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I. Introduction

A. Functional Importance of Protein Phosphorylation

The last decades have witnessed major advances in our
understanding of the molecular mechanisms involved in

signal transduction in neuronal tissues. Reversible pro-
tein phosphorylation appears to represent one, and pos-
sibly the most important, molecular mechanism by which
extracellular signals produce their biological responses
in specific target neurons. A partial list of those neuro-
transmitters that have been shown to achieve at least
some of their actions in neural cells through protein

phosphorylation/dephosphorylation is presented in table

1.

Early studies of carbohydrate metabolism (Walsh et

al., 1968) demonstrated that enzyme phosphorylation
could have a regulatory role (Robison et al., 1971; Nimmo

and Cohen, 1977; Krebs and Beavo, 1979). Later work

extended this concept (Kuo and Greengard, 1969) and
led to the realization that this biochemical mechanism

had widespread importance in physiological regulation
(for review, see Greengard, 1978). Thus, it is clear today
that protein phosphorylation is involved not only in the
regulation of intermediary metabolism but also in the
regulation of a wide variety of other cellular functions.

A full molecular understanding of the role of protein
phosphorylation in nervous tissue would require identi-

fication and characterization of the various protein phos-
phorylation systems present in the brain. The phospho-
proteins that appear to be particularly important in

neuronal function include enzymes involved in neuro-

transmitter biosynthesis, synaptic vesicle-associated

proteins, protein phosphatase inhibitors, neurotransmit-

ter receptors, ion channels, and cytoskeletal proteins (for
examples, see Nestler and Greengard, 1984; Walaas and
Greengard, 1987). In the present review, selected aspects
of phosphorylation of such proteins in the nervous sys-
tem and their relationship to neuronal function will be
discussed. We will describe some general properties of
the protein kinases, protein phosphatases, and substrate

proteins involved and discuss some of the evidence that
demonstrates that protein phosphorylation is directly
involved in nervous system functions. Evidence from a

variety of studies will be included, but a complete coy-
erage of the literature is not intended, and only selected
references will be given. Indeed, the vast literature that

exists concerning protein phosphorylation makes it im-
possible to discuss all aspects of this topic in a single
review. The reader is referred to a number of other
reviews for additional information (for examples, see
Browning et al., 1985; Greengard, 1976, 1978, 1987; Hu-
ganir and Greengard, 1990; Kandel and Schwartz, 1982;
Kennedy, 1983, 1989; Kaczmarek and Levitan 1987;
Nairn et al., 1985b; Nestler and Greengard, 1984; Rei-
chardt and Kelly, 1983; Walaas and Greengard, 1987).

Conclusive evidence for involvement of protein phos-

phorylation in neuronal function was originally difficult

to obtain. Early studies suggested that cyclic nucleotide-
dependent protein phosphorylation might be of physio-
logical importance in the nervous system, because cor-
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PROTEIN PHOSPHORYLATION AND NEURONAL FUNCTION 301

TABLE 1

First messengers regulating brain protein phosphorykztion*

-
Flrst messenger Receptor

Type enzyme
involved

Substrate
protein

References

Acetylcholine

Noradrenaline (adrenaline)

mACh-R

a-AR

i3-AR

PKC

PKC

PKA

MARCKS

GAP-43

MARCKS

Synapsin I
GFAP

Vimentin

‘

Wang, Audigier and Greengard, unpublished

data
VanHoofetal., 1989

Wang, Audigier and Greengard, unpublished
data

Mobley and Greengard, 1985

Browning and Ruins, 1984

Groppi and Browning, 1980

Dopamine

Serotonin

Dl PKA

PKA

Synapsin I, II

DARPP-32

Synapsin I

Nestler and Greengard, 1980; Treiman and

Greengard, 1985

Walaas et al., 1983c

Dolphin and Greengard, 1981a

Adenosine A2 PKA Synapsin I Dolphin and Greengard, 1981b

Glutamate NMDA PP-2B DARPP-32
MAP-2

Halpain et al., 1990

Halpain and Greengard, 1990

Depolarization CaM-I

CaM-I!
PKC

Synapsin I, II

Synapsin I
MARCKS

GAP-43

Huttner and Greengard, 1979; Wang et al.,
1988

Huttner and Greengard, 1979
Wu et al., 1982

Wang et al., 1988
Vasoactive intestinal peptide PKA ARPP-16 Girault et al., 1988

* Protein phosphorylation Systems shown to be regulated by extracellular signals in intact neural cells and/or nerve terminals are included.

Not included are widespread, predominantly nonneuronal systems. Abbreviations: PKC, protein kinase C; PKA, cyclic AMP-dependent protein

kinase; PP-2B, protein phospatase-2B; ARPP-16, cyclic AMP-regulated phosphoprotein, 16 kDa; mACh-R, muscarinic acetylcholine receptor;

a-AR, a-AR, a- and /3-adrenergic receptors, respectively; Dl, Dl type of dopamine receptor; A2, A, type of adenosine receptor.

relations between levels of cyclic AMPS or cyclic GMP
and specific electrophysiological properties were ob-
served (for reviews, see Bloom, 1975; Bloom et al., 1975;

Greengard, 1976; Dunwiddie and Hoffer, 1982; Siggins,
1982). Subsequently, such correlations were extended to
include other second messenger-regulated protein phos-
phorylation systems. Ultimately, intracellular injection
of components of various protein phosphorylation sys-
tems into identified neurons has demonstrated conclu-

sively that these systems mediate and/or regulate a num-

ber of well-defined neurophysiological phenomena (for
examples, see Kaczmarek et a!., 1980; Castellucci et al.,

1980, 1982; Llinas et a!., 1985; Paupardin-Tritsch et a!.,

1986b; DeRiemer et a!., 1985).

B. Protein Phosphorjlation Systems

A!! protein phosphorylation systems consist minimally
of three components. These include the phosphoproteins

themselves, which change their biological properties dur-
ing phosphorylation/dephosphorylation. In addition, two
classes of enzymes are needed for the phosphorylation/

:1:Abbreviations: cyclic AMP and cyclic GMP, cyclic adenosine and

cyclic guanosine 3’:5’-monophosphate, respectively; CNS, central nerv-

Ous system; C, catalytic subunit; R, regulatory subunit; CaM kinase;

Ca2�/ca1modulin-dependent protein kinase; GABA, -y-aminobutyric

acid; 1P3, inositol 1,4,5-trisphosphate; GAP-43, growth-associated pro-

tein, 43 kDa; MAP, microtubule-associated protein; Thr, threonine;
Ser, serine; protein kinase C, Ca2�/phospholipid/diacylglycerol-depend-

ent protein kinase; LTP, long-term potentiation; MARCKS, myristoy-

lated, alanine-rich C-kinase substrate; DARPP-32, dopamine- and

cyclic AMP-regulated phosphoprotein, M, 32,000; NMDA, N-methyl

D-aspartate; ATP, adenosine triphosphate.

dephosphorylation reactions. One set of these enzymes

includes the protein kinases, phosphotransferases that

catalyze transfer of phosphate from ATP to proteins on

specific serine, threonine, or tyrosine residues (for re-

views, see Nimmo and Cohen, 1977; Krebs and Beavo,

1979; Sefton and Hunter, 1984; Hunter and Cooper, 1985,

Edelman et al., 1987). The other set of enzymes includes

the phosphoprotein phosphatases, which dephosphorylate

the phosphoproteins and thereby return the particular

protein phosphorylation system to its basal state (Inge-

britsen and Cohen, 1983a,b; Cohen, 1989; Shenolikar and

Nairn, 1991).

Increases in the state of phosphorylation of phospho-

proteins can be achieved either by activation of protein

kinases, by inhibition of protein phosphatases, or by

changes in the properties of the protein itself as a sub-

strate for distinct protein kinases or phosphatases. Pres-
ent evidence suggests that increasing the activity of

protein kinases represents the most common activation
mechanism in both neuronal and nonneuronal tissues.

However, it is increasingly clear that certain protein
phosphatases are subject to rapid and reversible control

mechanisms. Recent evidence also indicates that many

substrates undergo phosphorylation by multiple protein

kinases (table 2). Such phosphoproteins may change

their properties as substrates for protein kinases or phos-

phatases as a result of phosphorylation or dephosphoryl-

ation in other regions of the molecule. These various

phenomena will be discussed below.

Mammalian brain is an unusually rich source of pro-
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TABLE 2

Neuronaiproteins phosphorylated on multiple sites*

Protein
Protein kinase

Selected references
PKA CaM II PKC Cas K-Il Tyr K Other

MAP-2 + + + - - + WalaaS and Nairn, 1989

Tau - + + - - - Baudier and Cole, 1987; Baudier
et al., 1987

Neurofilament + + - - - + Matus, 19884

Na� channel + - + - - - Costa and Catterall, 1984a,b

Ca2� channel + - + - - - Curtis and Catterall 1985;

Hosey et al., 1986

Synapsin I + + - - - + Huttner and Greengard, 1979

Tyrosine hydroxylase + + + - - + Haycock, 1990

nACh-R + - + - + - Huganir and Greengard, 1990

mACh-R + - + + Kwatra et al., 1989

GABAA-R + - + - - + Sweetnarn et al., 1988; Brown-
ing et al., 1990

�3-AR + - + - - + Lefkowitz et a!., 1990

DARPP-32 + - - + - - Hemmings et al., 1984; Girault
et al., 1990

* Table includes examples of major neuronal proteins specifically involved in signal transduction or other brain-specific functions, and subject

to multisite protein phosphorylation in intact tissue. References include recent papers or reviews, where original data are described. Abbreviations:

nACh-R, nicotinic acetylcholine receptor; GABAA-R, ‘y-aminobutyric acid receptor type A; Tyr K, tyrosine-specific protein kinase; other
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abbreviations as in legend to Table 1.

thin phosphorylation systems, including diverse protein
kinases, phosphoprotein substrates, phosphoprotein
phosphatases, and modulators thereof (Nairn et aL,

1985b). For example, comparison between the endoge-

nous protein phosphorylation activities found in rat fore-
brain and cerebellum and those found in various periph-

era! tissues from rat has shown that the neuronal prep-
arations have higher cyclic AMP-dependent and Ca2�-

dependent protein kinase activities and a much larger
number of putative endogenous substrate proteins than
do peripheral tissues (S. I. Walaas and P. Greengard,
unpublished evidence presented in Nestler and Green-
gard, 1989, p. 378).

II. Protein Kineses in Brain

The number of protein kinases described has increased
dramatically during the last decade. Most of these pro-
tein kinases appear to belong to a common superfamily
of enzymes that share similarities in their catalytic do-

mains (Hanks et al, 1988). Neuronal tissues represent a
particularly abundant source for such enzymes (Nairn et

a!., 1985b; Walaas and Greengard, 1987). The properties
of those protein kinases in the mammalian brain that

have been examined are generally similar to the proper-

ties of the corresponding nonneuronal enzymes. Certain
differences exist, however, between brain and nonneu-
ronal tissues, particularly with respect to the relative
concentrations and cellular and subcellular distributions

of some of the enzymes (Walter and Greengard, 1981;
Nairn et a!., 1985b). In this section, we will briefly
describe some properties and, if known, some defined
functions of some of the well-characterized brain protein
kinases, with particular emphasis being placed on the
second messenger-regulated enzymes.

A. General Mechanisms for Activation of Protein

Kinases

Most members of the protein kinase family appear to

contain catalytic domains that have approximately 30-

to 32-kDa molecular masses and that are relatively well

conserved in both unicellular and multicellular orga-

nisms (Hanks et a!., 1988). The regulation of these

catalytic activities, which display different protein sub-
strate specificities, appears to be achieved in different
ways by distinct groups ofprotein kinases. Recent studies
have led to a general model of the mechanism underlying

such regulation, the present consensus being that most
protein kinases have latent catalytic activities and that
removal of inhibitory constraints can induce activation

of the enzymes. A number of the most thoroughly studied
protein kinases have been found to contain pseudosub-

strate “prototopes” within their regulatory domains (for
reviews, see Kemp et a!., 1989; Soderling, 1990). These
prototopes, which may be located either on the same

polypeptides as the catalytic domains or on distinct R

subunits, have primary structures similar to those sur-

rounding the authentic phosphorylation sites in the

physiological substrates (Kemp and Pearson, 1990). The

prototope domains may, therefore, under basal condi-

tions, be tightly bound to catalytic domains within the
kinase. Activation of such enzymes is achieved through

mechanisms that release these pseudosubstrate se-

quences and thereby allow substrate proteins access to
the enzymes (Kemp et a!., 1989; Soderling, 1990).

Three physiological mechanisms that can activate pro-
tein kinases, either singly or working in concert, have
thus far been defined in mammalian brain: second mes-
senger generation, enzyme autophosphorylation, and di-

rect binding of first messengers to a receptor-kinase
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complex. Activation through second messenger genera-

tion is the best studied of these mechanisms in brain
tissue.

1. Activation by second messengers. Brain cells use

several mechanisms for generating second messengers.
These include neurotransmitter receptors which activate

or inhibit adenylyl cyclase and guanylyl cyclase and alter
the synthesis ofcyclic AMP and cyclic GMP, respectively

(for reviews, see Daly, 1977; Ferrendelli, 1978; Bockaert,

1981; Birnbaumer and Iyengar, 1982; Drummond, 1983)
(table 3). Other neurotransmitter receptors appear cou-

pled to activation or inhibition ofphospholipase C, which
generates IP3 and diacylglycerol from phosphatidylino-
sitol-4,5-bisphosphate (Brown et al., 1984; Berridge,

1984, 1987; Berridge and Irvine, 1989; Downes, 1982,
1988; Fisher and Agranoff, 1987). 1P3 as an intracellular

messenger appears to regulate release of Ca2� from intra-
cellular stores (for examples, see Berridge, 1987; Berridge

and Irvine, 1989). Still other neurotransmitter receptors
are coupled to the influx of Ca2�, through ligand-operated

channels (Reuter, 1983; Miller, 1987; Hess, 1990). An-
other signal transduction system appears to involve re-

ceptors coupled to the activation of phospholipase A2,
which generates arachidonic acid and metabolites thereof

from phospholipids (Burch, 1989; Burch et al., 1986;

Piomelli et a!., 1987; Shimizu and Wolfe, 1990). Finally,
the nerve impulse itself is involved in signal transduction
via Ca2� influx through voltage-sensitive channels (for
reviews, see Augustine et aL, 1987; Hess, 1990). Strong
evidence indicates that many or most of the effects of

TABLE 3
First messengers regulating second messenger generation in brain*

Second messengers
First messenger

cAMP cGMP Ca’� DAG AA

Glutamate (1) 1 1 1
GABA

Acetylcholine � I I I I
Norepinephrine Ii I I I
Dopamine 11 I (I)
Serotonin 11 I I
Histamine I I

Adenosine I

Vasoactive intestinal I
peptide

Opioida

Somatostatin
Substance P 1 1
Atrial natriuretic factor I
Depolarization (I) I (I)

* The table includes major groups of first messengers reported to

change levels of second messengers in preparations containing intact

neural cells. Data compiled from: Daly (1977), Drummond (1983),

Fisher and Agranoff (1987), Tremblay et a!. (1988), Burch (1989),

Felder et al. (1989), Mahan et al. (1990), Shimizu and Wolfe (1990).

Abbreviations: DAG, diacylglycerol; AA, arachidonic acid or metabo-

lites thereof.

the compounds generated by these various mechanisms
are achieved through direct or indirect regulation of

protein phosphorylation systems, particularly the second

messenger-dependent protein kinases (table 4). These

enzymes are activated by binding of the intracellular
messengers to distinct sites on the enzymes which
thereby undergo conformational changes.

2. Activation by autophosphorvlation. Another impor-

tant mechanism used for regulation of protein kinase

activity is intramolecular autophosphorylation. The ma-
jority of the protein kinases that have been studied

contain autophosphorylation sites, the phosphorylation
of which may profoundly change the activity of the
enzyme in question (for a recent review, see Blackshear

et a!., 1988). Well-known examples include cyclic AMP-
dependent protein kinase type II (Rubin and Rosen,
1975), CaM kinase II (Lai et a!., 1986; Miller and Ken-
nedy, 1986; Lou et al., 1986; Schworer et a!., 1986), and
the protooncogene product pp60c*?� (Okada and Naka-
gawa, 1989), all of which are enriched in brain. These

enzymes will be discussed in greater detail below.
3. Activation by ligand binding. A third important

mechanism for protein kinase activation is used by a

group of receptor-associated protein kinases. These en-
zymes, most of which appear to phosphorylate their

substrate proteins on tyrosine residues rather than on
the more commonly phosphorylated serine or threonine
residues, are often associated with receptors for various
growth factors, hormones, and mitogens. Well-known

examples include the epidermal and platelet-derived
growth factor receptors, the insulin receptor, and the
receptor for insulin-like growth factor-i (somatomedin

C) (for reviews, see Cobb and Rosen, 1983; Yarden and

Ullrich, 1988; Carpenter and Cohen, 1990). In these
cases, binding of the extracellular messenger to its recep-

tor appears to directly activate the protein kinase, which

often is an integral part of the receptor itself, without
any intervening second messenger generation. In other
cases, such tyrosine-specific protein kinases may be dis-
tinct from the receptors themselves, although they often
are associated with membranes and functionally linked

to membrane receptors through unknown mechanisms.
Examples include the tyrosine protein kinase present in
Torpedo electroplax, which is capable of phosphorylating

the nicotinic acetylcholine receptor (Huganir et al.,

1984), and the recently described protein kinase pp56�’
present in lymphocytes which appears to be activated by
the CD4 or CD8 transmembrane complexes and which
can phosphorylate the antigen receptors in T-lympho-
cytes (Barber et a!., 1989; Veillette et a!., 1989).

B. Second Messenger-regulated Protein Kinases

1. Cyclic nucleotide-dependent protein kinases. Mam-
malian brain contains two distinct subclasses of cyclic
nucleotide-dependent protein kinase activities, namely,

cyclic AMP-dependent and cyclic GMP-dependent pro-
tam kinases, which have been found to be the principal
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TABLE 4

Protein kinases involved in nervous system function*

Protein kinase Major physiological functions Selected references

Cyclic AMP-dependent protein kinase Ion channel regulation
Transmitter synthesis

Transmitter release

Receptor desensitixation
Intermediary metabolism

KacZmarek and Levitan, 1986

Zigmond et al., 1988
Kandel and Schwartz, 1982

Huganir and Greengard, 1990

Wilkening and Makman, 1977

Cyclic GMP-dependent protein kinase Ion channel regulation

Input resistance regula-
tion

Paupardin-Tritsch et al., 1986a,b
Woody et a!., 1986

CaM-Il Transmitter synthesis

Transmitter release
LTP
Cytoskeletal organize-

tion

Zigmond et al., 1989

Llinas et al., 1985
Malinow et al., 1988

Baudier and Cole, 1987

Protein kinase C Ion channel regulation

Transmitter synthesis
Transmitter release
Receptor desensitiz.ation

LTP

Kaczmarek, 1987

Zigmond et al., 1988
Nichols et al., 1987
Huganir and Greengard, 1990

Hu et al., 1987

* Table includes second messenger-regulated protein kinases which have been shown to mediate or modulate major classes of functional

processes in intact neural cells.

intracellular “receptor” proteins for cyclic AMP and
cyclic GMP, respectively, in eukaryotic cells (for reviews,
see Nimmo and Cohen, 1977; Walter and Greengard,
1981; D#{248}skeland and #{216}greid,1981; Lincoln and Corbin,

1983). Some structural homologies between these en-

zymes exist (Corbin and Lincoln, 1978), but the differ-

ences in substrate specificities, activation mechanisms,

quaternary structures, immunological cross-reactivities,
and tissue distributions indicate that they have distinct

physiological roles (Walter et a!., 1980; Walter and

Greengard, 1981; Nairn et al., 1985b).

a. CYCLIC AMP-DEPENDENT PROTEIN KINASE. This en-

zyme, first described by Walsh et al. (1968), is present

in a number of isoforms (Cadd and McKnight, 1989) and

is highly enriched in brain (Miyamoto et a!., 1969; Nairn
et al., 1985b). The main properties of the brain enzyme

are identical with those of the enzyme prepared from
peripheral tissues. It exists as a tetramer composed of

two R subunits (49 to 55 kDa apparent molecular masses)

joined by a disulfide bond and two C subunits (40 kDa

apparent molecular mass), all of which, in the absence
of cyclic AMP, bind together to produce an inactive

complex (for examples, see Nimmo and Cohen, 1977).

The two main isozymic forms of cyclic AMP-depend-

ent protein kinase originally described (Reimann et a!.,
1971), and present in most tissues, contain different R

subunits, with early studies showing that type I contained

RI subunits (49 kDa) and type II contained RII subunits

(51 to 55 kDa) (Hofmann et a!., 1975; Nimmo and Cohen,

1977). Further studies, in which molecular genetic ap-
proaches were used, have shown that there are multiple

forms of RI, RII and C, which have distinct properties
and tissue distributions. Two clones from mouse genomic

and complementary DNA libraries have been found to
encode distinct forms of RI, designated RI-a and RI-fl
(Kuno et al., 1987; Clegg et a!., 1988). Moreover, two

forms of RII, designated RII-a and RII-fl, have been

distinguished as products of separate genes (Jahnsen et
al., 1986; Scott et al., 1987). Similarly, two forms of the

C subunit, designated C-a and C-fl, which appear to be

catalytically similar but are encoded by distinct genes,
also exist (Uhler et a!., 1986; Showers and Maurer, 1986;

Uhler and McKnight, 1987; Adavani et a!., 1987). In each
of these cases, the a-forms of the different subunits

appear to have a widespread tissue distribution, whereas

the fl-forms are restricted to brain and a few other,

usually reproductive tissues (Cadd and McKnight, 1989).

Such differences may reflect adaptions of the isoenzymes

for specific neuronal functions or localizations.

i. Regulation of activity. The general mechanism
for regulation of cyclic AMP-dependent protein kinase
activity in brain appears to be similar to that described

in peripheral tissues. Adenylyl cyclase, the membrane-

bound enzyme that catalyzes the formation of cyclic

AMP, is controlled by receptor-regulated stimulation or

inhibition through GTP-binding proteins (for examples,

see Rodbell, 1980; Gilman, 1987) and, in some tissues,
including the brain, also by Ca2�/calmodulin (Brostrom

et a!., 1977; Coussen et a!., 1985; Rosenberg and Storm,

1987; Eliot et al., 1989). Each R subunit of the cyclic

AMP-dependent protein kinase has two binding sites for

cyclic AMP and exhibits cooperative binding of the nu-

cleotide (for examples, see #{248}greid et a!., 1983; Robison-

Steiner and Corbin, 1983; D#{248}skeland and #{216}greid, 1984).

The newly formed intracellular cyclic AMP binds to the

R subunits of the enzyme, thereby inducing the C sub-
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PROTEIN PHOSPHORYLATION AND NEURONAL FUNCTION 305

units to dissociate from the holoenzyme and making the

enzyme catalytically active. The hydrolysis of cyclic

AMP by cyclic nucleotide phosphodiesterase (Appleman

et a!., 1982; Strada et al., 1984; Beavo, 1988) leads to
reassociation and regeneration of the inactive holoen-
zyme. Autophosphorylation of RIl, which is stimulated

by cyclic AMP, retards reassociation of the type II ho!-

oenzyme and thereby enhances its response to cyclic

AMP (Rubin and Rosen, 1975; Rangel-Aldao and Rosen,

1976).
In addition to the R subunits, many tissues contain a

small, heat-stable protein inhibitor of cyclic AMP-de-

pendent protein kinase that can bind to and inactivate
the free C subunit (Walsh et a!., 1971; Ashby and Walsh,
1972). It is possible that changes in the levels of this

inhibitor may play a role in more protracted regulation
of cyclic AMP-dependent protein kinase activity (for

examples, see Costa, 1977).

ii. Distribution in brain. Both type I and type II

cyclic AMP-dependent protein kinases are widely dis-
tributed throughout the brain (Walter et a!., 1978; De

Camilli et a!., 1986; Cadd and McKnight, 1989). Total
cyclic AMP-dependent protein kinase activity is highest

in basal ganglia and cortical regions, with lowest activity

found in brain stem and spinal cord (Walaas et al.,
1983b,c). Analysis of kinase levels (Walter et al., 1979)

agrees with results obtained in studies of gene expression
in mouse brain, which indicates that transcripts for both

types I and II of cyclic AMP-dependent protein kinase

are present in neuronal cells, and type I in addition

appears to be enriched in myelin and glial cells (Stein et

aL, 1987).

Analysis of messenger RNAs for the different isoforms

of the enzyme subunits also reveals interesting differ-
ences in regional distribution. Two general patterns of
expression have been observed. One of these, shown by

C-a, RI-a, and RI-fl, showed preferential enrichment in
neocortex, caudatoputamen, hypothalamus, thalamus,

and hippocampus. Another pattern, which was shared by
C-fl and RIl-fi, was distinguished from the C-a pattern
by a lower expression in the thalamus and in the CA1-3
regions of the hippocampus. RII-a was unique in being

highly expressed only in the medial habenular nucleus

of the epithalamus. Although these transcript levels do
not necessarily reflect protein levels, they suggest that

isoform-specific holoenzymes of cyclic AMP-dependent
protein kinase exist in distinct brain regions (Cadd and

McKnight, 1989).
In contrast to most other tissues, in which cyclic AMP-

dependent protein kinase is found almost exclusively in

the soluble fraction, mammalian brain has a high activity

of the enzyme in both particulate and soluble fractions,
with highest specific activities in the synaptic membrane

and cytosol fractions (for examples, see Maeno et a!.,

1971; Walter et al., 1978; Kelly et aL, 1979). The associ-
ation of the enzyme with membranes appears to be

achieved through the R subunits (Rubin et a!., 1972;

Corbin et a!., 1977). Type II cyclic AMP-dependent

protein kinase is also bound through the RIl subunits to

several cytoplasmic brain proteins, including the calmod-
ulin-binding protein p75, the cytoskeletal protein MAP-

2, calcineurin, a Ca2�- and calmodulin-dependent protein
phosphatase, and a number of proteins of unknown

function (Hathaway et aL, 1981; Lohmann and Walter,
1984). Such interactions may be important in localizing

and concentrating the enzyme close to its physiological
substrates. For example, approximately one-third of cy-

tosolic cyclic AMP-dependent protein kinase appears to

be bound to MAP-2 (Theurkauf and Vallee, 1983; De

Camilli et al., 1986), and this protein is also efficiently
phosphorylated by this kinase (Sloboda et a!., 1975;
Vallee, 1980; Walaas and Nairn, 1989).

iii. Functional importance in nerve cells. The
response of any cell to increases in cyclic AMP is deter-

mined by the identity and localization of the proteins in

the cell that are phosphorylated by cyclic AMP-depend-

ent protein kinase. The enzyme has a broad substrate

specificity and phosphorylates many neuronal proteins
(for reviews, see Nestler and Greengard, 1984; Nairn et

al., 1985b), including proteins involved in neurotrans-

mitter release, as well as transmitter receptors, ion chan-
nels, cytoskeletal proteins, phosphatase inhibitors, and

many enzymes. Most of these substrate proteins are
phosphorylated on serine residues, and the consensus

sequence around the phosphorylation site(s) consists of

two or more basic amino acids (arginine and/or lysine),

followed by another amino acid immediately NH2-ter-

minal to the phosphorylated residue (Kemp et al., 1975;

Kemp and Pearson, 1990).

A major step forward in the elucidation of the func-

tions regulated by protein phosphorylation came when
intracellular injection of the C subunit of this enzyme

into distinct nerve cells was found to regulate a variety

of neurophysiological phenomena. For example, injection
of this enzyme into bag cell neurons from the mollusk

Aplysia regulated the frequency of firing of action poten-
tials, an effect mediated through regulation of K� chan-

nels (Kaczmarek et aL, 1980). Similarly, this enzyme
regulated transmitter release from a sensory neuron in

Aplysia, an effect that appeared to be produced by regu-
lation of a different type of K� channel (Castellucci et

a!., 1980, 1982; Siegelbaum et al., 1982). K� channels

have also been found to be regulated by this kinase in

R15 neurons in Aplysia (Adams and Levitan, 1982), in
neurons in Helix (De Peyer et a!., 1982), and in photo-
receptor cells in Hermissenda (Alkon et a!., 1983), and

Ca2� channels have been found to be regulated by this
kinase in neurons in Helix, in cardiac myocytes, and in

prolactin-secreting pituitary cells (for reviews, see Eckert

et a!., 1986; Armstrong, 1989; Hess, 1990). Regulation of

ion channels by protein phosphorylation is further dis-

cussed in section V.B.
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306 WALAAS AND GREENGARD

b. CYCLIC GMP-DEPENDENT PROTEIN KINASE. Cyclic
GMP-dependent protein kinase, which was initially

found in invertebrates (Kuo and Greengard, 1970), is

present in several mammalian tissues, including brain

(Greengard and Kuo, 1970; Walter, 1981; Walter and
Greengard, 1981). The brain enzyme, partially purified

from the cerebellum (Takai et a!., 1975), has properties

similar to the lung and heart enzymes. Other isozymic
forms found in intestine (de Jonge, 1981) and smooth

muscle (Wolfe et al., 1989) have also been studied. The
cyclic GMP-dependent protei�i kinase enzymes exist as
homodimers, each subunit (molecular mass approxi-
mately 74 kDa) of which has two binding sites for cyclic

GMP (Corbin et a!., 1986) and one catalytic domain (for
reviews, see Walter and Greengard, 1981; Lincoln and

Corbin, 1983; Nairn and Greengard, 1983).

i. Regulation of activity. When cyclic GMP binds
to the enzyme, a conformational change in the protein is

induced, inhibitory domains are removed, and the cata-

lytic domain can proceed to phosphorylate substrates
(Lincoln et a!., 1978). A variety of neurotransmitters,

drugs, hormones, or increases in neuronal activity cause
Ca2’-dependent increases in the formation ofcyclic GMP
in nerve cells (for examples, see Ferrendelli, 1978; Mittal

and Murad, 1982; Tremblay et aL, 1988). Recent evidence
has indicated that glutamate receptor-stimulated in-

creases in levels of nitric oxide, generated during conver-
sion of arginine to citrulline, can increase the levels of

cyclic GMP in brain (B#{246}hmeet a!., 1984; Garthwaite et

al., 1988; Bredt and Snyder, 1989; Wood et al., 1990).

Inactivation of cyclic GMP-dependent protein kinase is

caused by cyclic nucleotide phosphodiesterase-catalyzed
hydrolysis of the cyclic nucleotide (Appleman et al., 1982;

Strada et al., 1984; Beavo, 1988).
ii. Distribution in brain. Cyclic GMP-dependent

protein kinase has a very uneven tissue distribution, with

only a few peripheral tissues showing significant activity

(Lincoln and Corbin, 1983; Nairn et al., 1985b). In the

brain, only the cerebellum contains high activity. This
activity is due to the enzyme being highly enriched in

Purkinje cells (Schlichter et al., 1980; Lohmann et al.,

1981; De Camilli et al., 1984a; Levitt et al., 1984). In
these inhibitory, GABAergic cells, which represent the

final common pathway through which information is
funneled out of the cerebellum, immunoreactivity is

found throughout the cytosol in cell bodies, dendrites,
axons, and axon terminals (De Camilli et al., 1984a).

This is in agreement with the cytosolic distribution of

this enzyme observed in most peripheral tissues (Lincoln

and Corbin, 1983). Cyclic GMP-dependent protein ki-
nase also appears to be present, albeit at lower levels, in

other neurons in the mammalian CNS, such as the

medium-sized spiny neurons of the neostriatum. In the

latter cells, low levels of both cyclic GMP-dependent
protein kinase immunoreactivity and enzyme activity
have been described (Ariano, 1983; Walaas et al., i989b).

iii. Functional importance in nerve cells. Little is
known about physiological substrates for cyclic GMP-

dependent protein kinase in brain, although it appears

that the enzyme has a much more narrow substrate

specificity than does the cyclic AMP-dependent enzyme
(Lincoln and Corbin, 1983; Nairn and Greengard, 1983;

Nairn et a!., 1985b). “G-substrate,” a neuron-specific

substrate protein that has been found in cerebellar Pur-
kinje cells (Schlichter et a!., 1978; Detre et a!., 1984), has
been well characterized (Aswad and Greengard, 1981a,b;

Aitken et al., 1981). Under certain conditions, this phos-
phoprotein has been found to be active as a protein
phosphatase inhibitor (Nairn et al., 1985b; A. C. Nairn,

P. Simonelli, H. C. Li and P. Greengard, unpublished
results; see also section III.A).

Intracellular injection of activated cyclic GMP-de-

pendent protein kinase has been found to induce distinct
responses in certain nerve cells. In neurons in Helix, the

enzyme potentiated and probably mediated the effects of

serotonin on voltage-dependent Ca2�-channels (Paupar-
din-Tritsch et al., 1986a,b). In neurons in cat cerebral

cortex, the enzyme induced increases in input resistance
(Woody et a!., 1986), an effect that mimicked some of

the effects of acetylcholine and cyclic GMP on these cells
(Stone et a!., 1975; Woody et al., 1978; Swartz and
Woody, 1979).

2. Ca2�/calmodulin-dependent protein kino.ses. A role
for Ca2�-dependent protein phosphorylation in neuronal

tissues was first suggested by studies of isolated nerve

terminals (synaptosomes) from rat cerebral cortex

(Krueger et al., 1976, 1977). When such preparations
were prelabeled with [32Plorthophosphate, and subse-
quently subjected to K� depolarization, several proteins

showed Ca2�-dependent increases in levels of phosphor-
ylation. Studies of broken cell preparations confirmed

and extended these findings, because addition of Ca2�

ions to synaptosomal membranes increased the phos-
phorylation of several proteins (DeLorenzo, 1976; Schul-

man and Greengard, 1978a,b). Much of this Ca2�-regu-

lated protein phosphorylation was found to be mediated

by the ubiquitous Ca2�-binding protein calmodulin

(Schulman and Greengard, 1978a,b; Yamauchi and Fu-
jisawa, 1979; O’Callaghan et al., 1980). Ca2�- and cal-

modulin-dependent protein phosphorylation appears to

be particularly important in brain (Schulman, 1988; Ken-
nedy, 1989), with high levels of CaM kinase activity and
a large number of brain-specific endogenous substrates

being present (Walaas et al., 1983b,c).

a. CA2�/CALMODULIN-DEPENDENT PROTEIN KINASE II.

Following the observation that synaptosomal membranes

contain Ca2�-dependent protein phosphorylation sys-

tems, one of the major substrates for Ca2�/calmodulin-

dependent protein phosphorylation in synaptosomes was
identified as synapsin I (Sieghart et al., 1979), a protein

that was previously known to be one of the major sub-
strates for cyclic AMP-dependent protein kinase in the
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nervous system (Johnson et al., 1971; Ueda and Green-

gard, 1977). Synapsin I can be phosphorylated by two
distinct CaM kinases, CaM kinase I, which phosphoryl-

ates the same serine residue (site 1) as does cyclic AMP-

dependent protein kinase in the NH2-terminal “head”

region of the protein, and CaM kinase II, which phos-
phorylates two serine residues (sites 2 and 3) in the

COOH-terminal “tail” region of the protein (Huttner

and Greengard, 1979; Huttner et al., 1981; Kennedy and
Greengard, 1981; Czernik et al., 1987). The latter enzyme

appears to represent the major CaM kinase in the mam-
malian CNS (McGuinness et al., 1985b; Nairn et al.,
1985b; Walaas and Nairn, 1985; Schulman, 1988; Cohen,

1988).

CaM kinase II has been purified from rat brain and

characterized by a number of investigators (Fukunaga et

al., 1982; Bennett et al., 1983; Goldenring et al., 1983;
Yamauchi and Fujisawa, 1983a; Schulman, 1984; Mc-

Guinness et al., 1985a). Purified CaM kinase II exhibits
a broad substrate specificity, with synapsin I (sites 2 and
3) being the most efficient substrate tested. In addition,

the MAPs, MAP-2 and tau factor, together with glycogen
synthase, smooth muscle myosin light chain, tyrosine

hydroxylase, calcineurin, myelin basic protein, ribosomal

protein 56, and Ca2�/calmodulin-sensitive cyclic nucleo-

tide phosphodiesterase are among the proteins that ap-

pear to be relatively good substrates for this enzyme

(Endo and Hidaka, 1980; Yamauchi and Fujisawa, 1982;

McGuinness et al., 1983; Iwasa et a!., 1984; Pearson et

al., 1985; Sharma and Wang, 1986; Hashimoto et al.,
1988; for reviews, see McGuinness et al., 1985b; Schul-
man, 1988).

The purified, native enzyme from brain has a molec-

ular mass of 500 to 700 kDa (Bennett et al., 1983;

McGuinness et al., 1985a). The complementary DNAs
coding for the subunits of rat brain CaM kinase II have

recently been isolated and characterized and their de-
duced amino acid sequences described (Bennett and Ken-

nedy, 1987; Lin et al., 1987; Bulleit et al., 1988; Tobi-
matsu et al., 1988; Tobimatsu and Fujisawa, 1989). These

studies showed that the enzyme is composed of major a-

subunits of 54 kDa, together with fi- and j3’-subunits of

60 and 58 kDa, respectively, and “y- and #{244}-subunits of 59
and 60 kDa, respectively. Moreover, these subunits are

the products of highly homologous transcription units,
with the presence or absence of amino acid insertions at
the COOH-terminal side of the calmodulin-binding do-

main accounting for the different sizes of the subunits

(Schulman, 1988; Tobimatsu and Fujisawa, 1989). All
subunits contain three domains, designated the catalytic

protein kinase domain, the regulatory, calmodulin-bind-

ing domain, and the association domain (Schulman,
1988). All subunits can be autophosphorylated in a Ca2�/

calmodulin-dependent manner and can bind calmodulin
and ATP (for examples, see McGuinness et aL, 1985a).

The enzyme appears to be present in heteromeric or

homomeric complexes containing 10 to 12 subunits (Ben-

nett et a!., 1983). Transcripts for the a- and fl-subunits

are primarily found in brain, whereas transcripts for the

y- and #{244}-subunits are present in a number of tissues

(Tobimatsu and Fujisawa, 1989). Both the a- and fi-

subunits have been expressed in nonneuronal cells, and
these studies have shown that the a-subunit, expressed

alone, behaves identically with the holoenzyme with
respect to aggregation, autophosphorylation, and ensuing

calmodulin independence (Hanson et a!., 1989; Yamau-
chi et al., 1989). In contrast, expression of the fl-subunit

alone led to an enzyme that did not aggregate, although
autophosphorylation and the ensuing Ca2�/calmodulin

independence (see below) was also seen with this iso-

zymic form (Yamauchi et a!., 1989). Thus, both enzyme

activity and modulatory properties appear to be inherent

to the different subunits.

A number of CaM kinases prepared from tissues other
than brain, including Torpedo californica electric organ
(Palfrey et al., 1983b), turkey erythrocytes (Palfrey et
al., 1983a), mammalian heart (Jett et a!., 1987), liver
(Ahmad et al., 1982; Payne et al., 1983), lung (Schulman

et a!., 1985), pancreas (Gorelick et al., 1983), and skeletal
muscle (Woodgett et al., 1982), have properties similar

to those of CaM kinase II from brain. For example, Ca2�/

calmodulin-dependent glycogen synthase kinase from

skeletal muscle displays a substrate specificity identical

with that of CaM kinase II (McGuinness et al., 1983),

has a native molecular mass of 800 kDa, shares a number

of tryptic peptides with the brain enzyme (Shenolikar et
aL, 1986), and contains autophosphorylatable subunits

with apparent molecular masses of 59, 58, and 54 kDa,
all of which cross-react with monoclonal antibodies pre-

pared against CaM kinase II from rat forebrain (Mc-
Guinness et al., 1983). These various Ca2�/calmodulin-

dependent enzymes, therefore, appear to represent iso-

zymic forms of CaM kinase II.
i. Regulation of activity. The mechanism of acti-

vation of CaM kinase II in brain by Ca2� and calmodulin
is believed to be similar to that of most other Ca2�/

calmodulin-dependent enzymes, i.e., calmodulin will, in

the presence of micromolar concentrations of Ca2�,

undergo conformational changes that expose hydropho-

bic domains in the molecule. These domains then bind
to calmodulin-binding domains on the target enzyme (for

review, see Manalan and Klee, 1984). Recent studies
have shown that autophosphorylation further modulates

CaM kinase II. Ca2�/calmodulin-induced activation leads

to a rapid phosphorylation of threonine residues (Thr-
286 in the a-subunit, Thr-287 in the fl-subunit), and this

leads to the enzyme becoming largely independent of

Ca2� and calmodulin (Saitoh and Schwartz, 1985; Miller
and Kennedy, 1986; Lou et al., 1986; Lai et al., 1986,

1987; Thiel et al., 1988; Schworer et al., 1986; Hashimoto
et al., 1987; Fukunaga et al., 1989; Waxham et a!., 1989).

Such autophosphorylation may prolong the activation of
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the enzyme and, thus, prolong the duration of the cellular

response to a transient elevation of Ca2t However, the

generation of the Ca2�/calmodulin-independent form of

the enzyme is reversed by the action of protein phospha-

tases (Saitoh et al., 1987; Shields et a!., 1985), and in

intact nerve terminals both the autophosphorylation of
Thr-286 in the a-subunit and the generation of the Ca2�/
calmodulin-independent form of the enzyme were found

to be transient, making the extent to which this mecha-
nism operates in generation of prolonged responses in

intact nervous tissue somewhat unclear (Gorelick et al.,
1988). Finally, recent studies have indicated that arachi-

donic acid and lipoxygenase derivatives can inhibit CaM

kinase II both in vitro and in preparations containing

isolated nerve terminals, suggesting a role for these sec-

ond messengers in regulating this protein phosphoryla-

tion system in intact nerve cells (Piomelli et aL, 1989).
ii. Distribution in brain. CaM kinase II is present

in very high concentrations in the brain, comprising as
much as 2% of total protein in certain brain regions

(Erondu and Kennedy, 1985). The enzyme is found
throughout nerve cells, being particularly enriched in
dendrites (Ouimet et al., 1984a; Erondu and Kennedy,

1985), but also being concentrated in certain populations
of nerve terminals (Walaas et aL, 1989c). In a regional

survey of CaM kinase II activity in rat brain, high activity
was found in cortical regions, particularly in the hippo-

campus, and relatively low activity was found in the

cerebellum, brain stem, and spinal cord (Walaas et al.,
1983b,c). Moreover, the a- and fl-subunits of the enzyme

differ in their regional and cellular localizations (Mc-
Guinness et al., 1985a; Miller and Kennedy, 1985; Walaas

et a!., 1988b).
The subunits of the enzyme have been found to be

present in postsynaptic density fractions, which are sub-

membranous postsynaptic fibrous structures enriched in

asymmetrical excitatory synapses in mammalian brain.

Indeed, the a-subunit of the kinase is identical with the

“major postsynaptic density protein” (Kelly and Cotman,
1978) and represents 20 to 50% of total postsynaptic

density protein (Kennedy et al., 1983; Kelly et al., 1984;
Goldenring et aL, 1984). The nature of the association

between the usually soluble CaM kinase II (McGuinness
et al., 1985b) and the insoluble postsynaptic density

structure appears intriguing. Although the regulation of
the postsynaptic density-associated enzyme appears sim-
ilar to that found in the soluble enzyme, the former

enzyme appears to have an unusually low specific activity

(Rostas et al., 1986; Rich et al., 1989). Whether intrinsic
postsynaptic density proteins are physiological sub-

strates for CaM kinase II (Gurd, 1985) remains unclear.
Therefore, the high levels and tight association of CaM
kinase II with the postsynaptic density remain unex-

plained, and possible structural, nonenzymatic roles of
the protein in this structure have been suggested (Kelly
and Cotman, 1978; Rostas et a!., 1986).

iii. Functional importance in nerve cells. The

widespread distribution of CaM kinase II in brain and

its broad substrate specificity suggest that this enzyme

mediates or modulates a variety of Ca2�-regulated proc-

esses in the nervous system. Evidence for an important
presynaptic role has been obtained. Direct injection of
CaM kinase II into the presynaptic digit of the squid
giant axon (Llin#{225}s et al., 1985, in press; Lin et al., 1990),

and introduction of the enzyme into transiently perme-
abilized synaptosomes from rat cerebral cortex (Nichols

et al., 1990) indicate that depolarization-induced neuro-
transmitter release from nerve terminals is potentiated

by this enzyme, possibly through phosphorylation of

synapsin I. In the case of the squid giant axon studies,

this effect was seen without any apparent effect on ion
channel properties (Llin#{225}set al., 1985, in press;). The

enrichment of the enzyme in dendrites indicates that it
may also be involved in responses following depolariza-
tion-induced or receptor-induced Ca2� influx into post-
synaptic compartments. Injection of peptide inhibitors
of CaM kinase II into hippocampal pyramidal cells has

been reputed to prevent certain neurophysiological re-
sponses (Malenka et aL, 1989a,b; Malinow et al., 1989).

In addition, a number of postsynaptically localized pro-

teins, including membrane glycoproteins (Gurd, 1985)

and cytoskeletal proteins (Yamauchi and Fujisawa, 1982;

Goldenring et al., 1983; Vallano et a!., 1985), are possible

substrates for CaM kinase II. Nevertheless, the exact

nature of the postsynaptic responses mediated by this

enzyme is presently unknown.
b. CA2�/CALMODULIN-DEPENDENT PROTEIN KINASE I.

This enzyme has been purified to apparent homogeneity
from bovine brain, using synapsin I (site 1) as substrate

(Nairn and Greengard, 1987). At present, CaM kinase I
has been found to efficiently phosphorylate only the

synaptic vesicle-associated proteins synapsins I and II

(see section IV.A.2), and these phosphorylations take
place on serine residues located in domains in the two

proteins that show extensive homologies to each other

(Czernik et al., 1987; SUdhof et al., 1989). The enzyme is
found in highest concentrations in the brain, where it
appears to be present in all parts of nerve cells. It has,

however, also been found in cytosol from all rat tissues

examined, suggesting that additional physiological sub-

strates for the enzyme exist (Nairn and Greengard, 1987).

C. CA2�/CALMODULIN-DEPENDENT PROTEIN KINASE III.

This enzyme, which is highly enriched in pancreas and

specifically phosphorylates a 100-kDa protein identified

as mammalian elongation factor-2 (Nairn and Palfrey,
1987; Ryazanov, 1987), is also present in brain (Nairn et

al., 1985a). CaM kinase Ill-catalyzed phosphorylation of
elongation factor-2 has been found to inhibit ribosomal
protein synthesis in vitro (Nairn and Palfrey, 1987).

Because CaM kinase III appears to be rapidly regulated
in a variety of cells and tissues (Haycock et a!., 1988a;

Palfrey et a!., 1987; Mackie et al., 1989a) by neurotrans-
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mitters, neuropeptides, and hormones that can regulate

the levels of intracellular Ca2�, protein synthesis in these

cells may be regulated by such extracellular stimuli.

Moreover, nerve growth factor has been found to regulate
not the activity but the levels of the enzyme in PC12

cells, a pheochromocytoma cell line with neuron-like
properties, indicating that this enzyme may also be in-
volved in long-term regulation of protein synthetic activ-

ity (Nairn et al., 1987).

d. MYOSIN LIGHT CHAIN KINASE. This enzyme has

been purified from forebrain and has been found to have
properties similar to those of the smooth muscle enzyme,

including the specific phosphorylation of smooth muscle

myosin light chain (Dabrowska and Hartshorne, 1978;

Dabrowska et a!., 1978; Hathaway et al., 1981; Bartelt et

al., 1987). Such phosphorylation is believed to be a pre-

requisite for interaction between myosin and actin (Sell-
ers and Adelstein, 1987), and the brain enzyme is prob-

ably involved in the same function in nerve cells. As
mentioned above, CaM kinase II can also phosphorylate

isolated myosin light chains as well as intact myosin
(Tanaka et al., 1986). Given the enrichment of CaM
kinase II in brain as compared to myosin light chain

kinase, it is possible that myosin light chain phosphor-

ylation in situ may be catalyzed by both enzymes (Edel-

man et aL, 1985).

e. PHOSPHORYLASE KINASE. This enzyme has been

identified in brain (Ozawa, 1973). The brain form of
phosphorylase kinase, which appears to express certain

immunological differences from the muscle enzyme and
may be a distinct isoenzyme (Taira et al., 1982), can be

activated both by Ca2� and by cyclic AMP-dependent
phosphorylation (Taira et aL, 1982). It is likely that

Ca2�-induced activation of brain phosphorylase kinase
regulates glycogen breakdown in neurons, a process that

has been shown to be enhanced by electrical stimulation

(King et al., 1967).
3. Ca2�/phospholipid-dependent protein kinases. An-

other type of Ca2�-dependent protein phosphorylation

system, catalyzed by protein kinase C, has also been
found to be active in neuronal tissue, e.g., in intact nerve

terminals and brain slices (Wu et al., 1982; Dunkley et

a!., 1986; Wang et al., 1988; Yip and Kelly, 1989). This
protein phosphorylation system, which mediates effects

of those Ca24-mobilizing hormones and neurotransmit-
ters that act through increased phosphatidylinositol
turnover (for examples, see Michell, 1975; Nishizuka,

1984; Berridge and Irvine, 1989), is present in brain in

very high concentrations (Kuo et al., 1980; Wrenn et al.,

1980; Minakuchi et al., 1981; Walaas et al., 1983b,c) and

is important in neuronal function.

Protein kinase C was first purified from cerebellum as
a cyclic nucleotide-independent protein kinase activity,
which could be proteolytically activated by a Ca2�-de-

pendent protease (Inoue et aL, 1977; Takai et al., 1977).
It now appears that protein kinase C exists as a number

of distinct isoenzymes, which exhibit slightly different

properties (Coussens et al., 1986; Knopf et a!., 1986;

Huang et al., 1986; Jaken and Kiley, 1987; Woodgett and

Hunter, 1987; Kikkawa et al., 1987; Akita et a!., 1990;
for review, see Nishizuka, 1988).One group of protein

kinase C isoenzymes, termed group A and including types
I, II, and III, is derived from genes termed ‘y, fl, and a,
respectively (Nishizuka, 1988; Huang, 1989). These en-

zymes have been purified from brain and other tissues

(for examples, see Kikkawa et al., 1982; Wise et al.,
1982a,b; Schatzman et al., 1983; Huang et a!., 1986; Jaken

and Kiley, 1987; Woodgett and Hunter, 1987) and exten-

sively characterized. The enzymes are all monomers of

77 to 83 kDa, which contain four conserved and five

variable regions (Nishizuka, 1988). One of the conserved

regions contains a pseudosubstrate sequence which may

be responsible for maintaining the enzyme in its inactive
form (House and Kemp, 1987; Kemp et al., 1989; Huang,
1989); other parts of the enzyme contain the catalytic

site and the diacylglycerol- and phospholipid-binding
domains (Nishizuka, 1988). The various group A en-

zymes display distinct autophosphorylation sites and
distinct immunological characteristics (Huang and

Huang, 1986; Huang et al., 1986) but appear to have

similar substrate specificities, which are different from

those of both cyclic nucleotide-dependent and CaM ki-

nases.

Another group of isoenzymes (group B), derived from
genes designated #{244},e, and � (Ono et al., 1987), has
apparently not yet been characterized in nervous tissue,

despite their messenger RNAs being abundant in brain
(Ono et al., 1989; Ohno et al., 1988), and little is known

about their role in nervous system function.

a. REGULATION OF ACTIVITY. The group A isoforms of

protein kinase C were found to be activated by the
addition of membrane phospholipids (e.g., phosphatidyl-

serine), Ca2�, and low concentrations of unsaturated 1,2-
diacylglycerols, which (under optimal conditions) were

found to decrease the apparent activation constant for

Ca2� from the high micromolar to the nanomolar range
(Takai et al., 1979a,b). This activation follows the gen-

eration of a membrane-associated complex consisting of

the enzyme, Ca2�, membrane phospholipids, and diacyl-
glycerol (for review, see Bell, 1986; Woodgett et al., 1987;

Nishizuka, 1986, 1988; Huang, 1989). In this way, di-

acylglycerol, generated from the receptor-induced break-
down either of polyphosphoinositides (Downes, 1982;

Berridge, 1987; Fisher and Agranoff, 1987), of phospha-

tidylcholine (Billah and Anthes, 1990), or of inositol-

containing glycolipids (Saltiel et aL, 1986), can act as a
second messenger together with Ca2� in activating these
protein kinases. This group of enzymes can apparently

also be activated by certain lipid oxidation products

(O’Brian et a!., 1988), fatty acids and arachidonate de-

rivatives (Sekiguchi et al., 1987; for review, see Huang,
1989). Moreover, this group of protein kinase C isoen-
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zymes has been found to represent the major receptor

for the tumor-promoting phorbol esters, which appar-

ently can substitute for diacylglycerol and induce a pro-

longed activation of the enzyme (Castagna et al., 1982;
Kikkawa et al., 1983; Parker et al., 1986; Baraban, 1987).

The group B enzymes, which are less well character-

ized, also appear to be regulated by phospholipids and,
in some cases, diacylglycerol [depending on the type of

substrate used to assay the enzyme (Ono et al., 1989)]

but to be independent of Ca2� (Nishizuka, 1988; Huang,

1989). For example, the translational products of the e-

and #{244}-genes,when expressed in COS-7 cells, did not show

an absolute requirement for Ca2�, diacylglycerol, and
phospholipids (Ono et al., 1987, 1989), and the transla-

tional product of the � gene showed dependency on

phospholipid but not on Ca2� and diacylglycerol (Ono et
al., 1989). Other studies have indicated that the enzyme
encoded by the a gene, when expressed by the baculovirus

system, appears to be regulated by phospholipids and,

possibly, diacylglycerol, but to be insensitive to Ca2�
(Schaap and Parker, 1990).

b. DISTRIBUTION IN BRAIN. The group A isoenzymes

have broad species, tissue, and cellular distributions, and

all are highly enriched and widely distributed in brain

(Kuo et a!., 1980; Minakuchi et aL, 1981). Types II and
III are found in both neural and peripheral tissues,

whereas type I appears to be brain specific (for examples,

see Nishizuka, 1988). Within the brain, the highest pro-

tein kinase C activity (measured with histone Hi as

substrate) was found in cortical regions, including the
hippocampus, and in the cerebellum, whereas the lowest

activity was found in the brain stem and spinal cord
(Walaas et a!., i983c). Autoradiographic analysis of phor-

bol ester binding in the CNS showed a comparable en-

zyme distribution (Worley et al., 1986). Certain cell
types, such as Purkinje cells and striatonigral cells, may

have particularly high concentrations of the enzyme
(Worley et al., 1986; Walaas et al., 19890.

Recent immunochemical, immunocytochemical, and in

situ hybridization studies have indicated that different
protein kinase C isoenzymes have widespread, but dis-

tinct, regional and cellular distributions (Huang et a!.,
1987, 1988; Mochly-Rosen et al., 1987; Kitano et al.,

1987; Brandt et al., 1987; Hosoda et al., 1989; Saito et

al., 1988; Ito et al., 1990). The subcellular localization of

the enzymes may also differ, with type I being partly

associated with membranes and type III being predomi-
nantly cytosolic under unstimulated conditions (for ex-

amples, see Kitano et al., 1987; Kose et al., 1988).

c. FUNCTIONAL IMPORTANCE IN NERVE CELLS. Protein
kinase C appears to be involved in a number of physio-

logical and pathological functions (Nishizuka, 1986;

Woodgett et al., 1987). A variety of brain proteins, in-
cluding myelin basic protein (Turner et al., 1982, 1984),

MAP-2 (Akiyama et al., 1986; Walaas and Nairn, 1989),
tyrosine hydroxylase (Albert et al., 1984), the growth-

associated protein GAP-43 (Aloyo et al., 1983; Coggins

and Zwiers, 1989; Nielander et a!., 1990), the MARCKS

protein (Wu et al., 1982) (see below), and several other

brain proteins (Wrenn et al., 1980; Walaas et al., 1983b,c)

have been found to be possible physiological substrates
for the group A protein kinase C isoenzymes. In addition,

histone Hi and many other nonneuronal proteins are
good substrates for the enzyme (for examples, see Kik-

kawa et al., 1982; Wise et al., i982a). However, present

evidence suggests that distinct isozymic forms of the

enzyme may have different substrate specificities and,

therefore, may be involved in distinct physiological func-

tions (Huang, 1989; Marais et a!., 1990). In particular,

the t-type protein kinase C displayed a substrate speci-

ficity when assayed in vitro which was distinct from that

of the group A enzymes, with histones being poor sub-
strates for the enzyme (Schaap and Parker, 1990).

Analysis of intact nerve terminal preparations has

shown that protein kinase C-catalyzed protein phos-

phorylation is activated by depolarization-induced Ca2�

influx (Wu et a!., 1982; Dunkley et a!., 1986; Wang et al.,

1988), by addition of tumor-promoting phorbol esters,

and by activation of those receptors that induce phos-

phatidylinositol turnover (Wang et al., 1988, Audigier et

al., 1988; J. K. T. Wang, S. M. P. Audigier, and P.

Greengard, unpublished observations). Protein kinase C-

catalyzed protein phosphorylation has also been dem-

onstrated in brain slices containing intact neurons (Yip

and Kelly, 1990).

Extensive evidence indicates that activators of protein

kinase C enhance the release of transmitters from var-

ious types of nerve terminals and cells (for examples, see
Knight and Baker, 1983; Zurgil et al., 1986; Shapira et

al., 1987; Nichols et al., 1987). In other studies, bath

application of phorbol esters or intracellular injection of

purified protein kinase C led to increases in Ca2�-de-
pendent action potentials in Aplysia bag cell neurons,

apparently by recruitment of occult Ca2� channels
(DeRiemer et aL, 1985; Strong et a!., 1987; Kaczmarek,

1987). In addition, protein kinase C appears to mediate

the inhibitory effect exerted by cholecystokinin on Ca2�-
conductances in certain Helix neurons (Hammond et al.,

1987), while a voltage-sensitive Cl current is blocked in

hippocampal pyramidal cells (Madison et al., 1986). Re-

cent work has also shown that injection of purified
protein kinase C into hippocampal pyramidal cells elicits

(Hu et al., 1987), whereas injection of a peptide inhibitor

of the kinase blocks (Hvalby et al., in preparation),

several features of LTP. The phenomenon of LTP has
been used as a model for the early phases of learning and

memory in mammalian brain (Nicoll et al., 1988; Ma!-

enka et al., 1989b). These few examples, some of which
will be discussed further below, suffice to indicate that

this protein phosphorylation system is involved in the

regulation of a variety of neurophysiological phenomena.
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C. Second Messenger-independent Protein Kinases

Mammalian brain contains a variety of other protein

kinases that can phosphorylate endogenous brain pro-

thins on serine and threonine residues (Nairn et al.,

1985b). Most of these enzymes appear not to be regulated
by any of the known second messengers, and in many

cases their involvement in specific neuronal functions
remains to be established. Therefore, although some of

them are highly enriched in nervous tissue, indicating
that they are functionally important, only a few will be

briefly described.
Casein kinase I and casein kinase II are widespread

protein kinases that preferentially phosphorylate acidic
proteins like casein and phosvitin in vitro (Hathaway

and Traugh, 1982). Recent studies indicate that DARPP-
32, a region- and cell type-specific neuronal phosphopro-
thin (see below), is a good substrate for casein kinase II

and that casein kinase Il-induced phosphorylation mod-
ifies subsequent cyclic AMP-regulated phosphorylation
ofthis protein (Girault et al., 1989a; 1990). Casein kinase
II, which can be activated by insulin both in peripheral

tissues (Sommercorn et al., 1987) and in brain (Zorn et

al., 1989), may, therefore, be involved in specific regula-

tory functions in DARPP-32-containing nerve cells.

Glycogen synthase kinase 3 has recently been found to
catalyze the in vitro phosphorylation of the neuronal cell
adhesion molecule N-CAM, suggesting that it may be
involved in regulation of cell-cell interactions in the CNS

(Mackie et al., 1989b).
Several neurofikiment protein kinases, enzymes that

can phosphorylate the three neurofilament proteins, also
appear to be second messenger independent (Julien and

Mushynski, 1981, 1982; Julien et al., 1983; Shecket and

Lasek, 1982; Wible et a!., 1989). The neurofilament pro-

teins present in neuronal somata are mostly nonphos-
phorylated, whereas the axonally located proteins are

heavily phosphorylated (for examples, see Pant et aL,

1978; Sternberger and Sternberger, 1983; Matus, 1988a).

However, the physiological importance of neurofilament

phosphorylation is not well understood (see section
VI.D.1).

Myelin basic protein kinase has been reported as a
protein kinase activity independent of the known second

messengers, highly enriched in myelin fractions and very

active toward myelin basic protein (Miyamoto, 1975,
1976). However, the relationship of this enzyme to pro-
teolytically activated fragments of protein kinase C,

which phosphorylates myelin basic protein in vitro and
in vivo (Turner et a!., 1982, 1984), is not known, and the
functional effects of phosphorylation of myelin basic

protein are also unclear (for examples, see Agrawal et
a!., 1982).

Pyruvate dehydrogenase kinase, a mitochondrial en-

zyme, specifically phosphorylates and inactivates the a-
subunit of pyruvate dehydrogenase (Reed et al., 1985;

Reed and Yeaman, 1987). This kinase, which appears to

be under tight metabolic control (Randle, 1981), can be
activated in brain either by metabolites such as gluta-

mate (Sieghart, 1981) or by repeated electrical stimula-

tion, e.g., in the isolated hippocampal slice (Browning et
a!., 1979, 1981), the latter effect presumably being caused
by metabolic changes induced by the electrical stimula-
tion.

D. Tyrosine-specific Protein Kinases

In addition to protein serine and threonine kinases, all
tissues including brain contain another class of protein

kinase that is probably of great functional importance

(see section V.A), namely, the tyrosine-specific protein
kinases (Sefton and Hunter, 1984; Hirano et a!., 1988).
Two general classes of tyrosine-specific protein kinases
have been observed in neuronal preparations, one of
which is represented by protooncogene products and the
other by growth factor receptors.

1. Protooncogeneproducts. The best known ofthe brain
protooncogene products is pp60C5�, the 60-kDa gene
product of the protooncogene c-src which is the cellular

homolog of v-src, the transforming gene of the Rous

sarcoma virus (Bishop, 1982). This tyrosine-specific pro-

tein kinase (Erikson et al., 1980; Hunter et al., 1981),

which is found both in a “nonneuronal,” widespread form

and in a modified neuron-specific form, is highly concen-
trated in mammalian brain (Cotton and Brugge, 1983;
Brugge et al., 1985; Walaas et aL, i988c; Ross et a!.,
1988). Recent studies have shown that this enzyme, in
addition to being enriched in growth cones (Maness et
a!., 1988), is also present in nerve cell bodies and nerve

fibers and terminals (Walaas et al., i988c) and represents
the major tyrosine kinase in synaptic vesicles purified

from adult rat brain (Pang et al., i988a). The neuron-
specific form of the enzyme, which has a six-amino acid

insert (Levy et a!., 1987; Martinez et al., 1987), has a

more restricted brain distribution but is present in den-

drites, somata, axons, and axon terminals ofseveral types

of neurons (Walaas et al., 1988c; Sugrue et aL, 1990).
These data indicate that pp6Ocs?v may be involved in both

pre- and postsynaptic functions in mature neurons. The
activity of pp6Ocs�� appears to be regulated by enzyme
phosphorylation (for examples, see Okada and Naka-

gawa, 1989), with phosphorylation on tyrosine residues

being strongly inhibitory.
The endogenous substrates for this enzyme in brain

and its role(s) in neuronal function are not yet known.

The enrichment of the c-src gene product in nerve ter-
minals and somata of postmitotic neurons suggests that
the enzyme may be involved in pleiotropic functions not
restricted to growth and proliferation. The enrichment
of the enzyme in synaptic vesicles and the prominent
tyrosine phosphorylation obtained in synaptic vesicle

preparations ofboth synaptophysin (Pang et al., 1988a,b;

Barnekow et al., 1990) and p29 (Baumert et al., 1990),
two intrinsic synaptic vesicle membrane proteins (for
review, see De Camilli and Jahn, 1990), indicate that
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synaptic vesicle functions may be regulated by tyrosine

phosphorylation. In fact, it has recently been found that

the c-src protein is largely responsible for the endogenous
phosphorylation of synaptophysin on tyrosine residues

(Pang et al., 1988a; Barnekow et al., 1990).
In other studies, a link between this class of enzymes

and activation of membrane receptors has been obtained.

A pp60cs�v�related tyrosine kinase termed pp56�’, present

in T-lymphocytes (Barber et a!., 1989), has been found

to be activated by the CD4 or CD8 transmembrane

proteins involved in transmembrane signaling in these

cells (Veillette et a!., 1989). Activation of these signaling
systems in intact T-lymphocytes apparently induces

pp56k�.catalyzed tyrosine phosphorylation of a subunit

of the T-cell antigen receptor (Barber et al., 1989). In

contrast, this tyrosine kinase appears itself to be under
inhibitory control by tyrosine phosphorylation, because

the membrane protein CD45, a tyrosine phosphatase
(section III.B), is able to activate pp56�’ (Mustelin et

al., 1989). Whether pp60c.��related proteins are involved

in similar regulation mechanisms in neural cells is not

known.
2. Growth factor receptors. The other class of tyrosine-

specific protein kinases is intrinsic to receptors for a

number of hormones, mitogens, and growth factors (for
review, see Yarden and Ullrich, 1988). For example, brain
contains receptors for insulin and insulin-like growth

factor I (somatomedin C), both of which display tyrosine
kinase activities (Jacobs et al., 1983; Rees-Jones et al.,

1984; Gammeltoft et aL, 1985; Adamo et a!., 1989). Ty-

rosine phosphorylation of these receptors following li-

gand binding appears to represent the initial step in the
signal transduction pathways used by the relevant first
messengers (for examples, see Rosen, 1987; Yarden and

Ullrich, 1988) (see further discussion in section V.A.3).

III. Phosphoprotein Phosphatases in Brain

A. Serine/Threonine-specific Protein Phosphatases

Although protein phosphorylation systems in the brain

appear in many cases to be regulated by activation of
protein kinases, protein phosphatases also constitute

targets for regulatory agents. The protein phosphatases
involved in cellular regulation that dephosphorylate
serine and/or threonine residues have been divided into
two major types and further subclassified into four en-
zymatic activities (table 5), all of which have been found
in brain (Ingebritsen and Cohen, i983a,b; Ingebritsen et

al., 1983). More recent evidence, mainly gained from

molecular cloning studies, indicates that a large number
of isozymic forms of these enzymes exist (for reviews,

see Cohen, 1989; Cohen and Cohen, 1989; Shenolikar
and Nairn, 1991; Guerini et al., 1990). However, the basic

classification scheme (Ingebritsen and Cohen, i983a,b)

still appears valid and greatly simplifies a discussion of

the properties of the main phosphatase activities found

in brain. For more detailed information about protein

TABLE 5
Serine/threonine-specific protein phosphatases in brain*

Enzyme Regulator
Substrate

.
specificity

Protein phosphatase-1 Inhibitor-i, inhibitor-2,
DARPP-32

Broad

Protein phosphatase-2A Unknown, (C-sub-
strata)

Broad

Protein phosphatase-2B Ca2�/calmodulin Narrow

Protein phosphatase-2C Mg�� Broad
* The major classes of protein phosphatase activities in neural and

peripheral tissues are presented. Data compiled from Ingebritsen and

Cohen (1983a,b) and Shenolikar and Nairn (1991). Further details are

described in the text, section III.

phosphatases, particularly in nonneuronal tissues, the
reader is referred to several recent reviews of this topic
for more detail (Li, 1982; Yang, 1986; Cohen, 1989; Cohen

and Cohen, 1989; Shenolikar and Nairn, 1991).
Type 1 phosphatase (protein phosphatase-1 ) selec-

tively dephosphorylates the fl-subunit of phosphorylase
kinase and is inhibited by certain heat-stable inhibitor

proteins, and type 2 phosphatases (protein phosphatases

-2A, -2B, and -2C) selectively dephosphorylate the a-
subunit of phosphorylase kinase and are insensitive to

these heat-stable inhibitor proteins (Ingebritsen and

Cohen, 1983a,b). Type 1, type 2A, and type 2B phospha-
tases are inhibited by NaF and inorganic phosphate

(Ingebritsen and Cohen, 1983a,b; Shenolikar and Nairn,
1991). Other protein phosphatases, with more narrow
substrate specificity, that have been characterized in-

dude pyruvate dehydrogenase phosphatase, which is ac-
tivated by Ca2� (Reed at al., 1985), and the branched

chain a-keto acid dehydrogenase phosphatase (Damuni

and Reed, 1987), which appears to be regulated through
the binding of a heat-stable inhibitor protein (Reed et
a!., 1985). Protein phosphatase activities have also been
reported in mitochondria and myelin fractions, as well

as in partially purified preparations of rhodopsin, nico-

tinic acetylcholine receptors, and microtubules (Gordon
et al., 1979; Miyamoto and Kakiuchi, 1975; McNamara

and Appel, 1977; Teichberg and Changeux, 1977; Cough-
lin et al., 1980). The identities of the latter types of
phosphatases are not known.

The presence of these enzymes in brain indicates their
physiological importance in dephosphorylating endoge-
nous phosphoproteins. Phosphatase-1, -2A, and -2C all

have relatively broad substrate specificities, whereas that
of phosphatase -2B is more restricted (Shenolikar and

Nairn, 1991). Despite this, protein phosphatase-2B, also

known as calcineurin (Stewart et al., 1982; Yang at al.,
1982), has been found to dephosphorylate several iden-

tified phosphoproteins in brain, including phosphatase

inhibitor-i and DARPP-32 (see below) with high effi-
ciency (King at a!., 1984) It is, therefore, of considerable

interest that the phosphorylated forms of phosphatase
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inhibitor-i and of DARPP-32 are potent inhibitors of

protein phosphatase-1 (see below). This suggests that

phosphatase-2B indirectly regulates the activity of phos-
phatase-1, thereby extending its influence to phospho-
proteins which are not direct substrates for phosphatase-

2B itself.
1. Regulation of activity. Phosphatases-1, -2A, and -2B

appear to be targets for regulation in brain. Regulation

of type-i phosphatase appears particularly interesting.

Although little is known about phosphatase inhibitor-2

in neural tissues (Shenolikar and Nairn, 1991), brain

contains both phosphatase inhibitor-i and DARPP-32

(Walaas and Greengard, 1984; Nairn et al., 1988), two

closely related proteins that, during phosphorylation by

cyclic AMP-dependent protein kinase, become inhibitors
ofprotein phosphatase-1 (Hemmings at a!., 1984a, 1990).
Phosphatase inhibitor-i and DARPP-32 share partial

sequence homology and heat and acid stability (Aitken

et al., 1982; Hemmings et al., 1984c; Williams at a!.,

1986) and appear to be colocalized in a number of brain

cells, particularly in the basal ganglia (Nairn et al., 1988).
Phosphatase inhibitor-i is also present in many periph-

eral, nonneuronal tissues (for examples, see Elbrecht at

a!., submitted). In contrast, DARPP-32 appears generally

to be restricted to neuronal and peripheral cells that

contain the Dl subclass of dopamine receptor, such as

the medium-sized spiny neurons ofthe neostriatum (Oui-
met et al., 19Mb), parathyroid cells, brown fat cells, and

renal tubular cells (Brown at al., 1977; Meister at al.,
1988, 1989), where it appears to mediate certain of the

effects of dopamine acting on dopamine Di receptors

(for review, see Walaas et al., 1986a; Hemmings et al.,

1987a,b,c).

Characterization of the type-2 phosphatases has

shown that phosphatase-2A does not require divalent

cations, phosphatase-2B requires Ca24/calmodulin, and

phosphatase-2C requires Mg�� for activity (Ingebritsen
and Cohen, 1983a,b; Klee and Cohen, 1988; Shenolikar

and Nairn, 1991). Phosphatase-2A may also be regulated
by G-substrate, a well-characterized cytosolic protein of

23 kDa, which is a specific substrate for cyclic GMP-

dependent protein kinase (Schlichter et a!., 1978). This

protein, which is enriched in Purkinje cells in the cere-

bellum (Detre et al., 1984), shares some physicochemical,
primary structural, and functional properties with
DARPP-32 and phosphatase inhibitor-i (Aswad and

Greengard, 1981a,b; Aitken et al., 1981; Hemmings et al.,
1984b,c), including being a good substrate for protein

phosphatase-2B (King et al., 1984). However, in contrast

to DARPP-32, G-substrate is not phosphorylated by

cyclic AMP-dependent protein kinase or casein kinase

II. When phosphorylated by cyclic GMP-dependent pro-

tam kinase, G-substrate is an efficient inhibitor of phos-

phatase-2A (A. C. Nairn, P. Simonelli, H. C. Li and P.
Greengard, unpublished results). Therefore, neuronal
cells express a number of distinct protein phosphatase

inhibitors, some of which appear to be neuron specific.

It appears probable that additional phosphatase inhibi-

tors will be found in brain.

The data summarized above indicate that the activities

of certain phosphatases in brain are regulated, directly

or indirectly, by second messengers such as cyclic AMP,
cyclic GMP, and Ca2� and that these regulatory systems

have distinct cellular and regional distributions in the

brain. Indeed, recent data indicate that certain neuro-

transmitters may produce some of their physiological

effects in brain by regulating protein phosphatase inhib-

itors in specific cells, in some cases by molecular mech-

anisms that may be specific to nervous tissue. For ax-

ample, activation of dopamine Di receptors has been

found to increase (Walaas at al., i983a), whereas acti-

vation of the NMDA type of glutamate receptor has been

found to decrease (Halpain et al., 1990), phosphorylation

of DARPP-32 in situ. These changes occurred on that

phosphorylation site that is preferentially phosphory-

lated by cyclic AMP-dependent protein kinase and de-

phosphorylated by phosphatase-2B in vitro and that

determines the potency of DARPP-32 as an inhibitor of

phosphatase-1 (Hemmings et al., i984a,c, 1990). There-

fore, the neurotransmitters dopamine and glutamate may

achieve some of their actions in these cells through
DARPP-32 phosphorylation and dephosphorylation and,
thus, through regulation of the activity of protein phos-

phatase-i. (DARPP-32 is further discussed in section V.

C, and NMDA-induced dephosphorylation of MAP-2 is
discussed in section VI.D.1.)

B. Tyrosine-specific Protein Phosphatases

Protein phosphatases specific for phosphotyrosine res-
idues have also been found in various tissues (Foulkes at

al., 1983; Brunati and Pinna, 1985; Okada et al., 1986;

Tonks and Charbonneau, 1989; Tonks et al., 1989). In

one study, seven forms of tyrosine-specific phosphatases
were separated from bovine brain extracts and partially

characterized (Jones et al., 1989). These activities could
all be distinguished from the major serine/threonine

phosphatases by their relative sensitivity to vanadate,

NaF, inorganic phosphate, and the heat-stable inhibitor

proteins described above (Jones et al., 1989). Two heat-

stable tyrosine phosphatase inhibitor proteins were also

found in the brain extracts, both of which were distinct

from the heat-stable inhibitor proteins regulating the
type- 1 serine/threonine phosphatases (Ingebritsen,

1989).

One of the brain protein tyrosine phosphatases, des-
ignated PTP-5 (Jones at al., 1989), displayed a number

of similarities with the major phosphotyrosine protein

phosphatase previously purified from both soluble and

particulate fractions from human placenta (Tonks at a!.,
i988b). The latter enzyme has recently been found to

have similarities in primary structure with the intracel-

lular domain of the CD45 transmembrane glycopro-

tein(s), previously shown to be enriched in cells of he-
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matopoietic lineages (Charbonneau et al., 1988; Tonks
at al., 1988a). CD45 is known to regulate signal trans-

duction and lymphocyte activation by specific associa-
tion with lymphocyte receptors (Ledbetter at al., 1989).

CD45 may, therefore, represent a prototype of mem-
brane-associated, receptor-linked tyrosine phosphatases

that could mediate or modulate signal transduction by

activating protein tyrosine dephosphorylation (Tonks at

a!., 1990; Streuli et al., 1989). Moreover, the membrane
organization of CD45 is similar to that of growth factor

receptors with tyrosine kinase activity, such as the epi-
dermal growth factor receptor (Yarden and Ullrich, 1988;
Carpenter and Cohen, 1990). Putative phosphorylation

sites for both protein kinase C and casein kinase II are

also present in the intracellular domain of both CD45

and the epidermal growth factor receptor (Hunter et al.,
1984; Cochet at a!., 1984; Davis and Czech, 1986; Tonks

et al., 1989). Hence, phosphotyrosine protein phospha-
tases such as CD45 may be regulated directly by extra-

cellular ligands and, indirectly, by phosphorylation cat-
alyzed by protein kinase C or casein kinase II. This

would represent a parallel to the growth factor receptor-

associated tyrosine-specific protein kinases discussed

above. Whether such membrane-bound tyrosine phos-
phatases exist in brain is not yet known.

IV. Phosphoproteins and Presynaptic Function

Many physiological processes in brain are regulated by
protein phosphorylation. These include neuronal excit-

ability, receptor-mediated signal transduction, neuro-
transmitter biosynthesis and release, regulation of inter-

mediary metabolism, and regulation of neuronal growth,
differentiation, and morphology (for review, see Nestler
and Greengard, 1984). In this section, examples of major

phosphoproteins that appear to be involved in regulation

of the physiology of axon terminals are reviewed, and
phosphoproteins involved in regulation of the response

of postsynaptic cells to neurotransmitters are reviewed

in section V.

A. Regulation of Neurotransmitter Synthesis and

Release

1. Tyrosine hydroxylase and regulation of neurotrans-

mitter synthesis. The activity of tyrosine hydroxylase,

the rate-limiting enzyme in the biosynthesis of the cat-
echolamine neurotransmitters (dopamine, noradrena-
line, adrenaline), is subject to regulation by multiple
protein kinases (for a recent review, see Zigmond et a!.,

1989), whereas protein phosphatase-2A may be respon-
sible for dephosphorylation of the enzyme (Haavik et a!.,
1989). Tyrosine hydroxylase was originally found to be
activated (Morgenroth et al., 1975) and directly phos-

phorylated (Joh et a!., 1978; Edelman et al., 1981) by the

cyclic AMP-dependent protein kinase and was later re-
ported also to be a substrate for CaM kinase II, protein

kinase C, cyclic GMP-dependent protein kinase, and
additional, uncharacterized enzymes (Albert at al., 1984;

Fujisawa at a!., 1984; McTigue at a!., 1985; Roskoski at
a!., 1987; Vulliet et al., 1985; Haycock et al., 1982; Hay-

cock, 1990). In intact chromaffin cells and PC12 cells, a
number of extracellular stimuli have been found to in-
duce multisite phosphorylation and activation of the
enzyme (for examples, see Haycock at al., 1982; Nose et

al., 1985; Tachikawa at a!., 1986). Analysis of the mach-

anisms involved in intact cells indicated that four serine

residues became phosphorylated in situ and that all of

these occurred within 40 amino acids of the NH2 termi-

nus (Haycock, 1990). Such data support the hypothesis

that the NH2-terminal region of the enzyme constitutes
a regulatory domain which, in the dephosphorylated
state, inhibits the catalytic domain; phosphorylation of
the NH2-terminal region then relieves inhibitory con-

straints (Haycock, 1990).
Comparisons between the results obtained following

in situ phosphorylation in PC12 cells and that obtained
with purified components in vitro suggest that cyclic

AMP-dependent protein kinase and protein kinase C

both phosphorylate a common site (Ser-40) in the en-

zyme (Albert et a!., 1984; Campbell et al., 1986; Griffith

and Schulman, 1987; Haycock, 1990) and activate it by

decreasing the Km of the enzyme for the pterin cofactor
(Albert et al., 1984). CaM kinase II, in contrast, phos-
phorylates a distinct site (Ser-19) which also is phos-

phorylated in situ, and this phosphorylation apparently

activates the enzyme by increasing the Vmax only in the
presence of an “activator” protein (Yamauchi et a!., 1981;

Atkinson et a!., 1987; Ichimura at a!., 1987). Other serine

residues (Ser-8, Ser-3i) on tyrosina hydroxylase have
also been found to be phosphorylated in situ, but the
kinase(s) responsible for the latter reactions are pres-

ently less well characterized (see Haycock, 1990). Thus,
the regulation of this key enzyme in neurotransmitter
synthesis appears to be achieved through a complicated

interplay between different protein phosphorylation
pathways, the identities of which are dependent on the

receptor types present and may be different in distinct

cells and tissues.

Less extensive evidence indicates that other enzymes
involved in neurotransmitter biosynthesis, such as tryp-

tophan hydroxylase and phenylalanine hydroxylase, are

also regulated by protein phosphorylation (Hamon at a!.,

1978; Kuhn at al., 1978, 1980; Kaufman at al., 1981;
Kaufman, 1987; D#{248}skeland at a!., 1984; Schulman, 1988).
It may be expected that other neurotransmitter-synthe-

sizing enzymes are also regulated by protein phosphor-

ylation.
2. Synapsis and regulation of neurotransmitter release.

Ca2�-dependent transmitter release from nerve terminals

is subject to multiple regulatory mechanisms in both

vertebrate and invertebrate neurons (for review, see Au-

gustine at al., 1987), and it has become increasingly clear
that both CaM kinase II and protein kinase C are im-
portantly involved in the regulation of this phenomenon.
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Activators of protein kinase C, for example, significantly
increase the release of both amino acid and monoamine

transmitters from rat brain synaptosomes and other

preparations (Shapira et al., 1987; Nichols et al., 1987).

Likewise, injection of CaM kinase II into the presynaptic

digit of the squid giant axon potently increases the

amount of transmitter released in response to depolari-

zation-induced Ca2� influx (Llin#{227}set al., 1985, in press;).

Recent studies have shown similar effects following load-

ing of permeabilized synaptosomes from rat brain with
this kinase (Nichols at aL, 1990). The release of neuro-

transmitters is thus one of the neuronal functions for
which there is particularly strong evidence for regulation

by protein phosphorylation.
Several studies of protein phosphorylation in nerve

terminals have been performed (for examples, see Krua-

ger at al., 1977; Robinson and Dunkley, 1983; Dunkley
et aL, 1986; Wang et a!., 1988). Studies of intact synap-

tosome preparations prelabeled with radioactive inor-

ganic phosphate show that both depolarization-induced

Ca2� influx and addition of the tumor-promoting phorbol
esters which activate protein kinase C result in the
phosphorylation of a number of proteins (Wang et al.,

1988). Detailed two-dimensional electrophoratic analysis
has shown that the major substrates for the depolariza-
tion-induced, Ca2�-dependent protein phosphorylation

seen in such isolated nerve terminals comprise six major

phosphoproteins (table 6). These include four synaptic

vesicle-associated proteins, the synapsins, which are sub-

strates for CaM kinases and which are described in this

section, and proteins with apparent molecular masses of
87 and 48 kDa which are substrates for protein kinase C

and which are described in the following two sections.

The synapsis are a family of neuron-specific synaptic
vesicle-associated proteins (for reviews, see De Camilli

and Greengard, 1986; De Camilli at al., 1990), which in

mammalian brain consist of synapsin Ia and synapsin lb
(collectively referred to as synapsin I and previously

termed proteins Ia and Ib, respectively) and synapsin Ila

and synapsin lIb (collectively referred to as synapsin II

and previously termed proteins lIla and IIIb, respec-

tively). All of the synapsins are major substrates for
cyclic AMP-regulated and Ca2�/calmodulin-regulated

protein kinases (Ueda at a!., 1973; Ueda and Greengard,

1977; Forn and Greengard, 1978; Huttner and Greengard,

1979; Kennedy and Greangard, 1981; Walaas at al.,
1983c; Nairn and Greengard, 1987). Cyclic AMP-depend-

ant protein kinase and CaM kinase I both phosphorylate

a single serine residue (site 1) in the collagenase-resistant

“head” region of both synapsin I and synapsin II. CaM
kinase II, in contrast, phosphorylates a pair of serine

residues in the collagenase-sensitive “tail” region of syn-

apsin I (sites 2 and 3) (Ueda and Greengard, 1977;

Huttner and Greengard, 1979; Huttner at al., 1981) but
does not phosphorylate synapsin II (S#{252}dhofet a!., 1989).

A variety of physiological and pharmacological manip-

ulations of intact nerve call preparations produce in-
creases in the state of phosphorylation of synapsin I.

Such manipulations include electrical stimulation of in-

tact nerve fibers (Nestler and Greengard, i982a,b; Tsou

and Greengard, 1982), depolarization of isolated nerve
terminals (Krueger et a!., 1977; Huttner and Greengard,

1979; Wang et a!., 1988), application of cyclic AMP

analogs or depolarization of brain slices (Forn and

Greengard, 1978), the use of convulsants and tranquil-

izers on intact animals (Str#{246}mbom at a!., 1979), and
application of neurotransmitter candidates such as se-
rotonin (Dolphin and Greengard, i981a,b), noradrena-
line (Mobley and Greengard, 1985), and dopamine (Nes-

tler and Greengard, 1980; Treiman and Greengard, 1985;
Walaas at al., 1989a) to peripheral nervous tissue or

slices from defined brain regions. In each of these sys-

tams, treatments that are known to increase the levels

of cyclic AMP in the tissue have been found to increase

the state of phosphorylation of site 1 both in synapsin I

and, where analyzed, in synapsin II. Treatments that
increase intracellular levels of Ca2�, in contrast, have

been found to increase the state of phosphorylation of
both sites 1, 2, and 3 in synapsin I and, where analyzed,

of the site in synapsin II that corresponds to site 1 in

synapsin I. Those manipulations that caused Ca2�-de-
pendent phosphorylation of synapsin I also caused in-

creased neurotransmitter release (Llin#{227}set al., 1985, in
press; Nichols at al., 1990).

Analysis of the nucleotide sequences of cloned comple-

mentary DNA for the four synapsins has revealed that

synapsins Ia and lb display extensive sequence homol-

ogy, as do synapsins IIa and lIb. Synapsins I and II also

have common domains, composed of similar NH2-tar-

minal regions, which contain the serine residue compris-

ing phosphorylation site 1, and central regions which

contain both charged and hydrophobic areas. In addition,

they also have variable domains located in the COOH-

terminal regions: synapsins Ia and Ib, but not synapsins

Ila or lIb, have long, extremely basic “tails” which con-
tam the serine residues comprising phosphorylation sites

2 and 3 (SUdhof et al., 1989).

Synapsins Ia, Ib, Ila, and lIb are all enriched in a
majority of nerve terminals in brain (De Camilli et a!.,

1983a,b; Walaas et a!., 1988a), although the relative
amounts of the four distinct isoforms of this protein

family appear to vary among different populations of
nerve terminals (SUdhof at al., 1989; E. Mugnaini, per-

sonal communication). For example, the posterior pitui-

tary and olfactory bulb contain relatively less of synapsin
lIb than do most CNS regions (Walaas at aL, i988a).

Moreover, all mossy fiber terminals of the hippocampal

granule cells contain all four synapsins, whereas Purkinje

cell axon terminals do not contain detectable amounts
of synapsin Ila (SUdhof at al., 1989). In the vertebrate
retina, further differences have been observed. In this

tissue, two types of vesicle-containing synapses are pras-
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316 WALAAS AND GREENGARD

TABLE 6
Characteristics ofproteins phosphorylated in isolated nerve terminals by depolarization-induced Ca� jnflux*

Phosphoproteins

Synapsins
MARCKS GAP-43

Ia lb ha lib

Molecular properties

Molecular mass (sodium dodecyl sulfate-poly- 86 kDa 80 kDa 74 kDa 55 kDa 68-87 kDa 43-57 kDa

acrylamide gel electrophoresis)

Molecular mass (composition) 74 kDa 70 kDa 63.3 kDa 52.3 kDa 31.9 kDa 24.7 kDa

Amino acid residues 704 668 586 479 335 239

Charge (isoelectric focusing) Basic Basic Neutral Neutral Acidic Acidic

Calmodulin binding - - - - + +

Salt extractable + + + + - -

Hydrophobic domains + + + + - -

Fatty acid acylated - - - - Myristate Palmitate

Substrate for

CaM kinase I + + + + - -

CaM kinase II + + - - - -

Protein kinase C - - - - + +

Localization

Neuron specific + + + + - +

Growth cone enriched - - - - + +

Synaptic vesicle associated + + + + - -

Plasma membrane associated - - - - + +

Cytosolic - - - - + -

Actin binding + + + + + (+)

* Summary of main properties of the major, Ca2�-dependent phosphoproteins found in isolated nerve terminal preparations. Data compiled

from: De Camilli et al. (1990), Stumpo et al. (1989), Wang et al. (1988), Albert et al. (1987), Aderem et al. (1988), Graff et al. (1989b), Katz et

al. (1985), Ouimet et al. (1990), Liu and Storm (1990).

ant. One is represented by conventional synapses, which

are formed mostly by amacrine cells, and another is
represented by ribbon synapses, which are formed by
photorecaptors and bipolar calls (Mandall at al., 1990).
These synapses differed in their content of synapsins,

with only conventional synapses containing these pro-

teins. Moreover, the synapsin isoforms were differen-

tially distributed within the synapses formed by ama-

crine cells, with synapsin I apparently being present in
all amacrina nerve terminals and synapsins Ila and lIb
specifically enriched in a subset of amacrine nerve tar-
minals only. No correlation between the expression of
synapsin II and identified neurotransmitter types was
evident. Thus, the presence or absence of synapsin II in
the retina may correlate with some other property of
conventional prasynaptic terminals (Mandall at a!.,
1990).

Considerable evidence indicates that the synapsins are

involved in regulation of neurotransmitter release. Thus,
microinjection of dephosphosynapsin I into prasynaptic
nerve terminals of the squid giant axon inhibited,
whereas injection of CaM kinase II promoted, transmit-
tar release at this synapse (Llin#{225}sat al., 1985; Llinas at
al., in press;). Similar observations have been reported

for the goldfish Mauthner cell (Hackett et a!., 1990). The
cell biological basis for such regulation of neurotrans-

mitter release by synapsin I and CaM kinase II has been

investigated in some detail.

The synapsins appear to be associated with the exter-

nal surface of small, electron-lucent synaptic vesicles,

i.e., those vesicles that contain classical, nonpeptide neu-

rotransmitters (De Camilli at al., i983b, 1990). Synapsin

I is bound to a specific, high-affinity saturable site on

these synaptic vesicles through its tail region, and the

central hydrophobic domain appears to be partly buried
in the lipid environment of the vesicle membrane (Hutt-

ner at a!., 1983; Schiebler at al., 1986; B#{227}hlerat a!., 1989;
Banfenati et al., i989a,b, 1991). Phosphorylation of the

tail domain of the protein by CaM kinase II has bean

found under certain conditions to reduce the strength of

binding of synapsin I to vesicles (Huttner at a!., 1983;

Schiebler at al., 1986). Thus, the interaction between
synapsin I and synaptic vesicles may be regulated by

CaM kinase II.

Synapsin I also interacts with cytoskalatal elements

such as actin, microtubules, and spectrin in vitro (B#{227}hler

and Greengard, 1987; B#{224}hlerat al., 1989; Bennett at a!.,

1985; Goldenring at a!., 1986; Petrucci and Morrow, 1987;

Steiner at a!., 1987). In fact, dephosphosynapsin I causes

the bundling of F-actin (B#{228}hlerand Greengard, 1987;

Petrucci and Morrow, 1987). Evidence indicates that

synapsin I contains two binding sites for actin, that CaM

kinasa Il-catalyzed phosphorylation of the protein inhib-

its actin binding to one of these sites, and that this

phosphorylation, therefore, prevents F-actin bundling
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from taking place (B#{228}hlerand Greangard, 1987; Petrucci

and Morrow, 1987; B#{228}hleret aL, 1989).

It has been proposed that a tertiary complex, com-

prised of actin/synapsin I/synaptic vesicla, exists and
that this complex, by tethering the synaptic vesicla, keeps

it in a reserve pool (Benfenati at al., 1991). Disruption
of this complex would allow vesicles to move from such

a reserve pool to a releasable pool. Such a disruption

could be achieved either through a decrease in the inter-
action between synapsin I and synaptic vasicle or
through a decrease in the interaction between synapsin

I and actin. Computer modeling of synapsin I binding to
synaptic vasiclas and F-actin, based upon the axperimen-

tally determined binding constants, indicates that dis-
sociation of a synapsin I/synaptic vesicla binary complex

from actin could account for the severing of the tertiary

complex (Benfenati et a!., 1991).
Synapsin II is also a major substrate for Ca2’-depend-

ent protein phosphorylation in nerve terminals (Wang

et a!., 1988). Synapsin II can be phosphorylatad on that
serine residue that corresponds to site 1 in synapsin I,
and this reaction can be catalyzed by either cyclic AMP-
dependent protein kinase or CaM kinase I (Huang at al.,
1982; Browning at al., 1987; Nairn and Greangard, 1987).

Synapsin II can also be phosphorylated in intact cells in
response to any of several neurotransmitters and stimuli

that increase cyclic AMP or Ca2� levels in nerve termi-

nals (Forn and Greengard, 1978; Tsou and Greengard,

1982; Haycock at a!., 1988b; Wang at a!., 1988; Walaas

at al., 1989e).

Studies in which recombinant DNA technology was

used have indicated that synapsin II can bind to a protein

in small synaptic vesicles through a domain located close

to the NH2-tarminal region, although the extreme NH2
terminus appears unnecessary for such binding (Thial at
a!., 1990). Because the region of synapsin II that binds

to synaptic vesicles is common to synapsins I and II, it
seems likely that the binding observed with synapsin II

also applies to synapsin I.

Much less is known about the possible functions of
synapsin II than of synapsin I. In view of the structural

similarities (common domains), as well as the structural
differences (variable domains), between synapsin I and

synapsin II, it will be of great interest to determine which
functions are held in common and which functions are
unique to these two subclasses of synaptic vesicle-asso-

ciated proteins.
3. MARCKS (80 to 87 kDa) protein. Following depolar-

ization-induced Ca2� influx or application of phorbol

esters to isolated nerve terminals, an 80- to 87-kDa
protein rapidly becomes phosphorylated through activa-

tion of protein kinase C (Wu at a!., 1982; Wang at a!.,
1988). The phosphory!ation of this protein has been

found to correlate qualitatively with the phorbol aster-

induced increase in release of transmitter from such
synaptosomes (Nichols at a!., 1987). However, this pro-

tam, which recently has bean purified to homogeneity

from bovine (Albert at a!., 1987) and rat (Pate! and

Kligman, 1987) brain and characterized, is not a nerve

terminal-specific protein. Rather, it appears to be widely

distributed in both neurons and glial cells throughout

the brain (Walaas at al., i983b,c, i989f; Ouimat at al.,
1990), being particularly enriched in growth cones, the

motile structures that form the tips of advancing nauritas
(Katz at al., 1985). It is also found in nonneural tissues

(Rozangurt at al., 1983; Albert at al., 1986; Blackshaar at
a!., 1986).

Analysis of the biochemical properties of the protein

and of complementary DNA clones has revealed that the

protein consists of a single polypeptide chain of approx-
imately Mr 32,000, which contrasts with the apparent

molecular masses of 68 to 87 kDa observed on different

sodium dodecyl sulfate-polyacrylamide gel electrophore-

sis systems (Blackshear at a!., 1986; Aderam at al., 1988).

The protein contains a high proportion of alanine, it
displays an acidic isoelactric point, and it is highly a!on-
gatad and heat stable (Albert at al., 1987; Stumpo at al.,

1989). Moreover, the protein can be phosphorylated by
protein kinasa C on as many as four serine residues

(Stumpo at a!., 1989; Graff at a!., i989a), whereas other

kinases appear ineffective both in vitro and in situ (Wa-
laas at al., i983c; Albert at al., 1986; Blackshear at a!.,

1986). The protein is also phosphorylated in a number

of peripheral tissues and cells by a variety of growth

factors and hormones that activate protein kinasa C

(Rozengurt at a!., 1983; Blackshear at a!., 1986). In rat

brain, the protein is enriched in both synaptosomal mam-

branes and cytosol (Albert at aL, 1986). The subcellular
distribution of the protein appears to be determined by

its phosphorylation state, because protein kinase C-cat-
alyzed phosphorylation was able both to release the

protein from synaptosomal membranes in vitro and to

translocate the protein from membranes to cytoso! in
intact synaptosomas (Wang at a!., 1989). The deduced

primary structure of the protein does not show any

hydrophobic domains (Stumpo at al., 1989). Therefore,
the membrane association of the protein is believed to

be caused by fatty acid acylation of the protein with
myristic acid, an acylation that has been demonstrated
in macrophages and muscle calls (Aderem at a!., 1988;

James and Olson, 1989). Finally, the protein appears to
be able to bind calmodulin, and this binding can be

prevented by protein kinase C-catalyzed phosphorylation

(Graff at a!., i989b). The protein has bean designated

the MARCKS protein (Stumpo at al., 1989).
The function of the MARCKS protein, and the possi-

bla relationship to cellular release mechanisms, is un-

known. Given the ubiquitous presence of this protein in
both neuronal and nonneuronal cells, an involvement in

widespread functions not restricted to nerve terminals is

to be expected. Recant ultrastructural immunocytochem-
ical studies of rat brain indicate that the protein is highly
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enriched in both dendrites and axons of certain neurons
and in glial cells (Ouimet at a!., 1990). In these cell types,

both membrane-associated and cytosolic immunoreactiv-

ity could be seen. Moreover, a particularly heavy reaction

product was associated with microtubules in certain den-
drites. Thus, it appears possible that, in neurons, the

protein could be involved in both pre- and postsynaptic

functions.
In other studies, MARCKS has been observed to be

able to bind actin and to be associated with membrane-
bound actin filaments associated with focal adhesion

plaques at the plasma membrane in nonstimulated cul-
tured neutrophils and macrophages (Rosen at a!., 1990).

Following protein kinase C-catalyzed phosphorylation,

the actin-MARCKS complex was released from these

membrane plaques (Rosen at a!., in preparation). These

data support the possibility that MARCKS may be func-
tionally involved in regulation of cytoskeleton-plasma

membrane interactions.

4. GAP-43 (B-50, Fl, pp46, p57, neuromodulin). The
other major protein phosphorylated by Ca2� influx or
protein kinase C activators in nerve terminals (Wang at
a!., 1988; Dekker at a!., 1990) is a protein that, during

sodium dodecyl sulfate-polyacrylamide gel alectrophore-

sis, usually displays an approximate molecular mass of
48 to 49 kDa and appears to be identical with the protein

designated GAP-43, B-50, Fl, pp46, p5’7, or neuromodu-
lin (Benowitz and Routtenberg, 1987; Chan at a!., 1986;

Main at a!., 1986; Nielander at a!., 1987). This protein,
which has been extensively characterized, represents a

neuron-specific (Kristjansson at a!., 1982), membrane-

associated phosphoprotein whose expression is greatly
increased during neurona! development and regeneration
(Jacobson at a!., 1986; Larrivee and Grafstein, 1987;

Skene, 1989). GAP-43 shares a number of properties

with the MARCKS protein. It is one of the most abun-

dant proteins in neuronal growth cones (Katz at a!.,

1985; Hyman and Pfenninger, 1987; De Graan at a!.,

1985; Skene at a!., 1986). Analyses of the biochemical
properties of the purified protein and of complementary

DNA clones have revealed that the protein consists of a
highly acidic polypeptide chain of approximately M�
24,000, which contrasts with the apparent molecular

mass of 43 to 57 kDa observed on various sodium dodecy!
sulfate-polyacrylamide gel electrophoresis systems (Basi

at a!., 1987; Benowitz at al., 1987; Karns at a!., 1987;

Kosik at a!., 1988). Moreover, the protein can be phos-

phorylated by protein kinase C (Aloyo at a!., 1983),

apparently on a single serine residue (Coggins and

Zwiars, 1989; Nielander at al., 1990), both in vitro and in

situ. Although the protein behaves as an integral mem-
brana protein during subcellular fractionation (Mah!er

et al., 1982), the deduced primary structure does not
contain any hydrophobic domains (for examples, see Basi
at a!., 1987; Karns et a!., 1987; Wakim et al., 1987).
Instead, fatty acid acylation of the protein with palmitic

acid (Skena and Virag, 1989) appears to be at least partly
responsible for the membrane localization of GAP-43.

Other studies have indicated a tight association of GAP-
43 with actin-rich submambranous cytoskaleton struc-

tures in neurons (Meiri and Gordon-Weeks, 1990; Moss
at a!., 1990).

Recant comparison of primary structures has shown
that GAP-43 is identical with p57 or neuromodulin, a
neuronal protein that has the unusual property of bind-
ing calmodulin with high affinity in the absence of Ca2�
(Alexander et a!., 1987; Wakim at a!., 1987). As in the

case of the MARCKS protein, binding of calmodulin was
only observed with the dephosphorylated form of GAP-

43 (Liu and Storm, 1990). Despite various similarities
between the two proteins (Table 6), GAP-43 does not

appear to have any sequence homology with the
MARCKS protein.

The functions of GAP-43 remain essentially unknown.

Localization studies of this neuron-specific protein have

indicated that it is specifically enriched in axons and
prasynaptic terminals, and it has not bean found in
mature dendrites (Goslin at a!., 1988; Gordon-Weeks,
1989). Its increased expression during axonal growth and

regeneration (Main at a!., 1988) and its high levels in

fatal growth cones has lad to the hypothesis that the

protein may be involved in additions to rapidly growing

neuronal structures and in membrane retrieval (Gordon-
Weeks, 1989). Expression of the protein in nonnauronal

cells has been reported to induce filopodia generation,
supporting a role in such phenomena (Zuber et a!., 1989).
Other studies have indicated that phosphorylation of

GAP-43 may inhibit phosphatidylinositol phosphoryla-
tion (Jolles et a!., 1980; Van Dongen at a!., 1985) and

that GTP binding to the brain-enriched G0 protein may
be modulated by GAP-43 (Strittmatter at a!., 1990).

Phosphorylation of GAP-43 appears to be correlated with

neurotransmitter release in rat hippocampal slices (Dek-
ker at a!., i989b), whereas introduction of antibodies

against GAP-43 into parmeabilized nerve terminals may

decrease transmitter release (Dakker at aL, 1989a).
A number of studies have indicated that 32P labeling

of GAP-43 during in vitro phosphorylation of membrane
fractions with [‘y-32PJATP is increased in preparations

from rat hippocampus that had been subject to hippo-

campal LTP (sea section V.D) (Lovingar at al., 1985,
1986; Routtenberg and Lovinger, 1985). This change in

the in vitro phosphorylation of GAP-43 has been sug-

gestad to be related to the changes in synaptic function

observed during LTP (for examples, sea Lovinger et a!.,

1986). However, it is unclear whether this phenomenon

is caused by changes in the state of phosphorylation of
GAP-43 in situ and/or changes in the activities of mem-

brane-bound protein kinase C (Akers at aL, 1986) or
protein phosphatases following LTP. The recent obser-
vation that the MARCKS protein, which is not specifi-
ca!ly enriched in neurons or nerve terminals (see above),
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also incorporates more 32P during in vitro phosphoryla-

tion following LTP (Nelson at a!., 1989) would suggest

that changes in protein kinasa C activity may be respon-

sible. The functional importance of this phenomenon is

not understood (see section V.D for further discussion of

LTP).

B. Use of Nerve Terminal Phosphoproteins to Study

Presynaptic Receptors

Use of the phosphoproteins described above has a!-

lowed examination of presynaptic receptors coupled to

distinct second messenger-regulated protein phosphor-

ylation systems. Because the synapsins are specifically

localized in presynaptic terminals, transmitter-induced

phosphorylation of these proteins in isolated nerve tar-

minals or preparations containing intact nerve calls and

fibers can be used to characterize presynaptic receptors
capable of activating cyclic AMP-dependent protein ki-

nasa, CaM kinase I or CaM kinase II. This approach has

been used to demonstrate presynaptic receptors for sa-

rotonin on nerve fibers in the facial motor nucleus (Do!-

phin and Greangard, 1981a,b), fi-adranergic receptors on

a large number of nerve terminals in the neocortex
(Mobley and Greengard, 1985), dopamina Di and D2

receptors on hypothalamopituitary fibers in the neuro-

hypophysis (Tsou and Graengard, 1982; Treiman and

Greengard, 1985), and dopamine Dl receptors on nerve

terminals in the superior cervical ganglion (Nestler and

Graengard, 1980, 1982b), the neostriatum, and the sub-

stantia nigra (Walaas at al., i989e).

The MARCKS protein appears to be widely, but un-

evenly, distributed in nerve calls and terminals (Ouimet

at al., 1990). Examination of isolated nerve terminals

prelabeled with [32P]orthophosphata (Wang et a!., 1988)

has shown that phosphorylation of this protein, when

studied in such preparations, can be used to demonstrate

the presence of presynaptic a1 adrenergic or muscarinic
receptors linked to protein kinase C activation (Audigier

et a!., 1988; J. K. T. Wang, S. M. P. Audigier, and P.
Greengard, unpublished observations). Given the exc!u-

give prasynaptic localization of GAP-43 (Gispen et a!.,

1985), this phosphoprotein should also prove useful for

analysis ofpresynaptic receptors linked to protein kinase

C activation (for examples, see van Hooff at a!., 1989).

V. Phosphoproteins and Postsynaptic Function

It is now abundantly clear that most, if not all, neu-

rotransmitter receptors and ion channels are regulated

by phosphorylation. Because most studies of receptors

and ion channels have been carried out on neuronal

somata, this topic is discussed in this section. However,

it should be kept in mind that the principles elucidated

by the study of cell body receptors and ion channels are

probably generally applicable to receptors and ion chan-

nals on dendrites and axon terminals.

A. Regulation of Receptor Function

Three general classes of plasma membrane receptors

have so far been defined in brain (table 7), all of which

appear to be associated with protein phosphorylation
systems (Benovic and Lefkowitz, 1987; Huganir and
Greangard, 1987, 1990). One of these is represented by

those receptors that are directly coupled to and may be
an integral part of an ion channel (Grenningloh at aL,

1987; Schofield at a!., 1987; Betz, 1990). Another class is
represented by receptors coupled to G-proteins (GTP-

binding proteins) (Gilman, 1987; Banovic and Lafkowitz,

1987), and a third class is represented by those receptors

that transduce information through activation of tyro-
sine-specific protein kinase activity, which often is an
integral part of the receptor itself (Yarden and Ullrich,

1988). Several receptors that are located in the cell
nucleus, and which are regulated by phosphorylation,
will also be mentioned.

1. Ion channel-coupled receptors. Recent studies have

demonstrated that some major ion channel-coupled re-

captors (i.e., the GABAA, glycina, nicotinic acetylcholine,

and, possibly, different types of glutamate receptors)
display considerable similarities in their structures and

membrane topologies and appear to belong to the same
gene superfamily ofchemica!ly gated ion channels (Scho-
field at a!., 1987; Grenningloh at al., 1987; Barnard at a!.,

1987; Batz, 1990). Although most, and possibly all, of

these receptors are regulated by phosphorylation (for
reviews, see Huganir and Greangard, 1987, 1990), the

regulation of the nicotinic acatylcholina receptor and the

GABAA receptor by phosphorylation has bean most thor-
oughly studied. We will, therefore, restrict our discussion

to these receptor types.
The nicotinic acetykholine receptor from Torpedo alec-

tric organ has been studied extensively (for review, see

Changeux at a!., 1984). This receptor, which is a penta-

maric complex, consists of four types of subunits, termed
a, /3, -y, and #{244}.Postsynaptic membranes from Torpedo
contain at least three protein kinases capable of phos-
phorylating this receptor, i.e., cyclic AMP-dependent

protein kinase, protein kinase C, and an endoganous

tyrosina-spacific protein kinase immunologically related
to ppG0c*?� (Huganir and Greengard, 1983; Huganir at

a!., 1983, 1984; Safran at a!., 1987). The cyclic AMP-

dependent protein kinasa phosphorylates the ‘y- and #{244}-
subunits, protein kinase C phosphorylatas the t5- and,
more slowly, the a-subunits, and the protein tyrosine
kinasa phosphorylates the fl-, ‘y-, and #{244}-subunits of this

receptor. These phosphorylation sites are a!! distinct, so
that the nicotinic receptor can be phosphorylated on a
total of seven sites. It appears that these phosphorylation

sites are all located in homologous regions in the major
intracellular loop ofthe subunits and that multiple phos-

phorylation sites within a loop are located in close prox-
imity to each other (for reviews, see Huganir, 1987; Miles

and Huganir, 1988; Huganir and Graangard, 1990).
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TABLE 7

Regulation ofplasma membrane receptors by protein phosphorylation*

Receptor type Protein kinase Functional importance

Ion channel-associated receptors
nACh-R

GABAA-R
Glycine

PKA

PKA, PKC, Tyr-K

PKA, PKC

PKA

Increased response (neural

type)

Increased rate of desensitization
(muscle, electric organ)

Increased rate of desensitization

Increased response

G-protein-associated receptors

fl-AR, a-AR

mACh-R

PKA, PKC
/3-ARK

PKA, PKC

fl-ARK

Heterologous desensitization

Homologous desensitization
Heterologous desensitization

Homologous desensitization

Tyrosine kinase receptors

Insulin-R Insulin-R

PKA, PKC

Signal transduction

Down-regulation

* Summary of major types of transmitter receptors regulated by protein phosphorylation. Data compiled from: Huganir and Greengard (1990),

Benovic et al. (1988), Rosen (1987), Song and Huang (1990). Abbreviations: a-ARK, j9-adrenergic receptor kinase; insulin-R, insulin receptor;

others as in legend to Tables 1 and 2.

The functional consequences of phosphorylation of the

nicotinic cholinergic receptor have been examined. Re-

constituted receptor that had been phosphorylated either
by the cyclic AMP-dependent protein kinasa or by the

endogenous protein tyrosine kinase was used, and it was
found that the phosphorylated receptor displayed a 5ev-

aralfold increase in the rate of rapid desensitization, the

process by which the receptor is inactivated in the pres-
ence of acatylcholine (Huganir at a!., 1986; Hopfield et

a!., 1988). Because similar desensitizations ware brought

about by forsko!in or phorbol esters in rat primary my-
otube cultures (Middlaton at a!., 1986, 1988; Mulla at a!.,
1988; Eusebi at a!., 1985), it appears that phosphory!ation

of the muscle-type receptor is involved in the regulation
of desensitization in situ (Stainbach and Zempel, 1987;

Huganir and Graengard, 1987; 1990; Smith at a!., i989).
This probably also holds true for tyrosine kinase-me-

diated phosphorylation, because phosphorylation by the
latter kinase appears to occur between the sites phos-

phorylated by cyclic AMP-dependent protein kinasa and
by protein kinase C, at least on the #{244}-subunit (Huganir

and Graengard, 1990). In contrast, recent data indicate

that cyclic AMP-dependent phosphorylation of a neu-

ronal acatylcholine receptor a-type subunit increases the

response to ligand binding (Vijayaraghavan at a!., 1990).

Hence, phosphorylation of distinct isoforms of the nico-

tinic receptor may induce different types of responses.
Determination of the identities of the neurotransmit-

tar(s) or hormone(s) responsible for the physiological
regulation of the activity of the three protein kinasas

that phosphory!ate the nicotinic acetylcholine receptor

is currently the subject of investigation in several labo-

ratories. In muscle cells, calcitonin gene-related paptide,
a cotransmitter with acatylcholina in motor neurons,

raises the levels of cyclic AMP (Laufer and Changeux,

1987), increases the rate of receptor desensitization, and
stimulates the phosphory!ation of the nicotinic acetyl-

choline receptor on the same subunits as does cyclic
AMP-dependent protein kinase (Miles at a!., 1987, 1989;
Mulle at a!., 1988). Other evidence suggests that acety!-
choline, by causing both Ca2� influx and diacy!glycerol

formation through activation of muscarinic and possibly
nicotinic acetylcho!ine receptors, causes the activation
of protein kinase C and thereby the phosphorylation of
the nicotinic acetylcholine receptor (Adamo at a!., 1985;
Miles, Huganir, and Greengard, cited in Huganir and
Greengard, 1990). The nature of the first messenger
responsible for the activation of the protein tyrosine

kinase that phosphorylates the nicotinic acaty!choline
receptor has not yet been determined (Qu at a!., 1990).

The GABAA receptor from rat brain consists of a- and
fl-subunits, and molecular cloning has shown that several

isoforms of these subunits exist (for review, see Olsen
and Towbin, 1990). This receptor also appears to be
organized in a pentamaric structure, the a- and fl-sub-
units apparently having four transmembrane domains
and displaying membrane topologies similar to those of

the nicotinic acetylcho!ine receptor. Moreover, clones for
additional �y- and #{244}-subunits have also been reported
(Olsen and Towbin, 1990). There are predicted consensus

sequences for phosphorylation by cyclic AMP-dependent
protein kinase and by protein kinase C in the a- and fi-
subunits, and a rny-subunit clone has demonstrated a
predicted consensus sequence for protein tyrosina ki-
nases (Olsen and Towbin, 1990). Studies of the purified
GABAA receptor have shown that it is phosphorylatad
when incubated with either cyclic AMP-dependent pro-
tam kinase (Kirkness at a!., 1989), protein kinase C

(Browning at aL, 1990), and a second messanger-inde-
pendant protein kinasa preparation (Sweetnam at a!.,
1988).

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


PROTEIN PHOSPHORYLATION AND NEURONAL FUNCTION 321

The functional properties of the GABAA receptor,

which constitutes a ligand-gatad C1 channel (Schofield
at a!., 1987; Olsen and Towbin, 1990), are also regulated

by phosphory!ation (Ste!zer et a!., 1988). Activation of
cyclic AMP-dependent protein kinase has been reported

to increase the rate of desensitization of the receptor,

analogous to the observations made with the nicotinic
acetylcholine receptor (Tahrani at a!., 1989; Hauschnei-

dar and Schwartz, 1989). Moreover, activation of protein

kinase C by phorbol esters decreased the amplitude of

the GABAA receptor current in oocytes expressing ion

channels from total messenger RNA from chick forebrain
(Siga! and Baur, 1988). Thus, both cyclic AMP-depend-

ant protein kinase and protein kinasa C may regulate the
activity of the GABAA receptor.

2. G-protein-coupled receptors. Recant evidence mdi-
cates that most or all G-protain-coupled receptors are

single polypeptides that traverse the plasma membrane

seven times (for examples, see Dohlman at a!., 1987a,b;
Hal!, 1987). These receptors, which include, inter a!ia,

adrenergic receptors, dopamina receptors, muscarinic

acetylcholina receptors, sarotonin receptors, and tachy-
kinin receptors, do not themselves contain the machinery

for transduction of the signal across the membrane.

Instead, these receptors interact with and activate var-

ious membrane-associated guanine nucleotide-binding

proteins (G-protains), which in turn can interact with

and regulate enzymes such as adanyly! cyclasa or phos-
pholipasa C, or other types of affector systems such as

ion channels (Rodbe!l, 1980; Gilman, 1987). Although

most, and possibly a!!, of these receptors are regulated

by phosphorylation, the regulation of the fl-adrenergic

receptor and the muscarinic acetylcholine receptor by

phosphorylation has been most thoroughly studied. We

will, therefore, restrict most of our discussion to these
receptor types.

The fl-adrenergic receptor, the prototype of this recap-
tor class, can be phosphorylated by both cyclic AMP-

dependent protein kinase and by protein kinase C, as

well as by a newly discovered protein kinase specific for
the agonist-occupied receptor (for examples, see Benovic

and Leflowitz, 1987; Banovic at a!., 1985, 1986b, i987b,

1988; Bouivier at a!., 1987; Sibley et a!., 1987). Such

phosphorylations appear to be intimately involved in the

coupling of the receptor to adanylyl cyclase and the
desensitization of the receptor (Sibley at al., 1986; Lef-
kowitz et a!., 1990; Hausdorf et a!., 1990). Both homolo-

gous and heterologous desensitization, i.e., desensitiza-

tion induced by agonists either specific or nonspecific,
respectively, for that particular receptor, are known to

occur with this receptor type (Benovic and Leflcovitz,
1987). Evidence from studies of phosphorylation of the

purified fi-adrenergic receptor, as well as studies of intact

cells, indicate that hetarologous desensitization may be

mediated, at least partly, by phosphorylation of the re-
captor on multiple sites by cyclic AMP-dependent pro-

tam kinase; similarly, activators of protein kinase C can

also induce desensitization of fl-adrenargic receptors in
intact cells, suggesting that phospholipase C-coupled ra-

captors promote another form of heterologous dasensi-
tization (Lefkowitz at aL, 1990).

Homologous desensitization of the fl-adrenergic recap-

tor has been found to occur in cell lines devoid of cyclic
AMP-dependent protein kinase and appears to involve a

novel protein kinase. This enzyme, which has been pu-

rifled from bovine brain, appears to be specific for the fl-

adrenargic receptor and has, therefore, been designated

fl-adranargic receptor kinase (Banovic et a!., i986b,

i987b). It is independent ofany known second messenger
and phosphorylatas the receptor on as many as nine

distinct phosphorylation sites but only when agonist is
bound to the receptor. This phosphorylation mechanism,
therefore, represents substrate-activated phosphoryla-
tion, which is a highly affective mechanism for limiting
desensitization to the homologous type.

Homologous desensitization of the fi-adrenergic recep-

tor is strikingly similar to the mechanism of light adap-

tion in the retina. This latter mechanism involves the
loss of the ability of the visual pigment, rhodopsin, to

couple to and activate a G-protein termed transducin

(Stryar, 1986). Rhodopsin kinase, a protein kinase pras-

ant in photoraceptors, appears to be related to the fi-

adrenargic receptor kinasa (Kellaher and Johnson, 1990).

For example, rhodopsin kinasa phosphorylates light-ax-
posed and bleached, but not unblaachad, rhodopsin

(Kuhn, 1974; Shichi and Somers, 1978; Lee at a!., 1981;
Paulsen and Bentrop, 1983). Rhodopsin kinasa can also

phosphorylata the fl-adrenargic receptor in its agonist-

bound form; conversely, the fi-adrenergic receptor kinase

can phosphorylate bleached, but not unblaached, rhodop-

sin in vitro (Benovic at a!., 1986a). Phosphorylation of
rhodopsin by rhodopsin kinase attenuates the interaction

of rhodopsin with transducin, apparently through a
mechanism involving a cytosolic protein termed arrestin,

which binds to phosphorylated rhodopsin and prevents

its binding and interaction with transducin (Stryer,

1986). This mechanism, which appears to be analogous

to the one responsible for desensitization of the fl-adra-

nergic receptor (Benovic at a!., i987a,b; Lohsa at al.,

1990), may be responsible for the termination of visual

signal transduction.
The muscarinic acetykholine receptor is also subject to

regulation by phosphory!ation (Burgoyne, 1983). Differ-

ant subtypes of muscarinic receptors, the activation of
which can either inhibit adanylyl cyclasa, increase phos-

phoinositide turnover, or activate K� channels, have
been cloned and sequenced and have been found to be

homologous to the fl-adrenergic receptor in their amino
acid sequences and topologies (for review, see Nathan-

son, 1987). The fl-adrenergic receptor kinase has recently

been reported to phosphorylate the purified M2 musca-
rinic receptor from heart in an agonist-dependent man-

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


322 WALAAS AND GREENGARD

ner (Kwatra at al., 1989). Moreover, treatment of chick
hearts with muscarinic agonists both increased the phos-

phorylation and decreased the affinity of the muscarinic
receptor for agonist (Kwatra and Hosey, 1986; Kwatra
at al., 1987; Ho at a!., 1987). In addition, both cyclic
AMP-dependent protein kinase and protein kinase C

have been reported to phosphorylate purified muscarinic
receptors (Rosenbaum at al., 1987; Uchiyama et a!., 1990;

Haga et a!., 1990). These results, therefore, indicate that
the muscarinic acetylcho!ine receptors are subject to

regulation by protein phosphorylation. fi-Adrenergic re-

captor kinase, or a similar protein kinase, may regulate
homologous desensitization of the muscarinic acetylcho-

line receptor in response to acatylcho!ina, whereas pro-
tam kinase C and cyclic AMP-dependent protein kinase
may regulate heterologous desensitization in response to

other extracellular signals.

Other G-protein-coupled receptors are also subject to
phosphorylation. For example, the a2-adranargic racep-

tor, which is coupled to inhibition of adenylyl cyclasa,
can be phosphorylated by the fi-adrenargic receptor ki-

nasa (Benovic at a!., i987c). This phosphorylation is also
agonist dependent and may be involved in the same type

of homologous desensitization as the fi-adrenergic recap-

tor. Similarly, the dopamine Dl receptor, recently cloned
and expressed, belongs to the same class of G-protein-

linked receptors and possesses potential phosphorylation

sites on intracellular domains, suggesting that this recep-
tor type will be regulated by similar mechanisms (Dearry

et a!., 1990; Monsma et a!., 1990; Sunahara et aL, 1990;

Zhou at a!., 1990). Similar data have bean presented for
tachykinin receptors (Yokota et a!., 1989; Guard and
Watson, 1991).

3. Tyrosine kinase-coupled receptors. One of the best
studied receptors of this class is the insulin receptor (for
reviews, see Rosen, 1987; Yarden and Ullrich, 1988).

This receptor, which is enriched in brain (Rees-Jonas at
al., 1984; Zahniser et a!., 1984; Adamo et a!, 1989), is
composed of ce-subunits, which are located axtracellularly

and contain the insulin-binding site, and fl-subunits,
which are transmembrana proteins and presumably con-

vay the insulin signal into the cells (Rosen, 1987). The

COOH-terminal part of the fl-subunit contains tyrosine
kinase activity and has extensive homology with other

tyrosine kinases (Rosen, 1987; Yarden and Ullrich, 1988).

Binding of insulin increases the tyrosine kinasa activity
of the receptor and is manifested by autophosphorylation

of the fl-subunit on multiple tyrosine residues (Kasuga

et a!., i982a,b). Extensive analysis has shown that this
tyrosina kinasa domain is obligatory for expression of a
number of insulin affects in different cell types (for

reviews, sea Rosen, 1987; Yardan and U!lrich, 1988).

Agonist-induced activation of receptor tyrosine kinases

also appears to be part of the signal transduction mech-
anism used by a variety of other growth factors and their
receptors (Yarden and Ul!rich, 1988).

When analyzed in broken call preparations, the insu-
lin-inducad phosphorylation of the insulin receptor takes
place exclusively on tyrosine residues and is associated
with an increased protein tyrosine kinasa activity that is

independent of insulin (Kasuga at a!., 1982a,b; Rosen at
a!., 1983; Cobb and Rosen, 1983). In contrast, when

analyzed in intact calls, insulin stimulates phosphoryla-
tion of the insulin receptor on both serine and tyrosine

residues (Kasuga at a!., 1982b). The identities of the
insulin-regulated protein kinases responsible for the

sarine phosphory!ation are not clear. However, evidence

indicates that both cyclic AMP-dependent protein kinase
and protein kinasa C regulate the receptor. Thus, treat-
mant of intact cells with agents that increase cyclic AMP
levels has been reported to increase serine and threonine
phosphorylation of the receptor, presumably through
indirect mechanisms (Stadtmauer and Rosen, 1986), and

at the same time decrease the effect of insulin on tyrosine
phosphorylation, thereby effectively causing a functional

desensitization of the receptor (Tanti et a!., 1987). Sim-
ilarly, treatment of intact cells with phorbo! esters, pra-

sumably through activation of protein kinase C, also
increases phosphorylation of the insulin receptor on

sarine and threonina residues (Takayama at a!., 1984)
and decreases the effect of insulin on tyrosine phosphor-
y!ation. The insulin receptor can be phosphorylatad by

protein kinase C in vitro, and this phosphorylation de-
creases the tyrosine kinase activity of the receptor (Bo!-

lag at a!., 1986). Therefore, agents working through cyclic
AMP-dependent protein kinase or protein kinasa C may
down-regulate this type of receptor.

4. Intracellular receptors. Several hormones and regu-
latory agents influence cellular function through intra-
cellular receptors, which may be regulated by phosphor-
ylation mechanisms. Thus, a superfamily of receptors
present in cell nuclei consists of receptors for steroids,

vitamin D3, thyroid hormones, or retinoic acid; these
receptors transduce their signals into changes in protein

synthesis. Evidence has bean presented that these recap-
tors are targets for phosphorylation (for examples, see
Weigal at a!., 1981; Houslay and Pratt, 1983; Singh and

Moudgi!, 1985; Tienrungroj et a!., 1987; Auricchio at a!.,

1988; Brown and DeLuca, 1990; Denner at a!., 1990;
Hoack and Groner, 1990; Moudgi!, 1990). Whether such

modifications of these receptor types take place in brain,
and whether such phosphorylations lead to changes in
neuronal function, remain to be examined.

B. Regulation of Ion Channels

The electrical behavior of neurons is shaped by the
opening and closing of ion channels in the plasma mem-
brane. Many types of ionic currents are known to be
modulated by second messenger systems, and these rag-

ulation mechanisms differ among distinct cell types (ta-

ble 8) (for review, see Kaczmarek and Lavitan, 1986).
Physiological studies, usually using intracellular record-

ings or patch clamp analysis together with applications
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TABLE 8

Regulation of ion channels following intracellular injection ofprotein kinases, activators, or inhibitors, in intact nerve cells

Protein kinase
involved

Cell t e
yp

Injected
compound

Physiological consequence of
kinase activation

Regulated ion
channel

PKA Bag cells (Aplysia)

Sensory neurons (Aplysia)

Neuron R 15 (Aplysia)

Helix neuron

Photoreceptor (Hermissenda)

PKA, PKI
PKA, PKI

PKI
PKA

PKA

After discharge I
Transmitter release I
Bursting �
Action potential duration �

After hyperpolarization I
Regulation of light-induced

membrane depolarization

K� channel
K� channel
K� channel
K� channel

K� channel
K� channel

PKG Helix neuron PKG +

cGMP

Serotonin-induced depolari-

zation I
Ca2� channel

PKC Bag cells (Aplysia)

Photoreceptor (Hermissenda)

Helix neuron

PKC, DAG
PKC, DAG

PKC

Ca2� current �
K� current 11
CCK-regulated Ca2� current �

Ca2� channel
K� channel

Ca2� channel

CaM kinase II Photoreceptor (Hermi.ssenda) CaM kinase II K� current inactivation I K� channel

* Summary of data from intracellular injection experiments where activated protein phosphorylation systems have been found to regulate ion

channel properties. Data compiled from Kaczmarek and Levitan (1986), Kaczmarek (1987, 1988), Paupardin-Tritsch et al. (1986a,b), Woody et

al. (1986), Siegelbaum et al. (1982). Further details are given in text. Abbreviations: PKI, protein inhibitor of cyclic AMP-dependent protein
kinase; CCK, cholecystokinin; PKG, cyclic GMP-dependent protein kinase; others as in legend to Tables 1 and 3.

of second messengers and/or protein kinasas, and bio-

chemical investigations of purified channel proteins as

targets for protein kinasas have shown that various types

of ion channels, including Nat, K�, Ca2�, and Cl chan-

nals, are regulated by protein phosphorylation (for re-
views, see Rossie and Catterall, i987a; Huganir, 1986a,b;

Levitan, 1985, 1988; Kaczmarak, 1987, 1988). In some
cases, phosphorylation of the channel proteins them-
selves has been observed, whereas in other cases regula-

tion of ion conductancas appears to be mediated through

phosphorylation of associated regulatory proteins. The

phosphorylation of the channel complexes may alter ion

channel properties, leading to changes in the electrical

behavior of the cells (for examples, sea Kaczmarak and

Levitan, 1986; Levitan, 1985, 1988). In other cases the

exact physiological importance of ion channel phosphor-

ylation remains to be established (Costa and Cattarall,
1984a,b; Rossie and Cattarall, i987a). In this section we
will briefly describe some examples of phosphorylation

mechanisms involving either voltage-dependent Na�
channels, a number of K� channels, or various Ca2�

channels. Ligand-gated ion channels such as the nico-

tinic acetylcholine receptor and GABAA receptors have

been discussed in section V.A.1, and the apithelia! Cl
channel defective in cystic fibrosis will be discussed in

section VI.B. Certain aspects of the regulation of ionic

conductances by distinct protein kinases were discussed

briefly in section II.
1. Na� channels. The voltage-sensitive Na� channa!

from rat brain, which has been extensively characterized
(Agnew, 1984; Barchi, 1984; Cattera!!, 1986), contains a

major a-subunit of approximately 260 kDa. This subunit
has been found to be phosphorylatad by both cyclic

AMP-dependent protein kinase and protein kinase C

(Costa and Catteral!, 1984a,b; Costa at a!., 1982; Rossie

and Catterall, i987b, 1989). Phosphorylation by cyclic
AMP-dependent protein kinase was found to occur in

reaction mixtures containing purified components, in

intact, isolated nerve terminal preparations, and in pri-
mary cultures of rat brain neurons (Rossi and Catterall,
i987b, 1989). This suggests that physiological changes
in levels of cyclic AMP in nerve terminals regulate the

properties of this channel. However, a major effect of

phosphorylation on the properties of these Na� channels

was not observed, and the physiological importance of

this phenomenon remains to be established (Costa and

Catterall, 1984a,b; Rossie and Catterall, 1987a).

2. K� channels. Nerve cells express a great variety of

K� channels, which display a number of distinctive prop-

erties (for review, sea Kaczmarek, 1988). The activity of

several of these K� currents has been found to be regu-
latad by protein phosphorylation.

The regulation of the voltage-dependent delayed rec-

tifier K� current, which in many instances is responsible

for the termination of neuronal action potentials (Hille,
1984), has been studied in, for example, squid giant

axons. Internal dialysis of these axons with ATP !ed to
increases in both the amplitude and the duration of the
K� currents activated by a large depolarization of the

membrane. Similar changes were seen in perfused axons

in which the cytoplasm had bean extruded, if ATP and

the C subunit of cyclic AMP-dependent protein kinase
were added to the perfusing medium (Bezanilla at a!.,
1985; Perozo at a!., 1986; Perozo and Bezanilla, 1990).

Thus, cyclic AMP-catalyzed phosphorylation of the

channel itself or of an associated protein appears to be

important in determining the behavior of this channel.

In sensory neurons of Aplysia, voltage-dependent K�
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channels that contribute to the repolarization phase of

action potentials have been termed S channels (Siegel-

baum at a!., 1982). The closure of these channels by

serotonin and by endogenous neuropeptidas enhances

action potentials and appears to be partly responsible for
the increased transmitter release that accompanies san-
sitization of withdrawal reflexes by noxious stimuli

(Kandel and Schwartz, 1982). Opening of S channels has
been shown to be regulated by cyclic AMP-dependent

protein kinase (Caste!lucci at a!., 1980, 1982): application

of the C subunit of this enzyme to the cytoplasmic face
of membrane patches closes about one-third of the S

channels monitored in the patches (Siegelbaum at a!.,
1982; Shustar at a!., 1985).

Other types of voltage-dependent K� channels appear
to be subject to regulation by protein phosphorylation.

These include the transient inactivating A current, the
amplitude of which has been reported to be decreased by

the intracellular application of various protein kinases

in photoreceptors of Hermissenda (Alkon at a!., 1983;
Neary and Alkon, 1983; Sakakibara at a!., 1986; Farley

and Auerbach, 1986), and the M current, which in bull-

frog sympathetic neurons has bean found to be dimin-
ished by activators of protein kinasa C (Adams and

Brown, 1984).

Multiple types of Ca2�-activated K� currents, includ-

ing the K� current responsible for the prolonged after-

hyperpolarization that follows action potential bursts in
many neurons (Pannefather at aL, 1985), appear to be

regulated by protein phosphorylation. Both positive and
negative modulation of such channels by cyclic AMP-

dependent protein kinasa and by protein kinase C have
been reported (for review, see Kaczmarek, 1988). One

example of such regulation has been found in intact
Helix neurons (De Payer at al., 1982; Ewald at al., 1985).

Intracellular application of the C subunit of cyclic AMP-

dependent protein kinasa into these neurons increased
the amplitude of the Ca2�-activated K� currant that was
recorded during depolarization. When membrane frac-

tions from Helix were reconstituted into phospholipid

bilayers, single Ca2�-activated K� channels were de-
tacted. Application of the C subunit of cyclic AMP-

dependent protein kinase in the presence of ATP pro-

duced a dramatic increase in the probability of opening

of the channels (Ewald at a!., 1985). The results were

consistent with the hypothesis that this type of phos-
phorylation of the channel increased its sensitivity to

Ca2� ions.
In the rhythmically bursting neuron Ri5 ofthe abdom-

ma! ganglion of Aplysia, serotonin increased cyclic AMP
levels and thereby enhanced the amplitude ofan inwardly

rectifying K4 currant (Benson and Levitan, 1983). This

effect, which leads to an enhancement of the interburst

hyperpolarization and is caused by an increase in the
number of functional K� channels, appears to be ma-

diated by cyclic AMP-dependent protein kinase and can

be blocked by the protein inhibitor of this enzyme (Ad-

ams and Levitan, 1982; Lemos at a!., 1985).

3. Ca2� channels. Multiple types of voltage-dependent

Ca2� channels, which participate in action potential gan-

eration and also serve to couple cell surface electrical
signals to intracellular physiological responses by ma-
diating voltage-dependent increases in the cytosolic con-

cantration of Ca2� (Catterall at a!., 1988), are present in
both vertebrate and invertebrate neurons (Tsien, 1983,

1986; Tsien at a!., 1988; Hess, 1990). Studies of heart

cells showed that activation of cyclic AMP-dependent
protein kinasa mediated increases in the probability of

Ca2� channel opening and also increases in the number
of channels available for opening (Osterrieder at a!.,

1982). The Ca2� channel in heart appears similar to that
purified from skeletal muscle T-tubu!a membranes,

which is identified by its ability to bind dihydropyridinas
such as nimodipine and nifedipine. This purified Ca2�

channel, termed the L channel (Nowycky at a!., 1985),

has been found to be subject to phosphorylation by
several protein kinases in vitro (for examples, see Curtis

and Catterall, 1985; Hosey at a!., 1986; Imagawa at a!.,
1987; Hosey and Lazdunski, 1988; Tsian at aL, 1988; De

Jongh at a!., 1989; R#{246}hrkasten at aL, 1990).

Other studies have indicated that similar Ca2� chan-
nals in invertebrate neurons (Kostyuk, 1984; Doroshenko

at a!., 1984; Eckert at a!., 1986) and in the mammalian

pituitary cell line GH3 (Armstrong and Eckert, 1987)
may maintain their responsiveness through cyclic AMP-

dependent protein phosphorylation (Armstrong, 1989).
When excised patches from GH3 calls were incubated

with the C subunit of cyclic AMP-dependent protein
kinasa together with ATP, the L-typa Ca2� channels

were found to open normally, and they rapidly stopped
responding to membrane depolarization in the absence

of reagents that could support such protein phosphoryl-
ation (Armstrong and Eckert, 1985). Other studies mdi-
cated that similar voltage-dependent Ca2� channels from
pituitary GH3 calls were also sensitive to addition of

CaM kinasa II, the latter enzyme inducing vary long

opening times of the individual channels following de-
polarization, in contrast to the brief opening responses

seen in the presence of cyclic AMP-dependent protein

kinase in these preparations (Armstrong at a!., 1987). In

contrast, Ca2� channels from GH3 cells were inhibited by
protein kinasa C activators (Marchatti and Brown, 1988).

The dihydropyridine-binding L-type Ca2� channels are

known to be rapidly inactivated by the Ca2� ions which

enter through the channels during depolarization,
thereby reducing the opening frequency of the channels
and reducing the accumulation of intracellular Ca2’

(Eckert and Chad, 1984; Chad and Eckert, 1986; Kalman
at a!., 1988; Armstrong, 1989). This phenomenon, which

can be prevented by agents that promote cyclic AMP-
dependent protein phosphorylation (Armstrong and Eck-

art, 1985), is caused at least partly by dephosphorylation
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of the Ca24 channel, catalyzed by the Ca2�/calmodulin-

dependent protein phosphatase-2B (Hosey at al., 1986;

Kalman at a!., 1988). In addition, protein phosphatasas-

1 or -2A have also been reported to inactivate such Ca2�
channels (Hesche!er at a!., 1987).

Another type of voltage-dependent Ca24 channel is

found in the bag cell neurons of Aplysia. Exposure of
these calls to phorbol asters or intracellular injection of

protein kinase C was found to enhance the voltage-

sensitive Ca2� current mostly responsible for the inward
current, without affecting voltage-dependent K� currents

(DeRiamer at a!., 1985). Further analysis indicated that
this increase was due to an apparent recruitment of
previously inactive Ca2� channels in the nauronal mam-

brane (Strong at a!., 1987; Kaczmarek, 1987). In contrast,
activation of cyclic AMP-dependent protein kinase

caused decreases in at least three K� currents in the

same neurons without affecting the inward Ca2� currant

(Kaczmarek at a!., 1980).

Neurotransmitter-induced regulation of Ca2� channels
mediated by protein phosphorylation also occurs in Helix

neurons. In these snails, serotonin induced an increase
of Ca2� currants in a sat of ventral neurons, with this

effect apparently being mediated through cyclic GMP-
dependent protein kinase, because the effect could be
mimicked by intracellular injection of cyclic GMP or of

an inhibitor of cyclic GMP phosphodiasterase (Paupar-

din-Tritsch et a!., 1986a,b). Further evidence for protein
phosphory!ation being involved was obtained when it

was found that the effect of sarotonin was potentiated

by injection of activated cyclic GMP-dependent protein

kinase (Paupardin-Tritsch at a!., 1986b). These data

indicate that sarotonin in these cells causes an increase

in cyclic GMP levels, thereby activating cyclic GMP-

dependent protein kinasa and inducing phosphorylation
of the Ca2� channel or some associated protein, which in

turn modulates the response of the channel to depo!ari-
zation.

In other Helix neurons, cholecystokinin, a widely dis-

tributad neuropeptida, appeared to modulate Ca2� cur-

rents through protein kinase C (Hammond et a!., 1987).
Extraca!lular application of sulfated cholecystokinin oc-

tapeptida or activators of protein kinase C, or intracel-
!ular injection of protein kinase C, shortened the Ca2�-

dependent action potential and decreased the amplitude
of the Ca2� current in these cells. Moreover, intracellular

injections of low concentrations of protein kinase C,
which by themselves were ineffective, enhanced the ef-

fectivaness of low concentrations of cholacystokinin oc-

tapeptide on the Ca2� currant (Hammond at a!., 1987).

Similar results have been obtained in chick dorsal root

ganglion cells with noradrenalina and activators of pro-
tam kinase C, agents that shortened the duration of

action potentials and decreased the amplitude of voltage-

dependent Ca2� currant (Rane and Dunlap, 1986).

1P3-dependent Ca24 channels, which are located intra-

cellularly (Barridge, 1984, 1987), also appear to be regu-

lated by phosphorylation. As described in section II.A.i,

1P3 �5 generated by receptor-regulated breakdown of

phosphatidylinositol bisphosphate and is believed to rag-
ulate intracellular Ca2� levels by releasing Ca2� from
intracellular stores in the andoplasmic reticulum (for a

recent review, see Berridge and Irvine, 1989). Recant
studies have shown that Purkinje cells in the cerebellum

contain uniquely high levels of an intracellular 1P3 recap-
tor (Worley at a!., 1989; Mignery at aL, 1989). This
protein has been purified from the cerebellum (Supatta-

pone at al., 1988b) and found to be identical with the
previously described Purkinje cell proteins P-400 (Mallet

at al., 1976) and PCPP-260, a protein efficiently phos-
phorylated in cerebellar membranes by cyclic AMP-de-
pendant protein kinasa (Wa!aas at a!., 1983b, i986b;

Weeks at a!., 1988; Yamamoto at al., 1989). When recon-

stituted into liposomes, this protein induced both IP3
binding and 1P3-sensitive Ca2� transport in these !ipo-

somes (Ferris at a!., 1989). Moreover, cyclic AMP-da-

pendant phosphorylation of the protein appeared to de-
crease the capacity for Ca2� release from cerebellar mem-

brane vesicles (Supattapona at a!., 1988a). Such
phosphorylation-induced decreases in 1P3-ragulatad Ca2�

release from intracellular stores may constitute a molec-
ular mechanism whereby receptors acting through cyc!ic

AMP (e.g., fl-adranargic receptors) modulate the phys-
iologica! responses to those neurotransmitter receptors
that induce IP3 generation and intracellular Ca2� release.

Interestingly, examination of the primary structure of

the IP3 receptor protein, deduced from the nucleotide

sequence of cloned complementary DNA, has indicated
that the protein is homologous to the so-called “ryano-

dine receptor” protein present in striated muscle sarco-
plasmic reticulum (Furuichi at a!., 1989; Mignary at a!.,
1989, 1990). However, the latter protein, which is ra-
sponsible for that release of Ca2� from the sarcoplasmic
reticulum which initiates muscu!ar contraction and
which is activated following sarcolamma depolarization,

does not share sequence homology with the 1P3 receptor
in those domains that contain possible phosphory!ation

sites for cyclic AMP-dependent protein kinase (Furuichi
at al., 1989). The ryanodine receptor Ca2� channel of
striated muscle may thus be subject to regu!atory mach-
anisms distinct from those of the IP3 receptor.

C. Regulation of Interactions of Neurotransmitter
Pathways

One of the major roles played by protein phosphoryl-
ation pathways in the nervous system is the mediation
of receptor-receptor interactions. The interaction of the
calcitonin gene-related peptida-raceptor with the nico-
tinic acetylcholine receptor, mediated through cyclic
AMP-dependent protein kinasa (sea section V.A.1.), is
an example of such an interaction mediated by protein

phosphorylation. A novel type of receptor-receptor inter-
action that appears to be mediated, at least in part, by a
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protein phosphorylation pathway is the dopamine-g!u-

tamate interaction that occurs in the medium-sized spiny

neurons of the naostriatum. It is generally accepted that
dopamine, the neurotransmitter released from the nigro-

striata! neurons (for examples, sea Moore and Bloom,
1978), reduces the excitability of the medium-sized spiny

neurons to glutamate, the neurotransmitter released

from the corticostriatal fibers (Calabrasi et a!., 1987;
Chiodo and Bargar, 1986). Recent studies have elucidated

a protein phosphorylation pathway that appears to be
involved in this inhibitory process. Before describing the

details of this pathway, a brief discussion of the organi-
zation of the basal gang!ia is warranted.

The importance ofbasal ganglion neurons, particularly

the nigrostriatal and striatonigra! fiber tracts, in the
function and dysfunction of the mammalian brain, is
wall documented (Yahr, 1976; Divac and Oberg, 1979;

McKenzie et a!., 1984; Goldman-Rakic and Selemon,

1990). These regions, which make up most of the so-

called “axtrapyramidal motor system,” are organized in

distinct, interconnected nuclei that funnel information
through the system in a well-defined manner (Goldman-

Rakic and Selemon, 1990). The neostriatum, which in
the rodent consists of the caudatoputaman, the nucleus

accumbens, and parts of the olfactory tubercle, receives
major, excitatory inputs from different parts of the car-

ebral cortex (Graybiel and Ragsdale, 1983; Nauta and

Domesick, 1984). Evidence suggests that these input

fibers are predominantly glutamatergic (Fonnum at a!.,

1981). Following activation of the corticostriatal syn-

apses and information processing in the neostriatum, the

nerve impulses are funneled out through the predomi-
nant!y inhibitory, GABAergic and/or peptidergic path-

ways which terminate in the g!obus pal!idus, the ento-
peduncular nucleus, and the pars reticu!ata of the sub-

stantia nigra (Fonnum and Walaas, 1979).
Major functional interactions in this neuronal system

appear to take place at the corticostriatal synapses in
the neostriatum. The efficacy of the glutamatergic trans-

mission in the axodendritic synapses found on the den-

dritic spines of the medium-sized spiny striatal neurons
appears to be under control of dopaminargic fibers tar-

minating on the spine necks, dendritic shafts, and somata

ofthe medium-sized spiny neurons (Freund at a!., 1984).

In this synapse, dopamine, through cyclic AMP, induces
a rapid decrease in responsiveness to glutamate or glu-

tamate analogs (Woodruff at a!., 1976; Bernardi at aL,
1984; Ca!abresi at a!., 1987). It, therefore, appears of

particular importance that the dopamine Dl receptor, in
addition to fl- adrenergic receptors, serotonin and aden-

osine receptors, and receptors for vasoactiva intestinal

polypeptide, regulate the levels of cyclic AMP in various

basal ganglion regions (Kebabian at a!., 1972; Forn at a!.,

1974; Kababian and Calna, 1979; Borghi at a!., 1979;
Quik at a!., 1978; Pr#{233}mont at a!., 1977, 1983; Minneman
at a!., 1978; Stoof and Kebabian, 1981, 1982).

Examination of rat, monkey, and human basal ganglia

has demonstrated that these regions express a number

of phosphoproteins that may be involved in the regula-

tion of neuronal excitability by dopamine. The medium-

sized spiny striatofugal neurons, in particular, contain
many phosphoproteins that appear to be specific sub-

strates for cyclic AMP-dependent protein kinase (Wa-

!aas at a!., i983b,c, 1989a; Ouimet at a!., 19Mb; Hem-

mings at a!., 1987c). At the present time, DARPP-32 is

the best characterized of these proteins. Extensive evi-

dance indicates that this protein, which was described
briefly in section III, is involved in dopaminergic neuro-

transmission in the basal ganglia. DARPP-32 is enriched
in those basal ganglion areas that are densely innervated

by the mesotelencephalic dopaminargic fiber system
(Wa!aas and Greengard, 1984; Ouimet at a!., 1984b;

Hemmings and Greangard, 1986) and is specifically con-

centrated in those dopaminoceptive cells that have Di

dopamine receptors (dopamine receptors linked to acti-
vation of adenylyl cyclase (Kebabian and Calne, 1979;

Clark and White, 1987)). Moreover, anatomical studies
have shown that the distribution of DARPP-32-contain-
ing neurons throughout the brain is in good agreement
with the distribution of the Dl receptor (Aiso at a!., 1987;

Boyson at a!., 1986). Recent studies have also shown that
DARPP-32 is present in certain peripheral cells that

contain dopamine Di receptors, including parathyroid

cells (Brown at a!., 1977; Hemmings and Greengard,
1986), brown adipocytes (Meister at a!., 1988), and car-

tam rena! tubular calls (Meister at a!., 1989). This dis-
tribution pattern suggests that DARPP-32 is involved in

the actions of dopamine in these calls, and experimental
evidence has been obtained that supports this hypothesis.

Under basal conditions, DARPP-32 is phosphory!atad
in intact cells predominantly on a serine residue which

is a substrate for casain kinase II in vitro and in situ

(Girault at a!., i989a, 1990). When dopamine, cyclic

AMP analogs, or activators of adanylyl cyc!ase are added
to preparations containing these cells, DARPP-32 be-

comes phosphorylated (Walaas at a!., 1983a; Halpain et
a!., 1990; Lewis at al., 1990), and this phosphorylation
takes place on that threonina residue (Thr-34) which is

an excellent substrate for both cyclic AMP-dependent
and cyclic GMP-dependent protein kinases in vitro

(Hemmings et a!., 1984b). Phosphorylation of purified
DARPP-32 by casein kinase II on serine residues accel-
erates the cyclic AMP-regulated threonine phosphoryl-

ation; conversely, cyc!ic AMP-stimulated phosphoryla-

tion of Thr-34 in vitro prevents daphosphorylation of

the phosphosarine residue. Thus, there is a bidirectional

positive feedback between the two phosphorylation sys-

tams, with casein kinase II apparently increasing cyclic

AMP-regulated DARPP-32 phosphorylation and vice
versa (Girau!t at a!., 1989a). If, as seems possible, casein
kinase II in brain is regulated by neurotransmitters or
neuromodulators, then such feedback between the two

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


PROTEIN PHOSPHORYLATION AND NEURONAL FUNCTION 327

phosphorylation systems would provide an example of

one class of receptor/receptor interaction, in this case

between the dopamina receptor and the receptor for this

unknown neurotransmitter.

Biochemical studies have demonstrated that DARPP-
32 may achieve its effects through inhibition of protein
phosphatase-i (see section III). Characterization of the

primary structure of the protein showed that Thr-34, the

amino acid residue phosphorylatad by cyclic AMP-de-
pendent protein kinase, is located in a domain highly

similar to a comparable domain in protein phosphatase
inhibitor-i (Williams at a!., 1986; Aitkan at aL, 1982).

Moreover, as observed with protein phosphatase inhibi-

tor-1, DARPP-32 is a potent inhibitor of protein phos-

phatase-1 only when it is phosphorylated on this threo-

nine residue (Hemmings at a!., 1984a). Therefore, it

would appear that DARPP-32 is involved in mediating

or modulating transsynaptic effects of dopamine acting
on Dl receptors by regulating the activity of protein
phosphatase-1. In this way, dopamine would indiract!y
regulate the state of phosphorylation of substrates for

protein phosphatase-i.
DARPP-32 phosphorylation provides a positive feed-

back mechanism for those phosphoprotains that are sub-

strates for protein phosphatase-i and that are phosphor-
ylatad by the dopamina Di-raceptor/cyclic AMP/cyclic

AMP-dependent protein kinase pathway. This macha-

nism would potentiata the dopamine-inducad functional

response(s) in which that particular phosphoprotein was

involved. (Such a positive feedback mechanism appears

to have been used by dopamine in the regulation of Nat,

K�-ATPasa activity in renal tubule cells, as discussed in

section VI. D). DARPP-32 may also be involved in the
interaction between dopamine and other first messengers

that act through protein kinasas other than cyclic AMP-
dependent protein kinasa. In this class of interaction,

phospho-DARPP-32 formed in the presence of dopamine

might prevent the dephosphorylation of substrate pro-

tains phosphorylatad by these other protein kinases. The

increased phosphorylation and decreased dephosphoryl-
ation of these substrate proteins would be reflected in

synergistic physiological actions of dopamine and these
other neurotransmitters.

Another class of receptor-receptor interaction, me-

diated through regulation of DARPP-32 phosphoryla-

tion, has also bean elucidated. As indicated in section
III.A, glutamate and dopamine appear to exert antago-

nistic effects on the state of phosphorylation of DARPP-

32. Dephosphorylation of Thr-34 on DARPP-32 is cata-
!yzed in vitro most efficiently by phosphatase-2B, the

Ca2’/calmodulin-dapandent phosphatasa specifically en-
riched in some of the calls in which DARPP-32 is located
(Goto at aL, 1986; Ouimet at a!., 1984b). Activation of
the NMDA type of glutamate receptor in striatal slices

reversed the cyclic AMP-stimulated phosphorylation of
DARPP-32, and this effect was achieved through

NMDA-induced dephosphorylation of DARPP-32 (Hal-

pain at al., 1990). Because the NMDA receptor, when

activated, will allow Ca2� influx into cells (for examples,

see Dingledine, 1983), and because dephosphorylation of

phosphosarina residues on DARPP-32, which are pre-

ferred substrates for phosphatases-1 and -2A, was not
observed, it was suggested that this affect was mediated
through phosphatasa-2B activation by Ca2� (Halpain at
a!., 1990). Thus, the antagonistic effects of dopamina
and glutamate on the excitability of striata! neurons are

reflected in antagonistic effects of these naurotransmit-
tars on the state of phosphorylation of DARPP-32.

In addition to DARPP-32, a number of other phospho-

proteins have been discovered that are enriched in the

basal gang!ia and that are substrates for cyclic AMP-

dependent protein kinase (Wa!aas at a!., 1983c, 1989a;

Hemmings at aL, 1989). Most or a!! of these proteins
appear to be localized to neurons that contain dopamine

receptors, and they would, therefore, be expected to be
involved in the regulation of neurona! functions mediated

by dopamine. Hypo- and hyparfunction of the dopami-
nargic system are associated with motor dysfunctions

and pathological behavior, respectively (for examples,
see Snyder, 1976; Crease and Snyder, 1978). Given the
importance of dopaminargic naurotransmission in mam-

malian brain, further analysis of the characteristics of

these proteins will be of great interest.

D. Regulation of Long- Term Potentiation

LTP is a phenomenon that has been used as a model

for the early stages of memory formation and learning
and that has attracted great attention. In this phanom-
anon, brief tetanic stimulation of afferent fibers results
in a long-lasting increase in synaptic strength or efficacy,
as first observed in the dentate gyrus of the hippocampal

formation (Bliss and L#{248}mo,1973). LTP appears to take
place in many areas of the CNS, but most studies have

been performed in the hippocampus, where strong evi-

dance has been obtained for the involvement of protein
phosphorylation (for reviews, see Malenka at a!., 1989b;

Nicoll at a!., 1988). LTP appears to be composed of a
number of different phenomena (for examples, see Swan-

son at al., 1982; Zalutsky and Nicoll, 1990), one of which
consists of increased release of transmitter from the
afferent fibers involved (Dolphin at a!., 1982; Feasey at

a!., 1986; Bliss at a!., 1986). Another mechanism includes
changes in the postsynaptic cells. Several important
characteristics of the postsynaptic response have ra-
cently been elucidated. First, LTP is dependent on de-

polarization of the postsynaptic membrane and on in-
creases in Ca2� levels in the postsynaptic cell. In the
pyramidal cells in the CAl region, these effects are
usually achieved by glutamate, the transmitter released
by the afferant fibers in CAl (most of which derive from
the CA3 region of the ipsi- and contralateral hippocam-

pus), binding to two classes of glutamate receptors (Cot-
man and Iversen, 1987). The glutamate receptor respon-
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sible for normal excitatory postsynaptic potentials ap-

pears to be the so-called a-amino-3-hydroxy-5-methyl-

4-isoxazole propionic acid-selective glutamate receptor,

whereas the NMDA-type of glutamate receptor is essen-

tia! for LTP (for examples, see Collingridge, 1985). Ex-
tansive studies have indicated that, fo!!owing glutamate-

induced membrane depolarization through the a-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid-selective
g!utamate receptor, activation of the NMDA receptor

allows not only Na� but also Ca2� to flow into the
postsynaptic calls (for examples, sea Ding!edine, 1983).

This Ca2� influx is crucial for LTP to develop (for review,

see Ma!anka at al., i989b).

Ca24-sensitive enzymes that might be involved in the
development and persistence of LTP include protein

kinases, protein phosphatases, and/or protaasas. The

results of experiments in which relatively nonspecific
protein kinase inhibitors such as H-7 have been injected

into pyramidal cells, leading to a blockade of LTP (Ma!-

enka at a!., 1989b), are consistent with the possible

involvement of Ca2�-dapendant protein kinases in the
process. Both CaM kinasa II and protein kinase C are

highly enriched in the hippocampus (Walaas at a!.,
i983b,c), and the possible involvement of these enzymes

in the generation of LTP has been the subject of analysis.

Considerable evidence implicates protein kinase C in

the process of LTP. Increases in inosito! phospho!ipid
turnover have been associated with LTP, and protein

kinasa C becomes translocated to particulate fractions,

and presumably activated, when LTP is induced in the
perforant path-granule cell synapse in the dentate gyrus

(Akers et a!., 1986). Furthermore, phorbol esters and

other activators of protein kinasa C (Linden at al., 1986,
1987) induce increases in synaptic transmission some-
what similarly to LTP (Malenka at al., 1986), whereas

extracellu!ar application of putative, but not very specif-
ically (for examples, sea Jefferson and Schu!man, 1988),

protein kinase C inhibitors such as sphingosine, po!y-

myxin B, or H-7 blocks several components of LTP
(Lovinger at a!., 1987; Raymann at a!., 1988; Malinow at
al., 1989; Colley at a!., 1990). In none of these studies
was it determined whether the changes induced ware

located prasynaptica!ly, postsynaptically, or both. How-
aver, evidence suggesting a postsynaptic localization

comes from studies in which intracellular injection of

purified protein kinase C induced changes that mimicked

(Hu at a!., 1987), whereas injection of a paptide inhibitor

of protein kinasa C prevented (Hvalby at a!., in prapa-

ration), several features of LTP. Thus, a role for protein
kinase C-catalyzed phosphorylation in the postsynaptic

mechanisms involved in LTP appears probable.

Recant studies have also indicated a possible role for
CaM kinasa II in LTP. This enzyme is highly enriched
in many of those nerve calls that can generate LTP in
response to high frequency stimulation of afferant inputs
(Ouimet at a!., 1984a; Erondu and Kennedy, 1985). More-

over, CaM kinasa II is present in postsynaptic densities

(section II.B.2) and would, therefore, be expected to be

exposed to the increases in Ca2� levels that follow NMDA
receptor activation under depolarizing conditions. Re-

cent studies, in which peptide inhibitors of this enzyme
were used, !ad the authors to conclude that CaM kinase
II activation is a necessary requirement for LTP to
develop (Malenka at a!., 1989b; Malinow at a!., 1989).
Thus, it seems possible that both types of Ca2�-depend-
ant protein kinasas may be involved in the initial stages
of LTP.

These protein kinasas may also be involved in the
maintenance of LTP. Sphingosine, a kinase inhibitor

that acts on the regulatory site of protein kinase C and
CaM kinasa II (Jefferson and Schu!man, 1988), is capa-

ble of blocking LTP only if it is present during the

inducing tetanus. In contrast, kinasa inhibitors active at
the catalytic sites of protein kinasa C and CaM kinase II
(such as H-7) can block the initiation of LTP and also

reverse the phenomenon if added later. Therefore, it has
been proposed that proteolytic removal of the regulatory
domain from the relevant protein kinase(s), and the

resulting constitutive activation of one or both of these
Ca2�-depandent protein kinasas, may be involved in the

maintenance of LTP (Ma!inow at a!., 1988, 1989; Ray-

mann at aL, 1988).

VI. Phosphoproteins and Clinical Disorders

The studies reviewed in the preceding sections have
demonstrated that protein phosphorylation is involved

in plaiotropic ragu!ation of cell function in the nervous
system as well as in peripheral tissues. It should, there-

fore, not be surprising that a number of pharmacological
agents have been found to achieve their actions through

perturbations of one or another protein phosphorylation
system. For the same reason, one might also anticipate
that abnormalities in protein phosphorylation could be

involved in the etiology of a variety of clinical disorders.
At present, such disorders include a subclass of diabetes,
which has bean shown to be attributable to a mutation
in the insulin receptor that renders it incapable of
undergoing autophosphorylation in the presence of in-

sulin (Odawara et a!., 1989; Taira at a!., 1989). Further-
more, several classes of oncogenic viruses have bean
shown to transform calls by virtue of expressing protein
tyrosina kinase activities (for review, sea Bishop, 1982).

Moreover, cystic fibrosis has been shown to be attribut-
able to an inability of C! channels to respond appropri-
ately to cyclic AMP-dependent protein kinase and to
protein kinase C (see below). Finally, a variety of evi-

dance has indicated abnormalities of protein phosphor-
ylation in Alzheimar’s disease (Selkoa, 1989; Gandy at
a!., i990a; see below).

In this section, we will summarize results of clinical
studies correlating variant forms of synapsin II with
alcoholism and discuss certain studies of protein phos-
phorylation relevant to cystic fibrosis. We will also de-
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scribe recent studies indicating that dopamina, a diuretic

widely used clinically, induces natriuresis by a macha-
nism that involves a protein phosphorylation pathway.

Finally, we will briefly discuss the involvement of protein
phosphorylation in the pathogenesis of Alzhaimar’s dis-
ease.

A. Synapsin Variants and Alcoholism

The widespread involvement of protein phosphoryla-
tion in a variety of nauronal functions suggests that an

analysis of neurona! protein phosphorylation systems in

neuropsychiatric disorders might yield important infor-

mation about molecular mechanisms involved in such

diseases. Protein phosphorylation systems present in

tissue from human brain appear to comprise many of the
same protein kinases, phosphoproteins, and protein
phosphatase regulators previously seen in animal brain

(Routtenberg et a!., 1981; Martinez-Millan and Rod-
night, 1982; Walaas at a!., i989d). Moreover, methods
for the detection of phosphoproteins in human cerebro-
spinal fluid have recently bean developed, and, in fact, a
phosphoprotein substrate for protein kinase C has bean

found to be present in cerebrospinal fluid from patients
with paraneoplastic cerebel!ar degeneration (Gandy at

al., i990b). It thus appears that, despite the considerable

problems encountered in studies of human CNS material,
particularly concerning postmortem proteolysis (Wa!aas
at a!., 1989d), studies of the possible involvement of
protein phosphorylation in human neurological and/or

psychiatric diseases may now be feasible (for examples,
see Raisman-Vozari at a!., 1990; Girault at a!., 1989b). In

one such series of studies, it was found that variant forms
of synapsin II, a synaptic vesicle-associated protein dis-

cussed in section IV.A.2, may have some connection to
alcoholism and possibly other neuropsychiatric disor-
dars.

Synapsin II consists of two polypaptides, synapsin Ila

and synapsin lIb (sea section IV). Brains from all sub-
human mammalian species studied to date have only one
form of synapsin Ila and one form of synapsin lIb. In
contrast, postmortem human brain samples have addi-
tional forms of synapsins Ila and Hb with higher appar-
ant molecular weights (Pardahl at a!., 1984). The forms
designated synapsins 11a1 and 11b1 have the same appar-
ant molecular masses as the nonhuman forms of synapsin

Ila and lIb, respectively, and are referred to as the
“normal” forms, and synapsins IIa2, I1a3, I1b2, and 11b3
are referred to as the “variant” forms. Within any single

human brain, the same forms of synapsin II are present
throughout all brain regions. Moreover, in each human
brain, the presence or absence of synapsins I1a1, 11a2, and

I1a3 parallels the presence or absence of synapsins IIb1,
11b2, and IIb3, respectively. Thus, an individual may have
just one form of synapsin Ila and synapsin lIb (eg., ha1
and I1b1) or any two forms of synapsins hIa and lIb (e.g.,
IIa1 and 11a3 together with 11b1 and 11b3).

Variant forms of synapsin II have been examined in

three studies of human postmortem brain tissue (Pardah!

at al., 1984; Grebb et al., 1989;, Grabb and Greangard,

1990). In all three studies, a significant correlation was

found between the presence of synapsin II variants and
the diagnosis of alcoholism; in addition, an increased
occurrence of synapsin II variants among individuals
with various demanting illnesses (Alzheimer’s disease,

multiinfarct dementia, Parkinson’s disease with daman-
tia) was also observed (Perdah! at al., 1984). These data
indicate that synapsin II variants may not be specific for

alcoholism and that synapsin II variants may represent

a specific genetic trait which may contribute to the

polyganetic etiologies of several different clinica! syn-

dromas, including alcoholism. Additionally, synapsin II
variants have been found in postmortem brain samples

from infants and children who have died of a wide variety

of accidents and medical illnesses, thus suggesting that
synapsin II variants can be present at birth (Grabb and
Graengard, 1990). Unfortunately, synapsin II variants
have not been found in any of the 18 rodent models of

alcoholism, aging, or vitamin B deficiency, making it
difficult to develop experimental models for the study of
those variants.

B. Cystic Fibrosis and C� Channel Regulation

Recent studies have shown that cystic fibrosis is due
to a defect in ion channel function, in that C� channels

in the affected calls are unable to respond to activation
in a physiological manner (Welsh, 1990). Given the im-

portance of ion channel function in the CNS, a discussion

of this disease seems warranted here.
Cystic fibrosis is a fatal, autosomal recessive genetic

disease characterized by abnormalities in fluid and alec-

trolyte transport in exocrine epithelia (Quinton, 1990).
Both absorptive and secretory processes are affected by
an underlying membrane defect in Cl permeability, and

this defect results in tissue-specific symptoms. Although
the defect is not fatal in and of itself, the effects in airway
epithelia ultimately lead to irreversible and fatal second-
ary pulmonary infections. Cystic fibrosis is the most

common fatal genetic disease in the United States and
affects approximately 1 in 2000 Caucasians (Quinton,

1990).
The cystic fibrosis gene was recently cloned and da-

scribad (Rommans at a!., 1989; Riordan at a!., 1989;

Kerem at aL, 1989). The function of the encoded gene
product is not clear, although the protein exhibits simi-
larities with a number of transport proteins (Riordan at
aL, 1989). However, in recant studies, several biochemical
mechanisms have been identified that are defective in
cystic fibrosis apithalia, all of which center on Cl trans-
port mechanisms. C1 secretion by the airway apithalium
regulates the quantity and composition of the respiratory

tract fluid; this Cl secretion is controlled by apica!
membrane C1 channels. A number of hormones and

secretagogues that increase intracellular leve!s of cyclic
AMP are known to increase C1 secretion by opening
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these Cl channels (Welsh, 1990). Certain secratagogues
have also bean found to increase diacylglycerol levels,
indicating that protein kinase C also may regulate C1

channels, and, indeed, activators of protein kinasa C
were found to either stimulate or inhibit C1 secretion,
depending on the physiological state of the cells (Li at

a!., 1989).
In airway epithe!ia! cells from children with cystic

fibrosis, CL channels were found to be present, but their

regulation was defective. Activation of apical membrane
Cl channels by cyclic AMP-mediated stimuli was ab-

sent, despite normal agonist-induced increases in cellular
cyclic AMP levels (Frizzell at a!., 1986; Welsh, 1990).

The molecular mechanism underlying these observations
was examined in cell-free membrane patches. It was

found that application of the purified C subunit of cyclic
AMP-dependent protein kinase plus ATP opened Cl
channels in patches from normal airway epitha!ial cells

but failed to open such channels in patches from cystic

fibrosis apithe!ial calls (Schoumacher at al., 1987; Li at

a!., 1988). Thus, the cystic fibrosis cells display an ma-
bility of the C! channel, or a modulator thereof, to
respond to cyclic AMP-dependent protein kinase, a re-

sponse that is indispensable for norma! regulation of C1

secretion.
In cell-free membrane patches from normal airway

epithelal cells, protein kinase C had dual effects, activat-
ing Cl channels at low Ca24 concentrations and macti-
vating the channels at high Ca2� concentrations (Li at
aL, 1989). In membrane patches from cystic fibrosis cells,
protein kinase C-induced inactivation was normal, but

activation was defective. The data indicated that one or

more isoforms of protein kinase C phosphorylates and
regulates different sites on the channel or on an associ-

ated membrane protein, one of which is defective in
cystic fibrosis (Li at a!., 1989; Hwang at a!., 1989). An
important question that remains concerning the deficient
regulation mechanism in cystic fibrosis is whether the
defects are caused by an inability of the membrane
protein(s) involved to become phosphorylated by the

respective protein kinases, or whether the proteins are

phosphorylated in a normal way but are unable to re-
spond with the conformational change necessary to mod-
ulate Cr permeability in a normal fashion.

C. Dopaminergic Regulation of Natriuresis

Na�, K�-ATPase, an integral membrane protein pres-
ant in virtually all mamma!ian cells, regulates a number
of vital functions, including intracellular electrolyte ho-
meostasis, call volume, membrane potential, and trans-
port of Na� and various other compounds. This enzyme
is particularly abundant in brain and kidney, and recent
studies have shown that the enzyme is subject to regu-
lation by dopamine, which can decrease the activity of
the enzyme, in both renal tubule cells (Aperia at al.,
1987) and in neostriata! neurons (Bertorello at al., 1990).
The peripheral actions of dopamine (for examples, see

Goldberg, 1972; Schmidt at a!., 1986), which are critical

for the clinical regulation of Na� and axtraca!!u!ar vo!-

ume homeostasis and for the regulation ofblood pressure,

have made this catecholamine compound the diuretic
drug of choice in certain clinical situations when renal
function is compromised (Schwartz and Gewertz, 1988;
Aperia at a!., 1991). An understanding of the mechanism
by which dopamine inhibits Na�, K�-ATPase is, there-

fore, of considerable importance.

Studies ofproximal convoluted tubules from rat kidney
showed that the dopamine-induced inhibition of Na�,
K’-ATPasa was mediated through both Di and D2 do-
pamine receptors (Bertorello and Aperia, 1988). Such

synergism is similar to the mechanisms necessary for full
expression of the electrophysio!ogical actions of dopa-

mine in the CNS (Carlson at a!., 1987). Recant work has

shown that dopamine also inhibits the enzyme in per-

meabilized, intact nerve cells from neostriatum (Berto-

rello at a!., 1990). In that study, Na�, K�-ATPase in

dissociated medium-sized spiny calls from the neostria-

turn was found to be rapidly and potently inhibited by

dopamina; moreover, as with proximal convoluted tu-

bulas, dopamine acted through a synergistic effect on

both Dl and D2 receptors.

Evidence obtained from studies in kidney cells points
to direct phosphorylation of the ATPase and to modu-

!ation of protein phosphatase activity as possible media-
tors behind these effects. Thus, recent studies of a highly

purified preparation of Na�, K�-ATPase from shark
rectal gland have shown that both cyclic AMP-dependent

protein kinasa and protein kinasa C can rapidly and

stoichiometrically phosphorylate the a-i subunit of the
enzyme, while concomitantly inhibiting enzyme activity
by 50 to 75% (Bertorello at aL, submitted). In other
studies, dopamine-regulated phosphorylation of

DARPP-32 was implicated in the mechanism of action
of dopamine on the Na�, K�-ATPase. Both renal tubular
calls and neostriatal neurons express Di dopamina re-
captors and increase the levels of cyclic AMP in response

to dopamine (Forn at a!., 1974; Bertorello, 1989), and
both contain high levels of DARPP-32 (Ouirnet at a!.,

19Mb; Meister at a!., 1989). Thus, cyclic AMP-regulated

phosphorylation of DARPP-32 on Thr-34, which con-
verts the protein into a potent inhibitor of protein phos-

phatase-i (section III), may be involved in the dopamine-

induced regulation of Na�, K�-ATPase activity in both

call types. Support for this hypothesis has coma from
studies in which a peptide corresponding to residues 8-

38 of DARPP-32 was used. The phosphorylated form of
this peptida retains potency as an inhibitor of protein
phosphatasa-1, whereas the daphosphoform is inactive

in this respect (Hemmings at aL, 1990). When introduced
into saponin-permeabilized renal tubule cells from the

madu!lary thick ascending loop of Hanle, the phosphor-
ylated but not the dephosphorylated peptide decreased

Na�, K�-ATPase activity to the same extent as did
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optimal concentrations of Di dopamine receptor agonists
or dibutyryl cyclic AMP. This effect was associated with

a decrease in the Vmax and an increase in the Km values
of the Na�, K�-ATPase for K� (Aperia at a!., 1991).

In summary, the results of these studies indicate that
dopamine, acting through Di dopamine receptors, may

stimulate cyclic AMP-regulated phosphorylation and in-
hibition of the Na�, K�-ATPase in situ. The data further

suggest that inhibition of phosphoprotein dephosphoryl-
ation by protein phosphatase-i, mediated through
DARPP-32 phosphorylation, is also involved. The results

are consistent with dopamina regulating Na� reabsorp-

tion in renal tubule cells through both increased phos-
phorylation and decreased dephosphorylation of the Na�
pump.

D. Protein Phosphorylation and Alzheimer’s Disease

Alzheimar’s disease, a progressive ancephalopathy of
late life, is characterized by initial amnesia for recent

events, progressing to complete loss of all cortical func-
tions, and ending in a vegetative state, with death ulti-

mate!y ensuing (for review, see Katzman, 1986). A num-
bar of neurotransmitter deficiencies have been reported
in this disease, particularly a pronounced destruction of
the cholinergic cells and fibers which originate in the

nucleus basalis of Meynart and innervate the cerebral
cortex and hippocampal formation (for reviews, sea

Bowen, 1983; Hardy at a!., 1985). A possible degeneration
of the quantitatively dominating glutamate transmitter

systems in the brain has also been proposed as a factor
in this disease (Hyman at a!., 1987; Palmer and Gershon,

1990), as have deficiencies of serotonin and noradrana-
line neurons (for examples, see Hardy at a!., 1985).
Pathologically, both limbic and association cortices, in-

cluding the hippocampa! formation, become involved,
with large numbers of neurons ultimately degenerating.

The disease is invariably characterized by accumulation
of poorly soluble structures within and outside neurons

and in surrounding cerebral vassals, together with an
extensive disruption of normal cerebra! cortical architec-

ture (Tomlinson and Corsallis, 1984). Extensive evidence

indicates that the major proteins present in the insoluble
deposits found inside brain cells (the neurofibrillary tan-
gles) are derived from normal cytoske!etal proteins and
that at least part of their abnormal nature appears to be
caused by defective protein phosphorylation of these
proteins (for reviews, see Selkoe, 1989; Gandy at a!.,
1990a). Similarly, recent evidence indicates that the ax-

tracallular deposits (the neuritic plaques) consist mainly
of a distinct protein, termed the fl-amyloid/A4 protein,
which derives from a fi-amyloid precursor protein local-

ized in the cell membrane of a wide variety of cells and
tissues. It appears that the processing of this precursor

protein, which leads to the ultimata deposition of the fi-
amyloid protein in the extracellular plaques, may be
regulated by protein phosphorylation systems. We will,

therefore, in this section first describe some features of

the systems involved in the phosphorylation of nauronal

cytoskaletal proteins and in nauroflbri!lary tangle for-

mation and then present some observations concerning

a possible regulation of fi-amyloid precursor protein proc-

essing by a phosphory!ation mechanism that might relate
to future therapeutic interventions in the processes lead-

ing to Alzhaimer’s disease.
1. Cytoskeletal protein phosphorylation. Both actin fil-

amants, intermediate filaments (composed of neurofila-

ment proteins in neurons, glial fibril!ary acidic protein
in astrocytes), and microtubules are widely distributed

throughout neural cells. These proteins appear to be

important in morphoganesis, in neuritic transport and

extensions, in regulation of organelle interactions, and
in membrana-cytosol interactions (for reviews, see Olms-

tadt, 1986; Matus, 1988a,b; Mitchison and Kirschner,

1988). Both microtubule proteins and neurofilament pro-

teins are known to be highly phosphorylated, whereas
the extent of actin phosphorylation is less clear. Aspects
of the role of actin in neuronal function have bean
discussed together with the synapsins in section IV.A.2.

Neurofilament and microtubule protein phosphorylation
will be discussed hare.

a. NEUROFILAMENT PROTEINS. The three naurofila-

ment proteins (apparent molecular masses of 68, 140,

and 200 kDa), which make up the neuron-specific forms

of intermediate filaments (for review, see Williams and

Runge, 1983), appear to be specifically enriched in neu-

ronal somata and axons (for examples, see Hammer-
sch!ag and Brady, 1989). A number of protein kinasas

can catalyze phosphorylation of the neurofilament pro-
tains. These include second messenger-regulated an-

zymes such as cyclic AMP-dependent protein kinase

(Latarriar at a!., 1981) and CaM kinasa II (Tanaka at a!.,
1984; Vallano at a!., 1985), whereas others appear to

represent enzymes distinct from the second messenger-

regulated protein kinases (section II. D). Immunohisto-

chemical studies indicate that the neurofilament proteins
present in neuronal somata are essentially dephosphor-

ylated, whereas the axonal forms of the proteins become

highly phosphorylated (for examples, see Sternberger

and Sternbergar, 1983; Matus, 1988a). It is, therefore,
possible that protein phosphorylation may be involved

in regulating axonal maturation or transport of neurofil-
aments. The identities of the enzymes involved in this

phenomenon remain uncertain, however, and the func-
tiona! importance of naurofi!ament phosphorylation also

remains unclear (for examples, see Eagles at al., 1981;

Honchar at a!., 1982; Carden at al., 1985; Bignami at a!.,
1986; Foster at al., 1987; Nixon at al., 1987; Matus,

1988a).

b. MICROTUBULE PROTEINS. Microtubules are present
throughout nerve cells, both in association with postsyn-
aptic membranes and in dendrites, somata, axons, and,
lass prominently, in presynaptic terminals (Olmstedt,

1986; Matus, 1988b; Gordon-Weeks at aL, 1982). The
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major protein components of microtubules include a-

and fl-tubulin and MAPs, many of which appear to be

phosphorylated.

Tubulin has been reported to be phosphorylated by
both cyclic AMP-dependent protein kinase and CaM
kinase II in vitro (Burke and DeLorenzo, 1981; Goldenr-
ing at a!., 1983; Yamamoto at al., 1985). Although tubulin

may not be a particularly good substrate for these en-
zymes (Nairn at al., 1985a; Schulman, 1988), recent in
vitro studies have indicated that phosphorylation of tub-

ulin increases its interaction with membranes (Har-

greaves at a!., 1986) but decreases microtubule assembly

(Yamamoto at aL, 1985). Phosphorylation of tubu!in has

bean observed in intact cells (for examples, see Gard and

Kirschner, 1985), but the significance and regulation of
in vivo tubulin phosphorylation in brain is not well

understood.
MAP-2, a high molecular weight protein (280,000 to

300,000) that is specifically enriched in neurona! den-
dritas (De Camilli at a!., 1984b), was originally found to
be a substrate for cyclic AMP-dependent protein kinase

(Sloboda at a!., 1975). More recent studies have shown
that the protein can be phosphorylated on a large number

of sites by a variety of other protein kinases, which
include CaM kinasa II, protein kinase C, and tyrosina-

specific protein kinases (Islam and Burns, 1981; Theur-

kauf and Vallea, 1983; Akiyama at a!., 1986; Tsuyama at

a!., 1986; Yamauchi and Fujisawa, 1982, 1988; Goldenring

et a!., 1985; Larson at a!., 1985; Schulman, 1984; Walaas

at a!., 1983b,c; Walaas and Nairn, 1989). The protein is

also phosphorylatad on multiple sites in situ (Tsuyama

at a!., 1986), and evidence suggests that different types
of protein phosphatases are responsible for the dephos-

phorylation of these phosphorylation sites (Tsuyama at
aL, 1986). Such phosphatase activities have not been

extensively characterized, however.

Phosphorylation of MAP-2 by either cyclic AMP-
dependent or Ca2�-dependent protein kinases appears to

induce disassembly of microtubules (Yamauchi and Fu-
jisawa, i983b) and to regulate their interaction with actin

(Jameson at al., 1980; Selden and Pollard, 1983; Yamau-

chi and Fujisawa, 1988). The prominent expression of
MAP-2 in postsynaptic, dendritic compartments has sug-

gasted that Ca2�-dependant phosphorylation of this pro-

tam might be an efficient mechanism whereby those

neurotransmitters that could increase intracellular Ca24
levels could regulate postsynaptic cytoskeletal functions
(Matus, i988b). Interestingly, recent studies of intact

slices of rat brain have shown that activation of the
NMDA type of glutamate receptor, which induces Ca2�
fluxes into the cells (Dingladine, 1983), induces a potent

dephosphory!ation of MAP-2 (Halpain and Graengard,
1990), presumably through activation of the Ca24/cal-

modulin-dependent protein phosphatase-2B which can
daphosphorylata MAP-2 in vitro (Goto at a!., 1985). In
contrast, extracellular signals that increase the state of

phosphorylation of MAP-2 in intact nerve calls have not

yet been defined. The functional roles of the multiple

protein kinases and phosphatasas capable of regulating

the different phosphorylation sites in MAP-2 also remain

uncertain.
Tau factor is a group of four related MAPs (apparent

molecular masses of 55 to 68 kDa in adult brain) (Cleva-

land at a!., 1977), which are predominantly found in
axons where they appear to stabilize the cytoske!etal

polymer lattice (Drubin and Kirschner, 1986). These
proteins stimulate both nucleation and elongation of

microtubulas, and thu factor has also bean found to

interact with both actin and neurofi!aments (Mitchison

and Kirschner, 1988). Tau factor has been reported to

be phosphorylated on multiple sites by both cyclic AMP-

dependent protein kinasa, CaM kinasa II, and protein
kinase C (Cleveland at a!., 1977; Yamamoto at a!., 1983,
1985; Hoshi at a!., 1987). This phosphorylation appears

to inhibit microtubule assembly, and tau factor may,
therefore, play a role in microtubula function analogously

to that of MAP-2 (Lindwall and Cole, 1984). Moreover,
tau factor is a component of the intracellular naurofi-

brillary tangles characteristic of A!zheimer’s disease.

2. Tau factor phosphorylation and neurofibrillary tan-

gles. Naurofibrillary tangles represent intracellular ac-
cumulations of proteins, usually organized in paired hal-

ica! filaments, and present in degenerating neurons of

several diseases, including A!zhaimer’s disease, trisomy

21, progressive supranuclear palsy, Ha!lervorden-Spatz

disease, Guam Parkinson-dementia complex, and de-

mentia pugilistica (Se!koe, 1989). These tangles are not
fully characterized but appear, based on protein analysis
and immunocytochamistry, to contain tau factor, to-

gather with other MAPs, ubiquitin, and other, unidenti-
fled proteins (for review, see Selkoe, 1989). The tau

proteins present in neurofibrillary tangles appear to be
phosphorylated in an unusual or aberrant manner

(Grundke-Iqbal et aL, 1986), and evidence from several
laboratories implicates Ca2�/calmodulin-dependent pro-

tam phosphorylation in the pathogenasis ofthesa tangles.
Evidence for cytoskeleta! protein phosphorylation

being involved in the intracellular manifestations of Alz-

heimer’s disease includes the observations that the bind-

ing to neurofibrillary tangles of antibodies specific for

the dephosphoform of certain cytoskeletal proteins is

dramatically enhanced if Alzheimer brain sections are
preincubated with alkaline phosphatase, whereas normal

brain sections do not demonstrate this phenomenon

(Starnberger at aL, 1985; Grundke-Iqbal at a!., 1986).

Originally, aberrant phosphorylation of the neuroflla-
ment proteins was believed to be responsible for this

phenomenon (Sternbergar at a!., 1985). However, it has

become clear that the antibodies to neurofilament pro-

tam that labeled paired helical filaments in the neurofi-
bril!ary tangles cross-react with phosphory!ated apitopas
on tau factor (Wood at a!., 1986; Nukina at a!., 1987;
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Ksiesak-Reding at al., 1987), and present evidence mdi-

cates that neurofilament immunoreactivity in naurofi-

brillary tangles is due to tau proteins, which possess

cross-reacting apitopes (Goedert at a!., 1988; Selkoe,
1989).

Other evidence shows that thu proteins, extracted from
neurofibrillary tangles, migrate in an aberrant manner

during sodium dodacy! su!fate-polyacrylamide gal alec-

trophoresis when compared to tau proteins from normal
brain and that normal tau factor can be induced to

assume the Alzheimer-type electrophoretic mobility by
in vitro phosphorylation of tau protein with CaM kinase

II (Baudier and Cole, 1987) but not with protein kinase

C (Baudier at a!., 1987). Finally, antigenic changes sim-
ilar to those seen in neurofibrillary tangles have been

elicited by glutamate and Ca2� influx in cultured hippo-
campal neurons (Mattson, 1990). Although the relation-

ship of aberrant tau protein phosphorylation in these

tangles to the tangle formation is unclear, these obser-

vations point to a component of CaM kinase Il-catalyzed

protein phosphorylation, particularly of tau proteins,

possibly being involved in the pathogenesis of naurofi-

brillary tangles.
3. fl-Amyloid precursor protein phosphorylation and

neuritic plaques. In A!zheimar’s disease, deposits of amy-
bid protein outside the cell and in the cerebral and

meningeal vessels appear to consist mainly of the fl/A4
amyloid protein (Selkoe, 1989). Such fl/A4 accumulation
is detected only in Alzheimer’s disease and related con-

ditions such as trisomy 21 (Down’s syndrome), haradi-

tary cerebral hemorrhage with amyloidosis (Dutch type),

and, much lass frequently, normal aging (Joachim at a!.,

1987). Although the role ofthe amyloid protein precursor
in the pathoganesis of A!zheimer’s disease is unclear, it

is clear that aberrant amyloid precursor protein process-
ing leading to fl/A4 protein accumulation is a constant

feature of the disease.
Amyloidogenic isoforms of the amyloid precursor pro-

tam, integral transmembrane proteins of approximately
110 to 130 kDa which contain a single transmembrane

spanning domain (Se!koe at a!., 1988), are widely distrib-

uted in the brain (Card at al., 1988). The fl/A4 portion

of the amyloid precursor protein, which consists of ap-
proximately 40 amino acid residues, lies at the junction

of the extracellular domain and this transmambrane
domain, with 28 residues outside the cal! and the rest
embedded in the membrane (Salkoe, 1989). Present evi-
dance indicates that the normal constitutive cleavage of

the amyloid precursor protein takes place within the fl/
A4 domain, hence precluding generation of the amyloi-
dogenic fl/A4 protein (Sisodia at a!., 1990; Esch at a!.,

1990). Failure of this normal cleavage represents a pos-
sible biochemical basis for cerebra! amyloidosis.

Several possible mechanisms may contribute to failure
of normal cleavage, including overexpression of the amy-

bid precursor protein gene and overloading of the normal

proteolytic processing of the amyloid precursor protein

or mutations within the amyloid precursor gene leading

to diminished efficacy of the normal amyloid precursor

protein degradative pathway in brain (Gandy et al.,
i990a; Levy at a!., 1990). Recent analysis has shown that

amyloid precursor protein processing may be regulated
by protein phosphorylation. Within the intracellular do-
mains of the amyloid precursor protein, Thr-654/Ser-

655 have been identified as candidate sites for rapid
phosphorylation by protein kinase C and CaM kinasa II

(Gandy at a!., 1988). Moreover, in pulse-chase studies in
which PC12 calls ware used, activation of protein kinase

C with phorbol asters or inhibition of protein phospha-
tases-1 and -2A with okadaic acid (Bialojan and Takai,
1988) greatly diminished recovery of the mature amyloid
precursor protein while enhancing recovery of a COOH-
terminal fragment of approximately 15 kDa (Buxbaum

at al., 1990). Combination of phorbol ester and okadaic

acid led to the generation of the i5-kDa fragment and
also to a larger i9-kDa COOH-terminal fragment of the

amyloid precursor protein. In other experiments, the
protein kinase inhibitor H-7 led to an apparent decrease

in the basal rate of processing of the amyloid precursor
protein. These results provide direct evidence that proc-
essing of the amyloid precursor protein is regulated by
protein phosphorylation, with one possible interpreta-

tion being that the i5-kDa fragment represents the “nor-
ma!” constitutive intra-fl/A4 cleavage, whereas the 19-
kDa COOH-terminal fragment represents processing via

an alternative and potentially amyloidoganic pathway,
perhaps by cleavage at or near the fl/A4 NH2 terminus

(Buxbaum at al., 1990; Gandy at a!., i990a).

At present, the mechanisms behind the observed ef-
facts of manipulations of protein phosphorylation sys-
tems remain speculative. Previous studies of the traffick-
ing of several cell surface receptors have shown that
!igand-induced endocytosis of, for example, the epidar-
ma! growth factor receptor is accompanied by protein
kinase C-mediated phosphorylation in an intracellular
domain homologous to that found in the amyloid pracur-
sor protein (Hunter at a!., 1984; Beguinot at a!., 1985;

Gandy at al., i990a). Thus, the regulation of endocytotic
processing of this type of membrane protein by protein
phosphory!ation appears to be a widespread phenome-

non. Furthermore, protein phosphorylation may also be
involved in the regulation of amyloid precursor protein
expression, possibly via phosphorylation of transcription
factors such as the homaoprotain hox 1.3, a protein that
binds to the amyloid precursor protein promoter (Gold-
gaber at al., 1989). Future work will be required to
determine whether any of these mechanisms are involved
in cerebral amyloidosis and whether they constitute pos-
sible targets for antiamyloid therapy.

VII. Summary and Conclusion

Following the initial demonstration of phosphoryla-

tion of endoganous brain proteins (Johnson at a!., 1971),
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two decades of work have shown that this biochemical
mechanism represents one of the most important means

by which axtracel!ular signals are transduced into

changes in neuronal functions. Evidence discussed in
this review shows that neural calls contain a plethora of

protein kinases, protein phosphatases, and phosphory-
latad proteins and that many of these systems appear

essential for the regulation of cell functions as diverse as
membrane excitability, neuronal secretory processes, cy-
toskeleta! organization, naurona! morphology, and call-

ular metabolism. Moreover, there exists intricate func-
tiona! relationships between many of the neurona! pro-

tam phosphorylation systems, which allow “cross-talk”
between distinct signals to take place in various brain

cells. The properties of protein phosphorylation systems
allow these regulatory systems to influence events taking

place on a microsecond scale (e.g., neurotransmitter re-

lease) and events lasting for hours and days (e.g., LTP).

Our present knowledge concerning naurona! protein
phosphorylation has also allowed studies to be initiated

regarding the possible involvement of protein phosphor-
ylation in various clinical disorders affecting signal
transduction and brain function. It seems safe to predict
that continued studies of neuronal protein phosphoryla-

tion systems will continua to improve our understanding
of the anatomical, physiological, and pharmacological

basis for nervous system function in both health and

disease.

Acknowledgments. We thank Drs. A. C. Nairn, A. J. Czernik, J. A.

Grebb, and S. E. Candy for helpful comments and Ellen Martinsen for

secretarial help.

REFERENCES

ADAMO, M., RAIzADA, M. K., AND LEROITH, D.: Insulin and insulin-like growth
factor receptors in the nervous system. Mol. Neurobiol. 3: 71-100, 1989.

ADAMO, S., ZANI, B. M., NERRI, C., SENNI, M. I., MOLINARE, M., AND EUSEBI,

F.: Acetylcholine stimulates phosphatidylinositol turnover at nicotinic recep-
tore of cultured myotubes. FEBS Lett. 190: 161-164, 1985.

ADAMS, P. R., AND BROWN, D. A.: Effects of phorbol ester on slow potassium
currents of bullfrog ganglion cells. Biophys. J. 49: 215a, 1984.

ADAMS, W. B., AND LEVITAN, I. B.: Intracellular injection of protein kinase
inhibitor blocks the serotonin-induced increase in K� conductance in Aplysia
neuron R15. Proc. Natl. Acad. Sci. USA 79: 3877-3880, 1982.

ADAVANI, S. R., SCHWARz, M., SHOWERS, M. 0., MAURER, R. A., AND HEM-

MINGS, B. A.: Multiple mRNA species code for the catalytic subunit of the
cAMP-dependent protein kinase from LLC-PK1 cells. Eur. J. Biochem. 167:
221-226, 1987.

ADEREM, A. A., ALBERT, K. A., KEUM, M. M., WANG J. K. T., GREENGARD, P.,
AND COHN Z. A.: Stimulus-dependent myristoylation of a major substrate for
protein kinase C. Nature (Lond.) 332: 362-364, 1988.

AGNEW, W. 5.: Voltage-regulated sodium channel molecules. Annu. Rev.
Biochem. 46: 517-530, 1984.

AGRAWAL, H. C., MARTENSON, R. E., AND AGRAWAL, D.: In vivo incorporation
of [“PJ orthophosphate into myelin basic protein of developing rabbit brain:
its location in components 3 and 5 and in a new protein tentatively identified
as basic protein component 7. J. Neurochem. 39: 1755-1758, 1982.

AHMAD, z., DEPAOLI-ROACH, A. A., AND ROACH, P. J.: Purification and char-
acterization of a rabbit liver calmodulin-dependent protein kinase able to
phosphorylate glycogen synthase. J. Biol. Chem. 257: 8348-8355, 1982.

Aiso, M., SHIGEMATSU, K., KEBABIAN, J. W., POVFER, W. Z., CRUCIANI, R. A.,
AND SAAVEDRA J. M.: Dopamine D1 receptor in rat brain: a quantitative
autoradiographic study with iThI�5CH 23982. Brain Res. 408: 281-185, 1987.

AITKEN, A., BILHAM, T., AND COHEN, P.: Complete primary structure of protein
phosphatase inhibitor-i from rabbit skeletal muscle. Eur. J. Biochem. 126:
235-246, 1982.

AITKEN, A., BILHAM, T., COHEN, P., ASWAD, D., AND CREENGARD, P.: A specific
substrate from rabbit cerebellum for cyclic CMP-dependent protein kinase. 3.

Amino-acid sequences at the two phosphorylation sites. J. Biol. Chem. 256:
3501-3506, 1981.

AKERS, R. F., LOVINGER, D. M., COLLEY, P. A., LINDEN, D. J., AND ROUVrEN-

BERG, A.: Translocation of protein kinase C activity may mediate hippocampal
long-term potentiation. Science (Wash. DC) 231: 587-589, 1986.

AKITA, Y., OHNO, S., KONNO, Y., YANO, A., AND SUZUKI, K.: Expression and
properties of two distinct classes of the phorbol ester receptor family, four
conventional protein kinase C types, and a novel protein kinase C. J. Biol.
Chem. 265: 354-362, 1990.

AKIYAMA, T., NISHIDA, E., ISHIDA, J., SMI, S., OGAWARA, H., H0SHI, M.,
MIYATA, Y., AND SAKAI, H.: Purified protein kinase C phosphorylates micro-
tubule-associated protein 2. J. BioL Chem. 261: 15648-15651, 1986.

ALBERT, K. A., HELMER-MATYJEK, E., NAIRN, A. C., MULLER, T. H., HAYCOCK,

J. W., GREENE, L. A., COLDSTEIN, M., AND CREENGARD, P.: Calcium/phos-
pholipid-dependent protein kinase (protein kinase C) phosphorylates and ac-
tivates tyrosine hydroxylase. Proc. Natl. Acad. Sci. USA 81: 7713-7717, 1984.

ALBERT, K. A., NAIRN, A. C., AND GREENGARD, P.: The 87-kDa protein, a major
specific substrate for protein kinase C: purification from bovine brain and
characterization. Proc. Natl. Acad. Sci. USA 84: 7046-7050, 1987.

ALBERT, K. A., WALAAS, S. I., WANG, J. K.-T., AND CREENGARD, P.: Widespread
occurrence of “87kDa,” a major specific substrate for protein kinase C. Proc.
Natl. Acad. Sci. USA 83: 2822-2826, 1986.

ALEXANDER, K. A., CIMLER, B. M., MEIER, K. E., AND STORM, D. R.: Regulation
ofcalmodulin binding to P-57. J. Biol. Chem. 262: 6108-6113, 1987.

ALKON, D. L., ACOSTA-URQUIDI, J., OLDS, J., KUZMA, G., AND NEARY, J. T.:
Protein kinase injection reduces voltage-dependent potassium current. Science
(Wash. DC) 219: 303-306, 1983.

ALOYO, V. J., ZWIERS, H., AND CISPEN, W. H.: Phosphorylation of B-50 protein
by calcium-activated, phospholipid-dependent protein kinase and B-50 protein
kinase. J. Neurochem. 41: 649-653, 1983.

APERIA, A., BERTORELLO, A., AND SERI, I.: Dopamine causes inhibition of Na�-
K�-ATPase activity in rat proximal convoluted tubule segments. Am. J. Phys-
iol. 252: F39-F45, 1987.

APERIA, A., FRYCKSTEDT, J., SVENSSON, L., HEMMINGS, H. C., JR., NAIRN, A.

C., AND CREENGARD, P.: Phosphorylated M, 32,000 dopamine- and cAMP-
regulated phosphoprotein inhibits Na�, K� ATPase activity in renal tubule
cells. Proc. Natl. Acad. Sci. USA 88: 2798-2901, 1991.

APPLEMAN, M. M., ARIANO, M. A., TAKEMOTO, D. J., AND WHITSON, R. H.:
Cyclic nucleotide phosphodiesterases. In Handbook of Experimental Pharma-
cology, vol. 58/Il: Cyclic Nucleotides, part II, ed. by J. W. Kebabian and J. A.
Nathanson, pp. 261-270, Springer Verlag, Berlin, Heidelberg, New York, 1982.

ARIANO, M. A.: Distribution of components of the guanosine 3’,5’-phosphate
system in rat caudate-putamen. Neuroscience 10: 707-723, 1983.

ARMSTRONG, D., AND ECKERT, R.: Phosphorylating agents prevent washout of

unitary calcium currents in excised membrane patches. J. Gen. Physiol. 86:
25a, 1985.

ARMSTRONG, D., AND ECKERT, R.: Voltage-activated calcium channels that must

be phosphorylated to respond to membrane depolarization. Proc. Natl. Acad.
Sci. USA 84: 2518-2522, 1987.

ARMSTRONG, D., ERXLEBEN, C., KALMAN, D., LAI, Y., NAIRN, A., AND GREEN-

GARD, P.: Purified protein kineses alter the response of dihydropyridine-
sensitive calcium channels to depolarization in cell-free membrane patches. In
EMBO Symposium: Molecular Biological Aspects of Neurobiology (Abstracts),
p. 73, 1987.

ARMSTRONG, D. L.: Calcium channel regulation by calcineurin, a Ca’�-activated
phosphatase in mammalian brain. Trends Neurosci. 12: 117-122, 1989.

ASHBY C. D., AND WALSH, D. A.: Characterization of the interaction of a protein
inhibitor with adenosine 3’,5’-monophosphate-dependent protein kinases. I.
Interaction with the catalytic subunit of the protein kinase. J. Biol. Chem.
247: 6637-6642, 1972.

ASWAD, D. W., AND GREENGARD, P.: A specific substrate from rabbit cerebellum
for guanosine 3’:5’-monophosphate-dependent protein kinase. 1. Purification
and characterization. J. Biol. Chem. 256: 3487-3493, 1981a.

ASWAD, D. W., AND CREENGARD, P.: A specific substrate from rabbit cerebellum

for guanosine 3’:5’ -monophosphate-dependent protein kinase. II. Kinetic stud-
ies on its phosphorylation by guanosine 3’S’ -monophosphate-dependent and
adenosme 3’:5’-monophosphate-dependent protein kinases. J. Biol. Chem.
256: 3494-3500, 1981b.

ATKINSON, J., RICHTAND, N., SCHWORER, C., KUCZENSKI, R., AND SODERLING,

T.: Phosphorylation of purified rat striatal tyrosine hydroxylase by Ca2�/
calmodulin-dependent protein kinase II: effect of an activator protein. J.
Neurochem. 49: 1241-1249, 1987.

AUDIGIER, S. M. P., WANG, J. K. T., AND GREENGARD, P.: Membrane depolar-
ization and carbamoylcholine stimulate phosphatidylinositol turnover in intact
nerve terminals. Proc. Natl. Acad. Sci. USA 85: 2859-2863, 1988.

AUGUSTINE, C. J., CHARLTON, M. P., AND SMITH, S. J.: Calcium action in
synaptic transmitter release. Annu. Rev. Neurosci. 10: 633-693, 1987.

AURICCHIO, F., MIGLIACCIO, A., CASTORIA, C., ROTONDI, A., DI DOMENICO, M.,
PAGANO, M., AND NOLA, E.: Phosphorylation of estradiol receptor on tyrosine
and interaction of estradiol and glucocorticoid receptors with antiphosphoty-
rosine antibodies. Adv. Exp. Med. Biol. 231: 519-540, 1988.

BAHLER, M., BENFENATI, F., VALTORTA, F., CZERNIK, A. J., AND GREENGARD,

P.: Characterization of synapsin I fragments produced by cysteine-specific

cleavage: a study of their interactions with F-actin. J. Cell Biol. 108: 1841-
1849, 1989.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


PROTEIN PHOSPHORYLATION AND NEURONAL FUNCTION 335

BAHLER, M., AND GREENGARD, P.: Synapsin I bundles F-actin in a phosphoryl-
ation-dependent manner. Nature (Lond.) 326: 704-707, 1987.

BARABAN, J. M.: Phorbol ester probes of protein kinase C function in the brain.
Trends Neurosci. 10: 57-58, 1987.

BARBER, E. K., DASGUPTA, J. D., SCHLOSSMAN, S. F., TREVILLYAN, J. M., AND
RUDD, C. E.: The CD4 and CD8 antigens are coupled to a protein-tyrosine
kinase (p56”9 that phosphorylates the CD3 complex. Proc. Natl. Acad. Sci.

USA 86: 3277-3281, 1989.

BARCHI, R. L.: Voltage-sensitive sodium ion channels. Molecular properties and
functional reconstitution. Trends Biochem. Sci. 9: 358-361, 1984.

BARNARD, E. A., DARLISON, M. C., AND SEEBURG, P.: Molecular biology of the
CABA,, receptor: the receptor/channel superfamily. Trends Neurosci. 10: 502-
509, 1987.

BARNEKOW, A., JAHN, R., AND SCHARTL, M.: Synaptophysin: a substrate for the
protein tyrosine kinase pp60� in intact synaptic vesicles. Oncogene 5: 1019-
1024, 1990.

BARTELT, D. C., MORONEY, S., AND WOLFF, D. J.: Purification, characterization
and substrate specificity of calmodulin-dependent myosin light-chain kinase

from bovine brain. Biochem. J. 247: 747-756, 1987.
BASI, C. S., JACOBSON, R. D., VIRAG, I., SCHILLING, J., AND SKENE, J. H. P.:

Primary structure and transcriptional regulation of CAP-43, a protein associ-
ated with nerve growth. Cell 49: 785-791, 1987.

BAUDIER, J., AND COLE, R. D.: Phosphorylation of thu proteins to a state like
that in Alzheimer’s brain is catalyzed by a calciuzn/calmodulin-dependent
kinase and modulated by phospholipids. J. Biol. Chem. 262: 17577-17583,
1987.

BAUDIER, J., LEE, S..H., AND COLE, R. D.: Separation of the different microtu-
bule-associated tau protein species from bovine brain and their mode II phos-
phorylation by Ca’�/phospholipid-dependent protein kinase C. J. Biol. Chem.
262: 17584-17590, 1987.

BAUMERT, M., TAKEI, K., HARTINGER, J., BURGER, P. M., FISCHER VON M0L-

LARD, C., MAYCOX, P. R., DE CAMILLI, P., AND JAHN, R.: P29: A novel
tyrosine-phosphorylated membrane protein present in small clear vesicles of
neurons and endocrine cells. J. Cell Biol. 1 10: 1285-1294, 1990.

BE.�vo, J. A.: Multiple isozymes of cyclic nucleotide phosphodiesterase. In
Advances in Second Messenger Phosphoprotein Research, ad by P. Creengaard
and C. A. Robison, vol. 22, pp. 1-38, Raven Press, New York 1988.

BEGUINOT, L., HANOVER, J. A., ITO, S., RICHERT, N. D., WILLINGHAM, M. C.,
AND PASTAN, I.: Phorbol esters induce transient internalization without deg-
radation of unoccupied epidermal growth factor receptors. Proc. NatI. Acad.
Sci. USA 82: 2774-2778, 1985.

BELL, R. M.: Protein kinase C activation by diacylglycerol second messengers.
Cell 45: 631-632, 1986.

BENFENATI, F., BAHLER, M., JAHN, R., AND GREENGARD, P.: Interactions of
synapsin I with small synaptic vesicles: distinct sites in synapsin I bind to
vesicle phospholipida and vesicle proteins. J. Cell Biol. 108: 1863-1972, 1989a.

BENFENATI, F., GREENGARD, P., BRUNNER, J., AND BAHLER, M.: Electrostatic
and hydrophobic interactions of synapsin I and synapsin I fragments with
phospholipid bilayers. J. Cell Biol. 108: 1851-1862, 1989b.

BENFENATI, F., VALTORTA, F., AND GREENGARD, P.: Computer modeling of
synapsin I binding to synaptic vesicles and F-actin: implications for regulation
of neurotransmitter release. Proc. Natl. Acad. Sci. USA 88: 575-579, 1991.

BENNETF, M. K., ERONDU, N. E., AND KENNEDY, M. B.: Purification and
characterization of a calmodulin-dependent protein kinase that is highly con-
centrated in brain. J. Biol. Chem. 258: 12735-12744, 1983.

BENNETF, M. K., AND KENNEDY, M. B.: Deduced primary structure of the �
subunit of brain type II Ca’�/calmodulin-dependent protein kinase determined
by molecular cloning. Proc. Natl. Acad. Sci. USA 84: 1794-1798, 1987.

BENNETT, V., BAINE5, A. J., AND DAVIS, J. Q.: Ankyrin and synapsin: spectrin-
binding proteins associated with brain membranes. J. Cell. Biochem. 29: 157-
169, 1985.

BENOVIC, J. L., BOUVIER, M., CARON, M. C., AND LEFKOWITZ, R. J.: Regulation
of adenylyl cyclase-coupled fi-adrenergic receptors. Annu. Rev. Cell Biol. 4:
405-428, 1988.

BENOVIC, J. L., KUHN, H., WEYAND, I., CODINA, J., CRON., M. C., AND LEF-

KOWITZ, R. J.: Functional desensitization of the isolated �9-adrenergic receptor
by the �-adrenergic receptor kinase: potential role of an analog for the retinal
protein arrestin (48-kDa protein). Proc. Natl. Acad. Sci. USA 84: 8879-8882,
1987a.

BENOVIC, J. L., AND LEFK0wITz, R. J.: Regulation of receptor function. In The

Enzymes, vol. XVIII, ad. by P. D. Boyer and E. C. Krebs, pp. 319-334, Academic
Press, Orlando, FL, 1987.

BENOVIC, J. L., MAYOR, F., JR., SOMERS, R. L., CARON, M. C., AND LEFKOWITz,

R. J.: Light-dependent phosphorylation of rhodopsin by /3-adrenergic receptor
kinaae. Nature (Lond.) 321: 869-872, 1986a.

BENOVIC, J. L., MAYOR, F., JR., STANISzEWSKI, C., LEFKOWITZ, R. J., AND

CARON, M. C.: Purification and characterization of the �-adrenergic receptor
kinase. J. Biol. Chem. 262: 9026-9032, 198Th.

BENOVIC, J. L., PIKE, L. J., CERIONE, R. A., STANI5zEW5KI, C., YOSHIMASA, T.,
CODINA, J., CARON, M. C., AND LEFKOWITz, R. J.: Phosphorylation of the
mammalian �9-adrenergic receptor by cyclic AMP-dependent protein kinase. J.
Biol. Chem. 260: 7094-7101, 1985.

BENOVIC, J. L., REGAN, J. W., MATSUI, H., MAYOR, F., COTECCHIA, S., LEEs-
LUNDBERG, L. M. F., CARON, M. C., AND LEFKOWITZ, R. J.: Agonist-dependent

phosphorylation of the a2-adrenergic receptor by the fl-adrenergic receptor
kinase. J. Biol. Chem. 262: 17251-17253, 1987c.

BENOVIC, J. L., STRASSER, R. H., CARON, M. G., AND LEFKOWITZ, R. J.: fi-
adrenergic receptor kinase: identification of a novel protein kinase that phos-
phorylates the agonist-occoupied form of the receptor. Proc. NatI. Acad. Sci.

USA 83: 2797-2801, 1986b.
BENOWTZ, L. I., PERRONE-BIZzOZERO, N. I., AND FINKLESTEIN, S. P.: Molecular

properties of the growth-associated protein CAP-43 (B-SO). J. Neurochem. 48:
1640-1647, 1987.

BENOWITZ, L. I., AND ROUVI’ENBERG, A.: A membrane phosphoprotein associated

with neural development, axonal regeneration, phospholipid metabolism, and
synaptic plasticity. Trends Neurosci. 10: 527-531, 1987.

BENSON, J. A., AND LEVITAN, I. B.: Serotonin increases an anomalously rectifying
K� current in the Aplysia neuron RiS. Proc. Natl. Acad. Sci. USA 80: 3522-
3525, 1983.

BERNARDI, C., CALABRESI, P., MERCURI, N., AND STANzIONE, P.: Dopamine
decreases the amplitude of excitatory post-synaptic potentials in rat striatal
neurones. In The Basal Ganglia, ed. by J. S. McKenzie, R. E. Kemm, and L.
N. Wilcock, pp. 161-171, Plenum Press, New York, 1984.

BERRIDGE, M. J.: Inositol trisphosphate and diacylglycerol as second messengers.
Biochem. J. 220: 345-360, 1984.

BERRIDGE, M. J.: Inositol trisphosphate and diacylglycerol: two interacting
second messengers. Annu. Rev. Biochem. 56: 159-193, 1987.

BERRIDGE, M. J., AND IRVINE, R. F.: Inositol phosphate and cell signalling.
Nature (Lond.) 341: 197-205, 1989.

BERTORELLO, A., AND APERIA, A.: Both DA, and DA, receptor agonists are
necessary to inhibit Na,K,ATPase activity in proximal tubules from rat kidney.
Acts Physiol. Scand. 132: 441-443, 1988.

BERTORELLO, A. M.: Dopamine Regulation of Na�, K�-ATPase Activity in
Kidney Proximal Tubules, Thesis, Karolinska Institute, Stockholm, 1989.

BERTORELLO, A. M., APERIA, A., WALAAS, S. I., NAIRN, A. C., AND GREENGARD,

P.: Phosphorylation of the catalytic subunit of Na�, K�-ATPase inhibits the
activity of the enzyme. Submitted.

BERTORELLO, A. M., HOPFIELD, J. F., APERIA, A., AND GREENGARD, P.: Inhi-

bition by dopamine of (Na� +KiATPase activity in neostriatal neurons
through D1 and D, dopamine receptor synergism. Nature (Lond.) 347: 386-
388, 1990.

BETz, H.: Ligand-gated ion channels in the brain: the amino acid receptor
superfamily. Neuron 5: 383-392, 1990.

BEzANILLA, F., DIP0L0, R., CAPUTO, C., ROJAS, H., AND TORRES, M. E.: K
current in squid axon is modulated by ATP. Biophys. J. 47: 222a, 1985.

BIALOJAN, C., AND TAK�qi, A.: Inhibitory effect ofa marine-sponge toxin, okadaic
acid, on protein phosphatases. Specificity and kinetics. Biochem. J. 256: 283-
290, 1988.

BIGNAMI, A., CHI, N. H., AND DAHL, D.: Neurofilament phosphorylation in
peripheral nerve regeneration. Brain Has. 375: 73-82, 1986.

BILLAH, M. M., AND ANTHES, J. C.: The regulation and cellular functions of
phosphatidylcholine hydrolysis. Biochem. J. 269: 281-291, 1990.

BIRNBAUMER, L., AND IYENGAR, R.: Coupling of receptors to adenylate cyclase.
Handbook of Experimental Pharmacology, vol. 58/lI: Cyclic Nucleotides, part
II, ad. by J. W. Kebabian and J. A. Nathanson, pp. 153-183, Springer Verlag,
Berlin, Heidelberg, New York, 1982.

BISHOP, J. M.: Cellular oncogenes and retroviruses. Annu. Rev. Biochem. 52:
302-354, 1982.

BLACKSHEAR, P. J., NAIRN, A. C., AND KUO, J. F.: Protein kinases 1988, a
current perspective. FASEB J. 2: 2957-2969, 1988.

BLACKSHEAR, P. J., WEN, L., CLYNN, B. P., AND WrITERS, L. A.: Protein kinase
C-stimulated phosphorylation in vitro of a M. 80,000 protein phosphorylated
in response to phorbol esters and growth factor in intact fibroblasts. J. Biol.
Chem. 261: 1459-1469, 1986.

BLISS, T. V. P., DOUGLAS, R. M., ERRINGTON, M. L., AND LYNCH, M. A.:
Correlation between long-term potentiation and release of endogenous amino
acids from dentate gyrus of anaesthetized rats. J. Physiol. 377: 391-408, 1986.

BLISS, T. V. P., AND L#{216}M0, T.: Long-lasting potentiation of synaptic transmis-
sion in the dentate area of the anesthetized rabbit following stimulation of the
perforant path. J. Physiol. 232: 331-356, 1973.

BLOOM, F. E.: The role of cyclic nucleotides in central synaptic function. In
Reviews of Physiology, Biochemistry, and Pharmacology, pp. 1-103, Springer,
Berlin, 1975.

BLOOM, F. E., SIGGINS, C. R., HOFFER, B. J., SEGAL, M., AND OLOVER, A. P.:

Cyclic nucleotides in the central synaptic actions of catecholamines. Adv.
Cyclic Nucleotide Baa. 5: 603-618, 1975.

BOCKAERT, J.: General characteristics, localization, and adaptative responsivenes
of neurotransmitter-sensitive adenylate cyclases in the central nervous system.
Adv. Cyclic Nucleotide Res. 14: 611-628, 1981.

BOHME, E., CROSSMANN, C., HERZ, J., MULSCH, A., SPIES, C., AND SCHULTZ,

C.: Regulation of cyclic CMP formation by soluble guanylate cyclase: stimu-
lation by NO-containing compounds. Adv. Cyclic Nucleotide Protein Phos-
phorylation Res. 17: 259-266, 1984.

BOLLAG, C. E., ROTH, R. A., BEAUDOIN, J., MOCHLY-ROSEN, D., AND KosH-

LAND, D. E., JR.: Protein kinase C directly phosphorylates the insulin receptor
in vitro and reduces its protein-tyrosine kinase activity. Proc. NatI. Acad. Sd.

USA 83: 5822-5824, 1986.
BORGHI, C., NIC08IA, S., GIACHETTI, A., AND SAID, S. I.: Vasoactive intestinal

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


336 WALAAS AND GREENGARD

polypeptide (VIP) stimulates adenylate cyclase in selected areas of rat brain.
Life Sci. 24: 65-70, 1979.

B0UIVIER, M., LEEB-LUNDBERG, L. M. F., BENOVIC, J. L., CARON, M. C., AND

LEFKOWITZ R. J.: Regulation of adrenergic receptor function by phosphoryla-
tion. J. Biol. Chem. 262: 3106-3113, 1987.

BOWEN, D. M.: Biochemical assessment of neurotransmitter and metabolic
dysfunction and cerebral atrophy in Alzheimer’s disease. In Banbury Report
15: Biological Aspects of Alzheimer’s Disease, ed. by R. Katzman, pp. 219-231,
New York: Cold Spring Harbor Laboratory, 1983.

B0YSON, S. J., MCGONIGLE, P., AND MOLINOFF, P. B.: Quantitative autoradi-
ographic localization of the Dl and D2 subtypes of dopamine receptor in rat
brain. J. Neurosci. 6: 3177-3188, 1986.

BRANDT, S. J., NIEDEL, J. E., BELL, R. M., AND YOUNG, W. S.: Distinct patterns
of expression of different protein kinase C mRNAs in rat tissues. Cell 49: 57-

63, 1987.
BREDT, D. S., AND SNYDER, S. H.: Nitric oxide mediates glutamate-linked

enhancement of cCMP levels in the cerebellum. Proc. Natl. Acad. Sci. USA
86: 9030-9033, 1989.

BROSTROM, C. 0.: Brostrom, M. A., and Wolff, D. J. : Calcium-dependent
adenylate cyclase from rat cerebral cortex. J. Biol. Chem. 252: 5677-5685,
1977.

BROWN, E., KENDALL, D. A., AND NAHORSKI, S. R.: Inositol phospholipid
hydrolysis in rat cerebral cortical slices. 1. Receptor characterization. J. Neu-
rochem. 42: 1379-1387, 1984.

BROWN, E. M., CARROLL, R. J., AND AURBACH, C. D.: Dopaminergic stimulation
of cyclic AMP accumulation and parathyroid hormone release from dispersed
bovine parathyroid cells. Proc. Natl. Acad. Sci. USA 74: 4210-4213, 1977.

BROWN, T. A., AND DELUCA, H. F.: Phosphorylation of the 1,25-dihydroxyvi-
tamin D, receptor. J. Biol. Chem. 265: 10025-10029, 1990.

BROWNING, E. T., AND RUINA, M.: Clial fibrillary acidic protein: norepinephrine
stimulated phosphorylation in intact C-6 glioma cells. J. Neurochem. 42: 718-
726, 1984.

BROWNING, M., BENNm, W. F., KELLY, P., AND LYNCH, C.: Evidence that the
40,000 Mr phosphoprotein influenced by high frequency synaptic stimulation

is the alpha subunit of pyruvate dehydrogenase. Brain Res. 218: 255-266,
1981.

BROWNING, M., DUNWIDDIE, T., BENNETr, W., GISPEN, W., AND LYNCH, C.:
Synaptic phosphoproteins: specific changes after repetitive stimulation of the
hippocampal slice. Science (Wash. DC) 203: 60-62, 1979.

BROWNING, M. D., BUREAU, M., DUDEK, E. M., AND OLSEN, R. W.: Protein
kinase C and cAMP-dependent protein kinase phosphorylate the $ subunit of
the purified -y-axninobutyric acid A receptor. Proc. Natl. Acad. Sci. USA 87:
1315-1318, 1990.

BROWNING, M. D., HUANG, C-K., AND GREENGARD, P.: Similarities between
protein Ills and protein 11th, two prominent synaptic vesicle-associated phos-
phoproteins. J. Neurosci. 7: 847-853, 1987.

BROWNING, M. D., HUGANIR, R., AND CREENGARD, P.: Protein phosphorylation
and neuronal function. J. Neurochem. 45: 11-23, 1985.

BRUGGE. J. S.. CorroN, P. C., QUERAL, A. E., BARRETT, J. N., NONNER, D.,
AND KEANE, R. W.: Neurones express high levels of a structurally modified,
activated form ofpp60���c. Nature (Lond.) 316: 554-557, 1985.

BRUNATI, A. M., AND PINNA, L. A.: Isolation and partial characterization of
distinct species of phosphotyrosyl protein phosphatases from rat spleen.
Biochem. Biophys. Bee. Commun. 133: 929-936, 1985.

BULLEIT, R. F., BENNETT, M. K., MOLLOY, S. S., HURLEY, J. B., AND KENNEDY,

M. B.: Conserved and variable regions in the subunits of brain type II Ca’�/
Calmodulin-dependent protein kinase. Neuron 1: 63-72, 1988.

BURCH, R. M.: C protein regulation ofphospholipase A,. Mol. Neurobiol. 3: 155-
171, 1989.

BURCH, R. M, LuINI, A., AND AXELROD, J.: Phospholipase A, and phospholipase
C are activated by distinct GTP binding proteins in response to a,-adrenergic
stimulation in FRTL5 thyroid cells. Proc. NatL Acad. Sci. USA 83: 7201-
7205, 1986.

BURGOYNE, R. D.: Regulation of the muscarinic acetylcholine receptor: effects of
phosphorylating conditions on agonist and antagonist binding. J. Neurochem.
40: 324-331, 1983.

BURKE, B. E., AND DELORENzO, R. J.: Ca’�- and calmodulin-stimulated endog-
enous phosphorylation of neurotubulin. Proc. Natl. Acad. Sci. USA 78: 991-
995, 1981.

BUXBAUM, J. D., CANDY, S. E., ClccHarri, P., EHRLICH, M. E., CzEaNIK, A. J.,
FRACASSO, R. P., RAMASHADRAN, T. V. UNTERBECK, A. J., AND CREENGARD,

P.: Processing of Alzheimer $/A4 amyloid precursor protein: modulation by
agents that regulate protein phosphorylation. Proc. Natl. Acad. Sd. USA 87:
6003-6006, 1990.

CADD, C., AND MCKNIGHT, C. S.: Distinct patterns of cAMP-dependent protein
kinase gene expression in mouse brain. Neuron 3: 71-79, 1989.

CA�.BREsI, P., MERCURI, N., STANZIONE, P., STEFANI., A., AND BERNARDI, C.:
Intracellular studies on the dopainine.induced firing inhibition of neostriatal
neurons in vitro: evidence for Dl receptor involvement. Neuroscience 20: 757-
771, 1987.

CAMPBELL, D. C., HARDIE, D. C., AND VULLIET, P. R.: Identification of four
phosphorylation sites in the N-terminal region of tyrosine hydroxylase. J. Biol.
Chem. 261: 10489-10492, 1986.

CARD, J. P., MEADE, R. P., AND DAVIS, L. C.: Immunocytochemical localization

of the precursor protein for fl-amyloid in the rat central nervous system.
Neuron 1: 835-846, 1988.

CARDEN, M. J., SCHLAEPFER, W. W., AND LEE, V. M.-Y.: The structure, bio-
chemical properties, and immunogenicity of neurofilament peripheral regions
are determined by phosphorylation state. J. Biol. Chem. 260: 9805-9817, 1985.

CARLSON J. H., BERGSTROM, D. A., AND WALTERS, J. R.: Stimulation of both
D, and D2 dopamine receptors appears necessary for full expression of postsyn-
aptic effects of dopamine agonists: a neurophysiological study. Brain Res. 400:
205-218, 1987.

CARPENTER, C., AND COHEN, S.: Epidermal growth factor. J. Biol. Chem. 265:
7709-7712, 1990.

CASTAGNA, M., TAKAI, Y., KAIBUCHI, K., SANO, K., KIKKAWA, U., AND NISHI-

ZUKA, Y.: Direct activation of calcium-activated, phospholipid-dependent pro-
tein kinase by tumor-promoting phorbol esters. J. Biol. Chem. 257: 7847-
7851, 1982.

CASTELLUCCI, V. F., KANDEL, E. R., SCHWARTZ, J. H., WILSON, F. D., NAIRN,
A. C, AND GREENGARD, P.: Intracellular injection of the catalytic subunit of

cyclic AMP-dependent protein kinase simulates facilitation of transmitter
release underlying behavioral sensitization in Aplysia. Proc. NatI. Acad. Sci.
USA 77: 7492-7496, 1980.

CASTELLUCCI, V. F., NAIRN, A., GREENGARD, P., SCHWARTZ, J. H., AND KANDEL,

E. R.: Inhibitor of adenosine 3’,S’-monophosphate-dependent protein kinase
blocks presynaptic facilitation in Aplysia. J. Neurosci. 2: 1673-1681, 1982.

CATFERALL, W. A.: Molecular properties of voltage-sensitive sodium channels.
Annu. Rev. Biochem. 55: 953-985, 1986.

CA’rI’ERALL, W. A., SEAGAR, M. J., AND TAKAHASI, M.: Molecular properties of
dihydropyridine-sensitive calcium channels in skeletal muscle. J. Biol. Chem.
263: 3535-3538, 1988.

CHAD, J. E., AND ECKERT, R.: An enzymatic mechanism for calcium current
inactivation in dialysed Helix neurones. J. Physiol. 378: 31-51, 1986.

CHAN, S. Y., MURAKAMI, K., AND ROUVFENBERG, A.: Phosphoprotein Fl:
purification and characterization of a brain kinase C substrate related to
plasticity. J. Neurosci. 6: 3618-3627, 1986.

CHANGEUX, J.-P., DEvILLERS-THIERY, A., AND CHEMOUILLI, P.: Acetylcholine
receptor: an allosteric protein. Science (Wash. DC) 225: 1335-1345, 1984.

CHARBONNEAU, H., TONKS, N. K., WALSH, K. A., AND FISCHER, E. H.: The
leukocyte common antigen (CD45): a putative receptor-linked protein tyrosine
phosphatase. Proc. Natl. Acad. Sci. USA 85: 7182-7186, 1988.

CHI0D0, L. A., AND BERGER, T. W.: Interactions between dopamine and amino
acid-induced excitation and inhibition in the striatum. Brain Res. 375: 198-

203, 1956.
CLARK, D., AND WHITE, F. J.: Review: Dl doparnine receptor-the search for a

function: a critical evaluation of the Dl/D2 dopamine receptor classification
and its functional implications. Synapse 1: 347-388, 1987.

CLEGG, C. H., CADD, C. C., AND MCKNIGHT, C. S.: Genetic characterization of
a brain-specific form of the type I regulatory subunit of cAMP-dependent
protein kinase. Proc. Natl. Sci. USA 85: 3703-3707, 1988.

CLEVELAND, D. W., Hwo, S.-Y., AND KIRSCHNER, M. W.: Physical and chemical
properties of purified tau factor and the role of tau in microtubule assembly. J.
Mol. Biol. 116: 227-247, 1977.

COBB, M. H., AND ROSEN, 0. M.: The insulin receptor and tyrosine protein
kinase activity. Biochim. Biophys. Acts 738: 1-8, 1983.

COCHET, C., GILL, C. N., MEISENHELDER, J., COOPER, J. A., AND HUNTER, T.:
C-kinase phosphorylates the epidermal growth factor receptor and reduces its
epidermal growth factor-stimulated tyrosine protein kinase activity. J. Biol.
Chem. 259: 2553-2558, 1984.

COGGINS, P. J., AND ZWIERS, H.: Evidence for a single protein kinase C-mediated
phosphorylation site in rat brain protein B-SO. J. Neurochem. 53: 1895-1901,
1989.

COHEN, P.: The calmodulin-dependent multiprotein kinase. Mol. Aspects Cell.

Regul. 5: 145-194, 1988.
COHEN, P.: The structure and regulation of protein phosphatases. Annu. Rev.

Biochem. 58: 453-508, 1989.
COHEN, P., AND COHEN, P. T. W.: Protein phosphatases come of age. J. Biol.

Chem. 264: 21435-21438, 1989.
COLLEY, P. A., SHEU, F-S., AND ROUTFENBERG, A.: Inhibition of protein kinase

C blocks two components of LTP persistence, leaving initial potentiation intact.
J. Neurosci. 10: 3353-3360, 1990.

COLLINGRIDGE, C. L.: Long term potentiation in the hippocampus: mechanisms

of initiation and modulation by neurotransmitters. Trends Pharmacol. Sd. 6:
407-411, 1985.

CORBIN, J. D., AND LINCOLN, T. M.: Comparison of cAMP- and cCMP-depend-
ent protein kinases. Adv. Cyclic Nucleotide Res. 9: 159-170, 1978.

C0RsIN, J. D., #{216}GREID, D., MILLER, J. P., SUVA., R. H., JASTORFF, B., AND

DeSKELAND, S. 0.: Studies of cCMP analog specificity and function of the

two intrasubunit binding sites of cGMP-dependent protein kinase. J. Biol.
Chem. 261: 1208-1214, 1986.

CORBIN, J. D., SUGDEN, P. H., LINCOLN, T. M., AND KEELY, S. L.: Compart-
mentalization of adenosine 3’,S’-monophosphate and adenosine 3’ ,5’-mono-

phosphate-dependent protein kinase in heart tissue. J. Biol. Chem. 252:3854-
3861, 1977.

COSTA, M.: Endogenous protein kinase inhibitor levels regulate changes in
specific activity of protein kinase in quiescent cells stimulated to proliferate.
Biochem. Biophys. Res. Commun. 78: 1311-1318, 1977.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


PROTEIN PHOSPHORYLATION AND NEURONAL FUNCTION 337

COSTA, M. R., AND CATFERALL, W. A.: Phosphorylation in the a subunit of the
sodium channel by protein kinase C. Cell. Mol. Neurobiol. 4: 291-297, 1984a.

COSTA, M. R. C., CASNELLIE, J. E., AND CATTERALL, W. A.: Selective phosphor-
ylation of the a subunit of the sodium channel by cAMP-dependent protein

kinase. J. Biol. Chem. 257: 7918-7921, 1982.
COSTA, M. R. C., AND CATFERALL, W. A.: Cyclic AMP-dependent phosphoryla-

tion of the a subunit of the sodium channel in synaptic nerve ending particles.

J. Biol. Chem. 259: 8210-8218, 19Mb.
COTMAN, C. W., AND IvERSEN, L. L.: Excitatory amino acids in the brain-focus

on NMDA receptors. Trends Neurosci. 10: 263-265, 1987.
COTFON, P. C., AND BRUGGE, J. S.: Neural tissues express high levels of the

cellular arc gene product pp6O�”. MoL Cell. Biol. 3: 1157-1162, 1983.
COUGHLIN, B. A., WHITE, H. D., AND PURICH, D. L.: Autophosphorylation of

brain microtubule protein: evidence for endogenous protein kinase/phospho-
protein phosphatase cycling and multiple phosphorylation of a microtubule
associated protein. Biochem. Biophys. Baa. Commun. 92: 89-94, 1980.

COUSSEN, F., HAIECH, J., D’ALAYER, J., AND MONNERON, A.: Identification of
the catalytic subunit of brain adenylate cyclase: a calmodulin binding protein

of 135 kDa. Proc. NatL Acad. Sci. USA 82: 6736-6740, 1985.
COUSSENS, L., PARKER, P. J., RHEE, L., YANG-FaNG, T. L., CHEN, E., WATER-

FIELD, M. D., FRANCKE, U., AND ULLRICH, A.: Multiple distinct forms of
bovine and human protein kinase C suggest diversity in cellular signalling
pathways. Science (Wash. DC) 233: 859-866, 1986.

CREasE, I., AND SNYDER, S. H.: Behavioral and biochemical properties of the
dopamine receptor. In Psychopharmacology: A Generation of Progress, ed. by
M. A. Lipton, A. DiMascio, and K. F. Killam, pp. 377-388, Raven Press, New

York, 1978.
CuRTIs, B. M., AND CATTERALL, W. A.: Phosphorylation of the calcium antago-

nist receptor of the voltage-sensitive calcium channel by cAMP.dependent
protein kinase. Proc. Natl. Acad. Sci. USA 82: 2528-2532, 1985.

CZERNIK, A. J., PANG, D. T., AND GREENGARD, P.: Amino acid sequences
surrounding the cAMP-dependent and calcium/calmodulin-dependent phos-

phorylation sites in rat and bovine synapsin I. Proc. Natl. Acad. Sci. USA 84:
7518-7522, 1987.

DABROWSKA, R., AND HARTSHORNE, D. J.: A Ca’�- and modulator-dependent
myosin light chain kinase from non-muscle cells. Biochem. Biophys. Res.
Commun. 85: 1352-1359, 1978.

DABROWSKA, R., SHERRY, J. M. F., ARAMATORIO, D. K., AND HARTSHORNE, D.
J.: Modulator protein as a component of the myosin light chain kinase from
chicken gizzard. Biochemistry 17: 253-255, 1978.

DALY, J.: Cyclic Nucleotides in the Nervous System, Plenum Press, New York,
1977.

DAMUNI, Z., AND REED, L. J.: Purification and properties of the catalytic subunit
of the branched-chain, a-keto acid dehydrogenase phosphatase from bovine

kidney mitochondria. J. Biol. Chem. 262: 5129-5132, 1987.
DAvIS, R. J., AND CZECH, M. P.: Inhibition of the apparent affinity of the

epidermal growth factor receptor caused by phorbol diesters correlates with
phosphorylation of threonine-654 but not other sites on the receptor. Biochem.
J. 233: 435-441, 1986.

DEsRRY, A., GINGRICH, J. A., FALARDEAU, P., FREEMEAU, R. T, JR., BATES, M.
D., AND CARON, M. C.: Molecular cloning and expression of the gene for a
human D, dopamine receptor. Nature (Lond.) 347: 72-76, 1990.

DE CAMILLI, P., BENFENATI, F., VALTORTA, F., AND CREENGARD, P.: The
synapsins. Annu. Rev. Cell Biol. 6: 433-460, 1990.

DE CAMILLI, P., CAMERON, R., �iiD GREENGARD, P.: Synapsin I (Protein I), a
nerve terminal-specific phosphoprotein. I. Its general distribution in synapses

of the central and peripheral nervous system demonstrated by immunofluores-
cence in frozen and plastic sections. J. Cell Biol. 96: 1337-1354, 1983a.

DE CAMILLI, P., AND GREENGARD, P.: Synapsin I: a synaptic vesicle-associated
neuronal phosphoprotein. Biochem. Pharinacol. 35: 4349-4357, 1986.

DE CAMILLI, P., HARRIS, S. M., HU’rTNER, W. B., AND CREENGARD, P.: Synapsin
I (protein 1), a nerve terminal-specific phosphoprotein. II. Its specific associa-

tion with synaptic vesicles demonstrated by immunocytochemistry in agarose-
embedded synaptosomes. J. Cell Biol. 96: 1355-1373, 1983b.

Da CAMILLI, P., AND JAHN, R.: Pathways to regulated exocytosis in neurons.
Annu. Rev. Physiol. 52: 625-645, 1990.

DE CAMILLI, P., MILLER, P. E., LEvrrr, P., WALTER, U., AND GREENGARD, P.:
Anatomy of cerebellar Purkinje cells in the rat determinded by a specific
immunohistochemical marker. Neuroscience 1 1: 761-817, 1984a.

DE CAMILLI, P., MILLER, P. E., NAVONE, F., THEURKAUF, W. E., AND VALLEE,

R. B.: Distribution of microtubule-associated protein 2 in the nervous system
of the rat studied by immunofluorescence. Neuroscience 1 1 : 819-846, 19Mb.

DE CAMILLI, P., M0RE’rrl, M., DONINI, S. D., WALTER, U., AND LOHMANN, S.
M.: Heterogeneous distribution of the cAMP receptor protein RII in the
nervous system: evidence for its intracellular accumulation on microtubules,
microtubule-organizing centers, and in the area of the Colgi complex. J. Cell
Biol. 103: 189-203, 1986.

DE C�iA�N, P. N. E., VAN HooF, C. 0. M., TILLY, B. C., ScHOTMAN, P.,
OESTREICHER, A. B., AND GISPEN, W. H.: Phosphoprotein B-SO in nerve

growth cones from fetal rat brain. Neurosci. Lett. 61: 235-241, 1985.
DE JONGE, H. R.: Cyclic GMP-dependent protein kinase in intestinal brushbor-

ders. Adv. Cyclic Nucleotide Res. 14: 315-333, 1981.

DE JONGH, K. S., MERRICK, D. K., AND CATFERALL, W. A.: Subunits of purified
calcium channels: a 212-kDa form of a-i and partial amino acid sequence of a

phosphorylation site of an independent � subunit. Proc. Natl. Acad. Sci. USA
86: 8585-8589, 1989.

DEKKER, L. V., DE GRA�N, P. N. E., DE WIT, M., HENS, J. J. H., AND GISPEN,

W. H.: Depolarization-induced phosphorylation of the protein kinase C sub-
strate B-SO (GAP-43) in rat cortical synaptosomes. J. Neurochem. 54: 1645-
1652, 1990.

DEKKER, L. V., DE Gita�N, P. N. E., OESTREICHER, A. B., VERSTEEG, D. H. G.,
AND GISPEN, W. H.: Inhibition of noradrenaline release by antibodies to B-SO
(CAP-43). Nature (Lond.) 342: 74-76, 1989a.

DEKKER, L. V., DE GRA�N, P. N. E., VERSTEEG, D. H. C., OESTREICHER, A. B.,

AND GISPEN, W. H.: Phosphorylation of B-SO (CAP43) is correlated with
neurotransmitter release in rat hippocampal slices. J. Neurochem. 52: 24-30,

1989b.
DELORENzO. R. J.: Calcium-dependent phosphorylation of specific synaptosomal

fraction proteins: possible role of phosphoproteins in mediating neurotrans-
mitter release. Biochem. Biophys. Res. Commun. 71: 590-597, 1976.

DENNER, L. A., SCHRADER, T., O’MALLEY, B. W., AND WEIGEL, N. L.: Hormonal

regulation and identification of chicken progesterone receptor phosphorylation
sites. J. Biol. Chem. 265: 16548-16555, 1990.

DE PEYER, J. E., CACHELIN, A. B., LEVITAN, I. B., AND REUTER, H.: Ca’�-
activated K� conductance in internally perfused snail neurons is enhanced by
protein phosphorylation. Proc. Nail Acad. Sd. USA 79: 4207-4211, 1982.

DERIEMER, S. A., STRONG, J. A., ALBERT, K. A., GREENGARD, P., AND KACzMA-

REK, L. K.: Phorbol ester and protein kinase C enhance calcium current in
Aplysia neurones. Nature (Lond.) 313: 313-316, 1985.

DE’rRE, J. A., NAIRN, A. C., ASWAD, D. W., AND CREENGARD, P.: Localization
in mammalian brain of C-substrate, a specific substrate for guanosine 3’,5’-

cyclic monophosphate-dependent protein kinase. J. Neurosci. 4: 2843-2849,
1984.

DINGLEDINE, R.: N-methyl aspartate activates voltage-dependent calcium con-
ductance in rat hippocampal pyramidal cells. J. Physiol. 343: 385-405, 1983.

DIVAC, I., AND OBERG, C. E.: The Neostoriatum, Pergamon Press, New York,
1979.

DOHLMAN, H. C., BOUVIER, M., BENOVIC, J. L., CARON, M. C., AND LEFKOWITZ,

R. J.: The multiple membrane spanning topography of the �3,-adrenergic
receptor. J. Biol. Chem. 262: 14282-14288, 1987a.

DOHLMAN, H. C., CARON, M. C., AND LEFKOWI’Fz, R. J.: A family of receptors
coupled to guanine nucleotide regulatory proteins. Biochemistry 26: 2657-
2664, 198Th.

DOLPHIN, A. C., ERRINGTON, M. L., AND BLISS, T. V. P.: Long-term potentiation
of the perforant path in vivo is associated with increased glutamate release.
Nature (Lond.) 297: 496-498, 1982.

DOLPHIN, A. C., AND GREENGARD, P.: Serotonin stimulates phosphorylation of
protein I in the facial motor nucleus of rat brain. Nature (Lond.) 289: 76-79,
1981a.

DOLPHIN, A. C., AND GREENGARD, P.: Neurotransmitter and neuromodulator-
dependent alterations in phosphorylation of protein I in slices of rat facial
nucleus. J. Neurosci. 1: 192-203, 1981b.

DOROSHENKO, P. A., KOSTYUK, P. C., MARTYNYUK, A. E., KURSKY, M. D., AND

VoRoBa’rz, Z. D.: Intracellular protein kinase and calcium inward currents in
perfused neurons of the snail Helix pomatia. Neuroscience 1 1: 263-267, 1984.

D#{216}SKELAND, A. P., SCHWORER, C. M., D#{216}SKELAND, S. 0., CHRISMAN, T. D.,
SODERLING, T. R., CORBIN, J. D., AND FLATMARK, T.: Some aspects of the
phosphorylation of phenylalanine 4-monooxygenase by a calcium-dependent

and calmodulin-dependent protein kinase. Eur. J. Biochem. 145: 31-37, 1984.
D#{216}SKELAND, S. 0., AND #{216}GREID, D.: Binding proteins for cyclic AMP in

mammalian tissues. Int. J. Biochem 13: 1-19, 1981.
D#{216}SKELAND, S. 0., AND 0GREID, D.: Characterization of the interchain and

intrachain interaction between the binding sites of the free regulatory moiety
of protein kinase I. J. Biol. Chem. 259: 2291-2301, 1984.

DOWNES, C. P.: Receptor-stimulated inositol phospholipid metabolism in the
central nervous system. Cell Calcium 3: 413-428, 1982.

DOWNES, C. P.: Inositol phosphates: a family of signal molecules? Trends
Neurosci. 1 1: 336-338: 1988.

DRUBIN, D. C., AND KIRSCHNER, M. W.: Tau protein function in living cells. J.
Cell Biol. 103: 2739-2746, 1986.

DRUMMOND, C. I.: Cyclic nucleotides in the nervous system. Adv. Cyclic Nucleo-
tide Res. 15: 373-494,1983.

DUNKLEY, P. R., BAKER, C. M.. AND ROBINSON, P. J.: Depolarization-dependent
protein phosphorylation in rat cortical synaptosomes: characterization of active
protein kineses by phosphopeptide analysis of substrates. J. Neurochem. 46:
1692-1703, 1986.

DUNWIDDIE, T. V., AND HOFFER, B. J.: The role of cyclic nucleotides in the
nervous system. In Handbook of Experimental Pharmacology, vol. 58/lI, Cyclic
Nucleotides, Part II: Physiology and Pharmacology, ed, by J. W. Kebabian,
and J. A. Nathanson, Springer Verlag, 1982.

EAGLES, P. A. M., GILBERT, D. S., AND MAGGS, A.: The location of phosphor.
ylation sites and Ca2�-dependent proteolytic cleavage sites on the major neu-
rofilament polypeptides from Myxicokz infundibulum. Biochem. J. 199: 101-
lii, 1981.

ECKERT, R., AND CHAD, J. E.: Inactivation of calcium channels. Prog. Biophys.
Mol. Biol. 44: 215-267, 1984.

ECKERT, R., CHAD, J. E., AND KALMAN, D.: Enzymatic regulation of calcium
current in dialyzed and intact molluscan neurons. J. Physiol. 81: 31-324, 1986.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


338 WALAAS AND GREENGARD

EDELMAN, A. M., BLUMENTHAL, D. K., AND KREBS, E. C.: Protein serine/
threonine kineses. Annu. Rev. Biochem. 56: 567-613, 1987.

EDELMAN, A. M., HUNTER, D. D., HENDRICKSON, A. E., AND KREBS, E. C.:
Subcellular distribution of calcium- and calmodulin-dependent myosin light

chain phosphorylating activity in rat cerebral cortex. J. Neurosci. 5: 2609-
2617, 1985.

EDELMAN, A. M., ReESE, J. D., L�wt, M. A., AND BARCHAS, J. D.: Tyrosine
hydroxylase: studies on the phosphorylation of a purified preparation of the
brain enzyme by the cyclic AMP-dependent protein kinase. J. Pharmacol. Exp.
Ther. 216: 647-653, 1981.

ELBRECHT, A., DIRENz0, J., SMITH, R. G., AND SHENOLIKAR, S.: Molecular

cloning of protein phosphatase inhibitor-i and its expression in rat and rabbit
tissues. Proc. Natl. Acad. Sci. USA (submitted).

ELIOT, L. S., DUDAI, Y., KANDEL, E. R., AND ABRAMS, T. W.: Ca’�/calmodulin
sensitivity may be common to all forms of neural adenylate cyclase. Proc. Natl.
Acad. Sci. USA 86: 9564-9568, 1989.

ENDO, T., AND HIDAKA, H.: Ca’�-calmodulin dependent phosphorylation of
myelin isolated from rabbit brain. Biochem. Biophys. Res. Commun. 97: 553-
558, 1980.

ERIKSON, R. L., COLLETT, M. S., ERIKSON, E., PURCHIO, A. F., AND BRUGGE,

J. S.: Protein phosphorylation mediated by partially purified avian sarcoma

virus transforming-gene product. Cold Spring Harbor Symp. Quant. Biol. 44:
907-917, 1980.

ERONDU, N. E., AND KENNEDY, M. B.: Regional distribution of type II Ca 2+/

calmodulin-dependent protein kinase in rat brain. J. Neurosci. 5: 3270-3277,
1985.

ESCH, F. S., KEIM, P. S., BEATTIE. E. C., BLACHER, R. W., CULWELL, A. R.,
OLTERSDORF, T., MCCLURE, D., AND WARD, P. J.: Cleavage of amyloid �
peptide during constitutive processing of its precursor. Science (Wash. DC)
248: 1122-1124, 1990.

EUSEBI, F., MOLINARO, M., AND ZANI, B. M.: Agents that activate protein kinase
C reduce acetylcholine sensitivity in cultured myotubes. J. Cell Biol. 100:
1339-1342, 1985.

EWALD, D. A., WILLIAMS, A., AND LEVITAN, I. B.: Modulation of single Ca’�-

dependent K�-channel activity by protein phosphorylation. Nature (Lond.)
315: 503-506, 1985.

FARLEY, J., AND AUERBACH S.: Protein kinase C activation induces conductance
changes in Hermissenda photoreceptors like those seen in associative learning.
Nature (Lond.) 319: 220-223, 1986.

FEASEY, K. J., LYNCH, M. A., AND Buss, T. V. P.: Long-term potentiation is
associated with an increase in calcium-dependent, potassium-stimulated release

of [‘4C)glutamate from hippocampal slices: an cx vivo study in the rat. Brain
Res. 364: 39-44, 1986.

FELDER, C. C., BLECHER, M., AND JOSE, P. A.: Dopamine-1-mediated stimulation
of phospholipase C activity in rat renal cortical membranes. J. Biol. Chem.
264: 8739-8745, 1989.

FERRENDELLI, J. A.: Distribution and regulation of cyclic GMP in the central
nervous system. Adv. Cyclic Nucleotide Res. 9: 453-464, 1978.

Fasius, C. D., HUGANIR, R. L., SUPATTAPONE. S., AND SNYDER, S. H.: Purified
inositol 1,4,5.trisphosphate receptor mediates calcium flux in reconstituted
lipid vesicles. Nature (Lond.) 342: 87-89, 1989.

FIsHER, S. K., AND AGRANOFF, B. W.: Receptor activation and inositol lipid
hydrolysis in neural tissues. J. Neurochem. 48: 999-1017. 1987.

FONNUM, F., STORM-MATHISEN, J., AND DIVAC, I.: Biochemical evidence for
glutamate as neurotransmitter in corticostriat.al and corticothalamic fibres in
rat brain. J. Neurosci. 6: 863-873, 1981.

FONNUM, F., AND WALAAS, S. I.: Localization of neurotransmitter candidates in
neostriatum. In The Neostriatum, ed. by I. Divac, and C. E. Oberg, pp. 53-69,
Pergamon Press, New York, 1979.

FORN, J., AND CREENGARD, P.: Depolarizing agents and cyclic nucleotides
regulate the phosphorylation of specific neuronal proteins in rat cerebral cortex
slices. Proc. Natl. Acad. 5ci. USA 75: 5195-5199, 1978.

FORN, J., KRUEGER, B. K., AND GREENGARD, P.: Adenosine 3’,S’-monophos-
phate content in rat caudate nucleus: demonstration of dopaminergic and
adrenergic receptors. Science (Wash. DC) 186: 1118-1120, 1974.

FosTER, C. A., DAHL, D., AND LEE, V. M.-Y.: Temporal and topographic
relationships between the phosphorylated and nonphosphorylated epitopes of
the 200 kDa neurofilament protein during development in vitro. J. Neurosci.
7: 2651-2663, 1987.

FOULKES, J. C., ERIKSON, E., AND ERIK50N, R. L.: Separation of multiple
phosphotyrosyl. and phosphoseryl-protein phosphatases from chicken brain.
J. Biol. Chem. 258: 431-438, 1983.

FREUND, T. F., POWELL, J. F., AND SMITH, A. D.: Tyrosine hydroxylase-
immunoreactive boutons in synaptic contact with identified striatonigral neu-
rons, with particular reference to dendritic spines. Neuroscience 13: 1189-
1215, 1984.

FRIzzELL, R. A., RECHKEMMER, C., AND SHOEMAKER, R. L.: Altered regulation
of airway epithelial cell chloride channels in cystic fibrosis. Science (Wash.
DC) 233: 558-560, 1986.

FUJISAWA, H., YAMAUCHI, T., OKUNO, S., AND NAKATA, H.: Regulation of
monoamine biosynthesis by calmodulin-dependent protein kinase in the nerv-
ous system. Adv. Cyclic Nucleotide Protein Phosphorylation Res. 17: 503-510,
1984.

FUKUNAGA, K., RICH, D. P., AND SODERLING, T. R.: Generation of the Ca’�-

independent form of calcium/calmodulin-dependent protein kinase II in cere-
bellar granule cells. J. Biol. Chem. 264: 21830-21836, 1989.

FUKUNAGA, K., YAMAMOTO, H., MATSUI, K., HIGASHI, K., AND MIYAMOTO, E.:
� Purification and characterization of a Ca’�- and calmodulin-dependent protein

kinase from rat brain. J. Neurochem. 39: 1607-1617, 1982.
FURUICHI, T., YOSHIKAWA, S., MIYAWAKAI, A., WADA, K., MAEDA, N., AND

MIK0SHmA, K.: Primary structure and functional expression of the inositol
1,4,5-trisphosphate-binding protein P�. Nature (Lond.) 342: 32-38, 1989.

GAMMELTOFT, S., HASELBACHER, C. K., HUMBEL, R. E., FEHLMANN, M., AND

VAN OBBERGHEN, E.: Two types of receptor for insulin-like growth factors in
mammalian brain. EMBO J. 4: 3407-3412, 1985.

CANDY, S. E., BUXBAUM, J. D., AND CREENGARD, P.: Signal transduction and
the pathobiology of Alzheimer’s disease. In Alzheimer’s Disease and Related
Disorders, ed. by Iqbal, K., Crapper-McLachlan, D., Winblad, B., and Wis-
niewski, H., John Wiley & Sons, Chichester, England, in press, i990a.

CANDY, S., CzERNIK, A. J., AND GREENGARD, P.: Phosphorylation of Alzheimer
disease amyloid precursor peptide by protein kinase C and Ca’�/calmodulin-
dependent protein kinase II. Proc. NatI. Aced. Sci. USA 85: 6218-6221, 1988.

CANDY, S. E., CREBB, J. A., ROSEN, N., ALBERT, K. A., DEVINSKY, 0., BLUM-

BERG, H., ANDERSON, N., CEDARBAUM, J. M., PORTER, R. J., SEDVALL, C.,
POSNER, J. B., AND CREENGARD P.: General assay for phosphoproteins in
cerebrospinal fluid: a candidate marker for paraneoplastic cerebellar degener-
ation. Ann. Neurol. 28: 829-833, 199Ob.

CARD, D. L., AND KIRSCHNER, M. W.: A polymer-dependent increase in phos-
phorylation of �-tubulin accompanies differentiation of a mouse neuroblastoma

cell line. J. Cell Biol. 100: 764-774, 1985.
GARTHWAITE, J., CHARLES, S. L., AND CHESS-WILLIAMS, R.: Endothelium-

derived relaxing factor release on activation of NMDA receptors suggests role
as intercellular messenger in the brain. Nature (Lond.) 336: 385-388, 1988.

GILMAN, A. C.: C proteins: transducers of receptor-generated signals. Annu. Rev.
Biochem. 56: 615-649, 1987.

GIRAULT, J.-A., HEMMINGS, H. C., JR., WILLIAMS, K. R., NAIRN, A. C., AND

GREENGARD, P.: Phosphorylation of DARPP-32, a dopamine- and cAMP-
regulated phosphoprotein, by casein kinase II. J. Biol. Chem. 264: 21748-
21759, 1989a.

CIRAULT, J.-A., HEMMINGS, H. C., JR., ZORN, S. H., CUSTAFSON, E. L., AND

GREENGARD, P.: Characterization in mammalian brain of a DARPP-32 serine
kinase identical to casein kinase II. J. Neurochem. 55: 1772-1783, 1990.

GIRAULT, J.-A., RAISMAN-VOzARI, R., AGID, Y., AND CREENGARD, P.: Striatal
phosphoproteins in Parkinson disease and progressive supranuclear palsy. Proc.
Natl. Aced. Sci. USA 80: 2493-2497, 1989b.

GIRAULT, J.-A., SHALABY, I. A., ROSEN, N. L., AND GREENGARD, P.: Regulation

by cAMP and vasoactive intestinal peptide of phosphorylation of specific
proteins in striatal cells in culture. Proc. Natl. Acad. Sci. USA 85: 7790-7794,
1988.

GISPEN, W. H., LEUNISSEN, J. L. M., OE5TanIcHER, A. B., VERKLEIJ, A. J., AND

zwIERS, H.: Presynaptic localization of B-SO phosphoprotein: the (ACTH)-
sensitive protein kinase substrate involved in rat brain polyphosphoinositide
metabolism. Brain Res. 328: 381-38�, 1985.

GOEDERT, M., WISCHIK, C. M., CROWTHER, R. A., WALKER, J. E., AND KLUG,

A.: Cloning and sequencing of the cDNA encoding a core protein ofthe paired
helical filament of Alzheimer disease: identification as the microtubule-asso-
ciated protein tau. Proc. NatL Aced. Sci. USA 85: 4051-4055, 1988.

GOLDBERG, L. I.: Cardiovascular and renal actions of dopamine: potential clinical
applications. Pharmacol. Rev. 24: 1-29, 1972.

GOLDENRING, J. R., GONZALEZ, B., MCGU1RE, J. S., AND DELORENZO, R. J.:
Purification and characterization of a calinodulin-dependent kinase from rat

brain cytosol able to phosphorylate tubulin and microtubule.associated pro-
teins. J. Biol. Chem. 258: 12632-12640, 1983.

GOLDENRING, J. R., LASHER, R. S., VALLANO, M. L., UEDA, T., N4�rro, S.,
STERNBERGER, N. H., STERNBERGER L. A., AND DE LORENzO, R. J.: Associ-
ation ofaynapsin I with neuronal cytoskeleton. J. Biol. Chem. 261: 849S-8504,
1986.

GOLDENRING, J. R., MCCUIRE, J. S., JR., AND DELORENzO, R. J.: Identification
of the major postsynaptic density protein as homologous with the major

calmodulin-binding subunit ofa calmodulin-dependent protein kinase. J. Neu-
rochem. 42: 1077-1084, 1984.

GOLDENRING, J. R., VALLANO, M. L., AND DELORENZO, R. J.: Phosphorylation
of microtubule-associated protein 2 at distinct sites by calmodulin-dependent
and cyclic-AMP-dependent kinases. J. Neurochem. 45: 900-905, 1985.

COLDGABER, D., SCHMECHEL, D. E., AND ODENWALD, W. F.: Hox 1.3, amyloid
�3-protein and aging. Soc. Neurosci. Abet. 15: 23, 1989.

COLDMAN-RAKIC, P. 5., AND SELEMON, L. D.: New frontiers in basal ganglia
research. Trends Neurosci. 13: 241-244, 1990.

CORDON, A. S., MILFAY, D., DAVIS, C. C., AND DIAMOND, I.: Protein phosphatase
activity in acetylcholine receptor-enriched membranes. Biochem. Biophys. Res.
Commun. 87: 876-883, 1979.

GORDON-WEEKS, P. R.: GAP-43-what does it do in the growth cone? Trends
Neurosci. 12: 363-365, 1989.

CORDON-WEEKS, P. R., BURGOYNE, R. D., AND GRAY, E. C.: Presynaptic
microtubules: organization and assembly/disassembly. J. Neurosci. 7: 739-749,
1982.

GORELICK, F. S., COHN, J. A., FREEDMAN, S. D., DELAHUNT, N. C., GERSHONI,

J. M., AND JAMIESON, J. D.: Calmodulin-stimulated protein kinase activity
from rat pancreas. J. Cell Biol. 97: 1294-1298, 1983.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


PROTEIN PHOSPHORYLATION AND NEURONAL FUNCTION 339

CORELICK, F. S., WANG, J. K. T., L.�I, Y., NAIRN, A. C., AND CREENGARD, P.:
Autophosphorylation and activation of Ca’�/calmodulin-dependent protein
kinase II in intact nerve terminals. J. Biol. Chem. 263: 17209-17212, 1988.

COSLIN, K., SCHREYER, D. J.. SKENE, J. H. P., AND BANKER, C.: Development
of neuronal polarity: GAP-43 distinguishes axonal from dendritic growth cones.

Nature (Lond.) 336: 672-674, 1988.
Co�ro, S., MATSUKADO, Y., MIHARA, Y., INOUE, N., AND MIYAMOTO, E.: The

distribution of calcineurin in rat brain by light and electron microscopic
immunohistochemistry and enzyme-immunoassay. Brain Rae. 397: 161-172,
1986.

CoTo, S., YAMAMOTO, H., FUKUNAGA, K., IWASA, T., MATSUKADO, Y., AND
MIYAMOTO, E.: Dephosphorylation of microtubule-associated protein 2, tau

factor, and tubulin by calcineurin. J. Neurochem. 45: 276-283, 1985.
CRAFF, J. M., STUMPO, D. J., AND BLACKSHEAR, P. J.: Characterization of the

phosphorylation sites in the chicken and bovine myristoylated alanine-rich C
kinase substrate protein, a prominent cellular substrate for protein kinase C.
J. BioL Chem. 264: 11912-11919, 1989a.

GRAFF, J. M., YOUNG, T. N., JOHNSON, J. D., AND BLACKSHEAR, P. J.: Phos-
phorylation-regulated calmodulin binding to a prominent cellular substrate for
protein kinase C. J. Biol. Chem. 264: 21818-21823, i989b.

GRAYBIEL, A. M., AND RAGSDALE, C. W., JR.: Biochemical anatomy of the
striatum. In Chemical Neuroanatomy, ed. by P. C. Emson, pp. 427-504, Raven
Press, New York, 1983.

CREBB, J. A., BROWNING, M. D., VALVERIUS, P., BORG, S., SEDVALL, C., AND
GREENGARD, P.: An analysis of postmortem brain samples from 32 alcoholic
and nonalcoholic individuals for protein III, a neuronal phosphoprotein. Alco-
holism: Clin. Exp. Rae. 13: 673-679, 1989.

CREaB. J. A., AND GREENGARD, P.: An analysis of synapsin II, a neuronal
phosphoprotein, in postmortem brain tissue from alcoholic and neuropsychiatr-
ically ill adults and medically ill children and young adults. Arch. Can. Psy-

chiatry 47: 1149-1156, 1990.
CREENGARD, P.: Possible role for cyclic nucleotides and phosphorylated mem-

brane proteins in posteynaptic actions of neurotransmitters. Nature (Lond.)

260: 101-108, 1976.
GREENGARD, P.: Phosphorylated proteins as physiological effectors. Science

(Wash. DC) 199: 146-152, 1978.
GREENGARD, P.: Neuronal phosphoproteins. Mediators of signal transduction.

Mol. Neurobiol. 1: 81-119, 1987.
GREENGARD, P., AND KUO, J. F.: On the mechanism of action of cyclic AMP.

Adv. Biochem. Psychopharmacol. 3: 287-306, 1970.
GRENNINGLOH, C., RIENITZ, A., ScHMIVF, B., METHFESSEL, C., ZENSEN, M.,

BEvR�ummt, K., GUNDELFINGER, E. D., AND BETz, H.: The strychnine-
binding subunit of the glycine receptor shows homology with nicotinic acetyl-
choline receptors. Nature (Lond.) 328: 215-220, 1987.

GRIFFITH, L. C., AND SCHULMAN, H.: The multifunctional Ca’�/calmodulin-
dependent protein kinase mediates Ca 2+ action in PC12 cells. J. Biol. Chem.
263: 9542-9549, 1987.

GROPPI, V. E., JR., AND BROWNING, E. T.: Norepinephrine-dependent protein
phosphorylation in intact C-6 glioma cells: analyses by two-dimensional gel
electrophoresis. Mol. Pharmacol. 18: 427-437, 1980.

GRUNDKE-IQBAL, I., IQBAL, K., TUNG, Y.-C., QUINLAND, M., WI5NIEWSKI, H.
M., AND BINDER, L. I.: Abnormal phosphorylation of the microtubule-associ.

ated protein (tau) in Alzheimer cytoskeletal pathology. Proc. Natl. Aced. Sci.
USA 83: 4913-4917, 1986.

GUARD, S., AND WATSON, S. P.: Tachykinin receptor types: classification and
membrane signalling mechanisms. Neurochem. Int. 18: 149-165, 1991.

GUERINI, D., HUBBARD, M. J., KRINKS, M. H., AND KLEE, C. B.: Multiple forms
of calcineurin, a brain isozyme of the calmodulin-stimulated protein phospha-
ieee. Adv. Cyclic Nucleotide Protein Phosphorylation Bee. 24: 242-247, 1990.

GURD, J. W.: Phosphorylation of the postaynaptic density glycoprotein gp 180
by Ca’�/calmodulin.dependent protein kinase. J. Neurochem. 45: 1128-1135,
1985.

HAAVIX, J., SCHELLING, D. L., CAMPBELL, D. C., ANDERSSON, K. K., FLATMARK,

T., AND COHEN, P.: Identification of protein phosphatase 2A as the major
tyrosine hydroxylase phosphatase in adrenal medulla and corpus striatum:
evidence from the effects of okadaic acid. FEBS Lett. 251: 36-42, 1989.

HACKETT, J. T., COCHRAN, S. L., GREENFIELD, L. J., BRoslus, D. C., AND UEDA,

T.: Synapsin I injected presynaptically into goldfish Mauthner axons reduces

quantal synaptic transmission. J. Neurophysiol. 63: 701-706, 1990.
HAGA, K., HAGA, T., AND ICHIYAMA, A.: Phosphorylation by protein kinase C of

the muscarinic acetylcholine receptor. J. Neurochem. 54: 1639-1644, 1990.
HALL, Z. W.: Three of a kind. the �-adrenergic receptor, the muscarinic acetyl-

choline receptor, and rhodopsin. Trends Neurosci. 10: 99-101, 1987.
HALPAIN, S., GIRAULT, J.-A., AND GREENGARD P.: Activation of NMDA recep-

tore induces dephosphorylation of DARPP-32 in rat striatal slices. Nature
(Lond.) 343: 369-372, 1990.

HALPAIN, S., AND GREENGARD P.: Activation of NMDA receptors induces rapid
dephosphorylation of the cytoskeletal protein MAP2. Neuron 5: 237-246, 1990.

HAMMERSCHLAG, R., AND BRADY, 5. T.: Axonal transport and the neuronal
cytoskeleton. In Basic Neurochemistry: Molecular, Cellular and Medical As-
pects, Ed. 4, ed. by C. F. Siegel et al., pp. 457-478, Raven press, New York,
1989.

HAMMOND, C., PAUPARDIN-TRITSCH, D., NAIRN, A. C., GREENGARD, P., AND

GERSCHENFELD, H. M.: Cholecystokinin induces a decrease in Ca2� current in

snail neurons that is mediated by protein kinase C. Nature (Lond.) 325: 809-
811, 1987.

HAMON, M., BOURGOIN, S., HERY, F., AND SIMONNET, C.: Activation of tryp-

tophan hydroxylase by adenosine triphosphate, magnesium, and calcium. Mol.
Pharmacol. 14: 99-110, 1978.

HANKS, S. K., QUINN, A. M., AND HUNTER, T.: The protein kinase family:
Conserved features and deduced phylogeny of the catalytic domains. Science
(Wash. DC) 241: 42-52, 1988.

HANSON, P. I., KAPILOFF, M. S., Lou, L. L., ROSENFELD, M. C., AND SCHULMAN,

H.: Expression of a multifunctional Ca’�/calmodulin-dependent protein kinase
and mutational analysis of its autoregulation. Neuron 3: 59-70, 1989.

HARDY, J., ADOLFSSON, R., ALAFUZOFF, I., BUCHT, C., MARCUSSON, J., NYBERG,

P., PERDAHL, E., WESTER, P., AND WINBLAD, B.: Transmitter deficits in
Alzheimer’s disease. Neurochem. Int. 7: 545-563, 1985.

HARGREAVES, A. J., WANDOSELL, F., AND AVILA, J.: Phosphorylation of tubulin
enhances its interaction with membranes. Nature (Land.) 323: 827-828, 1986.

HASHIMOTO, Y., KING, M. M., AND SODERLING, T. R.: Regulatory interactions
of calmodulin-binding proteins: phosphorylation of calcineurin by autophos-
phorylated Ca2�/calmodulin-dependentprotein kinase II. Proc. Natl. Aced. Sci.
USA 85: 7001-7005, 1988.

HASHIMOTO, Y., SCHWORER, C. M., COLBRAN, R. J., AND SODERLING, T. R.:
Autophosphorylation of Ca’�/calmodulin-dependent protein kinase II: effects
on total and Ca’�-independent activities and kinetic parameters. J. Biol. Chem.
262: 8051-8055, 1987.

HATHAWAY, D. R., ADELSTEIN, R. S., AND KLEE, C. B.: Interaction of calmodulin
with myosin light chain kinase and cAMP-dependent protein kinase in bovine

brain. J. Biol. Chem. 256: 8183-8189, 1981.
HATHAWAY, C. M., AND TRAUGH, J. A.: Casein kinases-multipotential protein

kineses. Curr. Top. Cell. Regul. 21: 101-127, 1982.
HAUSDORF, W. P., CARON, M. C., AND LEFKOWITz, R. J.: Turning off the signal:

desensitization of $-adrenergic receptor function. FASEB J. 4: 2881-2889,
1990.

HAYCOCK, J. W.: Phosphorylation of tyrosine hydroxylase in situ at serine 8, 19,

31, and 40. J. Biol. Chem. 265: 11682-11691, 1990.
HAYCOCK, J. W., BENNETT, W. F., GEORGE, R. J., AND WAYMIRE, J. C.: Multiple

site phosphorylation of tyrosine hydroxylase: differential regulation in situ by
8-bromo-cAMP and acetylcholine. J. Biol. Chem. 257: 13699-13703, 1982.

HAYCOCK, J. W., BROWNING, M. D., AND GREENGARD, P.: Cholinergic regulation
of protein phosphorylation in bovine adrenal chromaffm cells. Proc. NatI.
Aced. Sci. USA 85: 1677-1681, 19884.

HAYCOCK, J. W., GREENGARD, P., AND BROWNING, M. D.: Cholinergic regulation
of protein III phosphorylation in bovine adrenal chromaffin cells. J. Neurosci.
8: 3233-3239, i988b.

HEMMINGS, H. C., JR., GIRAULT, J.-A., WILLIAMS, K. R., LOPRESTI, M. B., AND

GREENGARD, P.: ARPP-2i, a cyclic AMP-regulated phosphoprotein (M, =

21,000) enriched in dopamine-innervated brain regions. J. Biol. Chem. 264:
7726-7733, 1989.

HEMMINGS, H. C., JR., AND GREENGARD, P.: DARPP-32, a dopamine- and
adenosine 3’,S’ -monophosphate-regulated phosphoprotein: regional, tissue,
and phylogenetic distribution. J. Neurosci. 6: 1469-1481, 1986.

HEMMINGS, H. C, JR., CREENGARD, P., TUNG, H. Y. L, AND COHEN, P.:
DARPP-32, a dopamine-regulated neuronal phosphoprotein, is a potent inhib�
itor of protein phosphatase-1. Nature (Lond.) 310: 503-505, 1984a.

HEMMINGS, H. C., JR., NAIRN, A. C., ELLIOT, J. I., AND CREENGARD, P.:

Synthetic peptide analogs of DARPP-32 (M, 32,000 dopamine- and cAMP-
regulated phosphoprotein), an inhibitor of protein phosphatase-1. J. Biol.
Chem. 265: 20369-20376, 1990.

HEMMINGS, H. C., JR., NAIRN, A. C., AND CREENGARD, P.: DARPP-32, a
dopamine- and adenosine 3’,5’ -monophosphate-regulated neuronal phospho-
protein. II. Comparison of the kinetics of phosphorylation of DARPP.32 and
phosphatase inhibitor 1. J. Biol. Chem. 259: 14491-14497, 19Mb.

HEMMINGS, H. C., JR., NESTLER, E. J., WALAAS, S. I., OUIMET, C. C., AND

CREENGARD, P.: Protein phosphorylation and neuronal function: DARPP-32,
an illustrative example. In Synaptic Function, ed. by C. M. Edelman, W. E.
Gall, and W. M. Cowan, pp. 213-240, John Wiley and Sons, New York, i987a.

HEMMINGS, H. C., JR., WALAAS, S. I., OUIMET, C. C., AND CREENGARD, P.:
Dopaminergic regulation of protein phosphorylation in the striatum: DARPP-
32. Trends Neurosci. 10: 377-383, 198Th.

HEMMINGS, H. C., JR., WALAAS, S. I., OUIMET, C. C., AND GREENGARD, P.:
Dopamine receptors: regulation of protein phosphorylation. In Receptor Bio.
chemistry and Methodology, vol. 9: Structure and Function of Dopamine
Receptors, ad. by I. Creese and C. M. Fraser, pp. 115-151, Alan R. Liss, Inc.,
New York, 1987c.

HEMMINGS, H. C., JR., WILLIAMS, K. R., KONIGSBERG, W. H., AND GREENGARD,

P.: DARPP-32, a dopamine. and adenosine 3’,5’-monophosphate-regulated
neuronal phosphoprotein. I. Amino acid sequence around the phosphorylated
threonine. J. Biol. Chem. 259: 14486-14490, i9Mc.

HESCHELER, J., KAMEYAMA, M., TRAUTWEIN, W., MIESKES, C., AND SOLING,

H. D.: Regulation of the cardiac calcium channel by protein phosphat.eses. Eur.
J. Biochem. 165: 261-266, 1987.

HESS, P.: Calcium channels in vertebrate cells. Annu. Rev. Neurosci. 13: 337-
356, 1990.

HEUSCHNEIDER, C., AND SCHWARTZ, R. D.: cAMP and forskolin decrease �,-

aminobuturic acid-gated chloride flux in rat brain synaptoneurosomes. Proc.
Natl. Acad. Sci. USA 86: 2938-2942, 1989.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


340 WALAAS AND GREENGARD

HILLE, B.: Ionic Channels of Excitable Membranes. Sinauer Association, Sun-
derland, MA, 1984.

HIRAN0, A. A., GREENGARD, P., AND HUGANIR, R. L.: Protein tyrosine kinase
activity and its endogenous substrates in rat brain: a subcellular and regional
survey. J. Neurochem. 50: 1447-1455, 1988.

Ho, A. K., LING, Q. L., DUFFIELD, R., LAM, P. H., AND WANG, J. H.: Phosphor-
ylation of brain muscarinic receptor evidence of receptor regulation. Biochem.

Biophys. Res. Commun. 142: 911-918, 1987.
HOECK, W., AND GRONER, B.: Hormone-dependent phosphorylation of the

glucocorticoid receptor occurs mainly in the amino-terminal transactivation

domain. J. Biol. Chem. 265: 5403-5408, 1990.
HOFMANN, F., BEAVO, J. A., BECHTEL, P. J., AND KREBS, E. C.: Comparison of

adenosine 3’,S’ -monophosphate-dependent protein kineses from rabbit skeletal
and bovine heart muscle. J. Biol. Chem. 250: 7795-7801, 1975.

HONCHAR, M. P., BUNGE, M. B., AND AGRAWAL, H. C.: In vivo phosphorylation
of neurofilament proteins in the central nervous system of immature rat and
rabbit. Neurochem. Res. 7: 365-372, 1982.

HOPFIELD, J. F., TANK, D. W., CREENGARD, P., AND HUGANIR, R. L.: Functional
modulation of the nicotinic acetylcholine receptor by tyrosine phosphorylation.
Nature (Lond.) 336: 677-680, 1988.

HOSEY, M. M., BoRsorro, M., AND LAZDUNSKI, M.: Phosphorylation and
dephosphorylation of dihydropyridine-sensitive voltage-dependent Ca’� chan-
nd in skeletal muscle membranes by cAMP- and Ca’�-dependent processes.
Proc. Natl. Acad. Sci. USA 83: 3733-3737, 1986.

HOSEY, M. M., AND LAzDUNSKI, M.: Calcium channels: molecular pharmacology,
structure and regulation. J. Membr. Biol. 104: 81-105, 1988.

H05HI, M., NI5HIDA, E., MIYATA, Y., SAKAI, H., MIY05HI, T., OGAWARA, H.,
AND AKIYAMA, T.: Protein kinase C phosphorylates tau and induces its func-
tional alterations. FEBS Lett. 217: 237-241, 1987.

HosoDA, K., SAIT0, N., KOSE, A., ITO, A., TSUJINO, T., OGITA, K., KIKKAWA,

U., ON0, Y., IGARASHI, K., NISHIZUKA, Y., AND TANAKA, C.: Immunocyto-
chemical localization of the th subspecies of protein kinase C in rat brain. Proc.
Natl. Aced. Sci. USA 86: 1393-1397, 1989.

HOUSE, C., AND KEMP, B. E.: Protein kinese C contains a pseudosubstrate
prototope in its regulatory domain. Science (Wash. DC) 238: 1726-1728, 1987.

HOUSLEY, P. R., AND PRATT, W. B.: Direct demonstration of glucocorticoid
receptor phosphorylation by intact L-cells. J. Biol. Chem. 258: 4630-4635,

1983.
Hu, G.-Y., HVALBY, 0., WALAAS, S. I., ALBERT, K. A., SKJEFLO, P., ANDERSEN,

P., AND GREENGARD, P.: Protein kinase C injection into hippocampal pyram.
idal cells elicits several features oflong term potentiation. Nature (Land.) 328:
426-429, 1987.

HUANG, C-K., BROWNING, M. D., AND GREENGARD, P.: Purification and char-
acterization ofprotein IIIb, a mammalian brain phosphoprotein. J. Biol. Chem.
257: 6524-6528, 1982.

HUANG, F. L., YOSHIDA, Y., NAKABAYASHI, H., AND HUANG, K-P.: Differential
distribution of protein kinase C isozymes in the various regions of brain. J.
Biol. Chem. 262: 15714-15720, 1987.

HUANG, F. L., YOSHIDA, Y., NAKABAYASHI, H., YOUNG, W. S., AND HUANG, K.-
P.: Immunocytochemical localization of protein kinase C isozymes in rat brain.

J. Neurosci. 8: 4734-4744, 1988.
HUANG, K-P.: The mechanism of protein kinase C activation. Trends Neurosci.

12: 425-432, 1989.
HUANG, K-P., AND HUANG, F. L.: Immunochemical characterization of rat brain

protein kinase C. J. Biol. Chem. 261: 14781-14787, 1986.
HUANG, K-P., NAKABAYASHI, H., AND HUANG F. L.: Isozymic forms of rat brain

Ca2�-activated and phospholipid-dependent protein kinase. Proc. Natl. Aced.
Sci. USA 83: 8535-8539, 1986.

HUGANIR, R. L.: Biochemical mechanisms that regulate the properties of ion
channels. In Neuromoduletion: The Biochemical Control of Neuronal Excite-
bility, ed by L. K. Kaczmarek and I. B. Levitan, pp. 64-85, Oxford University
Press, Oxford, England, 19884.

HUGANIR, R. L.: Phosphorylation of purified ion channel proteins. In Neuro-
modulation: The Biochemical Control of Neuronal Excitability, ed. by. L. K.
Kaczmarek and I. B. Levitan, pp. 86-99, Oxford University Press, Oxford,
England, i986b.

HUGANIR, R. L.: Regulation of the nicotinic acetylcholine receptor by protein
phosphorylation. J. Recept. Res. 7: 241-256, 1987.

HUGANIR, R. L., ALBERT, K. A., AND GREENGARD, P.: Phosphorylation of the
nicotinic acetylcholine receptor by Ca”/phospholipid-dependent protein ki-
nasa, and comparison with its phosphorylation by cAMP-dependent protein
kinese. Soc. Neurosci. Abstr. 9: 578, 1983.

HUGANIR, R. L., DELCOUR, A. H., CREENGARD, P., AND HESS, C. P.: Phosphor-
ylation of the nicotinic acetylcholine receptor regulates its rate of desensitiza-
tion. Nature (Lond.) 321: 774-776, 1986.

HUGANIR, R. L., AND GREENGARD, P.: cAMP-dependent protein kinase phos-
phorylates the nicotinic acetylcholine receptor. Proc. Natl. Acad. Sci. USA 80:
1130-1134, 1983.

HUGANIR, R. L., AND GREENGARD, P.: Regulation of receptor function by protein
phosphorylation. Trends Pharmacol. Sci. 8: 472-477, 1987.

HUGANIR, R. L., AND GREENGARD, P.: Regulation of neurotransmitter receptor
desensitization by protein phosphorylation. Neuron 5: 555-567, 1990.

HUGANIR, R. L., MILES, K., AND CREENGARD P.: Phosphorylation of the nico-
tinic acetylcholine receptor by an endogenous tyrosine-specific protein kinase.
Proc. Natl. Aced. Sci. USA 81: 6968-6972, 1984.

HUNTER, T., AND COOPER, J. A.: Protein tyrosine kineses. Annu. Rev. Biochem.
54: 897-930, 1985.

HUNTER, T., LING, N., AND COOPER, J. A.: Protein kinase C phosphorylation of
the EGF receptor at a threonine residue close to the cytoplasmic face of the
plasma membrane. Nature (Lond.) 31 1: 480-483, 1984.

HUNTER, T., SEFTON, B. M., AND COOPER, J. A.: Phosphorylation of tyrosine:
its importance in viral transformation and normal cell metabolism. In Cold
Spring Harbor Conference on Cell Proliferation, vol. 8, pp. 1189-1202, New
York, Cold Spring Harbor Laboratory, 1981.

HUTTNER, W. B., DEGENNARO, L. J., AND GREENGARD, P.: Differential phos-
phoryletion of multiple sites in purified protein I by cyclic AMP-dependent
and calcium-dependent protein kineses. J. Biol. Chem. 256: 1482-1488, 1981.

HUTFNER, W. B., AND GREENGARD, P.: Multiple phosphorylation sites in protein
I and their differential regulation by cyclic AMP and calcium. Proc. Natl. Aced.
Sci. USA 76: 5402-5406, 1979.

HUTTNER, W. B., SCHIEBLER, W., CREENGARD, P., AND DE CAMILLI, P.: Syn-
apsin I (protein I), a nerve terminal-specific phosphoprotein: its association
with synaptic vesicles studied in a highly purified synaptic vesicle preparation.
J. Cell Biol. 96: 1374-1388, 1983.

HVALBY, 0., NAIRN, A., PAULSEN, 0., CODFRAIND, J.-M., JENSEN, V., RAASTAD,
M., STORM, J. F., ANDERSEN, P., AND GREENGARD, P.: Intracellular injection
of peptide inhibitors of protein kineses blocks the induction of long-term
potentiation in rat CAl pyramidal cells in slices. In preparation.HwANG, T.-
C., LU, L., ZEITLIN, P. L., GRUENERT, D. C., HUGANIR, R., AND GUGGINO, W.
B.: C1 channels in CF: lack of activation by protein kinase C and cAMP-
dependent protein kinase. Science (Wash. DC) 244:1351-1353, 1989.

HYMAN, B. T., VAN HOESEN, C. W., AND DAMASIO, A. R.: Alzheimer’s disease:
glutamate depletion in the hippocampal perforant pathway zone. Ann. Neurol.

22: 37-40, 1987.
HYMAN, C., AND PFENNINGER, K. H.: Intracellular regulators of neuronel sprout-

ing. II. Phosphorylation reactions in isolated growth cones. J. Neurosci. 7:
4076-4083, 1987.

ICHIMURA, T., ISOBE, T., OKUYAMA, T., YAMAUCHI, T., AND FUJISAWA. H.: Brain
14-3-3 protein is an activator protein that activates tryptophan 5-monooxy-
genase and tyrosine 3.monooxygenase in the presence of Ce2�, calmodulin-
dependent protein kinase II. FEBS Lett. 219: 79-82, 1987.

IMAGAWA, T., LEUNG, A. T., AND CAMPBELL, K. P.: Phosphorylation of the 1,4-

dihydropyridine receptor of the voltage-dependent Ca2� channel by an intrinsic
protein kinase in isolated triads from rabbit skeletal muscle. J. Biol. Chem.
262: 8333-8339, 1987.

INGEBRITSEN, T. S.: Phosphotyrosyl-protein phosphatases. II. Identification and
characterization of two heat-stable protein inhibitors. J. Biol. Chem. 264:
7754-7759, 1989.

INGEBRITSEN, T. S., AND COHEN, P.: Protein phosphatases: properties and role
in cellular regulation. Science (Wash. DC) 221: 331-338, 1983a.

INGEBRITSEN, T. S., AND COHEN, P.: The protein phosphetases involved in
cellular regulation. I. Classification and substrate specificites. Eur. J. Biochem.
132: 255-261, 1983b.

INGEBRIGTSEN, T. S., STEWART, A. A., AND COHEN P.: The protein phosphatases
involved in cellular regulation. 6. Measurement of type-i and type-2 protein
phosphatases in extracts of mammalian tissues; and assessment of their phys-

iological roles. Eur. J. Biochem. 132: 297-307, 1983.
INOUE, M., KISHIM0T0, A., TAK�i, Y., AND NISHIZUKA, Y.: Studies of a cyclic

nucleotide-independent protein kinase and its proenzyme in mammalian tis-

sues. J. Biol. Chem. 252: 7610-7616, 1977.
ISLAM, K., AND BURNS, R.: Multiple phosphorylation sites of microtubule-

associated protein (MAP2) observed at high ATP concentrations. FEBS Lett.
123: 181-185, 1981.

ITO, A., SArro, N., HIRATA, M., KOSE, A., T5uJIN0, T., YOSHIHARA, C., OGITA,
K., KISHIMOT0, A., NISHIZUKA, Y., AND TANAKA, C.: Immunocytochemical
localization of the a subspecies of protein kinase C in rat brain. Proc. NatI.
Acad. Sci. USA 87: 3195-3199, 1990.

IWASA, T., FUKUNAGA, K., YAMAMOTO, H., TANAKA, E., AND MIYAMOTO, E.:
Ce2�, calmodulin-dependent phosphorylation, and inactivation of glycogen
synthase by a brain protein kinase. Arch. Biochem. Biophys. 235: 212-217,
1984.

JACOBS, S., KULL, F. C., JR., EARP, H. S., SVOBODA, M. E., VAN WYK, J. J.,
AND CUATRECASAS, P.: Sometomedin-C stimulates the phosphorylation of the
fl-subunit of its own receptor. J. Biol. Chem. 258: 9581-9585, 1983.

JACOBSON, R. D., VIRAG, I., AND SKENE, J. H. P.: A protein associated with axon

growth, CAP-43, is widely distributed and developmentallly regulated in rat
CNS. J. Neurosci. 6: 1843-1855, 1986.

JAHNSEN, T., HEDIN, L., KIDD, V. J., BErnIE, W. C., LOHMANN, S. M.,
WALTER, U., DURICA, J., SCHULZ, T. Z., SCHILTZ, E., BROWNER, M., L.�w-
RENCE, C. B., GOLDMAN, D., RATOOSH, S. L., AND RICHARDS, J. S.: Molecular
cloning, cDNA structure and regulation of the regulatory subunit (R-II,,) of
type II cAMP-dependent protein kinase from rat granulosa cells. J. Biol. Chem.
261: 12352-12361, 1986.

JAKEN, S., AND KILEY, S. C.: Purification and characterization of three types of

protein kinase C from rabbit brain cytosol. Proc. Natl. Aced. Sci. USA 84:
4418-4422, 1987.

JAMES, C., AND OLSON, E. N.: Myristoyletion, phosphorylation. and subcellular
distribution of the 80-kDa protein kinase C substrate in BC,Hi myocytes. J.
Biol. Chem. 264: 20928-20933, 1989.

JAMESON, L., FREY, T., ZEEBERG, B., DALLDORF, F., AND CAPLOW, M.: Inhibition

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


PROTEIN PHOSPHORYLATION AND NEURONAL FUNCTION 341

of microtubule assembly by phosphorylation of microtubule-associated pro-
teins. Biochemistry 19: 2472-2479, 1980.

JEFFERSON, A. B., AND SCHULMAN, H.: Sphingosine inhibits calmodulin-de-
pendent enzymes. J. Biol. Chem. 263: 15241-15244, 1988.

JETT, M.-F., SCHWORER, C. M, BASS, M., AND SODERLING, T. R.: Identification
of membrane-bound calcium, calmodulin-dependent protein kinase II in canine
heart. Arch. Biochem. Biophys. 255: 354-360, 1987.

JOACHIM, C. L., MoRRIs, J. H., K05IK, K. S., AND SELKOE, D. J.: Tau antisera
recognize neurofibrillary tangles in a range of neurodegenerative disorders.

Ann. Neurol. 22: 514-520, 1987.
JOH, T. H., PARK, D. H., AND REIS, D. J.: Direct phosphorylation of brain

tyrosine hydroxylase by cyclic AMP.dependent protein kinase: mechanism of
enzyme activation. Proc. Natl. Aced. Sci. USA 75: 4744-4748, 1978.

JOHNSON, E. M., MAENO, H., AND CREENGARD, P.: Phosphorylation of endog.
enous protein of rat brain by cyclic adenosine 3’,S’ -monophosphate-dependent
protein kinese. J. Biol. Chem. 246: 7731-7739, 1971.

JOLLES, J., ZWIERS, H., VAN DONGEN, C. J., SCHOTMAN, P., WIRTZ, K. W. A.,
AND GISPEN, W. H.: Modulation of brain polyphosphoinositide metabolism by
ACTH-sensitive protein phosphorylation. Nature (Lond.) 286: 623-625, 1980.

JONES, S. W., ERIKSON, R. L., INGEBRITSEN, V. M., AND INGEBRITSEN, T. S.:
Phosphotyrosyl-protein phosphatases. I. Separation of multiple forms from
bovine brain and purification of the major form to near homogeneity. J. Biol.
Chem. 264: 7747-7753, 1989.

JULIEN, J.-P., AND MUSHYNSKI, W. E.: A comparison of in vitro- and in vivo-
phosphorylated neurofilament polypeptides. J. Neurochem. 37: 1579-1585,
1981.

JULIEN, J.-P., AND MUSHYNSKI, W. E.: Multiple phosphoryletion sites in mam-
melian neurofilament polypeptides. J. Biol. Chem. 257: 10467-10470, 1982.

JULIEN, J.-P., SMOLUK, C. D., AND MUSHYNSKI, W. E.: Characteristics of the
protein kinase activity associated with rat neurofilament preparations.

Biochim. Biophys. Acts 755: 25-31, 1983.
KACzMAREK, L. K.: The role of protein kinase C in the regulation of ion channels

and neurotransmitter release. Trends Neurosci. 10: 30-34, 1987.
KACzMAREK, L. K.: The regulation of neuronel calcium and potassium channels

by protein phosphorylation. In Advances in Second Messenger Phosphoprotein
Research, ed. by P. Creengard and C. A. Robison, vol. 22, pp. 114-133, Raven
press, New York, 1988.

KAczMAREK, L. K., JENNINGS, K. R., STRUMWASSER, F., NAIRN, A. C., WALTER,

U., WILSON, F. D., AND CREENGARD, P.: Microinjection of catalytic subunit
of cyclic AMP-dependent protein kinase enhances calcium action potentials of
bag cell neurons in cell culture. Proc. Natl. Acad. Sci. USA 77: 7487-7491,
1980.

KACzMAREK, L. K., AND LEVI’FAN, I. B.: Neuromodulation: The Biochemical
Control of Neuronal Excitability, Oxford University Press, Oxford, 1986.

KALMAN, D., O’LAGUE, P. H., ERXLEBEN, C., AND ARMSTRONG, D. L.: Calcium-
dependent inactivation of the dihydropyridine-sensitive calcium channels in
GH, cells. J. Gen. Physiol. 92: 531-548, 1988.

KANDEL, E. R., AND SCHWARTZ, J. H.: Molecular biology of learning modulation
oftransmitter release. Science (Wash. DC) 218: 433-443, 1982.

KARNS, L. R., NG, S. C., FREEMAN, J. A., AND FISHMAN, M. C.: Cloning of
complementary DNA for GAP-43, a neuronal growth-related protein. Science
(Wash. DC) 236: 597-600, 1987.

KASUGA, M., ZICK, Y., BLITHE, D. L., CRETFAZ, M., AND KAHN, C. R.: Insulin
stimulates tyrosine phosphorylation ofthe insulin receptor in a cell-free system.

Nature (Lond.) 298: 667-669, 1982a.
KASUGA. M., ZICK, Y., BLITHE, D. L., KARLSSON, F. A., HARING, H. U., AND

KAHN, C. R.: Insulin stimulation of phosphorylation of the fi subunit of the
insulin receptor. Formation of both phosphoserine and phosphotyrosine. J.
Biol. Chem. 257: 9891-9894, i982b.

KATz, F., ELLIS, L., AND PFENNINGER, K. H.: Nerve growth cones isolated from
fetal ret brain. III. Calcium-dependent protein phosphorylation. J. Neurosci.
5: 1402-1411, 1985.

KATZMAN, R.: Alzheimer’s disease. N. Engl. J. Med. 314: 964-973, 1986.
KAUFMAN, S.: Aromatic amino acid hydroxylases. In The Enzymes, vol. XVIII,

ad. by P. D. Boyer, and E. C. Krebs, pp. 217-284, Academic Press, Orlando,
FL, 1987.

KAUFMAN, S., HASEGAWA, H., WILGUS, H., AND PARNIAK, M.: Regulation of
hepatic phenylalenine hydroxylase activity by phosphorylation and dephos-
phorylation. In Cold Spring Harbor Conference on Cell Proliferation, vol. 8,
pp. 1391-1406. 1981.

KEBABIAN, J. W., AND CALNE, D. B.: Multiple receptors for dopamine. Nature

(Lond.) 277: 93-96, 1979.
KEBABIAN, J. W., PETZOLD, C. L., AND GREENGARD, P.: Dopamine-sensitive

adenylate cyclese in caudate nucleus of rat brain and its similarity to the

“dopamine receptor”. Proc. NatI. Aced. Sci. USA 69: 2145-2149, 1972.
KELLEHER, D., AND JOHNSON, C. L.: Characterization of rhodopsin kinase

purified from bovine rod outer segments. J. Biol. Chem. 265: 2632-2639, 1990.

KELLY, P. T., AND COTMAN, C. W.: Synaptic proteins. Characterization of tubulin
and actin and identification of a distinct posteynaptic density polypeptide. J.
Cell Biol. 79: 173-178, 1978.

KELLY, P. T., COTMAN, C. W., AND LARGEN, M.: Cyclic AMP-stimulated protein
kineses at brain synaptic junctions. J. Biol. Chem. 254: 1564-1575, 1979.

KELLY, P. T., MCCUINNESS, T. L., AND GREENGARD, P.: Evidence that the

major postsynaptic density protein is a component of a Ca2�/calmodulin-
dependent protein kinase. Proc. NatL Aced. Sci. USA 81: 945-949, 1984.

KEMP, B. E., BYLUND, D. V., HUANG, T. S., AND KREBS, E. G.: Substrate
specificity of the cAMP-dependent protein kinase. Proc. Natl. Aced. Sci. USA
72: 3448-3452, 1975.

KEMP, B. E., AND PEARSON, R. B.: Protein kinase recognition sequence motifs.
Trends Biochem. Sci. 15: 342-346, 1990.

KEMP, B. E., PEARSON, R. B., HOUSE, C., ROBINSON, P. J., AND MEANS, A. R.:
Regulation of protein kineses by pseudosubstrate prototopes. Cell. Signalling
1: 303-311, 1989.

KENNEDY, M. B.: Experimental approaches to understanding the role of protein
phosphorylation in the regulation of neuronal function. Annu. Rev. Neurosci.

6: 493-525, 1983.
KENNEDY, M. B.: Regulation of neuronal function by calcium. Trends Neurosci.

12: 417-420, 1989.

KENNEDY, M. B., BENNETT, M. K., AND ERONDU, E. E.: Biochemical and
immunochemical evidence that the “major postsynaptic density protein” is a
subunit of a calmodulin-dependent protein kinase. Proc. Natl. Aced. Sci. USA
80: 7357-7361, 1983.

KENNEDY, M. B., AND GREENGARD, P.: Two calcium/calmodulin-dependent
protein kineses, which are highly concentrated in brain, phosphorylete protein
I at distinct sites. Proc. NatI. Aced. Sci. USA 78: 1293-1297, 1981.

KEREM, B-S., ROMMENS, J. M., BUCHANAN, J. A., MARKIEWICZ, D., Cox, T.
K., CHAKRAVARTI, A., BUCHWALD, M., AND TSUI, L.-C.: Identification of the
cystic fibrosis gene: genetic analysis. Science (Wash. DC) 245: 1073-1080,
1989.

KIKKAWA, U., ONo, Y., OGITA, K., FUJII, T., ASAOKA, Y., SEKIGUCHI, K.,
KOSAKA, Y., IGARASHI, K., AND NISHIZUKA, Y.: Identification ofthe structures

of multiple subspecies of protein kinase C expressed in rat brain. FEBS Lett.
217: 227-231, 1987.

KIKKAWA, U., TAKAI, Y., MINAKUCHI, R., INOHARA, S., AND NISHIZUKA, Y.:
Calcium-activated, phospholipid-dependent protein kinase from rat brain. Sub-
cellular distribution, purification, and properties. J. Biol. Chem. 257: 13341-

13348, 1982.

KIKKAWA, U., TAKAI, Y., TANAKA, Y., MIYAKE, R., AND NISHIZUKA, Y.: Protein
kinase C as a possible receptor protein of tumor-promoting phorbol esters. J.
Biol. Chem. 258: 11442-11445, 1983.

KING, L. J., LOWRY, 0. H., PASSONNEAU, J. V., AND VENSON, V.: Effects of
convulsants on energy reserves in the cerebral cortex. J. Neurochem 14: 599-

611, 1967.
KING, M. M., HUANG, C. Y., CHOCK, P. B., NAIRN, A. C., HEMMINGS, H. C.,

JR., CHAN, K-F. J, AND GREENGARD, P.: Mammalian brain phosphoproteins
as substrates for calcineurin. J. Biol. Chem. 259: 8080-8083, 1984.

KIRKNESS, E. F., BOVENKERK, C. F., UEDA, T., AND TURNER, A. J.: Phosphor.
yletion of -y-aminobutyrate (GABA)/benzodiazepine receptors by cyclic AMP-
dependent protein kinase. Biochem. J. 259: 613-616, 1989.

KITANO, T., HASHIMOTO, T., KIKKAWA, U., ASE, K., SArro, N., TANAKA, C.,
ICHIMORI, Y., TSUKAMOTO, K., AND NISHIZUKA, Y.: Monoclonal antibodies
against rat brain protein kinase C and their application to immunocytochem-

istry in nervous tissues. J. Neurosci. 7: 1520-1525, 1987.
KLEE, C. B., AND COHEN, P.: The calmodulin-regulated protein phosphatase. In

Calmodulin. Molecular Aspects of Cellular Regulation, ad. by P. Cohen and C.
B. Klee, pp. 225-248, Elsevier, Amsterdam, 1988.

KNIGHT, D. E., AND BAKER, P. F.: The phorbol ester TPA increases the affinity
of exocytosis for calcium in “leaky” adrenal medullary cells. FEBS Lett. 160:
98-100, 1983.

KNOPF, J. L., LEE, M.-H., SULTZMAN, L. A., KRIZ, R. W., LooMIS, C. R.,
HEWICK, R. M., AND BELL, R. M.: Cloning and expression of multiple protein
kinase C cDNAs. Cell 46: 491-502, 1986.

KOSE, A., SAITO, N., ITO, H., KIKKAWA, U., NISHIzuK�, Y., AND TANAKA, C.:

Electron microscopic localization of type I protein kinase C in ret Purkinje

cells. J. Neurosci. 8: 4262-4268, 1988.
K0SIK, K. S., ORECCHIO, L. D., BRUNS, C. A. P., BENOWITZ, L. I., MACDONALD,

G. P., Cox, D. R., AND NEVE, R. L.: Human GAP-43: its deduced amino acid
sequence and chromosomal localization in mouse and human. Neuron 1: 127-
132, 1988.

KOSTYUK, P. C.: Metabolic control of ionic channels in the neuronal membrane.
Neuroscience 13: 983-989, 1984.

KEEBS, E. C., AND BEAVO, J. A.: Phosphorylation-dephosphorylation of enzymes.
Annu. Rev. Biochem. 48: 923-959, 1979.

KRISTJANSSON, C. I., ZWIERS, H., OESTREICHER, A. B., AND GISPEN, W. H.:
Evidence that the synaptic phosphoprot.ein B.50 is localized exclusively in
nerve tissue. J. Neurochem. 39: 371-378, 1982.

KRUEGER, B. K., FORN, J., AND GREENGARD P.: Calcium-dependent protein
phosphorylation in rat brain synaptosomes. Soc. Neurosci. Abstr. 6: 1007, 1976.

KRUEGER, B. K., FORN, J., AND GREENGARD, P.: Depolarization-induced phos-
phorylation of specific proteins, mediated by calcium ion influx, in rat brain
synaptosomes. J. Biol. Chem. 252: 2764-2773, 1977.

KSIESAK-REDING, H., DICKSON, D. W., DAVIS, P., AND YEN, S-H.: Recognition
of tau epitopes by anti-neurofilament antibodies that bind to Alzheimer neu-
rofibrillary tangles. Proc. Natl. Aced. Si. USA 84: 3410-3414, 1987.

KUHN, D. M., O’CALLAGHAN, J. P., JUSKEVICH, J., AND LOVENBERG, W.:

Activation of brain tryptophan hydroxylase by ATP-Mg�: dependence on
calmodulin. Proc. Natl. Aced. Sci. USA 77: 4688-4691, 1980.

KUHN, D. M., VOGEL, R. L., AND LOVENBERG, W.: Calcium-dependent activation

of tryptophan hydroxylase by ATP and magnesium. Biochem. Biophys. Res.
Commun. 82: 759-766, 1978.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


342 WALAAS AND GREENGARD

KUHN, H.: Light-dependent phosphoryletion of rhodopsin in living frogs. Nature

(Lond.) 250: 588-590, 1974.
KUNO, T., ON0, Y., HIRAI, M., HASHIMOTO, S., SHUNTOH, H., AND TANAKA,

C.: Molecular cloning and cDNA structure of the regulatory subunit of type I
cAMP-dependent protein kinese from rat brain. Biochem. Biophys. Res. Com-
mun. 146: 878-883, 1987.

KUO, J. F., ANDERSSON, R. C. C., WISE, B. C., MACKERLOVA, L., SALOMONSSON,

I., BRACKETr, N. L., KATOH, N., SH0JI, M., AND WRENN, R. W.: Calcium-

dependent protein kinase: widespread occurrence in various tissues and phyla

of the animal kingdom and comparison of effects of phospholipid, calmodulin,
end trifluoperazine. Proc. Natl. Aced. Sci. USA 77: 7039-7043, 1980.

KUO, J. F., AND GREENGARD, P.: Cyclic nucleotide-dependent protein kineses.
IV. Widespread occurrence of adenosine 3’,S’-monophosphate-dependent pro-
tein kinase in various tissues and phyla of the animal kingdom. Proc. Natl.
Aced. Sci. USA 64: 1349-1355, 1969.

KUO, J. F., AND CREENGARD, P.: Cyclic nucleotide-dependent protein kineses.
VI. Isolation and partial purification of a protein kinase activated by guanosine
3’,S’.monophosphate. J. Biol. Chem. 245: 2493-2498, 1970.

KWATRA, M. M., BENOVIC, J. L., CARON, M. C., LEFKOWITz, R. J., AND HOSEY,

M. M.: Phosphorylation of chick heart muscerinic cholinergic receptors by the
fi-adrenergic receptor kinese. Biochemistry 28: 4543-4547, 1989.

KWATRA, M. M., AND HOSEY, M. M.: Phosphorylation of the cardiac muscerinic
receptor in intact chick heart and its regulation by a muscarinic agonist. J.
Biol. Chem. 261: 12429-12432, 1986.

KWATRA, M. M., LEUNG, E., M�N., A. C., MCMAHON, K. K., PTASIENSKI, J.,
GREEN, R. D., AND HOSEY, M. M.: Correlation of agonist-induced phosphor-
ylation of chick heart muscarinic receptors with receptor desensitization. J.
Biol. Chem. 262: 16314-16321, 1987.

LAI, Y., NAIRN, A. C., GORELICK, F., AND GREENGARD, P.: Ca’�/calmodulin-
dependent protein kinase II: identification of the autophosphorylation sites

responsible for generation of Ca’�/calmodulin-independence. Proc. NatI. Aced.
Sci. USA 84: 5710-5714, 1987.

LAI, Y., NAIRN, A. C., AND GREENGARD, P.: Autophosphorylation reversibly
regulates the Ca’�/calmodulin-dependence of Ce’�/calmodulin-dependent pro-

tein kinase II. Proc. Natl. Aced. Sci. USA 83: 4253-4257, 1986.
LARRIVEE, D. C., AND GRAFSTEIN, B.: In vivo phosphorylation of axonal proteins

in goldfish optic nerve during regeneration. J. Neurochem. 48: 279-283, 1987.
LARSON, R. E., COLDENRING, J. R., VALLANO, M. L., AND DELORENZO, R. J.:

Identification of endogenous calmodulin-dependent kinese and calmodulin-

binding proteins in cold-stable microtubule preparations from rat brain. J.
Neurochem. 44: 1566-1574, 1985.

LAUFER, R., AND CHANGEUX, J.-P.: Calcitonin gene-related peptide elevates

cyclic AMP levels in chick skeletal muscle: possible neurotrophic role for a
coexisting neuronal messenger. EMBO J. 6: 901-906, 1987.

LEDBETTER, J. A., TONKS, N. K., FISCHER, E. H., AND CLARK E. A.: CD45
regulates signal transduction and lymphocyte activation by specific association

with receptor molecules on T or B cells. Proc. Natl. Aced. Sci. USA 85: 8628-
8632, 1989.

LEE. R. H., BROWN, B. M.. AND LOLLEY, R. N.: Protein kineses of retinal rod
outer segments: identification and partial characterization of cyclic nucleotide

dependent protein kinase and rhodopsin kinase. Biochemistry 20: 7532-7538,
1981.

LEFKOWITz, R. J., HAUSDORFF, W. P., AND CARON, M. C.: Role of phosphoryl-
ation in desensitization of the $-adrenoceptor. Trends Pharmacol. Sci. 11:
190-194, 1990.

LEMOS, J. R., NOVAK-HOFER, I., AND LEVITAN, I. B.: Phosphoproteins associated
with the regulation of a specific potassium channel in the identified Aplysia
neuron R15. J. BioL Chem. 260: 3207-3214, 1985.

LETERRIER, J..F., LIEM, R. K. H., AND SHELANSKI, M. L.: Preferential phos-
phorylation of the 150,000 molecular weight component of neurofilements by

a cyclic AMP-dependent, microtubule-associated protein kinase. J. Cell Biol.
90: 755-760, 1981.

LEVITAN, I. B.: Phosphoryletion of ion channels. J. Membr. Biol. 87: 177-190,
1985.

LEVITAN, I. B.: Modulation of ion channels in neurons and other cells. Annu.
Rev. Neurosci. 11: 119-136, 1988.

LEVITT, P., RAKIC, P., DE CAMILLI, P., AND GREENGARD, P.: Emergence of cyclic
guanosine 3’,5’-monophosphete-dependent protein kinase immunoreactivity
in developing rhesus monkey cerebellum: correlative immunocytochemical and

electron microscopic analysis. J. Neurosci. 4: 2553-2564, 1984.
LEVY, B. J., Doltal, T., WANG, L.-H., AND BRUGGE, J. S.: The structurally

distinct form of pp6O””detected in neuronal cells is encoded by a unique c-src
mRNA. Mol. Cell. Biol. 7: 4142-4145, 1987.

LEVY, E., CARMAN, M. D., FERNANDEZ-MADRID, I. J., POWER, M. D., LIEBER-

BURG, I., VAN DUINEN, 5. C., BoTs, C. T. A. M., LUYENDIJK, W., AND
FRANGIONE, B.: Mutation ofthe Alzheimer’s disease amyloid gene in hereditary

cerebral hemorrhage, dutch type. Science (Wash. DC) 248: 1124-1126, 1990.
LEWIS, R. M., LEVARI, I., IHRIG, B., AND ZIGMOND, M. J.: In vivo stimulation

of Dl receptors increases the phosphorylation of proteins in the strietum. J.
Neurochem. 55: 1071-1074, 1990.

LI, H. C.: Phosphoprotein phosphatases. Curr. Top. Cell. Regul. 21: 129-174,
1982.

LI, M., MCCANN, J. D., ANDERSON, M. P., CLANCY, J. P., LIEDTKE, C. M.,
NAIRN, A. C., GREENGARD, P., AND WELSH, M. J.: Regulation of chloride

channelse by protein kinase C in normal and cystic fibrosis airway epithelia.
Science (Wash. DC) 244: 1353-1356, 1989.

LI, M., MCCANN, J. D., LIEDTKE, C. M., NAIRN, A. C., CREENGARD, P., AND

WELSH, M. J.: Cyclic AMP-dependent protein kinase opens chloride channels
in normal but not cystic fibrosis airway epithelium. Nature (Lond.) 331: 358-
360, 1988.

LIN, C. R., KAPILOFF, M. S., DURGERIAN, S., TATEMOTO, K., Russo, A. F.,
HANSON, P., SCHULMAN, H., AND ROSENFELD, M. C.: Molecular cloning of a
brain-specific calcium/calmodulin-dependent protein kinase. Proc. Natl. Aced.
Sci. USA 84: 5962-5966, 1987.

LIN, J.-W., SUGIMORI, M., LLINAS, R. R., MCGUINNESS, T. L., AND GREENGARD,

P.: Effects of synapsin I and calcium/calmodulin-dependent protein kinese II
on spontaneous neurotransmitter release in the squid giant synapse. Proc. Netl.
Aced. Sci. USA 87: 8257-8261, 1990.

LINCOLN, T. M., AND CORBIN, J. D.: Characterization and biological role of the
cGMP-dependent protein kinase. Adv. Cyclic Nucleotide Res. 15: 139-192,
1983.

LINCOLN, T. M., FLOCKHART, D. A., AND CORBIN, J. D.: Studies on the structure
and mechanism ofactivetion ofthe guanosine 3’,S’-monophosphate-dependent
protein kinase. J. Biol. Chem. 253: 6002-6009, 1978.

LINDEN, D. J., MURAKAMI, K., AND ROUTTENBERG, A.: A newly discovered
protein kinase C activator (oleic acid) enhances long-term potentietion in the
intact hippocempus. Brain Res. 379: 358-363, 1986.

LINDEN, D. J., SHEU, F-S., MURAKAMI, K., AND ROUTTENBERG, A.: Enhance-

ment oflong-term potentiation by cia-unsaturated fatty acicli relation to protein
kinase C and phospholipase A2. J. Neurosci. 7: 3783- 3792, 1987.

LINDWALL, C., AND COLE, D. R.: Phosphoryletion affects the ability of tau
protein to promote microtubule assembly. J. Biol. Chem. 259: 5301-5305,

1984.
LIU, Y., AND STORM, D. R.: Regulation of free celmodulin levels by neuromodulin:

neuron growth and regeneration. Trends Phermacol. Sci. 1 1: 107-ill, 1990.
LLINAS, R., CRUNER, J. A., SUGIMORI, M., MCGUINNESS, T. L., AND C�ta�N-

GARD, P.: Regulation by synepsin I and Ca’�/cahnodulin-dependent protein
kinase II oftransmitter release in squid giant synapse. J. Physiol. (Lond.) 436:
257-282, 1991.

LLINAS, R., MCCUINNESS, T. L., LEONARD, C. S., SuGIM0iu, M., AND Gi�aEN-

GARD, P.: Intraterminal injection of synapsin I or calcium/calmodulin-depend-
ent protein kinase II alters neurotransmitter release at the squid giant synapse.
Proc. NatI. Acad. Sci. USA 82: 3035-3039, 1985.

LOHMANN, S. M., AND WALTER, U.: Regulation of the cellular and subcellular
concentrations and distribution of cyclic nucleotide-dependent protein kineses.
Adv. Cyclic Nucleotide Protein Phosphoryletion Bee. 18: 63-117, 1984.

LOHMANN, S. M., WALTER, U., MILLER, P. E., CREENGARD, P., AND DE CAMILLI,

P.: Immunohistochemical localization of cyclic CMP-dependent protein kinase
in mammalian brain. Proc. Natl. Aced. Sci. USA 78: 653-657, 1981.

LOHSE, M. J., BENOVIC, J. L., CODINA, J., CARON, M. C., AND LEFKOWITZ, R.
J.: �-Arrestin: a protein that regulates �9-edrenergic receptor function. Science
(Wash. DC) 248: 1547-1550, 1990.

Lou, L. L., LLOYD. S. J., AND SCHULMAN, H.: Activation of the multifunctional
Ca’�/calmodulin-dependent protein kinase by autophosphoryletion: ATP mod-

ulates production of an autonomous enzyme. Proc. Natl. Aced. Sci. USA 83:
9497-9501, 1986.

LOVINGER, D., AKERS, F., NELSON, R., BARNES, C., MCNAUGHTON, B., AND

ROUTTENBERG, A.: Selective increase in hippoceinpal protein Fl phosphoryl-

etion directly related to three day growth of long-term enhancement. Brain
Res. 343: 137-143, 1985.

LOVINGER, D. M., COLLEY, P. A., AKmeS, R. F., NELSON, R. B., AND ROUTFEN-

BERG, A.: Direct relation of long-term synaptic potentiation to phosphorylation
of membrane protein F,, a substrate for membrane protein kinese C. Brain
Res. 399: 205-211, 1986.

LOVINGER, D. M., WONG, K. L., MURAKAMI, K., AND ROUTrENBERG, A.: Protein
kinase C inhibitors eliminate hippocampal long-term potentiation. Brain Res.
436: 177-183, 1987.

MACKIE, K. P., NAIRN, A. C., HAMPEL, C., LAM, C., AND JAFFE, E. A.: Thrombin
and histamine stimulate the phosphorylation of elongation factor 2 in human
umbilical vein endothelial cells. J. Biol. Chem. 264: 1748-1753, 1989a.

MACKIE, K., SORKIN, B. C., NAIRN, A. C., GREENGARD, P., EDELMAN, C. M.,
AND CUNNINGHAM, B. A.: Identification of two protein kineses that phospho-
rylate the neural cell-adhesion molecule, N-CAM. J. Neurosci. 9: 1883-1896,
1989b.

MADISON, D. V., MALENKA, R. C., AND NICOLL, R. A.: Phorbol esters block a
voltage-sensitive chloride current in hippocampal pyramidal cells. Nature
(Land.) 321: 695-697, 1986.

MAENO, H., JOHNSON, E. M., AND CREENGARD P.: Subcellular distribution of
adenosine 3’,S’-monophosphate dependent protein kinase in rat brain. J. Biol.
Chem. 246: 134-142, 1971.

MAHAN, L. C., BURCH, R. M., MONSMA, F. J., JR., AND SIBLEY, D. R.: Expression
of striatal D, dopamine receptors coupled to inositol phosphate production and
Ca’� mobilization in Xenopus oocytes. Proc. Natl. Aced. Sci. USA 87: 2196-
2200, 1990.

MAHLER, H. R., KLEINE, L. P., RATNER, N., AND SORENSEN, R. C.: Identification
and topography ofsynaptic phosphoproteins. Prog. Brain Res. 56: 27-48, 1982.

MALENKA, R. C., KAUER, J. A., PERKEL, D. J., MAUK, M. D., KELLY, P. T.,
NICOLL, R. A., AND WAXHAM, M. N.: An essential role for postsynaptic

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


PROTEIN PHOSPHORYLATION AND NEURONAL FUNCTION 343

calmodulin and protein kinase activity in long-term potentiation. Nature

(Lond.) 340: 554-557, i989a.

MALENKA, R. C., KAUER, J. A., PERKEL, D. J., AND NICOLL, R. A.: The impact
of postsynaptic calcium on synaptic transmission-its role in long-term poten.

tiation. Trends Neurosci. 12: 444-450, 1989b.
MALENKA, R. C., MADISON, D. V., AND NICOLL, R. A.: Potentiation of synaptic

transmission in the hippocampus by phorbol esters. Nature (Lond.) 321: 175-
177, 1986.

MALINOW, R., MADISON, D. V., AND TSIEN, R. W.: Persistent protein kinase
activityunderlyinglong-termpotentiation. Nature (Lond.) 335: 820-824, 1988.

MALINOW, R., SCHULMAN, H., AND TSIEN, R. W.: Inhibition of postsynaptic
PKC or CaMKII blocks induction but not expression of LTP. Science (Wash.
DC) 245: 862-866, i989.

MALLET, J., HUCHET, M., P0uGE0IS, R., AND CHANGEUX, J. P.: Anatomical,
physiological and biochemical studies on the cerebellum from mutant mice. III.
Protein differences associated with the weaver, staggerer and nervous mute-

tions. Brain Res. 103: 291-312, 1976.
MANALAN, A. S., AND KLEE, C. B.: Celmodulin. Adv. Cyclic Nucleotide Protein

Phosphorylation Res. 18: 227-257, 1984.
MANDELL, J. W., TOWNES-ANDERSON, E., CZERNIK, A. J., CAMERON, R.,

GREENGARD, P., AND DE CAMILLI, P.: Synepsins in the vertebrate retina:
absence from ribbon synapses and heterogenous distribution among conven-
tional synapses. Neuron 5: 19-33, 1990.

MANESS, P. F., AUBRY, M., SHORES, C. C., FRAME, L., AND PFENNINGER, K.

H.: The c-src gene product in developing rat brain is enriched in nerve growth
cone membranes. Proc. Natl. Aced. Sci. USA 85: 5001-5005, 1988.

MARAIS, R. M., NGUYEN, 0., WOODGETF, J. R., AND PARKER, P. J.: Studies on
the primary sequence requirements for PKC-a, -$� and -‘y peptide substrates.
FEBS Lett. 277: 151-155, 1990.

MARCHETTI, C., AND BROWN, A. M.: Protein kinase C activator i-oleoyl-2-acetyl-
sn-glycerol inhibits two types of calcium currents in GH3 cells. Am. J. Physiol.
254: C206-210, 1988.

MARTINEZ, R., MATHEY-PREVOT, B., BERNARDS, A., AND BALTIMORE, D.: Neu-
ronal pp60c�� contains a six amino acid insertion relative to its non-neuronel

counterpart. Science (Wash. DC) 237: 411-415, 1987.
MARTINEz-MILLAN, L., AND RODNIGHT, R.: Intrinsic protein phosphorylation

in synaptosomal plasma membrane fragments: a comparison of cerebral cortex
tissue from several species, including human biopsy specimens. J. Neurochem.
39: 1302-1307, 1982.

MATTSON, M. P.: Antigenic changes similar to those seen in neurofibrillary

tangles are elicited by glutamate and Ca’� influx in cultured hippocampel
neurons. Neuron 2: 105-117, 1990.

MATUS, A.: Neurofilament protein phosphorylation-where, when and why.
Trends Neuroeci. 1 1: 291-292, 1988a.

MATUS, A.: Microtubule-associated protein: their potential role in determining
neuronal morphology. Annu. Rev. Neurosci. 1 1 : 29-44, 1988b.

MCGUINNESS, T. L., Lsi, Y., AND GREENGARD, P.: Ca’�/celinodulin-dependent
protein kinese II. J. Biol. Chem. 260: 1696-1704, 1985a.

MCGUINNESS, T. L., LAI, Y., CREENGARD, P., WOODGETT, J. R., AND COHEN,

P.: A multifunctional calmodulin-dependent protein kinase. FEBS Lett. 163:
329-333, 1983.

MCGUINNESS, T. L., LAI, Y., OuIMET, C. C., AND CREENGARD, P.: Calcium!
calmodulin-dependent protein phosphorylation in the nervous system. In Cal-
cium in Biological Systems, ad. by R. P. Rubin, C. B. Weiss, and J. W. Putney,
Jr., pp. 291-305, Plenum Press, New York and London, i985b.

MCKENZIE, J. S., KEMM, R. E., AND WILCOCK, L. N.: The Basal Ganglia.
Structure end Function, Plenum Press, New York and London, 1984.

MCNAMARA, J. 0., AND APPEL S. H.: Myelin basic protein phosphetase activity
in ret brain. J. Neurochem. 29: 27-35, 1977.

MCTIGUE, M., CREMINS, J., AND HALEGOUA, S.: Nerve growth factor and other
agents mediate phosphorylation and activation of tyrosine hydroxylase. J. Biol.
Chem. 260: 9047-9056, 1985.

MEmI, K. F., AND GORDON-WEEKS, P. R.: GAP-43 in growth cones is associated
with areas of membrane that are tightly bound to substrate and is a component
ofa membrane skeleton subcellular fraction. J. Neurosci. 10: 256-266, 1990.

MEmI, K. F., PFENNINGER, K. H., AND WILLARD, M. B.: Growth-associated
protein, CAP-43, a polypeptide that is induced when neurons extend axons, is
a component of growth cones and corresponds to pp-46, a major polypeptide of
a subcellular fraction enriched in growth cones. Proc. Natl. Aced. Sci. USA
83: 3537-3541, 1986.

MEIRI, K. F., WILLARD, M., AND JOHNSON, M. I.: Distribution and phosphor-
ylation of the growth associated protein GAP-43 in regenerating sympathetic
neurons in culture. J. Neurosci. 8: 2571-2581, 1988.

MEISTER, B., FRIED, G., HOKFELT, T., HEMMINGS, H. C., JR., AND GREENGARD,

P.: Immunohistochemical evidence for the existence of a dopamine- and cyclic
AMP-regulated phosphoprotein (DARPP-32) in brown adipose tissue of pigs.

Proc. NatL Acad. Sci. USA 85: 8713-8716, 1988.
MaisTme, B., FRYCKSTEDT, J., SCHALLING, M., CORTES, R., HOKFELT, T.,

APERIA, A., HEMMINGS, H. C., JR., NAIRN, A. C., EHRLICH, M., AND GREEN-

GARD, P.: Dopamine- and cAMP-regulated phosphoprotein (DARPP-32) and
dopernine DA1 agonist-sensitive Na�,K�-ATPase in renal tubule cells. Proc.
NatI. Aced. Sci. USA 86: 8068-8072, 1989.

MICHELL, R. H.: Inositol phospholipids and cell surface receptor function.
Biochim. Biophys. Acta 415: 81-147, 1975.

MIDDLETON, P., JARAMILLO, F., AND SCHUETzE, S. M.: Forskolin increases the

rate of acetylcholine receptor desensitization at rat soleus endplates. Proc.
Natl. Aced. Sci. USA 83: 4967-4971, 1986.

MIDDLETON, P., RUBIN, L. L., AND SCHUETZE, S. M.: Modulation of acetylcholine
receptor desensitization in ret myotubes. J. Neurosci. 8: 3405-3412, 1988.

MIGNERY, C. A., NEWTON, C. L., ARCHER, B. T., AND SUDHOF, T. C.: Structure
and expression of the rat inositol 1,4,5-trisphosphate receptor. J. Biol. Chem.
265: 12679-12685, 1990.

MIGNERY, G. A., SUDHOF, T. C., TAKEI, K., AND DE CAMILLI, P.: Putative

receptor for inositol 1,4,5-trisphosphate similar to ryanodine receptor. Nature
(Lond.) 342: 192-195, 1989.

MILES, K., ANTHONY, D. T., RUBIN, L. L., CREENGARD, P., AND HUGANIR, R.
L.: Regulation of nicotinic acetylcholine receptor phosphorylation in rat myo-
tubes by forskolin and cAMP. Proc. Natl. Aced. Sci. USA 84: 6591-6595, 1987.

MILES, K., GREENGARD, P., AND HUGANIR, R. L.: Calcitonin gene-related peptide
regulates phosphorylation of the nicotinic acetylcholine receptor in rat myo-

tubes. Neuron 2: 1517-1524, 1989.

MILES, K., AND HUGANIR, R. L.: Regulation of nicotinic acetylcholine receptors
by protein phosphorylation. Mol. Neurobiol. 2: 91-124, 1988.

MILLER, R. J.: Multiple calcium channels and neuronal function. Science (Wash.
DC) 235: 46-52, 1987.

MILLER, S. C., AND KENNEDY, M. B.: Distinct forebrain end cerebellar isozymes
of type II Ce2�/calmodulin-dependent protein kinese associate differently with
the postsyneptic density fraction. J. Biol. Chem. 260: 9039-9046, 1985.

MILLER, S. C., AND KENNEDY, M. B.: Regulation of brain type II Ca2�/celmod-
ulin-dependent protein kinase by autophosphorylation: a Ca’�-triggered molec-
ular switch. Cell 44: 861-870, 1986.

MINAKUCHI, R., T�xAI, Y., YU, B., AND NISHIzUK�, Y.: Widespread occurrence
of calcium-activated, phospholipid-dependent protein kinase in mammalian
tissues. J. Biochem. 89: 1651-1654, 1981.

MINNEMAN, K. P., QUIK, M., AND EMSON, P. C.: Receptor-linked cyclic AMP
systems in rat neostrietum: differential localization revealed by kainic acid

injection. Brain Res. 151: 507-521, 1978.
MITCHISON, T., AND KIRSCHNER, M.: Cytoskeletal dynamics and nerve growth.

Neuron 1: 761-772, 1988.
MITrAL, C. K., AND MURAD, F.: Guanylate cyclase: regulation of cyclic GMP

metabolism. Handb. Exp. Phermacol. 58 (part 1): 225-260, 1982.
MIYAMOTO, E.: Protein kineses in myelin of rat brain: solubilization and char-

acterizetion. J. Neurochem. 24: 503-512, 1975.
MIYAMOTO, E.: Phosphoryletion of endogenous proteins in myelin fractions of

brain. J. Neurochem. 26: 573-577, 1976.
MIYAMOTO, E., AND KAKIUCHI, S.: Phosphoprotein phosphatases for myelin

basic protein in myelin and cytosol fractions of brain. Biochim. Biophys. Acts
384: 458-465, 1975.

MIYAMOTO, E., Kuo, J. F., AND GREENGARD, P.: Cyclic nucleotide-dependent
protein kinases. III. Purification and properties of adenosine 3’,S’-monophos-
phete-dependent protein kinase from bovine brain. J. Biol. Chem. 244: 6395-

6402, 1969.

MOBLEY, P., AND GREENGARD, P.: Evidence for widespread effect of noredrena-
line on axon terminals in the rat frontal cortex. Proc. Netl. Aced. Sci. USA
82: 945-947, 1985.

MOCHLY-ROSEN, D., BASBAUM, A. I., AND KOSHLAND, D. E., JR.: Distinct

cellular and regional localization of immunoreactive protein kinase C in ret
brain. Proc. Natl. Aced. Sci. USA 84: 4660-4664, 1987.

MONSMA, F. J., JR., MAHAN, L. C., MCVrrrIE, L. D., GERFEN, C. R., AND SIBLEY,

D. R.: Molecular cloning and expression of a D, dopamine receptor linked to
adenylyl cyclase activation. Proc. NatI. Aced. Sci. USA 87: 6723-6727, 1990.

MOORE, R. Y., AND BLOOM, F. E.: Central catecholamine neuron systems:
anatomy and physiology of the dopamine systems. Annu. Rev. Neurosci. 1:
129-169, 1978.

MORGENROTH, V. H. III, HEGSTRAND, L. R., ROTH, R. H., AND GREENGARD,

P.: Evidence for involvement of protein kinese in the activation by adenosine
3’,S’-monophosphate of brain tyrosine 3-monooxygenase. J. Biol. Chem. 250:
1946-1948, 1975.

Moss, D. J., FERNYHOUGH, P., CHAPMAN, K., BAIzER, L., BItaY, D., AND

ALLSOPP, T.: Chicken growth-associated protein GAP-43 is tightly bound to
the actin-rich neuronal membrane skeleton. J. Neurochem. 54: 729-736, 1990.

MOUDGIL, V. K.: Phosphoryletion of steroid hormone receptors. Biochim. Bio-
phys. Acta 1055: 243-258, 1990.

MULLE, C., BENOIT, P., PIN5ET, C., ROA, M., AND CHANGEUX, J.-P.: Calcitonin

gene-related peptide enhances the rate of desensitization of the nicotinic
acetylcholine receptor in cultured mouse muscle cell. Proc. Natl. Aced. Sci.
USA 85: 5728-5732, 1988.

MUSTELIN, T., COGGESHALL, K. M., AND ALTMAN, A.: Rapid activation of the
T-cell tyrosine protein kinase pp56� by the CD45 phosphotyrosine phospha-
tare. Proc. NatI. Aced. Sci. USA 86: 6302-6306, 1989.

NAIRN, A. C., BHAGAT, B., AND PALFREY, H. C.: Identification of calmodulin-
dependent protein kinese III and its major M, 100,000 substrate in mammalian
tissues. Proc. Natl. Aced. Sci. USA 82: 7939-7943, 1985a.

NAIRN, A. C., AND GREENGARD, P.: Cyclic CMP-dependent protein phosphor-
ylation in mammalian brain. Fed. Proc. 42: 3107-3113, 1983.

NAIRN, A. C., AND GREENGARD, P.: Purification and characterization of Ce2�/
calmodulin-dependent protein kinase I from bovine brain. J. Biol. Chem. 262:
7273-7281, 1987.

NAIRN, A. C., HEMMINGS, H. C., JR., AND GREENGARD, P.: Protein kineses in
the brain. Annu. Rev. Biochem. 54: 931-976, 1985b.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


344 WALAAS AND GREENGARD

NAIRN, A. C., HEMMINGS, H. C., JR., WALAAS, S. I., AND GREENGARD, P.:
DARPP-32 and phosphatase inhibitor-i, two structurally related inhibitors of
protein phosphatase-i, are both present in striatonigral neurons. J. Neurochem.
50: 257-262, 1988.

NAIRN, A. C., NICHOLS, R. A., BRADY, M. J., AND PALFREY H. C.: Nerve growth
factor treatment or cAMP elevation reduces Ca’�/Calmodulin-dependent pro-
tein kinase III activity in PCi2 cells. J. Biol. Chem. 262: 14265-14272, 1987.

NAIRN, A. C., AND PALFREY, H. C.: Identification of the major M, 100,000
substrate for calmodulin-dependent protein kinase III in mammalian cells as
elongation factor-2. J. Biol. Chem. 262: 17299-17303, 1987.

NATHANSON, N. M.: Molecular properties of the muscarmnic acetylcholine recep-
tor. Annu. Rev. Neurosci. 10: 195-236, 1987.

NAUTA, W. J. H., AND DOMESCIK, V. B.: Afferent and efferent relationships of
the basal ganglia. In Functions of the Basal Ganglia, Ciba Foundation Sym-
posium 107, pp. 3-29, Pitmen, London, 1984.

NEARY, J. T., AND ALKON, D. L.: Protein phosphorylation/dephosphorylation
and the transient, voltage-dependent potassium conductance in Hermissenda
crassicornis. J. Biol. Chem. 258: 8979-8983, 1983.

NELSON, R. B., LINDEN, D. J., HYMAN, C., PFENNINGER, K. H., AND Rotrrr�N-

BERG, A.: The two major phosphoproteins in growth cones are probably
identical to two protein kinase C substrates correlated with persistence of long-
term potentiation. J. Neurosci. 9: 381-389, 1989.

NESTLER, E. J., AND GREENGARD, P.: Dopamine and depolarizing agents regulate
the state of phosphoryletion of protein I in the mammalian superior cervical
sympathetic ganglion. Proc. NatI. Aced. Sci. USA 77: 7479-7483, 1980.

NESTLER, E. J., AND GREENGARD, P.: Nerve impulses increase the state of
phosphoryletion of protein I in rabbit superior cervical ganglion. Nature
(Lond.) 296: 452-454, i982a.

NESTLER, E. J., AND GREENGARD, P.: Distribution ofprotein I and regulation of
its state ofphosphorylation in the rabbit superior cervical ganglion. J. Neurosci.
2: 1011-1023, i982b.

NESTLER, E. J., AND GREENGARD, P.: Protein Phosphorylation in the Nervous
System, Wiley, New York. 1984.

NESTLER, E. J., AND CREENGARD, P.: Protein phosphorylation and the regulation
of neuronal function. In Basic Neurochemistry: Molecular, Cellular, and Med-
icel Aspects, 4th ed., ed. by C. J. Siegel, B. Agranoff, R. W. Albers, and P.
Molinoff, pp. 373-398, Raven Press, New York, 1989.

NICHOLS, R. A., HAYCOCK, J. W., WANG, J. K. T., AND CREENGARD, P.: Phorbol
ester enhancement of neurotransmitter release from rat brain synaptosomes.
J. Neurochem. 48: 615-621, 1987.

NICHOLS, R. A., SIHRA, T. S., CZERNIK, A. J., NAIRN, A. C., AND GREENGARD,

P.: Calcium/calmodulin-dependent protein kinase II increases glutamate and
noradrenaline release from synaptosomes. Nature (Lond.) 343: 647-651, 1990.

NICOLL, R. A., KAUER, J. A., AND MALENKA, R. C.: The current excitement in
long.term potentietion. Neuron 1: 97-103, i988.

NIELANDER, H. B., SCHRAMA, L. H., VAN ROZEN, A. J., KASPERAITIS, M.,
OESTREICHER, A. B., DEGRAAN, P. N. E., SCHOTMAN, P., AND GISPEN, W. H.:
Primary structure of the neuron-specific phosphoprotein B-SO is identical to
growth.essociated protein GAP-43. Neurosci. Res. Commun. 1: 163-172, 1987.

NIELANDER, H. B., SCHRAMA, L. H., VAN ROZEN, A. J., KASPERAITIS, M.,
OESTREICHER, A. B., GISPEN, W. H., AND SCHOTMAN, P.: Mutation of serine
41 in the neuron-specific protein B-SO (GAP-43) prohibits phosphorylation by
protein kinase C. J. Neurochem. 55: i442-i445, 1990.

NIMMO, H. C., AND COHEN, P.: Hormonal control of protein phosphorylation.
Adv. Cyclic Nucleotide Res. 8: 145-266, 1977.

NISHIZUKA, Y.: Turnover of inositol phospholipids and signal transduction.
Science (Wash. DC) 225: 1365-1370, 1984.

NISHIZUKA, Y.: The role of protein kinase C in cell surface transduction and
tumour promotion. Nature (Lond.) 308: 693-697, 1986.

NISHIZUKA, Y.: The molecular heterogeneity of protein kinase C and its impli-

cation for cellular regulation. Nature (Lond.) 334: 661-665, 1988.
NIXON, R. A., LEWIS, S. E., AND MAROTTA, C. A.: Posttranslational modification

of neurofilament proteins by phosphate during axoplasmic transport in retinal
ganglion cell neurons. J. Neurosci. 7: ii4S-ii58, 1987.

NOSE, P. S., GRIFFITH, L. C., AND SCHULMAN, H.: Ca2�-dependent phosphoryl-
ation oftyrosine hydroxylase in PC12 cells. J. Cell Biol. 101: 1182-1190, 1985.

NOWYCKY, M. C., Fox, A. P., AND TSIEN, R. W.: Three types of neuronal calcium
channel with different calcium agonist sensitivity. Nature (Lond.) 316: 440-
443, 1985.

NUKINA, N., K0SIK, K. S., AND SELKOE, D. J.: Recognition of Alzheimer paired
helical filaments by monoclonal neurofilament antibodies is due to crossreac-
tion with tau protein. Proc. Natl. Aced. Sci. USA 84: 3415-3419, 1987.

O’BRIAN, C. A., WARD, N. E., WEINSTEIN, I. B., BULL, A. W., AND MARNEVF

L. J.: Activation of rat brain protein kinase C by lipid oxidation products.
Biochem. Biophys. Has. Commun. 155: 1374-1380, 1988.

O’CALLAGHAN, J. P., DUNN, L. A., AND LOVENBERG, W.: Calcium-regulated
phosphorylation in synaptosomal cytosol: dependence on calmodulin. Proc.
Natl. Aced. Sci. USA 77: 5812-58i6, 1980.

ODAWARA, M., KADOWAKI, T., YAMAMOTO, R., SHIBASAKI, Y., TOBE, K., ACCILI,
D., BEVINS, C., MIKAMI, Y., MATSUURA, N., AKANUMA, Y., TAKAKU, F.,

TAYLOR, S. I., AND KASUGA, M.: Human diabetes associated with a mutation
in the tyrosine kinase domain of the insulin receptor. Science (Wash. DC)
245: 66-68, 1989.

#{216}GREID, D., DOSKELAND, S. 0., AND MILLER, J. P.: Evidence that cyclic
nucleotides activating rabbit muscle protein kinase I interact with both types

of cAMP binding sites associated with the enzyme. J. Biol. Chem. 258: 1041-
1049, 1983.

OHNO, S., AKITA, Y., KONNO, Y., IMAj0H, S., AND SUZUKI, K.: A novel phorbol
ester receptor/protein kinase, nPKC, distantly related to the protein kinase C
family. Cell 53: 731-741, 1988.

OKADA, M., AND NAKAGAWA, H.: A protein tyrosine kinase involved in regulation
ofpp6O””” function. J. Biol. Chem. 264: 29886-20893, 1989.

OKADA, M., OWADA, K., AND NAKAGAWA, H.: [Phosphotyrosine]protein phos-
phetase in rat brain. A major [phosphotyrosinejprotein phosphatase is a 23
kDa protein distinct from acid phosphetase. Biochem. J. 239: 155-162, 1986.

OLMSTEDT, J. B.: Microtubule-associated proteins. Annu. Rev. Cell Biol. 2: 421-
457, 1986.

OLSEN, R. W., AND TOBIN A. J.: Molecular biology of GABAA receptors. FASEB
J. 4: 1469-1480, 1990.

ON0, Y., FUJII, T., OGITA, K., KIKKAWA, U., IGARASHI K., AND NISHIZUKA, Y.:
Identification of three additional members of rat protein kinase C family: 6-, -

and �. FEBS Lett. 226: 125-128, 1987.

ON0, Y., Fuju, T., OGITA, K., KIKKAWA, U., IGAaaSHI, K., AND NISHIZUKA, Y.:
Protein kinase C subspecies from rat brain: its structure, expression, and
properties. Proc. Netl. Aced. Sci. USA 86: 3099-3103, 1989.

OSTERRIEDER, W., BRUM, C., HESCHELER, J., TRAUTWEIN, W., FLOCKERZI, V.,

AND HOFMANN, F.: Injection of subunits of cyclic AMP-dependent protein
kinase into cardiac myocytes modulates Ca’� current. Nature (Lond.) 298:
576-578, 1982.

OUIMET, C. C., MCGUINNESS, T. L., AND GREENGARD, P.: Immunocytochemical
localization of celcium/calmodulin-dependent protein kinase II in ret brain.
Proc. Natl. Acad. Sci. USA 81: 5604-5608, i9Ma.

OUIMET, C. C., MILLER, P. E., HEMMINGS, H. C., JR., WALAAS, S. I., AND
GREENGARD, P.: DARPP-32, a dopemine and adenosine 3’,S’ -monophosphate
regulated phosphoprotein enriched in dopamine-innervated brain regions. III.
Immunocytochemical localization. J. Neurosci. 4: 111-124, 19Mb.

OUIMET, C. C., WANG, J. K. T., WALAAS, S. I., ALBERT, K. A., AND CREENGARD,

P.: Localization of the MARCKS (87 kDa) protein, a major specific substrate
for protein kinase C, in rat brain. J. Neurosci. 10: 1683-1698, 1990.

OZAWA, E.: Activation of phosphorylase kinase from brain by small amounts of
calcium ion. J. Neurochem. 20: 1487-1488, 1973.

PALFREY, H. C., LAI, Y., AND GREENGARD, P.: Calmodulin-dependent protein
kinase from evian erythrocytes. In Proceedings of the Sixth International
Conference on Red Cell Structure and Metabolism, ed. by C. Brewer, pp. 291-
301, A. R Liss, New York, 1983a.

PALFREY, H. C., NAIRN, A. C., MULDOON, L. L., AND VILLEREAL, M. L.: Rapid
activation of calmodulin-dependent protein kinese III in mitogen-stimulated
human fibroblasts. J. Biol. Chem. 262: 9785-9792, 1987.

PALFREY, H. C., ROTHLEIN, J. E., AND GREENGARD, P.: Calmodulin-dependent

protein kinase and associated substrates in Torpedo electric organ. J. Biol.
Chem. 258: 9496-9503, i983b.

PALMER, A. M., AND GERSHON, S.: Is the neuronal basis of Alzheimer’s disease
cholinergic or glutamatergic? FASEB J. 4: 2745-2752, 1990.

PANG, D. T., VALTORTA, F., DEMARCO, M. E., BRUGGE, J. S., BENFENATI, F.,
AND GREENGARD, P.: Localization of pp6O””” in synaptic vesicles. Soc. Neu-
rosci. Abstr. 14: 106, 19884.

PANG, D. T., WANG., J. K. T., VALTORTA, F., BENFENATI, F., AND GREENGARD
P.: Protein tyrosine phosphorylation in synaptic vesicles. Proc. Netl. Aced. Sci.

USA 85: 762-766, i988b.
PANT, H. C., SHECKET, C., GAINER, H., AND LASEK, R. J.: Neurofilement protein

is phosphorylated in the squid giant axon. J. Cell Biol. 78: R23-R27, 1978.
PARKER, P. J., COUSSENS, L., Torry, N., RHEE, L., YOUNG, S., CHEN, E.,

STABEL, S., WATERFIELD, M. D., AND ULLRICH, A.: The complete primary
structure of protein kinase C-the major phorbol ester receptor. Science (Wash.
DC) 233: 853-866, 1986.

PATEL, J., AND KLIGMAN, D.: Purification and characterization of an M. 87,000
protein kinese C substrate from rat brain. J. Biol. Chem. 262: 16686-16691,
1987.

PAULSEN, R., AND BENTROP, J.: Activation of rhodopsin phosphorylation is
triggered by the lumirhodopsin-metarhodopsin I transition. Nature (Lond.)
302: 417-419, 1983.

PAUPARDIN-TRITSCH, D., HAMMOND, C., AND GERSCHENFELD, H. M.: Serotonin
and cyclic CMP both induce an increase of the calcium current in the same
identified molluscan neurons. J. Neurosci. 6: 2715-2723, 1986a.

PAUPARDIN-TRITSCH, D., HAMMOND, C., GERSCHENFELD, H. M., NAIRN, A. C,
AND GREENGARD, P.: cCMP-dependent protein kinese enhances Ca’� current
and potentietes the serotonin-induced Ca’� current increase in snail neurones.

Nature (Lond.) 323: 812-814, 1986b.
PAYNE, M. E., SCHWORER, C. M., AND SODERLING, T. R.: Purification and

characterization of rabbit liver calmodulin-dependent glycogen synthase Id-
nase. J. Biol. Chem. 258: 2376-2382, 1983.

PEARSON, R. B., WOODGETT, J. R., COHEN, P., AND KEMP, B. E.: Substrate
specificity of a multifunctionel calmodulin-dependent protein kinase. J. Biol.
Chem. 27: 14471-14476, 1985.

PENNEFATHER, P., LANCASTER, B., ADAMS, P. R., AND NICOLL, R. A.: Two
distinct Ce-dependent K currents in bullfrog sympathetic ganglion cells. Proc.
Natl. Aced. Sci. USA 82: 3040-3044, 1985.

PERDAHL, E., Wu, W. C-S., BROWNING, M. D., WINBLAD, B., AND GREENGARD,

P.: Protein III, a neuron-specific phosphoprotein: variant forms found in
human brain. Neurobehav. Toxicol. Teratol. 6: 425-431, 1984.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


PROTEIN PHOSPHORYLATION AND NEURONAL FUNCTION 345

PERozo, E., AND BEZANILLA, F.: Phosphoryletion affects voltage gating of the
delayed rectifier K� channel by electrostatic interactions. Neuron 5: 685-690,
1990.

PERozo, E., DIPOLO, R., CAPUTO, C., ROJA, H., AND BEZANILLA, F.: ATP
modification of K currents in dialysed squid axons. Biophys. J. 49: 215a, 1986.

PETRUCCI, T. C., AND MORROW, J. S.: Synapsin I: an actin-binding protein
under phosphorylation control. J. Cell Biol. 105: 1355-1363, 1987.

PIOMELLI, D., VOLTERRA, A., DALE, N., SIEGELBAUM, S. A., KANDEL, E. R.,
SCHWARTZ, J. H., AND BELARDETTI, F.: Lipoxygenase metabolites of arechi-
donic acid as second messengers for presynaptic inhibition of Aplysia sensory
cells. Nature (Lond.) 328: 38-43, 1987.

PIOMELLI, D., WANG, J. K. T., SIHIta, T. S., NAIRN, A. C., CZERNIK, A. J., AND
GREENGARD, P.: Inhibition ofCa2�/celmodulin-dependent protein kinase II by
arachidonic acid and its metabolites. Proc. Natl. Aced. Sci. USA 86: 8550-
8554, 1989.

PREMONT, J., DE MONTETY, M.-C. D., HERBET, A., GLOWINSKI, J., BOCKAERT,

J., AND PROCHIANTz, A.: Biogenic amines and adenosine-sensitive adenylate
cyclases in primary cultures ofstriatal neurons. Dcv. Brain Rae. 9: 53-61, 1983.

PREMONT, J., PEREZ, M., AND BOCKAERT, J.: Adenosine-sensitive adenylate
cyclase in rat striatal homogenates and its relationship to dopamine- and Ca2�-
sensitive adenylate cyclases. Mol. Pharmecol. 13: 662-670, 1977.

Qu, Z., MoRrrz, E., AND HUGANIR, R. L.: Regulation of tyrosine phosphorylation
of the nicotinic acetylcholine receptor at the rat neuromuscular junction.

Neuron 4: 367-378, 1990.
QUIK, M., IVERSEN, L. L., AND BLOOM, S. R.: Effect of vasoective intestinal

peptide (VIP) and otherpeptides on cAMP accumulation in rat brain. Biochem.
Pharmacol. 27: 2209-2213, 1978.

QUINTON, P. M.: Cystic fibrosis: a disease in electrolyte transport. FASEB J. 4:
2709-2717, 1990.

RAISMAN-VOZARI, R., GIRAULT, J.-A., MOUSSAOUI, S., FEUERSTEIN, C., JENNER,
P., MARSDEN, C. D., AND AGID, Y.: Lack of change in strietal DARPP-32
levels following nigrostriatal dopaminergic lesions in animals and in parkin-

sonian syndromes in man. Brain Res. 507: 45-50, 1990.

RANDLE, P. J.: Phosphorylation-dephosphorylation cycles and the regulation of
fuel selection in mammals. Curr. Top. Cell. Regul. 18: 107-129, 1981.

RANE, S. C., AND DUNLAP, K.: Kinase C activator 1,2-oleylacetylglycerol atten-
uates voltage-dependent calcium current in sensory neurons. Proc. Natl. Aced.
Sci. USA 83: 184-188, 1986.

RANGEL.ALDAO, R., AND ROSEN, 0. M.: Dissociation and reassociation of phos-
phorylated and non-phosphorylated forms of adenosine 3’,S’-monophosphete
dependent protein kinase from bovine cardiac muscle. J. Biol. Chem. 251:
3375-3380, 1976.

REED, L. J., DAMUNI, Z., AND MERRYFIELD, M. L.: Regulation of mammalian
pyruvate and branched-chain alpha-keto acid dehydrogenese complexes by
phosphorylation-dephosphorylation. Curr. Top. Cell. Regul. 27: 41-49, 1985.

REED, L. J., AND YEAMAN, S. J.: Pyruvate dehydrogenase. In The Enzymes, vol.
XVIII, ed. by P. D. Boyer and E. C. Krebs, pp. 77-96, Academic Press, Orlando,

FL, 1987.

Ram-JoNEs, R. W., HENDRICKS, S. A., QUARUM M., AND ROTH, J.: The insulin
receptor of rat brain is coupled to tyrosine kinase activity. J. Biol. Chem. 259:
3470-3474, 1984.

REICHARDT, L. F., AND KELLY, R. B.: A molecular description of nerve terminal
function. Annu. Rev. Biochem. 52: 871-926, 1983.

REIMANN, E. M., WALSH, D. A., AND KREBS, E. C.: Purification and properties
of rabbit skeletal muscle adenosine 3’,5’ -monophosphete-dependent protein
kineses. J. Biol. Chem. 246: 1986-1995, 1971.

REUTER, H.: Calcium channel modulation by neurotransmitters, enzymes and

drugs. Nature (Lond.) 301: 569-574, 1983.
REYMANN, K. C., BRODEMANN, R., KASE, H., AND MAVFHIES, H.: Inhibitors of

calmodulin and protein kinase C block different phases of hippocampal long.
term potentiation. Brain Res. 461: 388-392, 1988.

RICH, D. P., COLBRAN, R. J., SCHWORER, C. M., AND SODERLING, T. R.:
Regulatory properties of calcium/calmodulin-dependent protein kinase II in
rat brain postsynaptic densities. J. Neurochem. 53: 807-816, 1989.

RIORDAN, J. R., ROMMENS, J. M., KEREM, B-S., ALON, N., ROZMAHEL, R.,
GRZELCZAK, Z., ZIELENSKI, J., LOK, 5., PLAVSIC, N., CHOU, J.-L., DRUMM,

M. L., IANNUZZI, M. C., COLLINS, F. S., AND TsuI, L.-C.: Identification of the
cystic fibrosis gene: cloning and characterization of complementary DNA.
Science (Wash. DC) 245: 1066-1073, 1989.

ROBINSON, P. J., AND DUNKLEY, P. R.: Depolarisation-dependent protein phos-
phorylation in rat cortical synaptosomes: factors determining the magnitude

ofthe response. J. Neurochem. 41: 909-918, 1983.
ROBI5ON, C. A., BUTCHER, W. R., AND SUTHERLAND, E. W: Cyclic AMP,

Academic Press, New York, 1971.

ROBISON-STEINER, A. M., AND CORBIN, J. D.: Probable involvement of both
intrachain cyclic AMP binding sites in activation of protein kinase. J. Biol.
Chem. 258: 1032-1040, 1983.

RODBELL, M.: The role of hormone receptors and CTP-reguletory proteins in
membrane transduction. Nature (Lond.) 284: 17-22, 1980.

ROHRKASTEN, A., MEYER, H. E., NASTAINCzYK, W., SIEBER, M., AND HOFMANN,

F.: cAMP-dependent protein kinase rapidly phosphorylates serine-687 of the
skeletal muscle receptor for calcium channel blockers. J. Biol. Chem. 263:
15325-15329, 1988.

ROMMENS, J. M., IANNUZZI, M. C., KEREM, B-S., DRUMM, M. L., MELMER, G.,
DEAN, M., ROZMAHEL, R., COLE, J. L., KENNEDY, D., HIDAKA, N., ZSIGA, M.,

BUCHWALD, M., RIORDAN, J. R., TSUI, L.-C., AND COLLINS F. S.: Identification
of the cystic fibrosis gene: chromosome walking and jumping. Science (Wash.
DC) 245: 1059-1965, 1989.

ROSEN, A., HARTWIG, J., KEENAN, K. F., NAIRN, A. C., AND ADEREM, A.:

Regulated clustering of the MARCKS protein at points of actin attachment to
the substrate adherent surface of the plasma membrane, in preparation.

ROSEN, A., KEENAN, K. F., THELEN, M., NAIRN, A. C., AND ADEREM, A. A.:
Activation of protein kinase C results in the displacement of its myristoylated,

alanine-rich substrate from punctate structures in macrophage filopodia. J.
Exp. Med. 172: 1211-1215, 1990.

ROSEN, 0. M.: After insulin binds. Science (Wash. DC) 237: 1452-1458, 1987.
ROSEN, 0. M., HERRERA, R., OLOWE, Y., PETRUZZELLI, L. M., AND COBB, M.

H.: Phosphorylation activates the insulin receptor tyrosine protein kinase.
Proc. NatI. Aced. Sci. USA 80: 3237-3240, 1983.

ROSENBAUM, L. C., MALENCIK, D. A., ANDERSON, S. R., TOTA, M. R., AND
SCHIMERLIK, M. I.: Phosphoryletion of the porcine etrial muscarinic acetyl-
choline receptor by cyclic AMP-dependent protein kinase. Biochemistry 26:
8183-8188, 1987.

ROSENBERG, G. B., AND STORM, D. R.: Immunological distinction between
calmodulin-sensitive and calmodulin-insensitive adenylate cyclases. J. Biol.
Chem. 262: 7623-7628, 1987.

R0SK0SKI, R., JR., VULLIET, P. R., AND GLASS, D. B.: Phosphorylation of
tyrosine hydroxylase by cyclic GMP-dependent protein kinese. J. Neurochem.
48: 840-845, 1987.

Ross, C. A., WRIGHT, G. E., RESH, M. D., PEARSON, R. C. A., AND SNYDER, S.
H.: Brain-specific src oncogene mRNA mapped in rat brain by in situ hybrid-
ization. Proc. Natl. Aced. Sci. USA 85: 9831-9835, 1988.

ROSSIE, S., AND CATTERALL, W. A.: Regulation of ionic channels. In The
Enzymes, vol. XVIII, ed by P. D. Boyer and E. C. Krebs, pp. 335-358, Academic
Press, Orlando, FL, 1987e.

RosslE, S., AND CATTERALL, W. A.: Cyclic-AMP-dependent phosphorylation of
voltage-sensitive sodium channels in primary cultures of rat brain neurons. J.
Biol. Chem. 262: 12735-12744, 198Th.

RosslE, S., AND CATFERALL, W. A.: Phosphorylation of the a subunit of rat
brain sodium channels by cAMP-dependent protein kinase at a new site
containing Ser686 and Ser687. J. Biol. Chem. 264: 14220-14224, 1989.

RosTAs, J. A. P., BRENT, V. A., HEATH, J. W., NEAME, R. L. B., Powls, D. A.,
WEINBERGER, R. P., AND DUNKLEY, P. R.: The subcellular distribution of a

membrane-bound celmodulin-stimuleted protein kinase. Neurochem. Baa. 1 1:
253-268, 1986.

ROUTTENBERG, A., AND LOVINGER, D. M.: Selective increase in phosphorylation
of a 47-kDa protein (Fl) directly related to long-term potentiation. Behav.

Neural Biol. 43: 3-11, 1985.
ROUTTENBERG, A., MORGAN, D. C., CONWAY, R. C., SCHMIDT, M. J., AND

GHEi”rI, B.: Human brain protein phosphorylation in vitro: cyclic AMP stim-
ulation of electrophoretically-separated substrates. Brain Res. 222: 323-333,
1981.

ROZENGURT, E., RODRIGUEz-PENA, M., AND SMITH, K. A.: Phorbol esters,
phospholipase C, and growth factors rapidly stimulate the phosphorylation of
a Mr 80,000 protein in intact quiescent 3T3 cells. Proc. Natl. Aced. Sci. USA
80: 7244-7248, 1983.

RUBIN, C. S., ERLICHMAN, J., AND ROSEN, 0. M.: Cyclic adenosine 3’S’-
monophosphate-dependent protein kinase of human erythrocyte membranes.
J. Biol. Chem. 247: 6135-6139, 1972.

RUBIN, C. S., AND ROSEN, 0. M.: Protein phosphorylation. Annu. Rev. Biochem.
44: 831-887, 1975.

RYAZANOV, A. C.: Ca2�/calmodulin-dependent phosphorylation of elongation
factor 2. FEBS Lett. 214: 331-334, 1987.

SAFRAN, A., SAGI-EISENBERG, R., NEUMANN, D., AND FUCHS, S.: Phosphoryla-
tion of the acetylcholine receptor by protein kinase C and identification of the

phosphorylation site within the receptor subunit. J. Biol. Chem. 262: 10506-
10510, 1987.

SAITO, N., KIKKAWA, U., NISHIZUKA, Y., AND TANAKA, C.: Distribution of protein
kinase C-like immunoreactive neurons in rat brain. J. Neurosci. 8: 369-382,
1988.

SArroH, T., AND SCHWARTZ, J. H.: Phosphorylation-dependent subcellular trans-
location of a Ca2�/calmodulin-dependent protein kinase produces an autono-
mous enzyme in Aplysia neurons. J. Cell Biol. 100: 835-842, 1985.

SAITOH, Y., YAMAMOTO, H., FUKUNAGA, K., MATSUKADO, Y., AND MIYAMOTO,

E.: Inactivation and reactivation of the multifunctional calmodulin-dependent
protein kinase from brain by autophosphoryletion and dephosphorylation:

involvement of protein phosphatases from brain. J. Neurochem. 49: 1286-

1292, 1987.

S*ic�iua�ita, M., ALKON, D. L., DELORENzO, R., GOLDENRING, J. R., NEARY,
J. T., AND HELDMAN, E.: Modulation of calcium-mediated inactivation of ionic
currents by Ca’�/calmodulin-dependent protein kinase II. Biophys. J. 50: 319-
327, 1986.

SALTIEL, A. R., Fox, J. A., SHERLINE, P., AND CUATRECASAS, P.: Insulin-
stimulated hydrolysis of a novel glycolipid generates modulators of cAMP
phosphodiesterase. Science (Wash. DC) 233: 967-972, 1986.

SCHAAP, D., AND PARKER, P. J.: Expression, purification, and characterization
ofprotein kinase C-t. J. Biol. Chem. 265: 7301-7307, 1990.

SCHATZMAN, R. C., RAYNOR, R. L., FRITZ, R. B., AND Kuo, J. F.: Purification
to homogeneity, characterization, and monoclonal antibodies of phospholipid-

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


346 WALAAS AND GREENGARD

sensitive Ca’�-dependent protein kinase from spleen. Biochem. J. 209: 435-
443, 1983.

SCHIEBLER, W., JAHN, R., DOUCET, J.-P., ROTHLEIN, J., AND CREENGARD, P.:
Characterization of synapsin I binding to small synaptic vesicles. J. Biol. Chem.
261: 8383-8390, 1986.

SCHLICHTER, D. J., CASNELLIE, J. E.. AND GREENGARD, P.: An endogenous
substrate for cGMP-dependent protein kinase in mammalian cerebellum. Na-

ture (Lond.) 273: 61-62, 1978.
SCHLICHTER, D. J., DETRE, J. A., ASWAD, D. W., CHEHRAzI, B., AND GREEN-

GARD. P.: Localization of cyclic GMP-dependent protein kinase and substrate
in mammalian cerebellum. Proc. Ned. Aced. Sci. USA 77: 5537-5541, 1980.

SCHMIDT, M., IMBS, J. L, AND SCHWARTZ, J.: Pharmacological characterization

of the dopamine renal vascular receptor. In Dopaminergic Systems and Their

Regulation, ad. by C. N. Woodruff, J. A. Poet, and P. J. Roberts, pp. 181-194,
Macmillan, London, 1986.

SCHOFIELD, P. R., DARLISON, M. C., FUJITA, N., BURT, D. R., STEPHENSON, F.
A., RODRIGUEZ, H., RHEE, L. M., RAMACHANDRAN, J., REALE, V., CLENCORSE,

T. A., SEEBURG, P. H., AND BARNARD, E. A.: Sequence and functional expres-

sion of the GABAA receptor shows a ligand-gated receptor super-family. Nature
(Lond.) 328: 221-227, 1987.

SCHOUMACHER, R. A., SHOEMAKER, R. L., HALM, D. R., TALLANT, E. A.,
WALLACE, R. W., AND FRIZZELL, R. A.: Phosphorylation fails to activate
chloride channels from cystic fibrosis airway cells. Nature (Lond.) 330: 752-
754, 1987.

SCHULMAN, H.: Phosphorylation of microtubule-essociated proteins by a Ca’�/
calmodulin-dependent protein kinese. J. Cell Biol. 99: 11-19, 1984.

SCHULMAN, H.: The multifunctional Ca’�/calmodulin-dependent protein kinese.
Adv. Cyclic Nucleotide Protein Phosphoryletion Bee. 22: 39-112, 1988.

SCHULMAN, H., AND GREENGARD P.: Stimulation of brain membrane protein
phosphorylation by calcium and an endogenous heat-stable protein. Nature

(Lond.) 271: 478-479, 19784.
SCHULMAN, H., AND GREENGARD, P.: Ca’�-dependent protein phosphorylation

system in membranes from various tissues, and its activation by “calcium-

dependent regulator.” Proc. NaiL Aced. Sci. USA 75: 5432-5436, 1978b.
SCHULMAN, H., KuRET, J., JEFFERSON, A. B., NOSE, P. 5., AND SPI’FZER, K. H.:

Ca’�/calmodulin-dependent microtubule-associated protein 2 kinase: broad
substrate specificity and multifunctional potential in diverse tissues. Biochem-

istry 24: 5320-5327, 1985.

SCHWARTZ, L. B., AND GEWERTZ, B. L.: The renal response to low dose dopamine.
J. Surg. Res. 45: 574-588, 1988.

SCHWORER, C. M., COLBRAN, R. J., AND SODERLING, T. T.: Reversible generation
of a Ca’�-independent form of Ca’� (calmodulin)-dependent protein kinase II
by an autophosphorylation mechanism. J. Biol. Chem. 261: 8581-8584, 1986.

Scorr, J. D., CLACCUM, M. B., ZOLLER, M. J., UHLER, M. D., HELFMAN, D. M.,
MCKNIGHT, C. S., AND KEEBS, E. C.: The molecular cloning of a type II
regulatory subunit of the cAMP-dependent protein kinase from rat skeletal

muscle and mouse brain. Proc. Natl. Aced. Sci. USA 84: 5192-5196, 1987.
SEP-rON, B. M., AND HuNTER, T.: Tyrosine protein kineses. Adv. Cyclic Nucleo-

tide Protein Phosphorylation Rae. 18: 195-226, 1984.
SEKIGUCHI, K., TSUKUDA, M., OGITA, K., KIKKAwA, U., AND NI5HIzUKA, Y.:

Three distinct forms of ret brain protein kinese C: differential response to

unsaturated fatty acids. Biochem. Biophys. Res. Commun. 145: 797-802, 1987.

SELDEN, S. C., AND POLLARD, T. D.: Phosphorylation of microtubule-associeted
proteins regulates their interaction with ectin filaments. J. Biol. Chem. 258:
7064-7071, 1983.

SELKOE, D. J.: Biochemistry of altered brain proteins in Alzheimer’s disease.
Annu. Rev. Neurosci. 12: 463-490, 1989.

SELKOE, D. J., PODLISNY, M. B., JOACHIM, C. L., VICKERS, E. A., LEE, C.,
FRITZ, L. C., AND OLTERSDORF, T.: $-Amyloid precursor protein of Alzheimer
disease occurs as 1 10- to 135-kilodalton membrane-associated proteins in
neural and nonneural tissues. Proc. NatI. Aced. Sci. USA 85: 7341-7345, 1988.

SELLERS, J. R., AND ADELSTEIN, R. S.: Regulation of contractile activity. In The
Enzymes, vol. XVIII, ed. by P. D. Boyerand E. C. Krebs, pp. 381-419, Academic

Press, Orlando. FL, 1987.
SHAPIRA, R., SILBERBERG, 5. D., GINSBURG, S., AND RAHAMIMOFF, R.: Activa-

tion of protein kinase C augments evoked transmitter release. Nature (Lond.)
325: 58-60,1987.

SHARMA, R. K., AND WANG, J. H.: Calmodulin and Ca’�-dependent phosphor-
yletion and dephosphoryletion of 63-kDa subunit-containing bovine brain

calmodulin-stimuleted cyclic nucleotide phosphodiesterese isozyme. J. Biol.
Chem. 261: 1322-1328, 1986.

SHECKET, C., AND LASER, R. J.: Neurofilaznent protein phosphorylation. Species
generality and reaction characteristics. J. Biol. Chem. 257: 4788-4795, 1982.

SHENOLIKAR, S., LICKTEIG, R., HARDIE, D. C., SODERLING, T. R., HANLEY, R.

M., AND KELLY, P. T.: Calmodulin-dependent multifunctional protein kinase.
Eur. J. Biochem. 161: 739-747, 1986.

SHENOLIKAR, S., AND NAIRN, A. C.: Protein phosphetases: recent progress. In
Advances in Second Messenger Phosphoprotein Research, ed. by P. Creengerd
and C. A. Robison, vol. 23, pp. 1-120, Raven Pres, New York, 1991.

SHICHI, H., AND SOMERS, R. L.: Light-dependent phosphorylation of rhodopsin.
Purification and properties of rhodopsin kinase. J. Biol. Chem. 253: 7040-
7046, 1978.

SHIELDS, S. M., INGEBRITSEN, T. S., AND KELLY, P. T.: Identification of protein
phosphatase 1 in synaptic junctions: dephosphorylaton of endogenous calmed-

ulin-dependent kinese II end synapse-enriched phosphoproteins. J. Neurosci.
5: 3414-3422, 1985.

SHIMIZU, T., AND WOLFE, L. S.: Arachidonic acid cascade and signal transduc-
tion. J. Neurochem. 55: 1-15, 1990.

SHOWERS, M. 0., AND MAURER, R. A.: A cloned bovine cDNA encodes an
alternate form of the catalytic subunit of cAMP-dependent protein kinese. J.
Biol. Chem. 261: 16288-16291, 1986.

SHUSTER, M. J., CAMARDO, J., SIEGELBAUM, S. A., AND KANDEL E. R.: Cyclic
AMP-dependent protein kinase closes the serotonin-sensitive K� channels of
Aplysia sensory neurones in cell-free membrane patches. Nature (Lond.) 313:
392-395, 1985.

SIBLEY, D. R., BENOVIC, J. L., CARON, M. C., AND LEFKOWITZ, R. J.: Regulation
of transmembrane signalling by receptor phosphorylation. Cell 48: 913-922,
1987.

SIBLEY, D. R., STaassER, R. H., BENOVIC, J. L., DANIEL, K., AND LEFKOWITZ,

R. J.: Phosphorylation/dephosphoryletion of the $-adrenergic receptor regu-
lates its functional coupling to adenylate cyclase and subcellular distribution.
Proc. Natl. Aced. Sci. USA 83: 9408-9412, 1986.

SIEGELBAUM, S. A., CAMARDO, J. S., AND KANDEL, E. R.: Serotonin and cyclic
AMP close single K� channels in Aplysia sensory neurones. Nature (Lond.)
299: 413-417, 1982.

SIEGHART, W.: Glutamate-stimulated phosphorylation of a specific protein in P2
fractions of rat cerebral cortex. J. Neurochem. 37: 1116-1124, 1981.

SIEGHART, W., FORN, J., AND GREENGARD, P.: Ce2� and cyclic AMP regulate
phosphorylation of same two membrane-associated proteins specific to nerve
tissue. Proc. Netl. Aced. Sci. USA 76: 2475-2479, 1979.

SIGEL, E., AND BAUR, R.: Activation of protein kinase C differentially modulates
neuronel Ne�, Ca’�, and -y-aminobutyrate type A channels. Proc. Netl. Aced.
Sci. USA 85: 6192-6196, 1988.

SIGGINS, C. R.: Regulation of cellular excitability by cyclic nucleotides. In
Handbook of Experimental Pharmacology, vol. 58/Il: Cyclic Nucleotides, part
II, ed. by J. W. Kebebian and J. A. Nathanson, pp. 305-346, Springer Verlag,
Berlin, Heidelberg, New York, 1982.

SINGH, V. B., AND MOUDGIL, V. K.: Phosphorylation of rat liver glucocorticoid
receptor. J. Biol. Chem. 260: 3684-3690, 1985.

SIS0DIA, S. S., Koo, E. H., BEYREUTHER, K., UNTERBECK, A., AND PRICE, D.
L.: Evicence that �3-amyloid protein in Alzheimer’s disease is not derived by

normal processing. Science (Wash. DC) 248: 492-495, 1990.
SKENE, J. H. P.: Axonal growth-associated protein. Annu. Rev. Neurosci. 12:

127-156, 1989.
SKENE, J. H. P., JACOBSON, R. D., SNIPES, G. J., MCCUIRE, C. B., NORDEN, J.

J., AND FREEMAN, J. A.: A protein induced during nerve growth (GAP-43) is a
major component of growth-cone membranes. Science (Wash. DC) 233: 783-

786, 1986.

SKENE, J. H. P., AND VIRAG, I.: Posttrenslational membrane attachment end
dynamic fatty ecyletion of a neuronal growth cone protein, CAP-43. J. Cell
Biol. 108: 613-624, 1989.

SLOBODA, R. D., RUDOLPH, S. A., ROSENBAUM, J. L., AND GREENGARD, P.:
Cyclic AMP-dependent endogenous phosphorylation of a microtubule-associ-
ated protein. Proc. Neil Aced. Sci. USA 72: 177-181, 1975.

SMITH, M. M., MERLIE, J. P., AND LAWRENCE, J. C., JR.: Ce’�-dependent end

cAMP-dependent control of nicotinic ectylcholine receptor phosphorylation in
muscle cells. J. Biol. Chem. 264: 12813-12819, 1989.

SNYDER, S. H.: The dopamine hypothesis ofschizophrenia: focus on the dopamine
receptor. Am. J. Psychiatry 133: 197-202, 1976.

SODERLING, T. R.: Protein kineses. J. Biol. Chem. 265: 1823-1826, 1990.

SOMMERCORN, J., MULLIGAN, J. A., LOZEMAN, F. J., AND KREBS, E. C.:
Activation of cesein kinase II in response to insulin and to epidermal growth
factor. Proc. Natl. Aced. Sci. USA 84: 8834-8838, 1987.

SONG, Y., AND HUANG, L.-Y. M.: Modulation of glycine receptor chloride
channels by cAMP-dependent protein kinase in spinal trigeminal neurons.
Nature (Lond.) 348: 242-245, 1990.

STADTMAUER, L., AND ROSEN, 0. M.: Increasing the cAMP content of IM-9 cells
alters the phosphoryletion state and protein kinase activity of the insulin
receptor. J. Biol. Chem. 261: 3402-3407, 1986.

STEIN, J. C., FAROOQ, M., NORTON, W. T., AND RUBIN, C. S.: Differential
expression of isoforms of the regulatory subunit of type II cAMP-dependent
protein kinese in rat neurons, astrocytes, and oligodendrocytes. J. Biol. Chem.
262: 3002-3006, 1987.

STEINBACH, J. H., AND ZEMPEL, J.: Whet does phosphoryletion do for the
nicotinic acetylcholine receptor? Trends Neurosci. 10: 61-64, 1987.

STEINER, J. P., LING, E., AND BENNETF, V.: Nearest neighbor analysis for brain
synapsin I. J. Biol. Chem. 262: 905-914, 1987.

STELZER, A., KAY, A. R., AND WONG, R. K. S.: GABAA-receptor function in
hippocampal cells is maintained by phosphoryletion factors. Science (Wash.
DC) 241: 339-341, 1988.

STERNBERGER, L. A., AND STERNBERGER, N. H.: Monoclonal antibodies distin-
guish phosphoryleted and nonphosphoryleted forms of neurofilaments in situ.
Proc. Natl. Aced. Sci. USA 80: 6126-6130, 1983.

STERNBERGER, N. H., STERNBERGER, L. A., AND ULRICH, J.: Aberrant neurofil-
ament phosphorylation in Alzheimer’s disease. Proc. Natl. Aced. Sci. USA 82:
4274-4276, 1985.

STEWART, A. A., INGEBRITSEN, T. S., MANALAN, A., KLEE, C. B., AND COHEN,

P.: Discovery ofe Ce’�- end celmodulin-dependent protein phosphatase. FEBS
Lett. 137: 80-84, 1982.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


PROTEIN PHOSPHORYLATION AND NEURONAL FUNCTION 347

STONE, T. W., TAYLOR, D. A., AND BLOOM, F. E.: Cyclic AMP end cyclic GMP
may mediate opposite neuronel responses in the ret cerebral cortex. Science
(Wash. DC) 187: 845-847, 1975.

STO0F, J. C., AND KEBABIAN, J. W.: Opposing roles for D-i and D-2 dopemine
receptors in effluz of cyclic AMP from ret neostriatum. Nature (Lond.) 294:
366-368, 1981.

STOOF, J. C., AND KEBABIAN, J. W.: Independent in vitro regulation by the D-2
dopamine receptor of dopamine-stimuleted efflux of cyclic AMP end K�-
stimulated release of acetylcholine from ret neostriatum. Brain Res. 250: 263-
270, 1982.

STRADA, S. J., MARTIN, M. W., AND THOMPSON, W. J.: General properties of
multiple molecular forms of cyclic nucleotide phosphodiesterase in the nervous
system. Adv. Cyclic Nucleotide Protein Phosphoryletion Res. 16: 13-29, 1984.

Sm�uLI, M., KREUGER, N. X., TsAI, A. Y. M., AND SArro, H.: A family of
receptor-linked protein tyrosine phosphetases in humans and Drosophila. Proc.
Netl. Aced. Sci. USA 86:8698-8702,1989.

STRITTMATI’ER, S. M., VALENZUELA, D., KENNEDY, T. E., NEER, E. J., AND
FISHMAN, M. C.: C0 is a major growth cone protein subject to regulation by

GAP-43. Nature (Lond.) 344: 836-841, 1990.
STROMBOM, U., FORN, J., DOLPHIN, A. C., AND CREENGARD, P.: Regulation of

the state of phosphoryletion of specific neuronal proteins in mouse brain by in
vivo administration of anesthetic and convulsant agents. Proc. Natl. Aced. Sci.
USA 76: 4687-4690, 1979.

STRONG, J. A., Fox, A. P., TSIEN, R. W., AND KACZMAREK, L. K.: Stimulation
of protein kinase C recruits covert calcium channels in Aplysia bag cell
neurones. Nature (Lond.) 325: 714-717, 1987.

5TRYER, L.: Cyclic GMP cascade of vision. Annu. Rev. Neurosci. 9: 87-119,
1986S’ruMPo, D. J., GRAFF, J. M., ALBERT, K. A., GREENGARD P., AND

BLACKSHEAR, P. J.: Molecular cloning, characterization, and expression of a
cDNA encoding the “80- to 87-kDa” myristoyleted alanine-rich C kinase
substrate: a major cellular substrate for protein kinese C. Proc. Natl. Aced.
Sci. USA 86: 4012-4016, 1989.

SUDHOF, T. C., CZERNIK, A. J., K�o, H.-T., TAKEI, K., JOHNSTON, P. A.,
HOmuCHI, A., KANAZIR, S. D., WAGNER, M. A., PERIN, M. S., DE CAMILLI,

P., AND CREENGARD, P.: Synapsins: mosaics of shared and individual domains
in a family of synaptic vesicle phosphoproteins. Science (Wash. DC) 245:
1474-1480, 1989.

SUGRUE, M. M., BRUGGE, J. S., MARSHAK, D. R., GREENGARD, P., AND Gus-

TAFSON, E. L.: Immunocytochemicel localization of the neuron-specific form
of the c-src gene product, pp�()C�C(+), in ret brain. J. Neurosci. 10: 2513-2527,
1990.

SUNAIIARA, R. K., NIZNIK, H. B, WEINER, D. M., STORMANN, T. M., BRANN,
M. R., KENNEDY, J. L., CELERNTER, J. E., ROZMAHEL, R., YANG, Y., ISRAEL,
Y., SEaMAN, P., AND O’DOWD, B. F.: Human dopainine D1 receptor encoded
by an intronless gene on chromosome 5. Nature (Lond.) 347: 80-83, 1990.

SUPATFAPONE, S., DANOFF, S. K., THEIBERT, A., JOSEPH, S. K., STEINER, J.,
AND SNYDER, S. H.: Cyclic AMP-dependent phosphorylation of a brain inositol
trisphosphete receptor decreases its release of calcium. Proc. Natl. Aced. Sci.
USA 85: 8747-8750, 19884.

SUPATFAPONE, S., WORLEY, P. F., B�RABAN, J. M., AND SNYDER, S. H.: Solu-
bilization, purification, and characterization of an inositol trisphosphate recep-
tar. J. BioL Chem. 263: 1530-1534, 1988b.

SWANSON, L. W., TEYLER, T. J., AND THOMPSON, R. F.: Hippocampal long-
term potentietion: mechanisms and implications for memory. Neurosci. Res.

Progr. Bull. 20: 611-764, 1982.
SWARTZ, B. E., AND WOODY, C. D.: Correlated effects of ecetylcholine and cyclic

guanosine monophosphate on membrane properties of mammalian neocortical

neurons. J. Neurobiol. 10: 465-488, 1979.
SWEETNAM, P. M., LLOYD, J., GALLOMBARDO, P., MALISON, R. T., GALLAGER,

D. W., TALLMAN, J. F., AND NESTLER, E. J.: Phosphorylation of the GABA.J
benzodiazepine receptor a subunit by a receptor-associated protein kinese. J.
Neurochem. 51: 1274-1284, 1988.

TACHIKAWA, E., TANK, A. W., YANAGIHARA, N., MOSIMANN, W., AND WEINER,

N.: Phosphorylation of tyrosine hydroxylase on at least three sites in ret
pheochromocytoma PC 12 cells treated with 56 mM K�: determination of the
sites on tyrosine hydroxylase phosphoryleted by cyclic AMP-dependent and

calcium/calmodulin-dependent protein kineses. Mol. Pharinacol. 30: 476-485,
1986.

TAHta, M., TAIRA, M., HASHIMOTO, N., SHIMADA, F., SUzUKI, Y., KANATSUKA,
A., NAKAMURA, F., EBINA, Y., TATIBANA, M., MAKINO, H., AND YOSHIDA, S.:

Human diabetes associated with a deletion of the tyrosine kinase domain of
the insulin receptor. Science (Wash. DC) 245: 63-66, 1989.

TMaa, T., 101, R., SAKAI, K., TABUCHI, H., TAKIMOTO, S., NAKAMURA, S-I.,
TAKAHASHI, J., HASHIMOTO, E., YAMAMURA, H., AND NISHIzuRA, Y.: Corn-
parison of glycogen phosphorylase kineses of various rat tissues. J. Biochern.
91: 883-888, 1982.

T�x�i, Y., KI5HIM0T0, A., INOUE, M., AND NISHIzuKA, Y.: Studies on a cyclic
nucleotide-independent protein kinese and its proenzyme in mammalian tis-

sues. J. Biol. Chem. 252: 7603-7616, 1977.
T�iui, Y., KISHIMOTO, A., IWASA, Y., KAWAHARA, Y., M0RI, T., AND NI5HI-

ZUKA, Y.: Calcium-dependent activation of a multifunctional protein kinase by
membrane phospholipids. J. BioL Chem. 254: 3692-3695, 1979e.

T�uc�ai, Y., KISHIMOTO, A, KIKKAWA, U., TERUTOSHI, M., AND NIsHIzURA. Y.:
Unsaturated diecylglycerol as a possible messenger for the activation of cal-

cium-activated, phospholipid-dependent protein kinase system. Biochem. Bio-

phys. Res. Commun. 91: 1218-1224, 1979b.
TAKAI, Y., NISHIYAMA, K., YAMAMURA, H., AND NISHIZUKA, Y.: Guanosine

3’,S’-monophosphate-dependent protein kinese from bovine cerebellum. J.
Biol. Chem. 250: 4690-4695, 1975.

TAKAYAMA, S., WHrrE, M. F., LAURIS, V., AND KAHN, C. R.: Phorbol esters
modulate insulin receptor phosphorylation end insulin action in cultured
hepatome cells. Proc. NetI. Aced. Sci. USA 81: 7797-7801, 1984.

TANAKA, E., FUKUNAGA, K., YAMAMOTO, H., IWASA, T., AND MIYAMOTO, E.:
Regulation of the ectin-ectivated Mg-ATPase of brain myosin vie phosphor-
yletion by the brain Ca’�, celmodulin-dependent protein kineses. J. Neuro-
chem. 47: 254-262, 1986.

TANAKA, E., MIYAMOTO, E., TASHIRO, T., KOMIYA, Y., AND KUROKAWA, M.:

Ce2�-calmodulin-dependent and cyclic AMP-dependent phosphorylation of
neurofilements and glial fibrillary acidic protein. Biomed. Res. 5: 239-244,
1984.

TANTI, J. F., GREMEAUX, T., ROCHET, N., VAN OBBERGHEN, E., AND LE
MARCHAND-BRUSTEL, Y.: Effect of cyclic AMP-dependent protein kinase on
insulin receptor tyrosine kinase activity. Biochem. J. 245: 19-26, 1987.

TEHRANI, M. H. J., HABLITZ, J. J., AND BARNES, E. M., JR.: cAMP increases

the rate of CABAA receptor desensitization in chick cortical neurons. Synapse
4: 126-131, 1989.

TEICHBERG, V. I., AND CHANGEUX, J.-P.: Evidence for protein phosphorylation
end dephosphorylation in membrane fragments isolated from the electric organ
of Electrophorus electricus. FEBS Lett. 74: 71-76, 1977.

THEURKAUF, W. E., AND VALLEE, R. B.: Extensive cAMP-dependent end cAMP-
independent phosphorylation of microtubule-essociated protein 2. J. Biol.
Chern. 258: 7883-7886, 1983.

THIEL, C., CZERNIK, A. J., GORELICK, F., NAIRN, A. C., AND GREENGARD, W.

P.: Ca2�/calmoduIin-dependent protein kinase II: identification of threonine-
286 as the eutophosphoryletion site in the a subunit association with the
generation of Ca2�-independent activity. Proc. Natl. Aced. Sci. USA 85: 6337-
6341, 1988.

THIEL, C., SUDHOF, T. C., AND GREENGARD, P.: Synepsin II. Mapping of a
domain in the NH2-terminal region which binds to smell synaptic vesicles. J.
Biol. Chern. 265: 16527-16533, 1990.

TIENRUNGROJ, W., SANCHES, E. R., HOUSLEY, P. R., HARRISON, R. W., AND
PRA’rr, W. B.: Glucocorticoid receptor phosphoryletion, transformation, and
DNA binding. J. Biol. Chem. 262: 17342-17349, 1987.

TOBIMATSU, T., AND FuJI5AwA, H.: Tissue-specific expression of four types of
ret calmodulin-dependent protein kinese II rnRNAs. J. Biol. Chem. 264:
17907-17912, 1989.

TOBIMATSU, T., KAMESHITA, I., AND FUJISAWA, H.: Molecular cloning of the
cDNA encoding the third polypeptide (‘y) of brain calmodulin-dependent pro-
thin kinase II. J. Biol. Chem. 263: 16082-16086, 1988.

TOMLINSON, B. E., AND CORSELLIS, J. A. N.: Aging end the dementias. In
Greenfield’s Neuropathology, ed. by J. H. Adams, J. A. N. Corsellis, end L. W.
Duchen, pp. 951-1025, Arnold. London, 1984.

TONKS, N. K., AND CHARBONNEAU, H.: Protein tyrosine dephosphorylation end
signal transduction. Trends Biochem. Sci. 14: 497-500, 1989.

TONKS, N. K., CHARBONNEAU, H., DILTZ, C. D., FISCHER, E. H., AND WALSH,

K. A.: Demonstration that the leukocyte common antigen CD45 is a protein
tyrosine phosphatase. Biochemistry 27: 8695-8701, 19884.

TONKS, N. K., CHARBONNEAU, H., DILTZ, C. D., KUMAR, S., CICIRELLI, M. F.,
KREBS, E. C., WALSH, K. A., AND FISCHER, E. H.: Protein tyrosine phospha-
tases: structure, properties and role in signal transduction. In Advances in

Protein Phosphatases, vol. 5, pp. 149-180, 1989.
TONKS, N. K., DILTZ, C. D., AND FISCHER, E. H.: Purification of the major

protein-tyrosine-phosphetases of human placenta. J. Biol. Chem. 263: 6722-
6730, 1988b.

TONKS, N. K., DILTZ, C. D., AND FISCHER, E. H.: CD45, an integral membrane
protein tyrosine phosphetase. J. Biol. Chem. 265: 10674-10680, 1990.

TREIMAN, M., AND GREENGARD, P.: Di and D2 dopaminergic receptors regulate
protein phosphorylation in the rat neurohypophysis. Neuroscience 15: 713-
722, 1985.

TREMBLAY, J., GERZER, R., AND HAMET, P.: Cyclic GMP in cell function. In
Advances in Second Messenger Phosphoprotein Research, vol. 22, pp. 319-382,
1988.

TSIEN, R. W.: Calcium channels in excitable cell membranes. Annu. Rev. Physiol.
45: 341-358, 1983.

TSIEN, R. W.: Calcium currents in heart cells and neurons. In Neuromoduletion,

Biochemical Control of Neuronal Excitability, ed. by L. K. Kaczmarek and I.
B. Levitan, pp. 206-242, Oxford University Press, New York, 1986.

TSIEN, R. W., LIPSCOMBE, D., MADISON, D. V., BLEY, K. R., AND Fox, A. P.:
Multiple types of neuronal Ca2� channels and their selective modulation.
Trends Neurosci. 1 1: 431-438, 1988.

TsoU, K., AND GREENGARD, P.: Regulation of phosphorylation of proteins I,
lila, end IHb in ret neurohypophysis in vitro by electrical stimulation end by
neuroactive agents. Proc. NetI. Aced. Sci. USA 79: 6075-6079, 1982.

TSUYAMA, S., BRAMBLErF, C. T., HUANG, K-P., AND FLAVIN, M.: Calcium/
phospholipid-dependent kinese recognizes sites in microtubule-associeted pro-

tein 2 which are phosphorylated in living brain end are not accessible to other
kineses. J. Biol. Chem. 261: 4110-4116, 1986.

TURNER, R. S., CHOU, C-H. J., KIBLER, R. F., AND KUO, J. F.: Basic protein in

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


348 WALAAS AND GREENGARD

myelin is phosphoryleted by endogenous phospholipid-sensitive Ca’�-depend-
ent protein kinase. J. Neurochern. 39: 1397-1404, 1982.

TURNER, R. S., CHOU, C-H. J., MAZZEI, C. J., DEMBURE, P., AND Kuo, J. F.:
Phospholipid-sensitive Ca2�-dependent protein kinase preferentially phospho-

rylates serine-iiS ofbovine myelin basic protin. J. Neurochem. 43: 1257-1264,
1984.

UCHIYAMA, H., OHARA, K., HAGA, K., HAGA, T., AND ICHIYAMA, A.: Location in
muscarinic ecetylcholine receptors of sites for [3HJpropylbenzilylcholine mus-
tard binding end for phosphorylation with protein kinase C. J. Neurochem.
54: 1870-1881, 1990.

UEDA, T., AND GREENGARD, P.: Adenosine 3’,S’-monophosphate-reguletedphos-
phoprotein system of neuronal membranes. I. Solubilization, purification, and
some properties of en endogenous phosphoprotein. J. Biol. Chem. 252: 5155-
5163, 1977.

UHLER, M. D., CHRIVIA, J. C., AND MCKNIGHT C. S.: Evidence for a second
isoform of the catalytic subunit of cAMP-dependent protein kinase. J. Biol.
Chem. 261: 15360-15363, 1986.

UHLER, M. D., AND MCKNIGHT, C. S.: Expression of cDNAs for two isoforms of
the catalytic subunit of cAMP-dependent protein kinase. J. Biol. Chem. 262:
15202-15207, 1987.

VALLANO, M. L., BUCKHOLZ, T. M., AND DELORENZO, R. J.: Phosphorylation
of neurofilament proteins by endogenous celcium/calmodulin-dependent pro-

tein kinase. Biochem. Biophys. Res. Commun. 130: 957-963, 1985
VALLEE, R.: Structure and phosphorylation of microtubule-associeted protein 2

(MAP 2). Proc. Natl. Aced. Sci. USA 77: 3206-3210, 1980.

VAN DONGEN, C. J., ZWIERS, H., DE GItaAN, P. N. E., AND GISPEN, W. H.:
Modulation of the activity of purified phosphatidylinositol 4-phosphate kinase
by phosphoryleted and dephosphoryleted B-SO protein. Biochem. Biophys. Res.
Commun. 128: 1219-1227, 1985.

VAN HOOFF, C. 0. M., DE C�ta�N, P. N. E., OESTREICHER, A. B., AND GISPEN,

W. H.: Muscarinic receptor activation stimulates B-SO/CAP43 phosphorylation
in isolated nerve growth cones. J. Neurosci. 9: 3753-3759, 1989.

VEILLETTE, A., BOOKMAN, M. A., HORAK, E. M., SAMELSON, L. E., AND BOLEN,

J. B.: Signal transduction through the CD4 receptor involves the activation of
the internal membrane tyrosine-protein kinese p56�. Nature (Lond.) 338:
257-259, 1989.

VIJAYARAGHAVAN, S., SCHMID, H. A., HALVORSEN, S. W., AND BERG, D. K.:
Cyclic AMP-dependent phosphoryletion of a neuronal acetylcholine receptor
a-type subunit. J. Neurosci. 10: 3255-3262, 1990.

VULLIET, P. R., WOODGETT, J. R., FERRARI, S., AND HARDIE, D. C.: Character-

ization of the sites phosphorylated on tyrosine hydroxylase by Ca2� and

phospholipid-dependent protein kinase, calmodulin-dependent multiprotein
kinase and cyclic AMP-dependent protein kinese. FEBS Lett. 182: 335-339,

1985.
WAKIM, B. T., ALEXANDER, K. A., MASURE, H. R., CIMLER, B. M., STORM, D.

R., AND WALSH, K. A.: Amino acid sequence of p.57, a neurospecific calmed-
ulin-binding protein. Biochemistry 26: 7466-7470, 1987.

WALAAS, S. I., ASWAD, D. W., AND CREENGARD, P.: A doparnine- and cyclic
AMP-regulated phosphoprotein enriched in dopamine-innerveted brain re-
gions. Nature (Lond.) 301: 69-71, i983e.

WALAAS, S. I., BROWNING, M. D., AND CREENGARD, P.: Synapsin Ia, synepsin
lb. protein lIla, and protein Ilib, four related synaptic vesicle-associated
phosphoproteins, share regional and cellular localization in ret brain. J. Neu-
rochem. 51: 1214-1220, 1988e.

WALAAS, S. I., CALA, S., AND GREENGARD, P.: Localization of ARPP-90, a major
90 kiloDelton basal ganglion-enriched substrate for cyclic AMP-dependent
protein kinase, in strietonigral neurons in the rat brain. Mol. Brain Res. 5:
149-157, i989a.

WALAAS, S. I., GIRAULT, J.-A., AND GREENGARD, P.: Localization of cyclic GMP-
dependent protein kinese in ret basal genglia neurons. J. Mol. Neurosci. 1:
243-250, 1989b.

WALAAS, S. I., GORELICK, F. S., AND CREENGARD, P.: Presence of calcium!
celmodulin-dependent protein kinase II in nerve terminals of rat brain. Synapse

3: 356-362, 1989c.
WALAAS, S. I., AND GREENGARD, P.: DARPP-32, a dopamine- and edenosine

3’,S’-monophosphate-regulated phosphoprotein enriched in dopamine-inner-
veted brain regions. I. Regional and cellular distribution in rat brain. J.
Neurosci. 4: 84-98, 1984.

WALAAS, S. I., AND CREENGARD, P.: Phosphorylation of brain proteins. In The
Enzymes, vol. XVIII, ed. by P. D. Boyer end E. C. Krebs, pp. 285-317, Academic
Press, Orlando, FL, 1987.

WALAAS, S. I., LAI, Y., GORELICK, F. S., DE CAMILLI, P., MoRErri, M., AND

GREENGARD, P.: Cell-specific localization of the a-subunit of calcium/calmed-
ulin-dependent protein kinese II in Purkinje cells in rodent cerebellum. Mol.
Brain Res. 4: 233-242, 1988b.

WALAAS, S. I., LUSTIG, A., CREENGARD, P., AND BRUGGE, J. S.: Widespread
distribution of the c-src gene product in nerve cells and axon terminals in the

adult ret brain. Mol. Brain Res. 3: 215-222, 1988c.
WALAAS, S. I., AND NAIRN, A. C.: Calcium-regulated protein phosphorylation in

mammalian brain. In Calcium and Cell Physiology, ed. by D. Merm#{233},pp. 238-
264, Springer Verlag, Berlin and Heidelberg, 1985.

WALAAS, S. I.. AND NAIRN, A. C.: Multisite phosphorylation of microtubule-
associated protein 2 (MAP-2) in ret brain: peptide mapping distinguishes
between cyclic AMP-, calcium/calmodulin-, and calcium/phospholipid-regu-
leted phosphorylation mechanisms. J. Mol. Neurosci. 1: 117-127, 1989.

WALAAS, S. I., NAIRN, A. C., AND GREENGARD, P.: Regional distribution of
calcium- and cyclic adenosine 3’,S’-monophosphate-regulated protein phos-

phorylation systems in mammalian brain. I. Particulate systems. J. Neurosci.
3: 291-301, 1983b.

WALAAS, S. I., NAIRN, A. C., AND GREENGARD, P.: Regional distribution of
calcium- and cyclic AMP-regulated protein phosphorylation systems in mam-

malian brain. II Soluble systems. J. Neurosci. 3: 302-311, 1983c.
WALAAS, S. I., OUIMET, C. C., HEMMINGS, H. C., JR., AND GREENGARD, P.:

DARPP-32: a dopamine-reguleted phosphoprotein in the basal ganglia. In
Dopaminergic Systems and Their Regulation, ed. by G. N. Woodruff, J. A.
Poet, and P. J. Roberts, pp. 165-179, Macmillan, London, 1986.

WALAAS, S. I., PERDAHL-WALLACE, E., WINBLAD, B., AND GREENGARD, P.:

Protein phosphorylation systems in postmortem human brain. J. Mol. Neu-
rosci. 1: 105-116, 1989d.

WALAAS, S. I., SEDVALL, C., AND GREENGARD, P.: Doparnine-regulated phos-
phoryletion of synaptic vesicle-associated proteins in rat neostriatum and
substantia nigra. Neuroscience 29: 9-19, i989e.

WALAAS, S. I., WANG, J. K. T., ALBERT, K. A., AND GREENGARD, P.: Calcium/
diecylglycerol-dependent protein kinase and its major 87-kilodalton protein

substrate are differentially distributed in rat basal ganglie. J. Neurochem. 53:

1199-1202, i989f.
WALSH, D. A., ASHBY, C. D., GONZALEZ, C., CALKINS, D., FISCHER, E., AND

KREBS, E. C.: Purification and characterization of a protein inhibitor of
adenosine 3’,S’-monophosphate-dependent protein kineses. J. Biol. Chem.
246: 1977-1985, 1971.

WALSH, D. A., PERKINS, J. P., AND KREBS, E. C.: An adenosine 3’S’ -mono-
phosphate-dependent protein kinase from rabbit skeletal muscle. J. Biol. Chem.
243: 3763-3774, 1968.

WALTER, U.: Distribution of cyclic GMP-dependent protein kinase in various rat
tissues and cell lines determined by a sensitive end specific radioimmunoassay.
Eur. J. Biochem. 1 18: 339-346, 1981.

WALTER, U., AND GREENGARD, P.: Cyclic AMP-dependent and cyclic GMP-
dependent protein kineses of nervous tissue. Curr. Top. Cell. Regul. 19: 219-
256, 1981.

WALTER, U., KANOF, P., SCHULMAN, H., AND GREENGARD, P.: Adenosine 3’S’-
monophosphate receptor proteins in mammalian brain. J. Biol. Chem. 253:
6275-6280, 1978.

WALTER, U., LOHMANN, S. M., SIEGHART, W., AND GREENGARD, P.: Identifi-
cation of the cyclic AMP-dependent protein kinase responsible for endogenous
phosphorylation of substrate proteins in synaptic membrane fraction from ret
brain. J. Biol. Chem. 254: 12235-12239, 1979.

WALTER, U., MILLER, P., WILsON, F., MENKES, D., AND GREENGARD, P.:

Immunological distinction between guenosine 3’,S’-monophosphete-dependent
and adenosine 3’,S’-monophosphete-dependent protein kinases. J. Biol. Chem.
255: 3757-3762, 1980.

WANG, J. K. T., WALAAS, S. I., AND GREENGARD, P.: Protein phosphorylation
in nerve terminals: comparison of calcium/calmodulin-dependent and calcium/

diacylglycerol-dependent systems. J. Neurosci. 8: 281-288, 1988.
WANG, J. K. T., WALAAS, S. I., SIHEA, T. S., ADEREM, A., AND GREENGARD, P.:

Phosphorylation and associated translocetion of the 87-kDa protein, a major

protein kinase C substrate, in isolated nerve terminals. Proc. Natl. Aced. Sci.
USA 86: 2253-2256, 1989.

WAXHAM, M. N., ARONOWSKI, J., AND KELLY, P. T.: Functional analyses of
Ce2�/calrnodulin-dependent protein kinase II expressed in bacteria. J. Biol.
Chern. 264: 7477-7482, 1989.

WEEKS, C., PlCclorro, M., NAIRN, A. C., WALAAS, S. I., AND GREENGARD, P.:
Purification and characterization of PCPP-260: a Purkinje cell-enriched cyclic
AMP-regulated membrane phosphoprotein of M, 260,000. Synapse 2: 89-96,
1988.

WEIGEL, N. L., TASH, J. S., MEANS, A. R., SHRADER, W. T., AND O’MALLEY, B.

W.: Phosphoryletion of hen progesterone receptor by cAMP dependent protein
kinase. Biochem. Biophys. Res. Commun. 102: 513-519, 1981.

WELSH, M.: Abnormal regulation of ion channels in cystic fibrosis epithelia.
FASEB J. 4: 2718-2725, 1990.

WIBLE, B. A., SMITH, K. E., AND ANGELIDES, K. J.: Resolution and purification

of a neurofilament-specific kinase. Proc. Natl. Acad. Sci. USA 86: 720-724,
1989.

WILKENING, D., AND MAKMAN, M. H.: Activation of glycogen phosphorylase in
rat caudate nucleus slices by L-isopropylnorepinepherine and dibutyryl cyclic

AMP. J. Neurochem. 28: 1001-1007, 1977.
WILLIAMS, K. R., HEMMINGS, H. C., JR., LOPRESTI, M. B., KONIGSBERG, W.

H., AND GREENGARD, P.: DARPP-32, a dopamine- and cyclic AMP-regulated
neuronel phosphoprotein. Primary structure end homology with protein phos-
phetase inhibitor-i. J. Biol. Chem. 261: 1890-1903, 1986.

WILLIAMS, R. C., AND RUNGE, M. S.: Biochemistry and structure of mammalian
neurofilaments. Cell Muscle Motil. 3: 41-56, 1983.

WISE, B. C., GLASS, D. B., CHOU, C-H. J., RAYNOR, R. L., KATOH, N.,
SCHATZMAN, R. C., TURNER, R. S., KIBLER, R. F., AND Kuo, J. F.: Phospho-
lipid-sensitive Ce2�-dependent protein kinase from heart. II. Substrate specifity
and inhibition by various agents. J. Biol. Chem. 257: 8489-8495, 1982a.

WISE, B. C., RAYNOR, R. L., AND KUO, J. F.: Phospholipid-sensitive Ca2�-
dependent protein kinase from heart. I. Purification and general properties. J.
Biol. Chem. 257: 8481-8488, 1982b.

WOLFE, L., CORBIN, J. D., AND FRANCIS, S. H.: Characterization of a novel

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


PROTEIN PHOSPHORYLATION AND NEURONAL FUNCTION 349

isozyme of cGMP-dependent protein kinese from bovine aorta. J. Biol. Chem.
264: 7734-7741, 1989.

WOOD, J. C., MImta, S. S., POLLOCK, N. J., AND BINDER, L. I.: Neurofibrillary
tangles of Alzheimer’s disease share antigenic determinants with the axonal

microtubule-associated protein tau. Proc. NatL Aced. Sci. USA 83: 4040-4043,

1986.

WooD, P. L., EMMETF, M. R., Rao, T. S., CLER, J., MICK, S., AND LYENGAR,

5.: Inhibition of nitric oxide synthase blocks N-methyl-D-aspartate-, quisqual-
ate-, kainete-, hermaline-, and pentylenetetrazole-dependent increases in cer-
ebeliar cyclic GMP in vivo. J. Neurochem. 55: 346-348, 1990.

WOODGETF, J. R., AND HUNTER, T.: Isolation and characterization oftwo distinct
forms of protein kinese C. J. Biol. Chem. 262: 4836-4843, 1987.

WOODGETT, J. R., HUNTER, T., AND GOULD, K. L.: Protein kinase C and its role
in cell growth. In Cell Membranes: Methods and Reviews, ed. by E. L. Ebson,
W. A. Frazier, and L. Glazer, vol. 3, pp. 215-340, Plenum, New York, 1987.

WooDoE’rr, J. R., TONKS, N. K., AND COHEN, P.: Identification of a calmodulin-
dependent glycogen synthase kinase in rabbit muscle distinct from phospho-
rylase kinese. FEBS Lett. 148: 5-11, 1982.

WOODRUFF, C. N., MCCARTHY, P. S., AND WALKER, R. J.: Studies on the
pharmacology of neurones in the nucleus eccumbens of the ret. Brain Bee.
115: 233-242, 1976.

WOODY, C. D., Be.wrrM, T., GRUEN, E., AND NAIRN, A. C.: Intracellular injection
of cGMP-dependent protein kinese results in increased input resistance in
neurons of the mammalian motor cortex. Brain Rae. 386: 379-385, 1986.

WOODY, C. D., SWARTZ, B. E., AND GRUEN, E.: Effects of ecetylcholine and
cyclic GMP on input resistance of cortical neurons in awake cats. Brain Bee.
158: 373-395, 1978.

WORLEY, P. F., BARABAN, J. M., AND SNYDER, S. H.: Heterogeneous localization
of protein kinase C in rat brain: eutorediographic analyses of phorbol ester
receptor binding. J. Neurosci. 6: 199-207, 1986.

WORLEY, P. F., BARABAN, J. M., AND SNYDER, S. H.: Inositol i,4,S,-trisphosphate
receptor binding autorediogrephic localization in rat brain. J. Neurosci. 9:

339-346, 1989.
WRENN, R. W.. KATOH, N., WISE, B. C., AND Kuo, J. F.: Stimulation by

phosphatidylserine and calmodulin of calcium-dependent phosphorylation of

endogenous proteins from cerebral cortex. J. Biol. Chem. 255: 12042-12046,
1980.

Wu, W. S., WALAAS, S. I., NAIRN, A. C., AND GREENGARD, P.: Calcium!
phospholipid regulates phosphorylation of a Mr “87k” substrate protein in
brain synaptosomes. Proc. Neil Acad. Sci. USA 79: 5249-5253, 1982.

YAHR, M. D. (ED.): The Basal Ganglia. Association for Research in Nervous and
Mental Disease, voL 55, Raven Press, New York, 1976.

YAMAMOTO, H., FUKUNAGA, K., GOTO, S., TANAKA, E., AND MIYAMOTO, E.:
Ca�, calmodulin-dependent regulation of microtubule formation vie phosphor-

yletion of microtubule-associated protein 2, tau factor, and tubulin, and com-
parison with the cyclic AMP-dependent phosphorylation. J. Neurochem. 44:
759-768, 1985.

YAMAMOTO, H., FUKUNAGA, K., TANAKA, E., AND MIYAMOTO, E.: Ce’�- and
calmodulin-dependentphosphorylation ofrnicrotubule-associatedprotein 2 end
tau factor, and inhibition of microtubule assembly. J. Neurochem. 41: 1119-
1125, 1983.

YAMAMOTO, H., MAEDA, N., NIINOBE, M., MIYAMOTO, E., AND MIKOSHIBA, K.:
Phosphorylation of Pse protein by cyclic AMP-dependent protein kinase and
Ca’�/calmodulin dependent protein kinese II. J. Neurochem. 53: 917-923,
1989.

YAMAUCHI, T., AND FUJISAWA, H.: Most of the Ca’�-dependent endogenous

phosphorylation of ret brain cytosol proteins requires Ce2�-dependent regulator
protein. Biochern. Biophys. Res. Commun. 90: 1172-1 178, i979.

YAMAUCHI, T., AND FUJISAWA, H.: Phosphorylation of microtubule-essociated
protein 2 by calmodulin-dependent protein kinese (kinese II) which occurs
only in the brain tissues. Biochern. Biophys. Res. Commun. 109: 975-981,
1982.

YAMAUCHI, T., AND FUJISAWA, H.: Purification and characterization of the brain
celmodulin-dependent protein kinase (kinase II), which is involved in the
activation of tryptophan 5-monooxygenase. Eur. J. Biochem. 132: 15-21,
i983a.

YAMAUCHI, T., AND FUJISAWA, H.: Disassembly of microtubules by the action of
calmodulin-dependent protein kinese (kinase II) which occurs only in brain
tissues. Biochem. Biophys. Bee. Commun. 1 10: 287-291, i983b.

YAMAUCHI, T., AND FUJISAWA, H.: Regulation of the interaction of ectin file-
ments with microtubule-essociated protein 2 by calmodulin-dependent protein
kinase II. Biochirn. Biophys. Acts 968: 77-85, 1988.

YAMAUCHI, T., NAKATA, H., AND FUJISAWA, H.: A new activator protein that
activates tryptophan 5.monooxygenes� and tyrosine 3-monooxygenase in the
presence of Ce’�-, calmodulin-dependent protein kinase. J. Biol. Chem. 256:
5404-5409, 1981.

YAMAUCHI, T., OH5AK0, S., AND DEGUCHI, T.: Expression and characterization
of celmodulin-dependent protein kinese II from cloned cDNAs in Chinese
hamster ovary cells. J. Biol. Chem. 264: 19108-19116, 1989.

YANG, S.-D.: Phosphoprotein phosphatases in the brain. In Advances in Protein
Phosphatases, vol. 3, pp. 31-48, 1986.

YANG, S.-D., TALLANT, A., AND CHEUNG, W. Y.: Calcineurin is a celmodulin-
dependent protein phosphetase. Biochern. Biophys. Bee. Commun. 106: 1419-
1425, 1982.

YARDEN, Y., AND ULLRICH, A.: Growth factor receptor tyrosine kineses. Annu.
Rev. Biochem. 57: 443-478, i988.

YIP, B. K., AND KELLY, P. T.: In situ protein phosphorylation in hippocempel
tissue slices. J. Neurosci. 9: 3618-3630, 1989.

YOKOTA, Y., SASAI, Y., TANAKA, K., FuJIW*ita, M., TSUCHIDA, K., SHIGEMOTO,

R., KAKIZUKA, A., OHKUBO, H., AND NAKANISHI, S.: Molecular characterize-
tion of a functional cDNA for ret substance P receptor. J. Biol. Chem. 264:
17642-17649, i989.

ZAHNISER, N. R., COENS, M. B., HANAWAY, P. J., AND VINYCH, J. V.: Charac-
terization end regulation of insulin receptors in rat brain. J. Neurochem. 42:
1354-1362, 1984.

ZALUTSKY, R. A., AND NICOLL, R. A.: Comparison of two forms of long-term
potentietion in single hippocempal neurons. Science (Wash. DC) 248: 1619-
1624, 1990.

ZHOU, Q-Y., CRANDY, D. K., THAMBI, L., KUSHNER, J. A., VAN TOL, H. H. M.,
CONE, B., PRIBNOW, D., SALON, J., BuNzow, J. R., AND CIVELLI, 0.: Cloning
and expression of human and ret D1 dopemine receptors. Nature (Lond.) 347:
76-80, 1990.

ZIGMOND, R. E., SCHWARZSCHILD, M. A., AND RITTENHOUSE, A. B.: Acute
regulation of tyrosine hyroxylese by nerve activity and by neurotransmitters
via phosphorylation. Annu. Rev. Neurosci. 12: 415-461, 1989.

ZORN, S. H., CIRAULT, J.-A., AND CREENGARD, P.: Regulation of the phosphor-
ylation of DARPP-32 by casein kinase II. Soc. Neurosci. Abstr. 15: 336.17,
1989.

ZUBER, M. X., GOODMAN, D. W., KARNS, L. R., AND FISHMAN, M. C.: The
neuronal growth-associated protein GAP-43 induces filopodia in non-neuronal
cells. Science (Wash. DC) 244: 1193-1195, 1989.

ZURGIL, N., YAROM, M., AND ZISAPEL, N.: Concerted enhancement of calcium
influx, neurotransrnitter release and protein phosphorylation by a phorbol ester
in cultured brain neurons. J. Neurosci. 19: 1255-1264, 1986.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/



