMDA type) or Na +- 
channel receptors (AMPA/KA type). 

Non-NMDA Glu-Rs, GluRI(AMPA) and 
GluR6(KA), have been shown to be phosphory- 
lated by PKA. Furthermore, intracellularly 
applied PKA increases the amplitude of the glu- 
tamate response (Gasic and Hollman, 1992; 
Raymond et al., 1993). NMDA receptors have 
been shown to be activated by PKC phosphory- 
lation (Ben-Ari et al., 1992). Intracellularly ap- 
plied PKC potentiates the NMDA currents by 
reducing the voltage-dependent Mg 2+ block of 

ion channels (Chen and Huang, 1992). The 
CaMK II regulatory phosphorylation site is con- 
served in all ionotropic Glu-Rs suggesting that 
CaMK II activity influences this class of Glu-Rs 
(Yakel et al., 1995; Omkumar et al., 1996). Con- 
sistent with this suggestion, intracellular appli- 
cation of alpha-subunit of CaMK II enhances 
AMPA/KA and NMDA currents (Kolaj et al., 
1994). Since all these three kinases phosphory- 
late serine/threonine residues, all may phos- 
phorylate the identical sites of Glu-Rs, and may 
therefore have redundant functions in upregu- 
lating channel activity. Alternatively, these 
kinases may phosphorylate different sites and 
perform differential regulation on the receptors. 
Targeted experiments of phosphorylation sites 
will be required to elucidate these issues. 

Tyrosine phosphorylation on NMDA recep- 
tors may also participate in regulation of the 
receptors (Moon et al., 1994; Wang and Salter, 
1994). For example, tyrosine phosphorylation of 
the NR2 subunits of Glu-Rs may be important 
for regulating its function (Suzuki and Oku- 
mura-Noji, 1995). Tyrosine residues responsible 
for potentiation are continually rephosphory- 
lated by some long-term PTK activity (Chen and 
Leonard, 1996), and tyrosine phosphorylation of 
the NMDA receptor contributes to the mainte- 
nance of LTP (see below) (Rostas et al., 1996). 
NMDA-channel activity is reduced by a protein 
tyrosine phosphatase (Wang et al., 1996). 

Involvement of phosphatases in NMDA- 
receptor regulation has been reported (Yakel, 
1997). Phosphatase inhibitors enhance NMDA 
currents, whereas injected PP1 or PP2A de- 
creases the open probability of these channels 
(Wang et al, 1994). CaN inhibition experiments 
suggested that this phosphatase also desensi- 
tizes NMDA receptors (Tong et al., 1995). Yakel 
also showed that prolonged duration of single 
NMDA-receptor channel openings is observed 
by the inhibition of CaN by FK506 (10-50 nM) 
(Yakel, 1997). It is possible that the effect of 
CaN phosphatase activity is mediated by its 
inactivation of the inhibitor-1 protein. When 
inhibitor-1 is phosphorylated, it binds to PP1 
and inactivates PP1 activity. However, when 
dephosphorylated by CaN, it does not bind to 
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PP1 and PP1 is then active (Mulkey et al., 
1994). Whether CaN also acts directly by 
dephosphorylating NMDA receptors in vivo is 
not yet clear. 

Metabotropic NMDA receptor has also been 
demonstrated to be regulated by protein 
kinases. Intracellular application of protein 
kinase A catalytic subunit or a phosphatase 
inhibitor mimics the ligand-mediated effect, 
indicating the involvement of PKA in this 
process (Pedarzini and Storm, 1994). Similar 
inhibition of this current has been observed by 
the application of phorbol esters that mimic 
diacylglycerol (DAG) in their ability to activate 
PKC (Kawabata et al., 1996). Phosphorylation 
of the threonine residue at position 840 of 
mGluR5a by PKC is responsible for the genera- 
tion of Ca 2§ oscillations in mGluR5a-express- 
ing cells. 

GABA Receptors (GABA-Rs) 
GABA is an inhibitory neurotransmitter that 

participates in the suppression of synaptic 
transmission in the CNS. PKA and PKC have 
been shown to phosphorylate GABAA receptors 
at specific residues (Moss et al., 1992). The con- 
sequence of PKC-kinase action on GABA-R 
activity is somewhat controversial. Activation 
of PKC has been shown to cause a reduction of 
GABA-activated current (Leidenheimer et al., 
1992; Kellenberger et al., 1992). Selective site- 
directed mutagenesis of PKC phosphorylation 
sites results in a decreased effect of phorbol 
ester. Mutation of serine 343 residue in the 
gamma-2 subunit exerts the largest effect on the 
GABA-activated response (Krishek et al., 1994). 
However, a recent report demonstrated that 
PKC activation enhanced recombinant alpha-l, 
beta-l, gamma-2L GABA-R by increasing maxi- 
mal current in L929 fibroblasts without increas- 
ing the affinity of GABA for the GABA-Rs (Lin 
et al., 1994). It is possible that there are different 
mechanisms on the regulation of GABA-Rs by 
PKC. Further studies will be necessary to eluci- 
date the precise regulation mechanisms by PKC 
phosphorylation. In addition to PKC, CaMK II 
phosphorylates beta-1 and gamma (2L, 2S) sub- 

units of GABAA receptor (Machu et al., 1993; 
McDonald and Moss, 1994). Beta-1 subunit is 
also known to be phosphorylated by cGMP- 
dependent protein kinase (PKG) (McDonald 
and Moss, 1994; Leidenheimer, 1996). GABA- 
mediated inhibitory synaptic transmission 
undergoes a long-lasting rebound potentiation 
in cerebellar Purkinje cells, and this rebound 
potentiation is markedly enhanced by the intra- 
cellularly applied CaMK II (Kano et al., 1996). 
Tyrosine phosphorylation by vSrc of gamma-2L 
and beta-1 subunits of GABAA-Rs enhances the 
whole-cell current induced by GABA (Moss et 
al., 1995). Thus, phosphorylation of GABA~ 
receptors in general enhances GABA-mediated 
current. 

Retinal GABAc receptors in bipolar cells 
have also been shown to be modulated by PKC 
(Feigenspan and Bormann, 1994). For example, 
GABA rho-1 receptor function can be regulated 
by PKC-mediated phosphorylation events 
(Kusama et al., 1995). Since this receptor is also 
modulated by G proteins, multiple regulatory 
mechanisms seem to play a role in retinal 
GABAc-receptor regulation. 

Involvement of phosphatases in GABA- 
receptor regulation has recently been suggested. 
Intracellular application of CaN inhibitors 
blocks the suppression of the GABAA response. 
The application of the selective inhibitor of 
CaN--the cyclosporin A-cyclophilin A com- 
plex-results in a faster recovery from desensiti- 
zation following ligand binding (Martina et 
al., 1996). 

Glycine Receptor 
Glycine is another inhibitory neurotransmit- 

ter that causes the opening of C1- channels and, 
as a result, renders postsynaptic cells refrac- 
tory to excitation. Gly-Rs are substrates for 
various kinases and phosphatases, and the 
function of Gly-Rs is regulated by phosphory- 
lation and dephosphorylation. 

cAMP selectively enhances the channel- 
open frequency of the glycine receptor through 
PKA-mediated phosphorylation (Agopyan et 
al., 1993; Vaello et al., 1994). Conversely, PKC 
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phosphorylation of the glycine receptor sup- 
presses Gly-R-channel activity (Ruiz-Gomez et 
al., 1991). Glycine receptors therefore seem to 
be oppositely regulated by PKA and PKC. 

Since the two inhibitory neurotransmitter 
receptors (GABA-R and Gly-R) have similar 
molecular structures (Devillers-Thiery et al., 
1993), the stimulatory effects by PKA and the 
suppressive effects by PKC may be achieved 
by analogous sites of phosphorylative regula- 
tion. Further studies are necessary to clarify 
the mechanism of Gly-R together with GABA- 
R functions by phosphorylation and dephos- 
phorylation. 

G Protein-Coupled Receptors (G-Rs) 
Ever since the discovery of rhodopsin kinase, 

the phosphorylation of G-Rs by analogous 
kinases was predicted (Kuhn, 1978). Subse- 
quently, a number of similar kinases (G protein- 
coupled receptor kinases; GRK including 
beta-adrenergic receptor kinase) have recently 
been cloned (Bonovic et al., 1987, 1991; Ambrose 
et al., 1993; Kunapuli and Benovic, 1993; Ben- 
ovic and Gomez, 1993). GRKs phosphorylate 
G-Rs with a strict substrate specificity and phos- 
phorylation results in a decreased affinity of G 
proteins for G-Rs resulting in the desensitiza- 
tion of those receptors (Lefkowitz, 1993). 

Whereas the regulation of G-Rs is predomi- 
nantly achieved by GRKs, multifunctional 
kinases have also been suggested to play a 
role. For example, muscarinic Ach receptor 
(mAChRs) has been shown to be stoichiometri- 
cally phosphorylated by PKC (Haga et al., 
1996). mAChRs are also phosphorylated by 
PKA (Rosenbaum et al., 1987). Phosphoryla- 
tion by GRKs and by multifunctional kinases 
may have differential regulatory effects on 
these receptors, and the precise roles of each 
class of kinase need to be examined. 

Regulation of Voltage-Dependent 
(Gated) Ion Channels 
Voltage-dependent (gated) ion channels are 

responsible for the generation of action poten- 

tials in electrically excitable cells. In nerve cells, 
a stimulus that causes sufficient depolarization 
opens voltage-dependent Na + channels, induc- 
ing a transient and rapid Na + influx, and gen- 
erates an action potential. When voltage- 
dependent K + channels open, the transient 
influx of Na + is rapidly overwhelmed by an 
efflux of K +, and this drives the membrane 
back toward the resting potential. Since the 
response of these K § channels is slower than 
that of the Na § channels, voltage-dependent K + 
channels are often called delayed K + channels. 
Na § channels are not the only voltage-depen- 
dent cation channels that generate an action 
potential. In some muscle, egg, and endocrine 
cells, the action potentials predominantly 
depend upon voltage-dependent Ca 2+ chan- 
nels. Ca 2+ channels also play a crucial role in 
the influx of Ca 2+ into depolarized cells and 
cause a rapid increase in the intracellular Ca 2+ 
concentration. Structural and functional diver- 
sity within each of three classes of voltage- 
dependent cation channels (Na § K § Ca 2+) 
exists because these channels are derived from 
multiple genes with frequent alternative splic- 
ing. Nonetheless, the amino acid sequences of 
these three channels show striking homolo- 
gies, suggesting that these types of channels 
belong to a large superfamily of evolutionarily 
and structurally related proteins (Guy and 
Conti, 1990; Stuhmer, 1991). 

Voltage-Dependent Calcium Channels 
The Ca 2+ influx from the extracellular space 

through voltage-dependent Ca 2+ channels 
(VDCC) is one of the main mechanisms of 
intracellular increase of Ca 2+ in neuronal cells. 
L-type VDCC has so far been the most exten- 
sively studied VDCC. VDCC consists of four 
subunits: alpha 1, alpha 2, beta, and gamma, 
and alpha 1 composes main structure of Ca 2+ 
channels. Phosphorylation sites have been 
identified in both alpha-1 and beta subunits. 
The function of alpha-1 and beta subunits of 
the L-type VDCC has been shown to be regu- 
lated by PKA (Levitan, 1994). PKA phosphory- 
lation enhances the Ca 2+ current of VDCC. Hell 
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et al. (1993) showed differential phosphoryla- 
tion of the alpha-1 subunit of neuronal VDCC. 
The neuronal L-type VDCC alpha-1 subunit 
exists as a 210-235-kDa peptide and as a 
190-195-kDa peptide and the former but not 
the latter is phosphorylated in vitro by PKA. In 
contrast, both peptides are substrates for PKC, 
CaMK II, and PKG. Hell et al. also did similar 
analysis for alpha-1 subunit of N-type VDCC, 
both the long (250-kDa) and short (220-kDa) 
forms were phosphorylated by PKA, PKC, and 
PKG, whereas, only the short form was a sub- 
strate for CaMK II (Hell et al., 1994). Similarly, 
direct intracellular injection of cAMP results in 
an increase in activity of the macroscopic Ca 2+ 
channel of P-type VDCC (Fournier et al., 1993). 
The increase in current amplitude is then fol- 
lowed by a delay in current inactivation. This 
delay is attributed to the activation of PKA, 
since it could be antagonized by a peptidic 
inhibitor of this enzyme. 

Chad and Eckert described the dephospho- 
rylation of VDCC by CaN in vitro (Chad and 
Eckert, 1986). Additionally, Lai et al. showed 
that PP1 and PP2A dephosphorylate both the 
alpha-1 and beta subunits of VDCC, whereas 
CaN preferentially dephosphorylates the beta 
subunit (Lai et al., 1993). Dephosphorylation of 
VDCC leads to a diminution of the Ca 2+ cur- 
rent. Although most of these data are per- 
formed in vitro, these data strongly suggest 
that phosphorylation-dephosphorylation is 
likely to be one of the main regulatory mecha- 
nisms of VDCC function in vivo. 

Voltage-Dependent Sodium Channels 
Voltage-dependent Na + channels consist of 

alpha and beta subunits; the former is respon- 
sible for channel activity. The alpha subunit is 
phosphorylated by PKA (Costa et al., 1982; 
Smith and Goldin, 1992; Murphy et al., 1996) 
and by PKC (West et al., 1991), and as a conse- 
quence, Na + current is significantly decreased 
(Numann et al., 1991). Using inhibitor experi- 
ments, Chen et al. showed that PP2A and CaN 
dephosphorylate Na + channels in brain and 

thus may counteract the effect of cAMP-depen- 
dent phosphorylation on Na + channel activity 
(Chen et al., 1995). 

Voltage-Dependent Potassium Channels 
K + currents are crucial for the repolariza- 

tion of electrically excitable membranes, and 
slight modifications to K + channel function 
can result in changes in synaptic efficacy. 
Structure/function studies have been cen- 
tered around the D. melanogaster K + channel 
and Shaker gene products and have given 
important insights into the mechanisms of 
K+-channel regulation (Timpe et al., 1988). 
The introduction of a dominant-negative 
PKA regulatory subunit into CHO cells in 
which the mouse Shaker homolog is highly 
expressed results in high K + current (Bosma 
et al., 1993), suggesting that the activation of 
PKA reduces K + current. Analogous studies 
involving PKC have shown that in contrast to 
the effect of PKA, activation of PKC increases 
K + current and this effect can be reversed by 
PKC inhibitors (Furukawa et al., 1995). Site- 
directed mutagenesis of Aplysia K + channel 
revealed that an important target for PKC- 
dependent regulation is Thr345 (Furukawa et 
al., 1995). Huang et al. also showed that the G 
protein-coupled ml  muscarinic-Ach receptor 
potently suppresses K + current through 
direct tyrosine phosphorylation of the cloned 
K + channel (Huang et al., 1993), indicating 
that PTKs also are involved in K+-channel 
regulation. 

Other Substrates of Phosphorylation 
and Dephosphorylation 

There are a number of substrates of kinases 
and phosphatases in addition to the receptors 
and ion channels described above that have 
been reported to be involved in plasticity of the 
CNS. Several representative proteins that have 
been frequently linked to neuronal plasticity 
processes are discussed. 
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Synaptic Vesicle Proteins 
and Related Proteins 

Several proteins associated with synaptic 
vesicles are targets for protein phosphorylation 
and dephosphorylation (Greengard et al., 
1993). Synapsin I is a synaptic vesicle-associ- 
ated phosphoprotein that is involved in the 
modulation of neurotransmitter release. CaMK 
II phosphorylates synapsin I and promotes its 
dissociation from vesicles, thus removing a 
constraint on the release of neurotransmitters 
(Baines and Bennett, 1986). In LTP, increased 
phosphorylation of synapsin I has been 
demonstrated (Fukunaga et al., 1995). PKA 
(Bahler and Greengard, 1987) and PKC (Sev- 
erin et al., 1989) also phosphorylate synapsin I. 
Actin-bundling activity of synapsin I was 
reduced by the CaMK II phosphorylation 
(Petrucci and Morrow, 1987). CaMK I (DeRe- 
mer et al., 1992) and proline-directed protein 
kinases such as mitogen-activated protein 
(MAP) kinase and cyclin-dependent protein 
kinase 5 (Cdk5) (Matsubara et'al., 1996), can 
phosphorylate synapsin I in vitro, although the 
physiological significance of this has yet to be 
determined. 

Synaptotagmin is also a synaptic vesicle pro- 
tein and has an essential function in neuro- 
transmission. Synaptotagmin has the Ca 2+- 
phospholipid-binding activity and, therefore, 
has been implicated in the docking and fusion 
of synaptic vesicles with the presynaptic mem- 
brane during Ca2+-induced exocytosis. Phos- 
phorylation by CaMK II may modulate its 
binding activity (Papoli et al., 1993). 

Rab3A, a small GTP-binding protein, and its 
associated proteins--such as Rabphilin-3A, a 
putative target protein for Rab3A--are impli- 
cated in neurotransmitter release. Rabphilin-3A 
interacts with rab3A in a GTP-dependent man- 
ner and binds Ca 2+ in a phospholipid-depen- 
dent manner. Rabphilin-3A is efficiently 
phosphorylated at residue 234 by both PKA and 
CaMK II and at residue 274 by CaMK II. It is 
possible that these kinases may thereby regulate 
neurotransmitter release (Fykse et al., 1995). 

GAP-43 (B-50, neuromodulin, and F1) is a 
presynaptic membrane-associated protein that 
plays a key role in guiding the growth of axons 
and modulating the formation of new neuronal 
connections (Pasinelli et al., 1995; Benowitz and 
Routtenberg, 1997). Transgenic mice that over- 
express GAP-43 show a spontaneous formation 
of aberrant co1~nections in the CNS (Aigner et 
al., 1995). GAP-43 appears to be involved in 
transducing intra- and extracellular signals to 
regulate cytoskeletal reorganization at the nerve 
ending. Phosphorylation by PKC on Ser41 is 
particularly significant in this regard and is 
linked with both nerve-terminal sprouting and 
LTP. Transgenic experiments demonstrate that 
phorphorylation of GAP-43 appears to induce a 
cellular state associated with growth and 
sprouting (Aigner et al., 1995). The PKC phos- 
phorylation site (Ser41) has been shown to be 
dephosphorylated by PP1, PP2A, and CaN in 
vitro (Benowitz and Routtenberg, 1997). 

There have been an increasing number of 
publications that indicate phosphorylation- 
dephosphorylation control of other synaptic 
vesicle proteins. Neurotransmitter release and 
subsequent neuronal plasticity are most likely 
modulated by phosphorylation status of those 
proteins as well. 

Nitric Oxide Synthase 
Nitric oxide (NO) has been implicated to 

function as a retrograde messenger in NMDA- 
receptor-mediated LTP (Jaffrey and Snyder, 
1995). NO is formed in postsynaptic cells and 
acts to control glutamate release at presynaptic 
terminals. NO synthase (NOS) is a Ca2~-/ 
calmodulin-dependent enzyme and its activity 
is modulated by its phosphorylation status. 
NOS is stoichiometrically phosphorylated by 
PKA, PKC, and CaMK II at independent ser- 
ines (Bredt et al., 1992). Phosphorylation by 
PKC markedly reduces NOS enzyme activity. 
An increase in NOS enzyme activity is ob- 
served following its dephosphorylation by 
CaN and this effect can be reversed by the 
addition of FK506 (Dawson et al., 1993). 
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cAMP-Responsive Element-Binding Protein 

Adaptative neuronal processes are assumed 
to be accompanied by the synthesis of novel 
proteins that are required to form new network 
architectures. The cAMP-responsive element 
binding protein (CREB) has been shown to 
mediate transcriptional activation of such 
genes in response to both cAMP and Ca 2§ sig- 
nals. CREB has also been shown to be a mem- 
ory modulator in Drosophila (Yin et al., 1995) 
and phosphorylation and dephosphorylation 
of CREB is thought to be important in pro- 
cesses underlying long-term memory (Deis- 
seroth et al., 1996). 

PKA phosphorylates Ser133 of CREB and the 
synthesis of several proteins (e.g., somato- 
statin) is subsequently enhanced (Gonzalez 
and Montminy, 1989). Phosphorylation of this 
residue is essential for PKA-mediated activa- 
tion of CREB (Gonzalez and Montminy, 1989). 
CREB is also a substrate for CaMK I, II, and IV 
(Sheng et al., 1991; Enslen et al., 1994). Residue 
Ser133 is the major site of phosphorylation by 
CaMKs in vitro and phosphorylation of this 
site is observed following membrane depolar- 
ization in vivo (Sheng et al., 1991; Sun et al., 
1994). Additionally, Ser142 has also been 
shown to be phosphorylated by CaMK II (Sun 
et al., 1994). Both CREB phosphorylation sites 
can be dephosphorylated by PP1, PP2A, and 
CaN (Sun et al., 1994; Bito et al., 1996), how- 
ever, nuclear PP2A appears to be the primary 
phosphatase antagonistic to PKA-phosphory- 
lation of CREB (Wadzinski et al., 1993). Thus, a 
balance of kinase and phosphatase activity reg- 
ulate phosphorylation level of CREB and sub- 
sequent CREB-dependent gene expression. 

Roles of Phosphorylation 
and Dephosphorylation in LTP 
and LTD 

The roles of phosphorylation and dephos- 
phorylation in neuronal plasticity have been 
extensively studied in hippocampal LTP and 
LTD models. 

L ong- Term Po ten tia tion 

A rise in Ca 2+ concentration at postsynaptic 
sites provides an initial step in inducing both 
LTP and LTD in the CA1 region of the hip- 
pocampus (Bear and Malenka, 1994; Malenka, 
1994). LTP induction requires the activation of 
Ca2+-sensitive protein kinases following the 
rise in Ca 2+ through the activation of both 
AMPA- and NMDA-glutamate receptors. 
CaMK II is assumed to play a pivotal role in 
LTP, and it phosphorylates intrinsic substrates 
that include glutamate receptor/ion Channels, 
synaptic proteins and various enzymes (Soder- 
ling, 1993). Targeted disruption of the CaMK 
II0t gene produces deficits in LTP and severely 
impairs performance in hippocampus-depen- 
dent memory tasks (Silva et al., 1992a, b). It has 
been proposed that autophosphorylation of 
CaMK II acts as a molecular switch that might 
be responsible for long-lasting biochemical 
changes (Lisman and Goldring, 1988; Fuku- 
naga et al., 1993). Experiments using tyrosine- 
kinase inhibitors demonstrated that tyrosine- 
kinase activity might be required post,~ynapti- 
cally for long-term synaptic plasticity in the 
hippocampus (O'Dell et al., 1991). Recent stud- 
ies describing mice harboring mutations in five 
kinase genes expressed in the hippocampus 
found that two of these kinases, the alpha 
CaMK II and the Fyn tyrosine kinase (Grant et 
al., 1992) are necessary for the establishment of 
long-term potentiation (Grant and Silva, 1994). 
We recently demonstrated that besides CaMK 
II, CaMK I and CaMK IV may also play impor- 
tant roles in LTP (Tokuda et al., 1997). By West- 
ern blot and immunohistochemical analyses, 
both CaMK I and IV were shown to increase in 
abundance in LTP hippocampal slices, and the 
translocation of these enzymes during LTP was 
shown to occur (Tokuda et al., 1997). Addition- 
ally, PKC has also been shown to be important 
in LTP formation (Muller et al., 1991). Hvalby 
et al. performed the experiment using in- 
hibitors of PKC and CaMK II, and showed that 
both inhibitors blocked the induction of LTP. 
The PKC inhibitor had a much more potent 
effect than that of the CaMK II inhibitor on LTP 
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induction (Hvalby et al., 1994). Thus, at least 
three multifunctional kinases--CaMK II, PKC, 
and tyrosine kinases--have been implicated in 
the events responsible for LTP, and may play 
differential roles in induction and expression 
of LTP. 

Inhibition of CaN with FK506 in adult rat 
hippocampal slices enhances synaptic trans- 
mission and the magnitude of the potentiation 
of LTP (Lu et al., 1996). CaN has also been 
shown to play a role in processes antagonizing 
the induction of LTP in the visual cortex 
(Funauchi et al., 1994). Inhibition of the syn- 
thesis of CaN A-alpha and A-beta catalytic 
subunits reduces the threshold of induction 
for commissural-CA1 LTP (Ikegami et al., 
1996). On the other hand, there are reports 
contradictory to the idea that CaN plays an 
antagonistic rote in LTP induction. Intracellu- 
lar application of cypermethrin, an inhibitor of 
CaN, suppresses LTP expression in hippocam- 
pus (Wang and Stelzer, 1994). We also demon- 
strated that bath application of FK506 (50 ~tM) 
or cyclosporin A (100 ~tM) inhibits both the 
NMDA-receptor-mediated potentials and the 
induction of LTP, but has no effect on the 
depotentiation in the CA1 hippocampus (Lu et 
al., 1996). Difference in the age of the animals 
used or in the method to apply CaN inhibitors 
(whether both pre- and postsynaptic cells or 
only the latter cells are exposed to those 
inhibitors) may be possible reasons for this 
discrepancy. 

There is an additional LTP induction and 
expression mechanism that occurs in the 
mossy-fiber synapses in the CA3 region of hip- 
pocampus (reviewed by Nicoll and Malenka, 
1995). This LTP is independent of NMDA 
receptors, but requires a rise in presynaptic 
Ca 2+ (Castillo et al., 1994). PKA has been 
shown to play an important role in the expres- 
sion of this type of LTP and to modulate presy- 
naptic Ca 2+ channels (Weisskopf et al., 1994; 
Huang et al., 1994). Recently, PKC activation 
has also been shown to be necessary but not 
sufficient for induction of LTP of the mossy 
fibers (Son and Carpenter, 1996). PKC-depen- 
dent protein phosphorylation of GAP-43 in 

vitro was reported to be associated with the 
induction, but not the maintenance phase of 
LTP (Son et al., 1997). 

Although NMDA-receptor-dependent LTP 
is observed throughout the brain, mossy-fiber 
LTP seems to be specific to CA3 region of the 
hippocampus. One might speculate that there 
may be other mechanisms that cause LTP in 
other parts of the brain. 

LTP is generated by presynaptic modifica- 
tions and postsynaptic modifications. Other 
factors such as involvement of glial-cell uptake 
of neurotransmitters, regulation by retrograde 
messengers, and the morphological changes of 
activated synapses are also important, but will 
not be discussed in this review. 

Presynaptic modifications cause a regulated 
release of neurotoransmitters. Increased Ca 2+ 
levels in the presynapses lead to an increase in 
neurotransmitter in synaptosomes (Lynch and 
Voss, 1991). Synaptic vesicle proteins are phos- 
phorylated by several kinases during LTP. For 
example, presynaptic PKC activated by arachi- 
donic acid, a retrograde messenger, phospho- 
rylates GAP-43, and results in an increase in 
free CaM (Gianotti et al., 1992). CaM-depen- 
dent enzymes are then activated. CaMK II, for 
example, phosphorylates synapsin I, leading to 
modulation of vesicle fusion and neurotrans- 
mitter release as described earlier. 

In postsynaptic modifications, many kinases 
and phosphatases have been implicated in LTP. 
As mentioned earlier, AMPA receptor is phos- 
phorylated by PKA leading to an increase in 
sensitivity following the induction of LTP 
(Malenka and Nicoll, 1993; Gasic and Hollman, 
1992; Raymond et al., 1993). Activation of 
NMDA-receptor function by PKC phosphory- 
lation is also involved in the postsynaptic 
modification (Ben-Ari et al., 1992; Chen and 
Huang, 1992). Phosphorylation or dephospho- 
rylation of other components such as Ca 2+ 
channels, nitric oxide synthase, and CREB fol- 
lowing LTP also contributes to the postsynap- 
tic modification (summarized in Table 1). 

Figure 1 summarizes the involvement of the 
kinases and phosphatases discussed in this 
review. 
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Table 1 
Effects of Phosphorylation and Dephosphorylation on Various Substrates 

Receptors Role References 

Glutamate receptor 
Ionotropic-glutamate receptors 

Non-NMDA 
PKA 

NMDA 
PKC 
CaMKII 

Tyrosine kinases 

Tyrosine phosphatase 
PP1 
PP2A 
PP2B 

Metabotropic-glutamate receptors 
PKA 
PKC 

GABA receptors 
GABAA receptor 

PKC 

CaMKII 

PKG 
Tyrosine kinases 
PP2B 

GABAc receptor 
PKC 

Glycine receptors 
PKA 
PKC 

G protein-coupled receptors 
G protein-coupled receptor kinases 

PKC (mAChRs) 
PIA (mAChRs) 

Voltage-gated ion channels 
Calcium channels (VDCC) 

L-type, N-type, and likely P-type 
PKA 
PKC, CaMKqI, PKG 
PP2B 

Sodium channels 
PKA 

PKC 
PP2B 

Potassium channels 
PKA 
PKC 
Tyrosine kinases 

Activation 

Activation 
Activation 

Activation 

Suppression 
Suppression 
Suppression 
Suppression 

Suppression 
Suppression 

Suppression 

Activation 
Activation 

Activation 
Activation 
Suppression 

Activation 

Activation 
Suppression 

Desensitization 

Activation 

Suppression 

Suppression 

Suppression 
Activation 

Suppression 
Activation 
Suppression 

Gasic et al., 1992; Raymond et al., 1993 

Ben-Ari et al., 1992 
Chen and Huang, 1992; Kolaj et al., 1994; 

Yakel et al., 1995; Omkumar  et al., 1996 
Moon et al., 1994; Wang and Salter, 1994; 

Suzuki and Okumura-Noji, 1995; 
Chen and Leonard, 1996; Rostas et al., 1996 

Wang et al., 1996 
Wang et al., 1994 
Wang et al., 1994 
Tong et al., 1995; Yakel, 1997 

Pedarzani and Storm, 1994 
Kawabata et al., 1996 

Kellenberger et al., 1992; Leidenheimer et al., 
1992 

Krishek et al., 1994 
Machu et al., 1993; McDonald and Moss, 

1994; Kano et al., 1996 
McDonald and Moss, 1994; Leidenheimer, 1996 
Moss et al., 1995 
Martina et al., 1996 

Feigenspan and Borman, 1994 

Agopyan et al., 1993; Vaello et al., 1994 
Ruiz-Gomez et al., 1991 

Benovic et al., 1987, 1991; Ambrose et al., 1993; 
Benovic and Gomez, 1993; Kunapuli and 
Benovic, 1993; Lefkowitz, 1993 

Haga et al., 1996 
Rosenbaum et al., 1987 

Hell et al, 1993, 1994; Levitan, 1994 
Hell et al, 1993, 1994 
Chad and Eckert, 1986 

Costa et al., 1982; Smith and Goldin, 1992; 
Murphy et al., 1996 

Numann  et al., 1991; West et al., 1991 
Chen et al., 1995 

Bosma et al., 1993 
Furukawa et al., 1995 
Huang et al., 1993 table continues 
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Table 1 
Continued 

Receptors Role References 

Other neuronal substrates 
Synaptic-vesicle proteins 

Synapsin 1 
CaMK II 
CaMK I, MAP kinase, Cdk 5 

Synaptotaginin 
CaMK II 

Rab 3A 
PKA 
CaMK II 

GAP-43 
PKC 
PPl, PP2A, PP2B 

Nitric oxide synthase 
PKC, PKA, CaMK II 
PP2B 

CREB 
PKA 
CaMK I, CaMK II, CaMK IV 

PP1, PP2A, PP2B 

NT release 

NT release 

Growth, Sprouting 
Antagonize PKC 

Suppression 
Activation 

Activation 
Activation 

Suppression 

Baines and Bennett, 1986; Fukunaga et al., 1995 
Matsubara et al., 1996 

Popoli, 1993 

Fykse et al., 1995 
Fykse et al., 1995 

Aigner et al., 1995 
Benowitz and Routtenberg, 1997 

Bredt et al., 1992 
Dawson eta|., 1993 

Gonzalez and Montminy, 1989 
Sheng et al., 1991; Enslen et al., 1994; Sun et al., 

1994 
Sun et al., 1994; Bito et al., 1996 

PKA: cAMP-dependent protein kinase, PKC: Ca2+/phospholipid-dependent protein kinase, CaM: calmodulin, 
CaMK: Ca2+/calmodulin-dependent protein kinase, PP: protein phosphatase, PKG: cGMP-dependent protein kinase, 
NT: neurotransmitter, GABA: gamma-aminobutyric acid, NMDA: N-methyl-D-aspartate, MAP: microtubule-associated 
protein, Cdk: cyclin-dependent kinase. 

Long-Term Depression 

LTD is defined as a decrease in synaptic effi- 
ciency and could be another important mech- 
anism by which neural networks store 
information. 

In LTD, the role of phosphatases may be more 
significant than that of kinases. One form of 
LTD that has been observed in the hippocam- 
pus requires activation of postsynaptic NMDA 
receptors, a change in postsynaptic Ca 2+ concen- 
tration, and activation of postsynaptic PP1 or 
PP2A. The induction of LTD is blocked by the 
extracellular application of either okadaic acid 
or calyculin A, two inhibitors of PPl and PP2A 
(Mulkey et al., 1993). FK506 therefore blocked 
induction of LTD in rat visual cortex (Torii et al., 
1995) and in hippocampus (Hodgkiss and Kelly, 

1995a). Thus, LTD induction may require initial 
activation of CaN by Ca2+/calmodulin. Presum- 
ably, CaN dephosphorylates and inactivates 
inhibitor-i, and this in turn increases PP1 activ- 
ity and contributes to the generation of LTD 
(Malenka, 1994; Mulkey et al., 1994; Hodgkiss 
and Kelly, 1995b). 

The contribution of phosphorylation in LTD 
formation has also been reported. Knockout 
experiments revealed in mice that a specific 
neuronal isoform of PKA type I regulatory sub- 
unit (RI beta) is required for both LTD and 
depotentiation (Brandon et al., 1995; Qi et al., 
1996). Involvement of CaMK II in LTD has been 
demonstrated by the fact that bath application 
of KN-62, a CaMK II inhibitor, blocks low-fre- 
quency stimuli-induced depotentiation. This 
suggests that induction of depotentiation and 
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Fig. 1. Schematic drawing of the involvement of phosphorylation and dephosphorylation in LTP. Increase of 
intracellular Ca 2+ to a higher level triggers the Ca2+-dependent regulation cascade of kinases that causes LTP. 
CaN and other phosphatases antagonize the action of kinases. Arrows indicate signal transfer or stimulation of 
the target molecules. Dotted arrows indicate phosphorylation or dephosphorylation. 

de novo LTD may require the same CaMK II- 
dependent mechanisms (Stanton and Gage, 
1996). Linden and Connor demonstrated that 
inhibitors of PKC block LTD induction, whereas 
phorboM2,13-diacetate, a PKC activator, alone 
is sufficient for LTD induction (Linden and 
Connor, 1991). Similarly, Stanton showed that 
transient PKC activation primes LTD (Stanton, 
1995). PTKs have also been shown to be neces- 
sary for LTD at the parallel fiber-Purkinje cell 
synapse (Boxall et al., 1996) indicating that 
PTK-mediated LTD induction also exists. 

Figure 2 summarizes the involvement of the 
kinases and phosphatases discussed in this 
review. 

LTP and LTD in hippocampus have become 
the well-accepted models to study neuronal 
plasticity in the mammalian brain. However, 

there are pitfalls in relying exclusively on this 
approach to explain neuronal plasticity. First, 
the physiological significance of LTP and LTD 
in neuronal plasticity, especially in memory 
and learning, remains to be well established. 
Second, spatial and chronological coordination 
of both presynaptic and postsynaptic modifica- 
tions are necessary for the induction and 
expression of LTP and LTD. Third, as there are 
both NMDA-dependent and NMDA-indepen- 
dent types of LTP present in hippocampus, it 
remains possible that other types of I2FP and 
LTD exist in other parts of the brain. Addition- 
ally, multiple kinases and phosphatases are 
assumed to be simultaneously or chronologi- 
cally involved in vivo. Specific inhibitors or 
stimulators of such enzymes, and molecular- 
genetic approaches (overexpression and knock- 
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Fig. 2. Schematic drawing of the involvement of phosphorylation and dephosphorylation in LTD. Increase of 
intracel lular Ca 2§ to a lower level triggers CaN and thereby PP1. Arrows indicate signal transfer or stimulation 
of the target molecules. Dotted arrows indicate phosphorylation or dephosphorylation. 

out experiments) are necessary to be developed 
for the analysis of the contribution of an indi- 
vidual enzyme in vivo. Finally, other factors 
such as neurotransmitters, growth factors, 
trophic factors, and cytokines may also regulate 
LTP and LTD. 

Nonetheless, much progress in the analysis of 
LTP and LTD in the last two decades has 
brought a better understanding of neuronal 
plasticity and has provided powerful clues to 
explain many neuronal functions and disorders. 

Conclusion 

Regulatory roles of phosphorylation and 
dephosphorylation by kinases and phos- 
phatases, respectively, upon neuronal target 
proteins are shown to be crucial in neuronal 
plasticity in the CNS. Phosphorylation is a 
relatively fast process in biological systems, 
and usually is second-to-minute order reac- 

tion catalyzed by kinases. Phosphorylated 
proteins are efficiently dephosphorylated by 
responsive phosphatases. This way of regula- 
tion is therefore reversible. Although phos- 
phorylated state of target proteins is transient, 
the incorporated phosphate into the proteins 
can effectively produce functional changes on 
the phosphorylated molecules and subse- 
quent signaling reactions are also affected. 
The relatively fast and reversible manner of 
regulation by phosphorylation and dephos- 
phorylation is especially suitable to change 
the receptor affinity for ligands and the prob- 
ability of opening of various channels and the 
quantum of neurotransmitter release. Espe- 
cially in the CNS, quick and reversible 
responses are essential to alter or maintain 
the adaptive responses of neuronal-network 
functions. 

Many kinases and phosphatases have been 
discovered, and many of them exist abun- 
dantly in the CNS, indicating that these 
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enzymes are highly utilized for the regulation 
of the CNS functions. 

As discussed in the text, multiple kinases 
and phosphatases are involved in the regula- 
tion of the substrate function. Each kinase or 
phosphatase has diverse regulatory effects on 
various substrates, either positively or nega- 
tively. There are usually two or more phos- 
phorylation sites in the substrate molecule. 
Some kinases share the phosphorylation sites, 
and the other phosphorylates the distinct site. 
Since both ser ine/ threonine kinases and tyro- 
sine kinases are involved in the regulation of 
many receptors and ion channels, phosphory- 
lation on different sites of the molecules 
occurs, and this may exert differential regula- 
tion on the function. The function of the target 
proteins are therefore determined by the sum- 
mation of phosphorylat ion status caused by 
different kinases on different phosphorylation 
sites. Targeted experiments, especially site- 
directed mutagenesis of the phosphorylation 
site lead to the answers of these questions. 
Further studies will be required to identify 
such cross-talk regulation mechanisms via 
multiple kinases and phosphatases in neu- 
ronal plasticity in the CNS. 

Neuronal plasticity in the learning and 
memory functions has been demonstrated to 
be dynamically regulated via phosphorylation 
and dephosphorylation. The findings obtained 
in the learning and memory system may be 
applicable to study roles of kinases and phos- 
phatases in the other plasticity mechanisms in 
postnatal development  (O'Leary et al., 1994; 
Scheetz and Constantine-Paton, 1994; Friedlan- 
der et al., 1996), recovery from injury (Brodkey 
et al., 1993; Spear, 1996) and of aging 
(deToledo-Morrell et al., 1988; Cotman et al., 
1990; Coleman et al., 1995) which may need 
different strategies for research. 
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