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Abstract

This article summarizes some of our knowledge concerning intracellular protein phosphorylation path-
waysin nerve cells. It also summarizes, very briefly, recent direct experimental evidence involving intracel-
lularinjection of protein kinases, protein kinase inhibitors, and substrates, indicating that protein phosphory-
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lation mediates the actions of a variety of neurotransmitters on their target cells. Finally, it summarizes in
somewhat greater detail the results of studies of three different types of substrate proteins that appear to
regulate different types of biological responses in nerve cells: synapsin I, a substrate protein present in
virtually all nerve terminals, which appears to regulate neurotransmitter release from those nerve terminals;
the acetylcholine receptor, the phosphorylation of which regulates its rate of desensitization in the presence
of acetylcholine; and DARPP-32, the phosphorylation of which converts itintoa very potent phosphoprotein
phosphatase inhibitor that may be involved in the regulation by the neuromodulator dopamine of the effects
of the neurotransmitter glutamate. The identification and characterization of additional neuronal phospho-
proteins can be expected to lead to the clarification of numerous additional molecular mechanisms by which
signal transduction is carried out in nerve cells.

Index Entries: Neuronal phosphoproteins; phosphoproteins, neuronal; signal transduction, neuronal
phosphoproteins as mediators of; mediators, of signal transduction by neuronal phosphoproteins; neuro-
transmitter actions; synapsin I; nicotinic acetylcholine receptor; DARPP-32, regulation of; cAMP regulation
of DARPP-32; dopamine regulation, of DARPP-32.

Phosphoproteins and Neuronal
Function

There is now convincing evidence, based
on studies in many laboratories, that protein
phosphorylation represents a final common
pathway through which a large number of
extracellular regulatory agents produce their
biological effects in target cells, both neuronal
and nonneuronal. Figure 1 illustrates the
protein phosphorylation reaction. All protein
phosphorylation systems have three compo-
nents in common: (a) a substrate protein that
can exist in either the dephospho or the phos-
pho form; (b) a protein kinase that, in the pres-
ence of ATF, catalyzes the phosphorylation of
the substrate protein; and (c) a protein phos-
phatase that catalyzes the reverse reaction. It
is now clear that this reaction appeared very
early in the course of evolution, since it has
been found in cells and tissues throughout the
animal kingdom, in which it has been adapted
for the specific regulatory purposes of the
organism in question.

The manner in which those hormones and
neurotransmitters that use cAMP as a second
messenger have adapted the protein
phosphorylation system is illustrated in Fig. 2.
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Such hormones and neurotransmitters acti-
vate the enzyme adenylate cyclase, causing the
conversion of ATP to cAMP. The newly formed
cAMP activates a specific protein kinase,
known as cAMP-dependent protein kinase,
which catalyzes the phosphorylation of the
substrate protein. The phosphorylated sub-
strate protein, then, through one or more bio-
chemical steps, produces the metabolic or
physiological response characteristic of the
hormone or neurotransmitter and cell type in
question. The physiological response to this
stimulus is terminated when the cAMP is
hydrolyzed by a phosphodiesterase and the
phosphoprotein is dephosphorylated by a pro-
tein phosphatase.

The current status of our knowledge con-
cerning intracellular protein phosphorylation
pathways in the nervous system is illustrated
in Fig. 3. It is now clear that a variety of ex-
tracellular signals or first messengers that, in
the case of the nervous system, can be
hormones, neurotransmitters, or the nerve
impulse itself, produce a variety of biological
responses by one or another of the pathways
indicated in this figure. We now know of five
types of intracellular second messengers that
are utilized by nerve cells. Four of these second
messengers, namely, cAMP, cGMP, calcium,

Volume 1, 1987



Neuronal Phosphoproteins 83

ATP ADP
N—

Protein Kinase

Protein = : - Phosphoprotein
Protein Phosphatase

Pi
Fig. 1. Protein phosphorylation/dephosphorylation reaction.

ATP
ORMONE  _ ADENYLATE l
CYCLASE
NEUROTRANSMITTER PHOSPHODIESTERASE
CAMP —> 5 -AMP
|
v
pROTEIN KINgg
PROTEIN PROTEIN-PO,

'
|
!

METABOLIC OR
PHYSIOLOGICAL
RESPONSE

S 5%
ROTEIN ProSPRATS

Fig. 2. Schematic diagram of the apparent role played by protein phosphorylation in mediating the
biological effects of those hormones and neurotransmitters that act through cyclic AMP. The appropriate
hormone or neurotransmitter stimulates a specific adenylate cyclase present in the target tissue, causing an
increased conversion of ATP to cyclic AMP; the newly formed cyclic AMP is either hydrolyzed by a
phosphodiesterase to 5' -AMP, or else it activates a protein kinase, leading to the phosphorylation of a
substrate protein; the substrate protein, through one or more steps, controls the rate of some metabolic or
physiological response; the phosphorylation of this substrate protein leads to an increase or decrease in the
rate of this response. From Greengard, 1981.

and diacylglycerol, achieve many of their af- or may not work through a protein kinase—
fects through activation of one or another that situation is not yet clear. Almost all of the
SpECiﬁC protein kinase. The fifth intracellular effects of cAMP in neurons are achieved
second messenger, inositol triphosphate, may through activation of cAMP-dependent pro-
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tein kinase, an enzyme with a very broad sub-
strate specificity that phosphorylates a large
number of substrates in nerve cells, as indi-
cated symbolically by the multiple arrows in
Fig. 3. Some, but not all, of the effects of cGMP
are achieved through activation of cGMP-
dependent protein kinase. The second mes-
senger actions of calcium are somewhat more
complex.
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A few of the second messenger actions of
calcium are achieved through regulation of
physiological effectors other than protein kin-
ases. However, it appears that most of the
second messenger actions of calcium are
achieved through activation of one of two
subclasses of calcium-dependent protein ki-
nases. The enzymes belonging to one of these
subclasses are referred to as calcium/calmod-
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Fig. 3. Signals in the nervous system. Extracellular signals (first messengers) produce specific biological
responses in target neurons via a series of intracellular signals (second, third, and other messengers). Second
messengers in the brain include cyclic AMP, cyclic GMP, diacylglycerol, and calcium. Cylic AMP and cyclic
GMP produce many of their second messenger actions through the activation of virtually one type of cyclic
AMP-dependent protein kinase and one type of cyclic GMP-dependent protein kinase, respectively. The
former enzyme exhibits a broad substrate specificity and the latter a more restricted specificity. Calcium
exerts certain of its second messenger actions through the activation of calcium-dependent protein kinases
and other of its actions through a variety of physiological effectors other than protein kinases. Calcium
activates protein kinases in conjunction with calmodulin or with diacylglycerol plus phosphatidylserine.
These various cyclic nucleotide-dependent and calcium-dependent protein kinases phosphorylate proteins
specifically at serine and threonine residues. There is also a class of protein kinases that phosphorylate
proteins specifically at tyrosine residues (protein tyrosine kinases). The activation of individual protein
kinases causes the phosphorylation of specific substrate proteins in target neurons. In some cases these
substrate proteins, or third messengers, represent the immediate effector for the biological response. In other
cases they produce the biological response indirectly through fourth, fifth, sixth, and other messengers.
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ulin-dependent protein kinases. What ap-
pears to happen in the case of these enzymes is
that calcium combines with the low molecular
weight protein calmodulin, causing a con-
formational change in the calmodulin and,
thereby, exposing a hydrophobic region of the
molecule. This hydrophobic region of the mol-
ecule then combines with a hydrophobic re-
gion on one of the target protein kinases, there-
by activating that protein kinase. There are
several calcium/calmodulin-dependent pro-
tein kinases in the nervous system, and they
vary in their substrate specificity from very
narrow to very broad. Most of these calcium/
calmodulin-dependent protein kinases appear
to phosphorylate only one or two substrate
proteins. However, one of these calcium/
calmodulin-dependent protein kinases has a
very broad substrate specificity. It is referred to
as calcium/calmodulin-dependent protein
kinase II, or multifunctional calcium/calmod-
ulin-dependent protein kinase.

The other subclass of calcium-dependent
protein kinase is activated by the second mes-
sengers calcium and diacylglycerol and re-
quires the presence of phosphatidylserine.
This enzyme, discovered by Nishizuka and his
colleagues (Nishizuka, 1984), is usually re-
ferred to by the name protein kinase C. Protein
kinase C also has a very broad substrate speci-
ficity.

Each of these cyclic nucleotide-dependent
and calcium-dependent protein kinases
phosphorylates its substrate protein(s) on ei-
ther serine or threonine residues. Serine and
threonine phosphorylation appears to repre-
sent over 99% of all protein phosphorylationin
the brain. During the past few years, a new
class of protein kinases has been discovered
that phosphorylates substrate proteins on ty-
rosine residues. These protein kinases are re-
ferred to as protein tyrosine kinases. Although
they are responsible for less than 1% of all
protein phosphorylation in the brain, it seems
likely that they are important in the regulation
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of brain function. However, relatively little is
known as yet concerning the signals that acti-
vate these protein tyrosine kinases in the nerv-
ous system or about their physiological effects.
In contrast to the relatively small number of
protein kinases that phosphorylate substrate
proteins on serine and threonine residues,
there is an enormous number of substrate pro-
teins for these kinases in brain. Thus, more
than 70 neuron-specific substrate proteins
have been demonstrated in brain tissue
(Walaas et al., 1983b,c). By neuron-specific, I
refer to substrate proteins that are present in
reasonably high concentrations in nervous
tissue and are undetectable with currently
available methods in nonneuronal tissues.
These substrate proteins represent a very di-
verse or heterogeneous group of molecules.
They differ, for example, with respect to the
protein kinases that phosphorylate them.
They also differ with respect to their cellular
distribution. Some of these substrate proteins
are present in every neuron throughout the
entire mammalian nervous system, where
they appear to be involved in regulation of
functions common to all nerve cells. An ex-
ample of such a substrate protein is synapsin I,
a protein that is present in all nerve terminals,
where it appears to be involved in the regula-
tion of neurotransmitter release, a physiologi-
cal property common to all nerve cells. [ shall
describe synapsin I in greater detail a little
later. At the other extreme are substrate pro-
teins that are present in only a single type of
neuron throughout the entire mammalian
nervous system. One such substrate protein is
a protein called G-substrate. G-substrate is a
substrate for cGMP-dependent protein kinase
and is localized almost exclusively in the Purk-
inje cells of the mammalian cerebellum (Schli-
chter et al., 1978; Aswad et al.,, 1981). Antibod-
ies to this system have been used with great ef-
fectiveness by Dr. De Camilli to map the cy-
toarchitecture of the Purkinje cells (De Camilli
et al., 1984). Many of the substrate proteins in
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the nervous system seem to have an interme-
diate distribution, being present in certain
classes of nerve cells and not in others. An
example of one such substrate protein is
DARPP-32, a protein localized to neurons that
contain the D-1 subclass of dopamine recep-
tor. I shall describe this protein in greater
detail later on in this presentation.

These various substrate proteins also differ
with respect to their subcellular distribution.
Some of them are cytosolic, whereas others are
associated with one or another cellular organ-
elle, such as the plasma membrane, synaptic
vesicles, or cytoskeleton. One might predict,
based on the known cellular and subcellular
distribution of these proteins, that they would
also differ with respect to their physiological
roles. Recent experimental data indicate that
this is indeed the case.

Table 1 lists some of the classes of neuronal
proteins that are regulated by phosphoryla-
tion. Some of the enzymes thatare involved in
the biosynthesis of neurotransmitters are
regulated by phosphorylation. For example,
tyrosine hydroxylase, the rate-limiting en-
zyme in the biosynthesis of the catecholamine
neurotransmitters, and tryptophan hydrox-
ylase, the rate-limiting enzyme in the biosyn-
thesis of serotonin, are each phosphorylated
and thereby activated by three distinct classes
of protein kinases. Some of the enzymes that
are involved in the synthesis and degradation
of cAMP and cGMP are regulated by phos-
phorylation. Virtually every known protein
kinase has been shown to undergo intramol-
ecular autophosphorylation, and this auto-
phosphorylation usually converts the kinase
from an inactive to an active form. Several
molecules that act as inhibitors of protein
phosphatases have been shown to be regu-
lated by phosphorylation: the phosphor-
ylation of the molecule converts it either from
an inactive compound to an active phos-
phatase inhibitor or the reverse. Several of the
proteins that are involved in the regulation of
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transcription and translation have been
shown to be controlled by phosphorylation.
Virtually every known cytoskeletal protein in
the nervous system has been shown to be a
phosphoprotein. Four distinct proteins as-
sociated with synaptic vesicles have been
shown to be regulated by phosphorylation.
Finally, several types of neurotransmitter re-
ceptor and several types of ion channel have
been shown to be controlled by protein phos-
phorylation, and it seems increasingly likely
that most if not all neurotransmitter receptors
and ion channels will ultimately be shown to
be regulated by phosphorylation.

Direct Evidence That Protein
Phosphorylation Mediates Some
Neurotransmitter Actions

For almost 20 years the hypothesis that pro-
tein phosphorylation mediates the actions of
various neurotransmitters on their target cells
was based primarily on evidence showing
correlations between the state of phosphor-
ylation of one or another substrate protein and
the state of some physiological response. Dur-
ing the past few years, it has been possible to
obtain direct evidence for a role of protein
phosphorylation in mediating neurotrans-
mitter action.

This evidence has come from studies in-
volving the intracellular injection of protein
kinases into nerve cells. Thus, each of the four
known major classes of protein kinases that
phosphorylate substrate proteins on serine or
threonine residues has been demonstrated,
upon intracellular injection, to mimic the
physiological activation of nerve cells by
neurotransmitters (Table 2).

The first protein kinase to be studied in this
way was cCAMP-dependent protein kinase. It
was found in two simultaneous studies, one
carried out on bag cell neurons of Aplysia
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(Kaczmarek et al., 1980) and the other carried
out on sensory neurons of Aplysia (Castellucci
et al., 1980), that intracellular injection of the
catalytic subunit of cAMP-dependent protein
kinase mimics physiological activation of
these two types of nerve cells. With both types
of nerve cell preparation the physiological
response involved a shutting off of potassium
channels, a broadening of the action potential,
an increased influx of calcium, and an enhanc-
ed physiological response. Conversely, the
injection into both types of preparation of alow
molecular weight protein that specifically
inhibits cAMP-dependent protein kinase abol-
ished the ability of these cells to respond to
physiological stimuli (Castellucci et al., 1982;
Kaczmarek et al., 1984). The demonstration
that the protein kinase itself mimicked physio-
logical activation of these nerve cells and that
the protein kinase inhibitor abolished physio-
logical activation of these nerve cells demon-
strates conclusively that cAMP-dependent
protein phosphorylation is both necessary and
sufficient to produce a physiological response
in these two types of neurons. Subsequently, a
number of other laboratories, working with a
variety of other excitable cells, have reported
similar results.

A second protein kinase to be studied in this
way was the multifunctional calcium/ calm-
odulin-dependent protein kinase. This en-
zyme was investigated in the squid giant syn-
apse (Llinas etal., 1985). In these studies it was
demonstrated that the injection of the multi-
functional calcium/calmodulin-dependent
protein kinase enhanced neurotransmitter re-
lease in response to depolarization of the pre-
synaptic membrane.

Calcium/diacylglycerol dependent protein
kinase has been studied in bag cell neurons of
Aplysia (DeRiemer et al., 1985). The injection of
this kinase enhanced the conductance through
calcium channels in the bag cell neurons. More
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recently, the same enzyme was studied in col-
laboration with Gerschenfeld and his col-
leagues (Hammond et al., 1987). In these stud-
ies it was shown that the neurotransmitter cho-
lecystokinin (CCK) shuts off voltage-sensitive
calcium channels in identified neurons of the
snail Helix aspersa, and that this effect of CCKis
mediated through calcium/diacylglycerol-
dependent protein kinase (Hammond et al,
1987). Inanother collaborative study with Ger-
schenfeld and his colleagues (Paupardin-
Tritsch et al., 1986), it was demonstrated that
the ability of serotonin to regulate voltage-
sensitive calcium channels in identified ven-
tral neurons of H. aspersa was mediated
through cGMP-dependent protein kinase. The
experimental results indicated that serotonin
activates a guanylate cyclase, leading to the
production of cGMP, that this cGMP activates
cGMP-dependent protein kinase, and that this
cGMP-dependent protein kinase phosphor-
ylates either the voltage-sensitive calcium
channel or some protein closely associated
with the calcium channel. As a result of the
phosphorylation, these voltage-sensitive cal-
cium channels showed an enhanced voltage
sensitivity.

Thus, direct evidence has been obtained that
each of four distinct classes of protein kinases
mediate the actions of various neurotrans-
mitters on their target cells. These results make
it increasingly important to identify and char-
acterize the various substrate proteins present
in nerve cells that produce various physiologi-
cal responses.

I would like in the remainder of this presen-
tation to describe three such substrate proteins
that our research group has been studying. I
have chosen these particular substrate pro-
teins because they illustrate three distinct
types of biological response that appear to be
regulated by protein phosphorylation.
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TABLE 1

Classes of Neuronal Proteins Regulated by Phosphorylation®

Enzymes involved in neurotransmitter biosynthesis
Tyrosine hydroxylase
Tryptophan hydroxylase

Neurotransmitter receptors
Nicotinic acetylcholine receptor

Muscarinic acetylcholine receptor
B-Adrenergic receptor
GABA receptor (GABA-modulin)

Ion channels
Sodium channel
Potassium channel

Enzymes involved in cyclic nucleotide metabolism
Adenylate cyclase
Guanylate cyclase
Phosphodiesterase

Autophosphorylated protein kinases
Cyclic AMP-dependent protein kinase
Cyclic GMP-dependent protein kinase
Calcium/calmodulin-dependent protein kinases
Calcium/phospholipid-dependent
protein kinase
Tyrosine-specific protein kinase
Rhodopsin kinase

Joh et al. (1978); Edelman et al. (1981);
Yamauchi and Fujisawa (1981);
Kuhn and Lovenberg (1982)

Gordon et al. (1977); Teichberg et al. (1977);
Huganir et al. (1984)

Burgoyne (1983)

Stadel et al (1983)

Wise et al. (1983)

Costa et al. (1982); Costa and Catterall (1984a,b);
Kaczmarek et al. (1980); Castellucci et al.
(1980); Adams and Levitan (1982); de Peyer et
al. (1982); Alkon et al. (1983); Osterrider et al.
(1982); DeRiemer et al. (1985);

Richards et al. (1981); Ehrlich et al. (1982)

Zwiller et al. (1982)

Sharma et al. (1980); Marchmont and Houslay
(1980)

Rangel-Aldao and Rosen (1976)
de Jonge and Rosen (1977)
see Nestler and Greengard (1984)

Kikkawa et al. (1982)
Barnekow et al. (1982); Cotton and Brugge (1983)
Lee et at, (1981); Schichi and Somers (1978)

Proteins involved in regulation of transcription and translation

RNA polymerase

Histones

Nonhistone nuclear proteins
Ribosomal protein S6

Other ribosomal proteins

Hook et al. (1981)

Langan (1969); Gurley et al. (1981)
Johnson (1982)

Roberts (1982)

Roberts (1982); Thomas (1982)

Molecular Neurobiology
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TABLE 1 (continued)

Cytoskeletal proteins
Map-2
Tau
Neurofilaments
Myosin light chain
Actin
Tubulin

see Nestler and Greengard (1984)
see Nestler and Greengard (1984)
see Nestler and Greengard (1984)
Hathaway and Traugh (1982)

De Maille and Pechere (1983)
Goldenring et al. (1982)

“Neuronal proteins regulated by phosphorylation are listed with selected references. Some of the proteins
listed are specific to neurons, whereas others are present in many cell types, including neurons. Notincluded
are many phosphoproteins present in a variety of different tissues (including brain) that play roles in cellular
processesand are not thought to play roles in neuron-specific phenomena. Modified fromNestler and Green-

gard (1984).

TABLE 2

Systems in Which Direct Evidence Has Been Obtained for a Role of Protein Phosphorylation in

Neuronal Function?®

Kinase Inhibitor

Cell, genus injected® injected*

Conclusion of studies References

Bag cell neurons Cyclic AMP PKI

Aplysia

Sensory neurons Cyclic AMP  PKI

Aplysia

Neuron R 15 PKI

Aplysia

Kinase mediates effect of Kaczmarek et al. (1980)
synaptic activation and of Kaczmarek et al. (1984)
exogenouscyclic AMPin pro-

ducing the afterdischarge;

this action appears to be

achieved through decreases

in the conductance of cal-

cium-dependent potassium

channels and of early (1,) volt-

age-dependent potassium

channels

Kinase mediates effect of syn- Castellucdi et al. (1980)
aptic activation and of ex- Castellucci et al. (1982)
ogenous serotonin and cyclic Siegelbaum et al. (1982)
AMP in facilitating neuro-

transmitter release in re-

sponse to nerveimpulses; this

action appears to be achieved

through decreases in the con-

ductance of novel serotonin-

regulated potassium chan-

nels

Kinase mediates effect of exo- Adams and Levitan (1982)
genous serotonin and cyclic Benson and Levitan (1983)
AMP in inhibiting bursting
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Conclusion of studies

References

Q0
Kinase Inhibitor
Cell, genus injected® injected*
Unidentified Cyclic AMP
neurons Helix
Unidentified Cyclic AMP  Tolbuta-
neurons, Helix mide!
Photoreceptor Cyclic AMP
cells, Hermissenda
Hippocampal (CA1)
pyramidal Cyclic AMP  PKI
neurons, Cavia
Bag cell neurons  Calcium/
Aplysia phospholipid
Terminal digits ~ Calcium/
of giant calmodulin II
synapse, Loligo

Ventral neurons
Helix

Cyclic GMP

activity and in enhancing in-
terburst hyperpolarization;
this action appears to be
achieved through increases
in the conductance of novel
serotoninregulated, anomal-
ously rectifying potassium
channels

Kinase increases the conduc-
tance of calcium-dependent
rectifying potassium chan-
nels

Kinase increases the conduct-
ance of voltage-dependent
calcium channels

Kinase decreases the conduct-
ance of early (I,) and late (I;)
voltage-dependent calcium
channels

Kinase mediates effect of
dopamine and cyclic AMP in
producing a long-lasting in-
crease in input resistance

Kinase increases the height of
action potentials; this action
appears to be achieved
through increases in the con-
ductance of calciumchannels

Kinase facilitates neurotrans-
mitter relase

Kinase mediates effect of sero-
tonin and cyclic GMP in
broadening the action poten-
tial; this effect appears to be
achieved through increases
in the conductance of cal-
cium channels

de Peyer et al. (1982)

de Peyer et al. (1982)

Doroshenko et al. (1984)
Chad and Eckert (1984)

Alkon et al. (1983)

Gribkoff et al. (1984)

DeRiemer et al. (1985)

Llinas et al. (1985)

Paupardin-Tritsch et al.
(1986)

“Modified from Nestler and Greengard (1983) and Hemmings and Greengard (1986).

’Protein kinase abbreviations: cyclic AMP, catalytic subunit of cyclic AMP-dependent protein kinase;
cyclic GMP, cyclic GMP-dependent protein kinase holoenzyme; calcium/phospholipid, calcium/phospho-
lipid-dependent protein kinase holoenzyme; calcium/calmodulin II, calcium/ calmodulin-dependent pro-

tein kinase II holenzyme.

¢ PKI, specific protein inhibitor of cyclic AMP-dependent protein kinase.
4The authors claim that tolbutamide is a specific inhibitor of cyclic AMP-dependent protein kinase in vitro

[Doroshenko et al. (1984)].
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TABLE 3

Physicochemical Properties of Bovine Synapsin |

Synapsin Ja Synapsin Ib
Molar proportion 1 2
Molecular weight (M) 86,000 80,000
Isoelectric point >10.0 >10.0
Stokes radius 59 A 59 A
Sedimentation coefficient 298§ 295
Frictional ratio 2.2 2.2
Acid soluble Yes Yes

Amino acid composition

Rich in proline and gly-

cine, elongated, highly
asymmetric molecule
with collagenase-insen-
sitive domain (head
region) and highly basic
collagenase-sensitive
domain (tail region)

Synapsin |

Synapsin I (previously termed Protein I) was
first identified in the early 1970s in studies de-
signed to search for phosphoproteins that might
play a role in the regulation of synaptic trans-
mission. In those studies, synapsinI was shown
to be a major endogenous substrate for cyclic
AMP-dependent protein kinase in particulate
synaptic fractions of brain (Johnson et al. 1972;
Ueda et al., 1973). Subsequently, synapsin [ was
shown to be a major endogenous substrate for
calcium-dependent protein kinases in particu-
late synaptic fractions (Krueger et al., 1977;
Sieghart et al., 1979). Synapsin I has been puri-
fied to homogeneity from bovine brain (Ueda
and Greengard, 1977) and rat brain (Huttner et
al., 1981) and has been extensively character-
ized. The available evidence supports the hy-
pothesis that synapsin I is part of the molecular
machinery in nerve terminals that regulates
neurotransmitter release.

Molecular Neurobiology

Physicochemical Properties and
Protein Kinase Specificity of
Synapsin |

Some of the physicochemical properties of
synapsin [ are summarized in Table 3. Synapsin
I consists of two closely related proteins, syn-
apsinla and synapsin Ib, with apparent molecu-
lar weights of 86,000 and 80,000, respectively.
Synapsin I is an extremely basic, highly elon-
gated, and acid-soluble protein. A variety of
physicochemical data indicates that synapsin I
consists of two domains, each representing
roughly half of the molecule: a collagenase-
insensitive domain, and a proline-rich domain
that is rapidly and specifically degraded by
highly purified collagenase (Ueda and Green-
gard, 1977). Recently, the messenger RNA for
synapsin I has been isolated, and it appears that
distinct species of messenger RNA exist for
synapsin la and synapsin Ib (DeGennaro et al.,
1983; Wallace et al., 1985).
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TABLE 4

Protein Kinase Specificity of Synapsin |

Synapsin I undergoes multisite phosphorylation

1. One serine residue in the head region of synapsin I is phosphorylated by cyclic AMP-dependent
protein kinase and by Ca?*/calmodulin-dependent protein kinase I.
2. Two serine residues in the tail region of synapsin I are phosphorylated by Ca?*/calmodulin-

dependent protein kinase 11

3. Nota physiological substrate for cyclic GMP-dependent protein kinase or for Ca?*/diacylglycerol-

dependent protein kinase (protein kinase C)

The protein kinase specificity of synapsin [ is
summarized in Table 4. SynapsinIis aneffective
substrate protein for at least three distinct pro-
tein kinases in brain and undergoes multisite
phosphorylation. Synapsin I contains one ser-
ine residue (site 1) in the collagenase-insensitive
domain of the molecule that is phosphorylated
both by cyclic AMP-dependent protein kinase
and by calcium/calmodulin-dependent protein
kinase I (Huttner et al, 1981; Kennedy and
Greengard, 1981; Nairn and Greengard, 1983).
Synapsin I also contains two serine residues
(sites 2 and 3) in the collagenase-sensitive do-
main of the molecule that are phosphorylated
by calcium/calmodulin-dependent protein
kinase II (Huttner et al., 1981; Kennedy and
Greengard, 1981; Kennedy et al., 1983). For each
of these three protein kinases, synapsin I is one
of the best substrate proteins known.

Distribution of Synapsin |

We now have a fairly detailed knowledge of
the distribution of synapsin I. This is due in
large measure to the studies of my colleague,
Pietro De Camilli, initially at Yale University
and, subsequently, at the University of Milano.
To study the distribution of synapsin [, a variety
of techniques has been used, including im-
munochemical techniques, subcellular fraction-
ation, light microscope immunocytochemistry,
and electron microscope immunocytochemis-
try. The results of such studies are summarized
in Table 5. Synapsin I is present only in the
nervous system (Ueda and Greengard, 1977)
and, within the nervous system, is present only
inneurons (Sieghartetal.,, 1978; De Camilli et al.,
1979, 1983a; Bloom et al., 1979; Fried et al., 1982).

TABLE 5

Distribution of Synapsin I

Present at virtually all synapses

AU Il

Present only in nervous system (both central and peripheral)
Within nervous system, present only in neurons

Within neurons, concentrated in nerve terminals

Within terminals, associated with small (40-60 nm) synaptic vesicles

Appears simultaneously with synapse formation during development

Molecular Neurobiology
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Synapsin I, measured by radioimmunoassay,
represents approximately 0.4% of the total pro-
tein present in the cerebral cortex of each of five
mammalian species studied, indicating that
synapsin I is a major protein in mammalian
brain (Goelz et al., 1981). The levels of synapsin
I in peripheral tissues were found to be much
lower than those in cerebral cortex, results at-
tributable to the fact that the density of synaptic
elements in peripheral tissues is much lower
than in brain (Fried et al., 1982).

Several lines of evidence indicate that, within
neurons, synapsin I is concentrated in presyn-
aptic nerve terminals and appears to be present
in virtually all presynaptic nerve terminals
throughout the nervous system. First, the im-
munocytochemical staining pattern of synapsin
I in hundreds of sections through numerous
regions of the central and peripheral nervous
system is consistent with a localization of syn-
apsinI to all nerve terminals: synapsin I stain-
ing surrounds cell bodies and dendrites (which
themselves are unstained) and leaves little
space on the surface of the neurons to account
for the presence of any unstained synapses (De
Camilli et al., 1983a). Second, electron micro-
scope study of rat brain synaptosomes, using
ferritin-labeled antibodies to synapsin I, has
demonstrated the presence of synapsin I'in close
to 100% of all synaptosomes examined in hun-
dreds of electron microscope sections (De
Camilli et al., 1983b). Third, denervation of
peripheral tissues, such as adrenal medulla,
results in a virtually complete loss of synapsin I
content (Fried et al., 1982). Finally, synapsin I
has been shown to be present in nerve terminals
of several different neurotransmitter types, in-
cluding adrenergic, cholinergic, dopaminergic,
GABA-ergic, and glutamatergic nerve termi-
nals (see Nestler and Greengard, 1984).

Within presynaptic nerve terminals, synap-
sin [ is associated primarily with synaptic ves-
icles, as shown by electron microscopy (Bloom
etal., 1979; De Camiilli et al., 1983b) and subcel-
lular fractionation studies (Ueda et al., 1979;
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Fried et al., 1982; Huttner et al., 1983). In fact,
synapsin I appears to be a major protein of syn-
aptic vesicles: it represents approximately 6% of
the total protein present in highly purified ves-
icle preparations (Huttner et al., 1983). Recent
electron microscope studies have further sug-
gested that synapsin [ is preferentially associ-
ated with small (40-60 nm) synaptic vesicles
rather than large (greater than 60 nm) dense-
core vesicles in nerve terminals of the bovine
hypothalamus (Navone et al.,, 1984). Since the
smaller vesicles appear to be restricted to nerv-
ous tissue, whereas the larger ones are present in
many types of secretory cells in addition to
neurons, this observation may explain (Navone
etal, 1984) why synapsinIis present in nervous
tissue but absent for nonnervous cells— includ-
ing even those, such as adrenal chromaffin cells,
that are developmentally related to neurons and
serve a secretory function.

A variety of biochemical studies have de-
monstrated, in agreement with electron micro-
scope observations, that synapsin Iis located on
the outer or cytoplasmic surface of vesicle
membranes (Huttner et al., 1983). The collagen-
ase-sensitive domain of synapsin [ appears to be
the region of the molecule that binds to synaptic
vesicles (Ueda, 1981; Huttner, 1983). Phos-
phorylation of synapsin I in this domain (i.e., at
sites 2 and 3) by calcium/calmodulin-depend-
ent protein kinase II decreases its ability to bind
to synaptic vesicles, at least under some experi-
mental conditions (Huttner et al., 1983; Schieb-
ler et al., 1986). Synaptic vesicles appear to con-
tain a specific, saturable, and high-affinity (K, =
10 nM) binding site for synapsin I (Schiebler et
al., 1983, 1986). Possibly, the collagenase-insen-
sitive domain of synapsin I binds to some other
component of the nerve terminal, such as the
cytoskeleton or plasma membrane, with the
phosphorylation of this domain regulating this
interaction. If thisis so, then synapsinIcould be
viewed as forming a physical bridge between
synaptic vesicles and the cytoskeleton or
plasma membrane, with the integrity of this

Volume 1, 1987



o4

bridge regulated by the multisite phosphoryla-
tion of synapsin I. This idea represents one
molecular mechanism through which synapsin
I might regulate synaptic vesicle availability
and neurotransmitter release. Studies are now
under way to identify the putative element of
the cytoskeleton or plasma membrane that
binds the collagenase-insensitive domain of
synapsin I in the nerve terminal.

Synapsin [ appears in brain during develop-
ment at about the time of synaptogenesis (Loh-
mannetal., 1978). This appearance is associated
with a concomitant appearance of messenger
RNA for synapsin I (DeGennaro et al., 1983;
Wallace et al., 1985). The association of synapto-
genesis with the appearance of both synapsin |
and messenger RNA for synapsin [ has been ob-
served in several brain regions and in brains of
several mammalian species (DeGennaro et al.,
1983). The mechanism underlying the expres-
sion of synapsin [ at the time of synaptogenesis
remains unknown. Further research is needed
to distinguish between two possible interpreta-
tions of the data: (1) that the initiation of synap-
sin I synthesis occurs in the innervating neuron
as a result of some interaction between the in-
nervating neuron and its target neuron; or (2)
that the initiation of synapsin I synthesis in the
innervating neuron does not require this cell-
cell interaction, but, rather, is an event that is
genetically programmed to occur at roughly the
same time as the formation of synaptic contacts
with target neurons. Recent observations by
Ellis et al. (1985) that synapsin I is present in
growth cones isolated from fetal rat brain sup-
port the latter interpretation by indicating that
synapsin I is already present in brain during ax-
onal sprouting. Nevertheless, the specific tem-
poral association of synapsin I expression with
the onset of synaptogenesis has made it possible
to use synapsin [ as a convenient indicator for
synaptogenesis in developmental studies of the
nervous system (e.g., see Levitt et al., 1984).

Phylogenetic studies of synapsin I have re-
vealed that it is a highly conserved protein. The
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synapsin I molecules in brain of several mam-
malian species, including human, are immuno-
chemically indistinguishable and exhibit simi-
lar biochemical and physicochemical properties
(Goelz et al,, 1981). In addition, proteins that
cross-react immunologically with mammalian
synapsin [ have been identified in the nervous
systems of species throughout the animal king-
dom, including all other vertebrate classes
(bird, reptile, amphibian, and fish) and three in-
vertebrate phyla (echinodermata, arthropoda,
and mollusca) (Sorensen and Babitch, 1984;
Goelz et al., 1985; Llinas et al., 1985). The pro-
teins present in nonmammalian species exhibit
different molecular weights from mammalian
synapsin I, but resemble it in a number of other
ways. For example, four proteins present in fish
brain that cross-react with synapsin I antisera
are enriched in synaptic fractions of fish brain,
are acid soluble, are digested by collagenase,
and are substrates for endogenous protein ki-
nases (Goelz et al., 1985). As another example,
proteins in Manduca moths that cross-react with
synapsin I appear in moth-head ganglia as the
adult moths emerge from pupation, the time
during which synaptogenesis occurs (Goelz et
al., 1985). The early evolutionary appearance of
synapsin I-like proteins and the highly con-
served nature of synapsin [ in mammals suggest
that the protein plays a vital role in neuronal
function.

Regulation of State of Phosphoryla-
tion by Physiological and
Pharmacological Stimuli

Regulation of the state of phosphorylation of
synapsin I has been studied in a variety of nerv-
ous tissue preparations. The results of such
studies are summarized in Table 6. Consistent
with the observations that synapsin I is
phosphorylated by cyclic AMP-dependent and
calcium-dependent protein kinases in vitro, the
state of phosphorylation of synapsin I is stimu-
lated in intact neuronal preparations by a vari-
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TABLE 6

Physiological and Pharmacological Regulation of Synapsin I

1. In synaptosomes and in slices of nervous tissue, depolarizing agents and cyclic AMP increase state of

phosphorylation

2. In specific anatomical regions of central and peripheral nervous system, the relevant neurotransmitters

increase state of phosphorylation

(a) Serotonin and adenosine in facial motor nucleus

(b) Dopamine in superior cervical ganglion, posterior pituitary, caudatoputamen, and substantia nigra

(c) Norepinephrine in frontal cortex

3. In isolated superior cervical ganglion and in posterior pituitary, impulse conduction under physiologi-

cal conditions increases state of phosphorylation

4. In whole animals, convulsants increase and depressants decrease state of phosphorylation in cerebrum
5. In whole animals, neurotransmitters and hormones increase total amount in specific brain regions

(a) Norepinephrine in pinealocytes
(b) Corticosterone in hippocampus
(c) Opiates in striatum

ety of manipulations that increase cyclic AMP or
calcium levels in neurons. In synaptosomes
(Krueger et al., 1977; Huttner and Greengard,
1979) and slices (Forn and Greengard, 1978) of
nervous tissue, depolarizing agents, which in-
crease the flux of calcium into nerve terminals,
stimulate a calcium-dependent phosphoryla-
tion of synapsin I. In these same preparations,
phosphodiesterase inhibitors, which increase
cyclic AMPlevels, and cyclic AMP analogs stim-
ulate a calcium-independent phosphorylation
of synapsin L.

Synapsin I phosphorylation is regulated by a
number of specific neurotransmitters in well-
defined, relatively homogeneous regions of the
nervous system. Serotonin and adenosine have
been shown to increase the state of phosphor-
ylation of synapsin I in rat facial motor nucleus
(Dolphin and Greengard, 1981a,b), dopamine
has been shown to increase the state of phos-
phorylation of synapsin I in bovine and rabbit
superior cervical ganglion (Nestler and Green-
gard, 1980, 1982b), rat posterior pituitary (Tsou
and Greengard, 1982), and rat caudatoputamen
and substantia nigra (Walaas and Greengard,
unpublished observations), and norepine-
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phrine has been shown to increase the state of
phosphorylation of synapsin Il in rat frontal cor-
tex (Mobley and Greengard, 1985). In each of
these regions, the respective neurotransmitter
appears to stimulate the phosphorylation of
synapsin lin presynaptic nerve terminals via an
increase in cyclic AMP levels and the activation
of cyclic AMP-dependent protein kinase.

Since the state of phosphorylation of synap-
sin | is regulated in nerve terminals by neuro-
transmitters acting on presynaptic receptors,
investigation of synapsin I phosphorylation can
be used to study presynaptic receptors in the
nervous system. Indeed, in all of the regions so
far examined, study of synapsin I phosphoryla-
tion has either revealed the existence of previ-
ously unidentified presynaptic receptors or
confirmed the existence of presynaptic recep-
tors that had been identified by other methods.
In most cases, it was found that receptors for the
same type of neurotransmitter are present on
presynaptic nerve terminals and on postsynap-
tic cell bodies and dendrites (see Fig. 4), suggest-
ing that a dual action of neurotransmitter at a
single synapse is a common synaptic mecha-
nism. According to this idea, at many synapses,
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Fig. 4. Schematic diagram of the synaptic organization of rat facial motor nucleus (top panel); rabbit or cow
superior cervical ganglion (middle panel); rat substantia nigra (bottom panel). The study of synapsin I
phosphorylation in these three regions of the nervous system has revealed or confirmed the existence of types
of neurotransmitter receptors on presynaptic nerve terminals that had previously been shown to exist on
postsynaptic neurons. For simplicity, pathways representing the cholinergic innervation of dopaminergic
interneurons in the superior cervical ganglion and the GABA-ergic innervation of dopaminergic neurons in the
substantia nigra are omitted. It should be noted that, in the substantia nigra, dopamine is released from the
dendrites, rather than from the axons, of dopaminergic neurons. Open arrows (= ), main synaptic pathway;
solid arrows (= ), previously identified actions of neurotransmitter; dotted arrows ¢--->), actions detected or
verified by studies of synapsin I. (SHT) serotonin: (DA) dopamine; (SIF cell) small intensely fluorescent cell;
(GABA) y-aminobutyric acid. From Nestler and Greengard, 1984.
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a given neurotransmitter acts both on presynap-
tic nerve terminals, where it regulates the
amount of a second neurotransmitter released
in response to nerve impulses, and on postsyn-
aptic cell bodies and dendrites, where it regu-
lates the responsiveness of the postsynaptic
element to that second neurotransmitter (Nes-
tler and Greengard, 1983, 1984).

Study of synapsin I phosphorylation can also
be used to estimate the percentage of nerve ter-
minals in a given region of the nervous system
that possesses certain classes of presynaptic
receptors. For example, norepinephrine, acting
at B-adrenergic receptors, has been found to
stimulate the phosphorylation of roughly one-
third of the synapsin I present in the frontal cor-
tex (Mobley and Greengard, 1985). These re-
sults indicate that at least one-third of all of the
nerve terminals in this brain region possess
presynaptic p-adrenergic receptors. Moreover,
sinceit has been estimated that only a very small
fraction of nerve terminals in the cortex is nor-
adrenergic, these studies of synapsin I phos-
phorylation support the possibility that a sub-
stantial percentage of all nerve terminals in the
cortex respond physiologically to norepi-
nephrine released by distant noradrenergic
nerve terminals. The results support the pro-
posal (see Reader et al., 1979) that noradrenergic
nerve terminals function in the cortex ina parac-
rine manner. Thus, study of synapsin I phos-
phorylation has provided a unique method for
detecting and characterizing presynaptic recep-
tors directly, as well as for elucidating their role
in synaptic transmission.

Brief periods of impulse conduction, under
physiological conditions, have been shown to
increase the state of phosphorylation of syn-
apsin [ in nerve terminals of the rabbit superior
cervical ganglion (Nestler and Greengard,
1982a,b) and rat posterior pituitary (Tsou and
Greengard, 1982). In the ganglion it was found
that as few as 20 nerve impulses significantly
stimulated synapsin I phosphorylation. The
amount of synapsin I phosphorylated in re-
sponse to preganglionic nerve stimulation was
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calculated to be approximately 2% of the total
presynaptic synapsin I per nerve impulse. Fur-
thermore, the changes in the phosphorylation of
site 1 of synapsin I, elicited by nerve impulse
conduction, were found to be nearly stoichio-
metric: preganglionic nerve stimulation re-
sulted in the conversion of roughly 80% of pre-
synaptic synapsin I from the dephosphorylated
to the phosphorylated form (Nestler and Green-
gard, 1982b). Figure 5 shows the change in
dephosphosynapsin I, measured by "back phos-
phorylation," observed in response to 5 s of pre-
ganglionic nerve stimulation at 10 Hz, as a func-
tion of the time after initiation of nerve stimula-
tion. Since the total amount of synapsin I,
measured by radioimmunoassay, was not al-
tered by nerve stimulation, the decreases ob-
served in the amount of dephosphosynapsin I
(Fig. 5) reflect increases in the state of phospho-
rylation of synapsin I in response to nerve im-
pulse conduction. An increase in the state of
phosphorylation of synapsin I was first observ-
ed within 20 s after initiation of nerve stimula-
tion and appeared to be maximal at 30-60 s, after
which time the state of phosphorylation re-
turned to control levels (Nestler and Greengard,
1982a). The data shown in Fig. 5 reflect the state
of phosphorylation of both the collagenase-in-
sensitive and collagenase-sensitive domains of
synapsin I. Other data (Nestler and Greengard,
1982a,b) indicate that the state of phosphory-
lation of the individual domains (i.e., site 1 and
sites 2/3) changes with similar time courses.
Further studies on the rabbit superior cervi-
cal ganglion were performed to determine
whether the changes observed in synapsin I
phosphorylation in response to nerve impulse
conduction or to dopamine occurred presynap-
tically or postsynaptically (Nestler and Green-
gard, 1982b). These studies, summarized in Fig.
6, revealed that the ganglion contains two
"pools” of synapsin I. One pool, representing
about 60% of total ganglion synapsin I, is lo-
cated in presynaptic nerve terminals. This pre-
ganglionic pool disappears on surgical dener-
vation of the ganglion, is unaffected by brief

Volume 1, 1987



98

Dephospho -Synapsin T
(% Contralateral Control)

Greengard

e

-

20" 30"
5" Stimulation

Time

Fig.5. Effectof a brief period (5 s) of impulse conduction on amount of dephosphosynapsinlinrabbit superior
cervical ganglion, as a function of time after stimulation. The preganglionic nerve supplying one ganglion of
each rabbit was stimulated via a suction electrode at 10 Hz for 5 s; stimulated and contralateral control ganglia
were homogenized in 1% SDS at various times afterwards. Dephosphosynapsin I was determined by back
phosphorylation, and the amount in the stimulated ganglion compared with that in the contralateral control
ganglion. Values shownare means+SEM. The number of pairs of ganglia used ranged from 3 to 7. *Significantly
different from control (p < 0.05) by two-tailed test. From Nestler and Greengard, 1982a.

exposure to the protein synthesis inhibitor cy-
cloheximide, and undergoes phosphorylation
in response to nerve impulses, dopamine, or
high potassium concentration. The other pool,
representing about 40% of total ganglion syn-
apsin ], is located in the cell bodies of ganglionic
neurons. This postsynaptic pool is unaffected
by denervation, is decreased by brief exposure
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to cycloheximide, and does not undergo
phosphorylation in response to a variety of
physiological and pharmacological stimuli.
Rather, postsynaptic synapsin I appears to rep-
resent newly synthesized synapsin I, presuma-
bly en route to the nerve terminals arising from
the ganglionic cell bodies, where it will serve its
physiological function.
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Study of the rabbit superior cervical ganglion
and rat posterior pituitary has indicated that
two first messengers regulate synapsin I phos-
phorylation in nerve terminals of these tissues:
the nerve impulse itself and the neurotransmit-
ter dopamine. Evidence indicates that these
first messengers regulate synapsin I phosphor-
ylation via different mechanisms: impulse
conduction increases synapsin I phosphoryla-
tion through the activation of calcium-depend-
ent protein kinases, and dopamine increases
synapsin I phosphorylation through the activa-
tion of cyclic AMP-dependent protein kinase.
First, the effects of nerve impulse conduction
and high potassium concentration on synapsin
I phosphorylation are dependent on extracellu-
lar calcium, whereas those of dopamine and

%%

cyclic AMP analogs are not (Nestler and Green-
gard, 1982a,b). Second, nerve impulse conduc-
tion and high potassium concentration stimu-
late the phosphorylation of synapsin I both in
the collagenase-insensitive and the collagenase-
sensitive domains of the molecule, observations
consistent with the expectation, based on stud-
ies with purified synapsin I and protein kinases,
that activation of calcium-dependent protein
kinases would increase the state of phospho-
rylation of both regions of synapsin I. In con-
trast, dopamine, cyclic AMP analogs, and
forskolin (which activates adenylate cyclase)
stimulate the phosphorylation only of the col-
lagenase-insensitive region of synapsin I, obser-
vations consistent with the expectation, based
on studies with purified synapsin I and protein

THE RABBIT SUPERIOR CERVICAL GANGLION CONTAINS TWO POOLS OF SYNAPSIN |,
ONE PRESYNAPTIC AND ONE POSTSYNAPTIC, WITH DIFFERENT CHARACTERISTICS

PRESYNAPTIC SYNAPSIN 1:

—~PHOSPHORYLATION REGULATED BY:
IMPULSE CONDUCTION
DOPAMINE
DEPOLARIZING AGENTS

—-TOTAL AMOUNT NOT DECREASED
BY SHORT EXPOSURE TO
CYCLOHEXIMIDE

POSTSYNAPTIC SYNAPSIN 1:

—PHOSPHORYLATION NOT REGULATED BY:
IMPULSE CONDUCTION
DOPAMINE
DEPOLARIZING AGENTS

—TOTAL AMOUNT DECREASED
BY SHORT EXPOSURE TO
CYCLOHEXIMIDE

Fig. 6. Schematic diagram of the distribution and regulation of synapsin I in the rabbit superior cervical

ganglion. From Nestler and Greengard, 1982b.
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kinases, that activation of cyclic AMP-depend-
ent protein kinase would increase the state of
phosphorylation of synapsin I only in this re-
gion (Nestler and Greengard, 1982b; Tsou and
Greengard, 1982). Based on studies with cell-
free preparations of brain tissue, one can hy-
pothesize that the calcium-dependent phos-
phorylation of the collagenase-insensitive do-
main of synapsin I in ganglionic and posterior
pituitary nerve terminals is catalyzed by cal-
cium/calmodulin-dependent protein kinase I,
whereas that of the collagenase-sensitive do-
main of synapsin I is catalyzed by calcium/
calmodulin-dependent protein kinase IL
Synapsin I phosphorylation is also regulated
in whole animals (Strombom et al.,, 1979).
Administration of convulsants to mice was
found to increase synapsin I phosphorylation,
whereas administration of central nervous sys-
tem depressants was found to decrease such
phosphorylation in whole cerebrum. Because
convulsants increase and depressants decrease
neuronal activity in brain, these results are
consistent with the observations that nerve im-
pulse conduction stimulates synapsin I phos-
phorylation in isolated intact nervous tissue.

Direct Evidence for a Role of
Synapsin | in Neuronal Function

Direct evidence for a role of synapsin I in
neurotransmitter release has recently been ob-
tained in studies of the squid giant synapse
(Llinas et al., 1985). In these studies neurotrans-
mitter release was determined by measuring the
amplitude, rate of rise, and latency of the post-
synaptic potential generated in response to pre-
synaptic depolarizing steps under voltage-
clamp conditions. Injection of purified dephos-
phorylated synapsin I into nerve terminals at
the synapse was found to decrease the ampli-
tude and rate of rise of the postsynaptic poten-
tial. In contrast, injection of purified synapsin I
that had been phosphorylated on its collagen-
ase-sensitive domain (sites 2 and 3) by calcium/
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calmodulin-dependent protein kinase II, as well
as injection of heat-denatured dephospho-
synapsin I, had no effect on these parameters of
neurotransmitter release. Injection of purified
calcium/calmodulin-dependent protein kinase
Il into nerve terminals increased the amplitude
and rate of rise, and decreased the latency, of the
postsynaptic potential. The effects of
dephosphosynapsin I and of calcium/calmod-
ulin-dependent protein kinase II on the
postsynaptic potential occurred in the absence
of any detectable changes in presynaptic cal-
cium current. These results provide support for
the idea that neurotransmitter release can be
modulated by biochemical mechanisms and
that synapsin I phosphorylation is involved in
such modulation.

Nicotinic Acetylcholine Receptor

I would now like to leave the presynaptic ter-
minal, synapsin I, and the regulation of neuro-
transmitter release, move across the synaptic
cleft to the postsynaptic membrane, and discuss
a protein in the postsynaptic membrane, the
phosphorylation of which appears to regulate
neurotransmitter sensitivity. The protein is the
nicotinic acetylcholine receptor, and the work I
am going to describe was carried out in our
laboratory primarily by Dr. Richard Huganir. It
was found several years ago by Raftery, Chan-
geux, Diamond, and their colleagues (Vandlen,
1979; Gordon et al., 1977; Saitoh and Changeux,
1981) that the acetycholine receptor is a phos-
phoprotein. During the past few years, Huganir
has undertaken the biochemical characteriza-
tion of the phosphorylation of the acetylcholine
receptor and attempted to determine the physi-
ological significance, if any, of this phosphoryla-
tion.

As is now well-known, the nicotinic acetyl-
choline receptor is composed of four types of
subunits, known as alpha, beta, gamma, and
delta, and these subunits can be separated from
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one another on SDS gels and visualized by
protein staining. Each of three distinct protein
kinases is capable of catalyzing the phosphor-
ylation of the acetylcholine receptor (Huganir et
al., 1983, 1984; Huganir and Greengard 1983).
cAMP-dependent protein kinase causes the
rapid and stoichiometric phosphorylation of
the gamma and delta subunits of the receptor.
Protein kinase C causes the rapid and stoichio-
metric phosphorylation of the delta subunit of
the receptor and a slow but very reproducible
phosphorylation of the alpha receptor. Finally,
there is an endogenous protein tyrosine kinase
present in the plasma membranes that contains
the nicotinic cholinergic receptor, and this endo-
genous protein tyrosine kinase catalyzes the
rapid and stoichiometric phosphorylation of
the receptor on the beta, gamma, and delta sub-
units. Thus, three distinct protein kinases phos-
phorylate the acetylcholine receptor on a total of
seven distinct sites, with six of these sites being
phosphorylated rapidly and stoichiometrically.

The acetylcholine receptor is believed to trav-
erse the plasma membrane a total of five times
and includes one relatively long cytoplasmic
segment. It seems likely that all seven of the
phosphorylation sites are located in this cyto-
plasmic region of the molecule (Huganir et al.,
1984). In addition, for those subunits that un-
dergo multisite phosphorylation, the phos-
phorylated amino acids appear to reside within
a few residues of one another. Moreover, phos-
phorylation occurs in closely homologous re-
gions of the different subunits.

What, if any, is the physiological significance
of the phosphorylation of the acetylcholine re-
ceptor? To answer this question, Huganir
phosphorylated the receptor on the gamma and
delta subunits in the presence of cAMP-depend-
ent protein kinase and then purified the recep-
tor to homogeneity. For control purposes, he
also purified the dephosphorylated form of the
receptor. He then reconstituted the two forms of
the purified receptor into lipid vesicles. In col-
laboration with Delcour and Hess at Cornell
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University, he then compared the rate of desen-
sitization of the dephosphorylated and phos-
phorylated forms of the receptor in the presence
of acetylcholine (Huganir et al., 1986). It was
demonstrated that the phosphorylated form of
the receptor desensitizes to acetycholine with a
rate constant about seven-to-ten times that of
the dephosphorylated form of the receptor.
Interestingly, phosphorylation of the receptor
had no effect on its sensitivity in the absence of
acetylcholine.

The effect of partial phosphorylation of the
acetylcholine receptor on its desensitization
rate was also examined. The results of these
studies indicated that phosphorylation of either
the gamma or delta subunit of the receptor, or
both, was sufficient to convert it from the slowly
desensitizing form to the rapidly densensitizing
form.

The physiological significance of the phos-
phorylation of the acetylcholine receptor can be
interpreted as follows. It seems likely that there
is a neurotransmitter, the identity of which re-
mains to be determined, that activates adenyl-
ate cyclase in the plasma membrane of cells that
contain the nicotinic cholinergic receptor, that
the activation of the adenylate cyclase increases
cAMP, which activates cAMP-dependent pro-
tein kinase, which then, by phosphorylation of
the gamma or delta subunit of the receptor,
causes its desensitization in the presence of
acetylcholine. This is an example of receptor-
receptor interaction within a single plasma
membrane. Moreover, the fact that two addi-
tional classes of protein kinases also phosphor-
ylate the acetylcholine receptor in the same
region of the molecule makes it seem likely that
there are at least two additional neurotransmit-
ters that act through these two other protein
kinase systems to bring about the desensitiza-
tion of the acetylcholine receptor. Thus, there
may be four neurotransmitters that act on four
distinct receptors in this plasma membrane,
three of them acting through three distinct pro-
tein kinases to alter the sensitivity of the acetyl-
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choline receptor to the fourth neurotransmitter,
namely acetylcholine. This is a rather complex
example of receptor-receptor interactions
within a plasma membrane, in this case, one
involving four neurotransmitters and their re-
ceptors. However, it seems possible that such
complex interactions are quite common within
the nervous system.

DARPP-32, A Dopamine-
and cAMP-Regulated
Phosphoprotein

The third neuronal phosphoprotein that I
shall describe, DARPP-32, is associated with
neurons that contain dopamine receptors of the
D-1 subclass. DARPP-32 is a phosphoprotein
for which a biochemical mechanism of action
has been found.

Identification

DARPP-32 was originally observed during
the examination of the regional distribution of
cAMP-and calcium-regulated protein phos-
phorylation systems in rat brain (Walaas et al.,
1983a,b). Some of the cAMP-regulated phos-
phoproteins, one of which was DARPP-32, were
found to have restricted regional distributions
in the brain that paralleled the gross anatomical
distribution of dopaminergic innervation. A
detailed biochemical analysis of the distribution
of DARPP-32 in rat brain revealed that it was
specifically enriched in the basal ganglia
(Walaas and Greengard, 1984). High concentra-
tions were found in the caudatoputamen, nu-
cleus accumbens, and olfactory tubercle (the
main dopamine-innervated regions of the fore-
brain basal ganglia), and in the main targets of
the output neurons of these three regions, the
globus pallidus and substantia nigra. DARPP-
32 was shown to be contained within intrinsic
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neurons of the caudatoputamen by use of the
neurotoxin kainic acid. Injection into the cauda-
toputamen of kainic acid, which destroys intrin-
sic striatal neurons while sparing nerve term-
inals and glia (Schwartz and Coyle, 1977), pro-
duced a considerable decrease in the amount of
striatal DARPP-32 present (Walaas and Green-
gard, 1984). Further studies, employing lesion-
ing techniques that eliminated specific neuron-
al populations in these regions, demonstrated
that DARPP-32 was absent from the nigrostria-
tal dopaminergic neurons themselves, but was
present throughout the striatonigral dopamino-
ceptive neurons, specifically those dopamino-
ceptive neurons possessing D,-dopamine re-
ceptors (Walaas and Greengard, 1984).

Regulation of Phosphorylation

The mammalian brain appears to contain at
least two types of dopamine receptors desig-
nated D,- and D,-dopamine receptors (Keba-
bian and Calne, 1979). The D,-dopamine recep-
tor is linked to the activation of adenylate
cyclase, whereas at least some D,-dopamine
receptors appear to be linked to inhibition of
adenylate cyclase (Kebabian and Calne, 1979;
Kebabian and Cote, 1981; Stoof and Kebabian,
1981). The striking correlation between dopam-
inergic innervation and DARPP-32 localization,
and the localization of DARPP-32 to the sub-
class of dopaminoceptive neurons possessing
D, -dopamine receptors, suggested that dopa-
mine, acting through D -dopamine receptors,
might regulate the phosphorylation of DARPP-
32 by cAMP-dependent protein kinase in these
dopaminoceptive cells. Using techniques that
allowed analysis of the state of phosphorylation
of DARPP-32 in brain slice preparations con-
taining intact cells (Walaas et al., 1983¢), it was
found that either dopamine or the 8-bromo
analog of cAMP could convert DARPP-32 from
the dephosphorylated to the phosphorylated
form (Walaas and Greengard, 1984). Phosphor-
ylation of DARPP-32 was observed at concen-
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trations of dopamine that had previously been
found to activate specific dopamine receptors
linked to the activation of adenylate cyclase
(Forn et al., 1974). The effect of dopamine could
be inhibited by the dopamine receptor blocker
fluphenazine (Walaas et al., 1983c) and was
specific for dopamine insofar as other neuro-
transmitter candidates (norepinephrine, sero-
tonin, and adenosine) were without effect.
These studies, which established a physiologi-
cal link between DARPP-32 phosphorylation
and dopaminergic neurotransmission, pro-
vided the impetus for further anatomical and
biochemical studies of this phosphoprotein.

Regional, Cellular, and Subcellular
Distribution in Brain

The tissue, cellular, and subcellular distribu-
tion of DARPP-32 was investigated by immuno-
chemical techniques involving the use of both
monoclonal and polyclonal antibodies pre-
pared against purified bovine DARPP-32. The
regional and cellular distribution of DARPP-32
in the central nervous system of the rat was
determined by a detailed immunocytochemical
study (Ouimet et al., 1984). In general, the re-
sults of this study were supported by results
obtained in a similar study of the distribution of
DARPP-32 in the central nervous system of the
rhesus monkey (Ouimet et al., manuscript in
preparation).

The distribution of DARPP-32 exhibited
large regional variations, with particularly
strong labeling occurring in most of the brain
regions that are heavily innervated by dopa-
mine fibers, including the basal ganglia. Strong
DARPP-32 immunoreactivity in neuronal cell
bodies and dendrites was found within the
caudatoputamen, nucleus accumbens, and ol-
factory tubercle (the forebrain basal ganglia), all
of which receive dense dopamine inputs.
Immunoreactive puncta, which represent nerve
terminals as determined by electron micros-
copy (see below), were observed in the globus
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pallidus and pars reticulata of the substantia
nigra, brain regions known to receive projec-
tions from the forebrain basal ganglia. Strong
neuronal immunoreactivity was also found in
the central, lateral, and cortical amygdaloid nu-
clei, whereas strong glial immunoreactivity was
found in tanycytes in the arcuate nucleus and
median eminence of the mediobasal hypothala-
mus. All of these regions receive dense dopam-
inergic innervation (Lindvall and Bjorklund,
1978).

Studies employing high-resolution light and
electron microscopy have shown that DARPP-
32 is present in the cytoscl of the somata, den-
drites, dendritic spines, axons, and axon termi-
nals of the medium-sized spiny neurons of the
caudatoputamen and nucleus accumbens, but
not in the giant cholinergic striatal interneurons
(Ouimet et al., manuscript in preparation). The
medium-sized spiny neurons receive most of
the dopamine input to the neostriatum (Groves,
1983) and represent more than 90% of the Golgi-
impregnated neurons in this brain region (Pasik
et al., 1979; Dimova et al., 1980). DARPP-32
immunoreactivity was absent from corticostria-
tal fibers and the dopaminergic nigrostriatal
neurons.

Weak immunoreactivity was observed in
cells of the deep layers of the medial prefrontal
cortex and in cell clusters in the entorhinal cor-
tex, regions with well-defined dopamine inputs
(Lindvall and Bjorklund, 1978). Weak immuno-
reactivity was also found in several regions in
which dopamine innervation is believed to be
less important. Thus, some neurons were weak-
ly labeled in the medial habenula, the cerebel-
lum, and layers II, III, and VI of the neocortex,
whereas the thalamus and hippocampus
showed a weak nerve terminal staining pattern.
A restricted number of astrocytes, located
throughout the neuroaxis, were also found to be
weakly immunoreactive.

The results obtained by immunocytochem-
ical methods were supported by quantitative
analysis, employing both a biochemical assay
(Walaas and Greengard, 1984) and a specific
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radioimmunoassay (Hemmings and Green-
gard, 1986) of the distribution of DARPP-32 in
the rat central nervous system. The highest
concentrations of DARPP-32 were found in the
caudatoputamen, the globus pallidus, and the
substantia nigra. Intermediate concentrations
were found in the nucleus accumbens and the
olfactory tubercle, and low concentrations in the
frontal cortex, neocortex, hippocampus, amyg-
dala, thalamus, cerebellum, and retina.

The levels of DARPP-32 in subcellular frac-
tions prepared from the rat caudatoputamen
were also analyzed with the biochemical
phosphorylation assay and the radioimmuno-
assay. These studies demonstrated that the sol-
uble fraction of this brain region is highly
enriched in DARPP-32, consistent with its local-
ization within cell bodies and dendrites. A sig-
nificant amount of DARPP-32 was also found in
the crude synaptosomal fraction that could be
released by hypotonic lysis, suggesting that a
fraction of DARPP-32 is also present in nerve
terminals. This observation is supported by the
finding that, in the substantia nigra, DARPP-32
is enriched in the particulate fraction and can be
released by hypotonic lysis (Walaas and Green-
gard, 1984). In this brain region, evidence ob-
tained by immunocytochemistry at both the
light and electron microscope levels indicated
that DARPP-32 is contained within nerve termi-
nals. Thus, the results of studies of the subcell-
ular localization of DARPP-32 determined by
the analysis of subcellular fractions are consist-
ent with those of ultrastructural studies em-
ploying immunocytochemical techniques in
which cell bodies, dendrites, axons, and nerve
terminals were all immunoreactive for DARPP-
32. Furthermore, DARPP-32 immunoreactivity
was evenly distributed throughout the cyto-
plasm, suggesting that DARPP-32 is not primar-
ily associated with any subcellular organelle
(Ouimet et al., 1984).

The nature of the neurotransmitter(s) in
DARPP-32-containing neurons has not been
firmly established. The vast majority of the
medium-sized neurons in the rat caudatoputa-
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men and nucleus accumbens contain y-amino-
butyric acid (GABA), as revealed by immunocy-
tochemical staining for glutamic acid decarbox-
ylase (Oertel and Mugnaini, 1984). It is likely
that most, if not all, of these neurons also contain
DARPP-32 (Ouimet et al.,, 1984). However,
GABA-ergic neurons are much more widely
distributed throughout the brain than are neu-
rons immunoreactive for DARPP-32, so not all
GABA-ergic neurons in the brain contain
DARPP-32 (see Ouimet et al., 1984). Further-
more, since DARPP-32 is present in a variety of
other nerve cell types that do not appear to be
GABA-ergic, the general distribution of neur-
ons immunoreactive for DARPP-32 is not iden-
tical to that of GABA-ergic neurons. Many stria-
tal medium-sized spiny neurons are also im-
munoreactive for substance P (Ljungdahl et al.,
1978) and enkephalin (Pickel et al., 1980). Thus,
it is possible that DARPP-32 is also present in
neurons that contain substance P and/or
enkephalin.

Species and Tissue Distribution

Immunochemical methods have also been
used to identify DARPP-32 in various verte-
brate species and to study its distribution in
peripheral nervous and non-nervous tissues.
DARPP-32 has been detected in brain tissue
from the mouse, rat, guinea pig, rabbit, cat, cow,
rhesus monkey, human, canary, and turtle by
phosphorylation, radioimmunoprecipitation,
radioimmunoassay, and antibody labeling of
nitrocellulose blots of SDS-polyacrylamide gels
(Hemmings et al., unpublished observations).
Studies of peripheral nervous tissues employ-
ing the same techniques have shown that
DARPP-32 is present in the posterior pituitary,
which has both D,-and D,-dopamine receptors,
but is absent from the anterior pituitary, which
has only D,-dopamine receptors (Kebabian and
Calne, 1979). DARPP-32 has also been detected
in bovine and rabbit superior cervical sympa-
thetic ganglia, which contain dopaminergic
neurons and dopamine receptors coupled to
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adenylate cyclase (Kebabian and Greengard,
1971); in bovine parathyroid cells, which con-
tain D,-dopamine receptors (Brown et al., 1977);
and in the chromaffin cells of the bovine adrenal
medulla (Hemmings and Greengard, 1986).
DARPP-32 has not been detected in any of the
peripheral nonnervous tissues tested other than
the parathyroid gland.

Recently, immunochemical methods have
been used to carry out a phylogenetic survey of
DARPP-32localization. In the basal forebrain of
the turtle, strong immunoreactivity was de-
tected by radioimmunoprecipitation, radioim-
munoassay, and antibody labeling of nitrocellu-
lose blots of SDS-polyacrylamide gels (Hem-
mings et al., unpublished observations) and in
the paleostriatum of the canary (Hemmings et
al., unpublished observations). In the canary,
these findings have been confirmed by im-
munocytochemical studies (Burd et al., unpub-
lished observations). Inthe turtleand in the can-
ary (as in the rat), the brain regions that contain
DARPP-32 are the regions that receive major
dopaminergic inputs and that are thought to be
homologous to the neostriatum of mammals
(Reiner et al, 1984). Further studies of the
immunocytochemical localization of DARPP-
32 in these species should yield valuable infor-
mation concerning the phylogenetic develop-
ment of dopaminoceptive neurons, particularly
within the basal ganglia. From these studies, it
appears that the regional distribution of
DARPP-32 in the brains of several mammalian
and nonmammalian vertebrates corresponds to
that of dopamine innervation and probably re-
flects the different locations of dopaminocep-
tive neurons possessing D -dopamine receptors
in these species. Immunoreactive DARPP-32
could not be detected in the brains of two other
vertebrate classes, the fish and the frog (Hem-
mings et al., unpublished observations.
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DARPP-32 as a Marker for
Dopaminoceptive Neurons

Results obtained by a variety of techniques
indicate a close association between DARPP-32
localization and the subclass of dopaminocep-
tive neurons containing D -dopamine recept-
ors. However, several cell types that appear to
be weakly immunoreactive for DARPP-32 are
not known to receive dopaminergic innervation
(e.g., neurons in layers II, I, and VI of the cere-
bral cortex outside the prefrontal cortex, the cer-
ebellar Purkinje cells, various astrocytes, and
tanycytes). There are several possible explana-
tions for these apparent discrepancies. First, the
distribution of D -dopamine receptors may be
wider than that of dopaminergic nerve term-
inals. Second, a minor dopaminergic input may
have escaped detection by the currently avail-
able methods in some brain regions. Third,
DARPP-32 may be able to act as an effector for
neurotransmitters that elevate cAMP levels
other than dopamine.

In some instances of apparent discrepancy,
the presence of DARPP-32 appears to be corre-
lated with the presence of D -dopamine recep-
tors. Thus, dopamine-sensitive adenylate cyc-
lase (which indicates the presence of D -dopam-
ine receptors) has been found in the cat cerebel-
lum (Dolphin et al., 1979) and in certain glial
cells (Schubert et al., 1976; Henn et al., 1977). In
other cases, the presence of DARPP-32 may
indicate the existence of a previously unknown
dopamine input, as for the tanycytes of the arcu-
ate nucleus and median eminence (Calas, 1985).
Furthermore, neurotransmitters other than
dopamine that elevate cAMP may be able to
regulate the phosphorylation of DARPP-32 in
certain DARPP-32 containing neurons that pos-
sess receptors for these neurotransmitters. For
example, in Purkinje cells, cAMP levels can be
increased by norepinephrine (Kakiuchi and
Rall, 1968), which could result in the phosphor-
ylation of DARPP-32. In the rat caudatoput-
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amen, however, the regulation of the state of
phosphorylation of DARPP-32 appears to be
specific for dopamine (Walaas and Greengard,
1984), although peptide neurotransmitters have
not yet been tested.

Most brain regions found to contain high
levels of DARPP-32 (Walaas and Greengard,
1984; Hemmings and Greengard, 1986) have
been shown to contain D -dopamine receptors.
Conversely, DARPP-32 has been found to be
absent from cells containing D-dopamine re-
ceptors, but not containing D,-dopamine recep-
tors (e.g., nigrostriatal dopaminergic neurons,
corticostriatal nerve terminals, and anterior
pituicytes). Despite this strong correlation, it is
not yet possible to conclude whether DARPP-32
is present in all dopaminoceptive neurons con-
taining D -dopamine receptors or whether it is
absent from all nondopaminoceptive neurons
and from dopaminoceptive neurons containing
only D,-dopamine receptors.

Purification and Biochemical
Characterization

DARPP-32 was identified in bovine caudate
nucleus cytosol and purified 435-fold to appar-
ent homogeneity from this source (Hemmings
et al, 1984a). Purified DARPP-32 has been
extensively characterized, and some of its bio-
chemical properties are summarized in Table 7.
It is an acidic, highly elongated monomer that is
both heat stable and acid soluble. It has a rela-
tive molecular mass of 32 kdalton, as deter-
mined by SDS-polyacrylamide gel electrophor-
esis (Hemmings et al., 1984a), and a molecular
mass of 24 kdalton, as determined by high-
speed sedimentation equilibrium centrifuga-
tion (Hemmings et al.,, 1984b). Amino acid
sequencing indicates that the actual molecular
mass is ~22 kdalton (Williams et al., 1986).

DARPP-32is phosphorylated at a single thre-
onine residue by cAMP-dependent protein kin-
ase (Hemmings et al., 1984a,c). The amino acid
sequence surrounding the phosphorylated
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threonine of DARPP-32 (Hemmings et al,
1984d) was found to include two proline resi-
dues flanking the phosphothreonine residue
and four consecutive arginine residues amino-
terminal to the phosphothreonine residue.
Many of the biochemical properties of DARPP-
32 were found to be remarkably similar to those
of protein phosphatase inhibitor-1, in addition
to its phosphorylation site sequence. Phos-
phatase inhibitor-1, in its phosphorylated form,
is a potent and specific inhibitor of the enzyme
protein phosphatase-1 (Huang and Glinsmann,
1976; Nimmo and Cohen, 1978). In order to
determine whether the biochemical similarities
between DARPP-32 and phosphatase inhibitor-
1 were indicative of similar biochemical mech-
anisms of action, the effect of purified DARPP-
32 on protein phosphatase activity was studied
and compared to that of phosphatase inhibitor-
1.

Interactions with Protein
Phosphatases

The protein phosphatase activities involved
in the dephosphorylation of most of the known
proteins phosphorylated on serine or threonine
residues can be accounted for by four distinct
enzymes (Cohen, 1982; Ingebritsen and Cohen,
1983a,b). These enzymes are grouped into two
classes: type 1 protein phosphatase (protein
phosphatase-1) and type 2 protein phospha-
tases (protein phosphatases-2A, -2B, and -2C).
Type 1 protein phosphatase selectively dephos-
phorylates the p-subunit of phosphorylase ki-
nase and is inhibited by nanomolar concentra-
tions of phosphatase inhibitor-1 or phosphatase
inhibitor-2 (another protein phosphatase inhib-
itor). Type 2 protein phosphatases selectively
dephosphorylate the o-subunit of phosphor-
ylase kinase and are insensitive to these inhib-
itors.

Analysis of the effect of DARPP-32 on puri-
fied preparations of these four protein phos-
phatases showed that the phosphorylated form
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TABLE 7

Summary of Biochemical Properties of DARPP-32*
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Property Method of determination Value
Molecular weight SDS-polyacrylamide gel electrophoresis 32 kdalton
Sedimentation equilibrium centrifugation 24 kdalton
Stokes radius Gel filtration 34 A
Sedimentation coefficient Sucrose density gradient centrifugation 2055
Frictional ratio (f/f) Stokes radius and sedimentation coefficient 1.7
Axial ratio Strokes radius and sedimentation coefficient 135
Isoelectric point Isoelectric focusing
Phospho form 4.6
Dephospho form 4.7
Amino acid composition High Glu/Gln
and Pro; low
hydrophobic
residues
Phosphorylatable residue Thin layer electrophoresis Threonine
and chromatography
K for cyclic AMP-dependent Kinetic analysis 2.4 uM
protein kinase
K_, for cyclic AMP-dependent Kinetic analysis 2.7/s
protein kinase
K, for cyclic GMP-dependent Kinetic analysis 5.4 uM
protein kinase
K_, for cyclic GMP-dependent Kinetic analysis 2.3/s

protein kinase

*Data from Hemmings et al. (1984a,b,c).
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of DARPP-32 inhibited protein phosphatase-1
noncompetitively, with an IC, of approx-
imately 10°M under the experimental condi-
tions employed (Fig. 7). It showed no inhibitory
activity toward protein phosphatase-2A, -2B, or
-2C (Hemmings et al., 1984b). The dephosphor-
ylated form of DARPP-32 was inactive as an in-
hibitor of protein phosphatase-1. TPhosphor-
ylated DARPP-32 itself was not a substrate for
protein phosphatase-1. Rather, it was dephos-
phorylated most efficiently by the calcium/cal-
modulin-regulated enzyme protein phospha-
tase-2B (Hemmings et al., 1984b; King et al,,
1984). This observation is of interest, since the
substrate specificity of protein phosphatase-2B
(also known as calcineurin) has been reported to
be quite limited (Stewart etal., 1982; Ingebritsen
and Cohen, 1983b). The potency and specificity
of DARPP-32 as a protein phosphatase inhibitor
and a substrate for the various protein phospha-
tases were very similar to those of phosphatase
inhibitor-1. Thus, the basal ganglia of mammal-
ian brain contain a region-specific neuronal
phosphoprotein, namely DARPP-32, that is a
potent inhibitor of protein phosphatase-1 in its
phosphorylated form and is regulated by dopa-
mine. Although DARPP-32 is very similar in its
biochemical and functional properties to phos-
phatase inhibitor-1, DARPP-32 and phospha-
tase inhibitor-1 are clearly distinct proteins, as
determined by amino acid sequencing, peptide
mapping, and sensitivity to cyanogen bromide
(Williams et al., 1986).

Physiological Role

Dopamine, acting at D -dopamine receptors,
increases the state of phosphorylation of
DARPP-32 in intact nerve cells by elevating
cAMP levels and thereby activating cAMP-de-
pendent protein kinase (Walaas et al., 1983c;
Walaas and Greengard, 1984). These observa-
tions suggest that DARPP-32, as an intracellular
"third messenger” for dopamine, may be in-
volved in mediating certain of the actions of
dopamine acting at D1-dopamine receptors. A
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molecular mechanism by which DARPP-32
may mediate some of the effects of dopamine on
dopaminoceptive neurons has been discovered
by studying the effects of DARPP-32 on the ac-
tivity of purified preparations of protein phos-
phatases. According to this scheme, dopamine
would produce some of its physiological effects
by increasing the phosphorylation of DARPP-
32, thereby inhibiting protein phosphatase-1.
Figure 8 illustrates two possible mechanisms
by which the inhibition of protein phosphatase-
1 could mediate some of the physiological ef-
fects produced by dopamine acting through
cAMP. Regions of the brain containing DARPP-
32, most notably the basal ganglia, also contain
many other substrates for cAMP-dependent
protein kinase (Walaas etal., 1983a,b). Itis likely
that many of these substrates can be dephos-
phorylated by protein phosphatase-1, as has
been determined for other substrates of cAMP-
dependent protein kinase (Ingebritsen and
Cohen, 1983b). The phosphorylation and acti-
vation of DARPP-32 in these brain regions
would therefore inhibit the dephosphorylation
of these other substrates for cAMP-dependent
protein kinase, thereby amplifying the effects of
cAMP by a positive feedback mechanism (Hem-
mings et al., 1984b). Furthermore, phosphopro-
teins that are phosphorylated by protein kinases
other than cAMP-dependent protein kinase are
also dephosphorylated by protein phospha-
tase-1 (Ingebritsen and Cohen, 1983b). Thus,
phosphorylation and activation of DARPP-32
may also allow dopamine, acting through
cAMP, to modulate the phosphorylation state of
substrates for other second-messenger regu-
lated protein kinases. By this mechanism, dopa-
mine and cAMP would be able to interact with
other first- and second-messenger systems by
regulating the state of phosphorylation of some
of the same substrate proteins. The inhibition by
dopamine, acting through the cAMP-depend-
ent phosphorylation of DARPP-32, of the
dephosphorylation by protein phosphatase-1 of
substrate protein(s) regulated by another neu-
rotransmitter, acting through another second
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Fig. 7. Inhibiton of purified rabbit muscle protein phosphatase-1 by various concentrations of phosphoryl-
ated (circles)or dephosphorylated (triangles) DARPP-32. Theactivity of protein phosphatase-1 was determined
by measuring the release of [*P]-phosphate from [*P}-phosphorylase a. Modified from Hemmings et al., 1984b.

messenger and protein kinase, would provide a
molecular mechanism for the synergistic in-
teraction between two neurotransmitters.

The interaction of dopamine and cAMP with
other first- and second-messenger systems is
also possible through another mechanism.
DARPP-32 and protein phosphatase-2B are
both highly concentrated in the basal ganglia
within the medium-sized spiny neurons (Wall-
ace et al., 1980; Wood et al., 1980; Quimet et al.,,
1984; Walaas and Greengard, 1984; DeCamilli,
unpublished observations). A role for protein
phosphatase-2B in the regulation of the state of
phosphorylation of DARPP-32 in vivo is likely,
since DARPP-32 is a particularly effective sub-
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strate for this protein phosphatase in vitro
(Hemmings et al., 1984b; King et al., 1984). The
dephosphorylation of DARPP-32 by protein
phosphatase-2B, a calcium/calmodulin-regula-
ted enzyme (Fig. 9), provides a mechanism by
which calcium, acting as a second messenger,
could antagonize some of the effects of the dop-
amine-induced cAMP signal in dopaminocep-
tive neurons (Hemmings et al., 1984b).

Two potential interactions between the
cAMP and calcium second-messenger systems,
mediated through the regulation of the state of
phosphorylation of DARPP-32 and the concom-
itant control of protein phosphatase-1 activity,
are illustrated schematically in Fig. 9. These
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Fig. 8. Schematic diagram illustrating two possible mechanisms by which the inhibition of protein phospha-
tase-1 by DARPP-32 may be involved in mediating the physiological effects of dopamine on dopaminoceptive
neurons posssessing D,-dopamine receptors. The first messenger dopamine, acting through cyclic AMP and
cyclic AMP-dependent protein kinase, stimulates the phosphorylation of DARPP-32 and of various other sub-
strate proteins in target neurons. The phosphorylation of DARPP-32 converts it to an active inhibitor of protein
phosphatase-1. Activated DARPP-32 then decreases the dephosphorylation of some of the proteins (repre-
sented by A), which are substrates for cyclic AMP-dependent protein kinase (arrow 1) and of other proteins
(represented by X), which are substrates for other protein kinases (arrow 2). By increasing the phosphorylation
of A, phosphorylated DARPP-32 represents a positive feedback signal through which the actions of dopamine
are amplified. By increasing the phosphorylation of X, phosphorylated DARPP-32 represents a mediator

through which dopamine modulates the actions of other first messengers.

interactions provide molecular mechanisms by
which a protein phosphatase inhibitor can med-
iate either synergistic or antagonistic effects of
one first messenger on another through the
second-messengers CAMP and calcium. In this
scheme, dopamine is shown to regulate the
phosphorylation of DARPP-32 (Walaas et al.,
1983c; Walaas and Greengard, 1984), and gluta-
mate is shown as an example of a neurotrans-
mitter that produces some of its effects through
the elevation of intracellular calcium levels.
Calcium may antagonize the effects of ;CAMP by
activating a calcium/calmodulin-dependent
protein phosphatase (protein phosphatase-2B),
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thereby leading to the dephosphorylation of
DARPP-32 and, possibly, other substrate pro-
teins for cAMP-dependent protein kinase. A
synergistic effect of cCAMP on the effects of calci-
um could occur by the cAMP-dependent phos-
phorylation of DARPP-32, leading to the inhibi-
tion of the dephosphorylation by protein phos-
phatase-1 of substrate proteins for calcium-
dependent protein kinases. The synergistic ef-
fects produced by this latter mechanism would
be reversed if the substrate protein being af-
fected inhibited the response to glutamate by a
negative feedback mechanism. This may occur
in the medium-sized spiny neurons of the stria-
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Fig.9. Schematic diagram illustrating a possible role for DARPP-32 in mediating the interaction of dopamine
with glutamate. The first messenger glutamate, which increases intracellular calcium levels, causes the activa-
tion of a calcium-dependent protein kinase and, subsequently, the phosphorylation of specific substrate pro-
teins (represented by X), which are involved in mediating the physiological effects of glutamate. The first
messenger dopamine, acting through cyclic AMP and cyclic AMP-dependent protein kinase, stimulates the
phosphorylation of DARPP-32, which converts it to an active inhibitor of protein phosphatase-1 and thereby
decreases the dephosphorylation of these substrate proteins for the calcium-dependent protein kinase. In this
way, dopamine may modulate the response to glutamate. Another possible interaction between the cyclic AMP
and calcium second messenger systems is through the calcium/calmodulin-dependent protein phosphatase

(protein phosphatase-2B), which can dephosphorylate and inactivate phosphorylated DARPP-32.

tum, where dopamine, apparently acting
through cAMP, antagonizes the ability of gluta-
mate to depolarize certain dopaminoceptive
neurons (Moore and Bloom, 1978; Bunney,
1979), possibly by inhibiting the dephosphoryl-
ation by protein phosphatase-1 of an "inhibitory
modulator protein,” which is phosphorylated
and activated by glutamate acting throughacal-
cium-dependent protein kinase and thereby
inhibits glutamate-induced depolarization by a
negative feedback mechanism (see Nestler and
Greengard, 1984). From this example and the
previous discussion, it is clear that many vari-
ations in the types of interactions between
neurotransmitters are possible at the level of
protein phosphatase inhibitors. It is likely that
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these interactions occur in many different types
of neurons and between many pairs of neuro-
transmitters.

The regulation of protein phosphatase activ-
ity by the reversible phosphorylation of specif-
ic protein phosphatase inhibitors appears to be
a particularly important mechanism of cellular
regulation in the brain. In addition to phospha-
tase inhibitor-1, which is present in many tis-
sues, including brain (Hemmings and Green-
gard, unpublished observations), two cell type-
specific protein phosphatase inhibitors have
been identified in brain. One of these, DARPP-
32, is present in dopaminoceptive neurons pos-
sessing D, -dopamine receptors and may func-
tion as a protein phosphatase inhibitor specific
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for the dopamine system. The other, G-sub-
strate, is a specific substrate protein for cGMP-
dependent protein kinase that resembles phos-
phatase inhibitor-1 and DARPP-32 in many of
its biochemical properties (Aitken et al., 1981;
Aswad and Greengard, 1981; King et al., 1984).
It is specifically localized within the Purkinje
cells of the cerebellum (Schlichter et al., 1980;
Detre et al., 1984) and has been found to inhibit
a protein phosphatase isolated from cerebellum
(Simonelli et al., unpublished observations). G-
substrate thus appears to function as a Purkinje
cell-specific protein phosphatase inhibitor. The
study of these two neuronal phosphoproteins
has revealed that the regulation of protein phos-
phatase activity by the phosphorylation and
activation of specific inhibitor proteins appears
to be a prominent regulatory mechanism in
brain and suggests that this mechanism may be
common to the action of several neurotransmit-
ters. Further studies on the role of DARPP-32 in
the control of protein phosphorylation in
dopaminoceptive neurons should provide
additional insights into the molecular mecha-
nisms of the transsynaptic actions of dopamine.
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