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CYCLIC NUCLEOTIDES

The possibility that communication
between cells in the nervous sysicm
might share characteristics in common
with communication between cells in
the endocrine system led us, a number
of years ago, to begin an investigation
of possible roles for cyclic AMP in
neurcnal tissue. As in the case with
hormones acting on nonneuronal tis-
sues (41), there is now evidence that
cyclic AMP may act as an intracellular
mediator for the actions of certain
neurotransmitters on nerve cells (for
recent reviews, sce refs 2, 3,9, 1517,
38). There is also evidence that certain
of the effects of some other neuro-
transmitters on their target cells may
be mediated by cyclic GMP.

Neurotransmitter molecules, when
released from the terminals of a pre-
synaptic neuron, induce a change in
the permeability properties ol the
membrane of the postsynaptic neuron
by interacting with specific recep-
tors located on the cell surface. The
molccular natere of the events by
which the binding of the neurotrans-
mitter to its receptor is coupled with
the alteration in the ionic properties
of the postsynaptic cell membrane is
not yet well understood. However,
there appear to be two general classes
of mechanism by which this process
may occur (22).

The “receptor—ionophore” model:
In one class the neurotransmitter re-
ceptor is thought to be coupled di-
rectly to an ionophore in such a man-
ner that binding of the neurotrans-
mitter to the recepror induces a
conformational change in the iono-
phore, leading to a change in the per-
meability of the membrane to specific
ions. One receptor that appears to
work in this manner, and that has been
intenstvely studied by Changeux, Heil-
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ABSTRACT

Some postsynaptic effeces of several elasses of neurotransmitters appear to be mediated or
modulated through the cyclic nucleotides, cyclic AMP and cyclic GMP. Available cvidence
suggests that the molecular mechanism by which the eyclic nucleotides carry out this second
messenger role in nerve cells involves regulation of the state of phosphorylation of specific
neuronal proteins. Phosphorylated proteins also appear to be involved in mediating certain
of the actions of several other classes of regulatory agents, incuding calcium and the
steroid hormones.— Greengard, P. Cyclic nucleotides, phosphorylated proteins, and the
nervous system. Federaiion Proc, 38: 2208-2217, 1979.

bronn, Karlin, Raftery, Reich, and
their colleagues, is the nicotinic
cholinergic receptor.

The “receptor-second messenger”
madel: A sccond genceral class of mech-
anisms by which a neurotransmitter
could affect the electrical properties
of postsynaptic neurons is through a
process in which the binding of the
neurotransmitter to 1ts receptor on
the outside of the cell membrane leads
to the production of another molecule,
a second messenger, such as cyclic
AMP, on the inside of the cell. This
sccond messenger could then initiate
a sequence of biochemical reactions
that would ultimately result in a
change in the electrophysiological
properties of the neuronal membrane.
Such electrophysiological changes
might be caused by a biochemical
modification of a membrane protein
involved in regulating the permeabil-
ity of the membrane to specific ions.

One might anticipate that the phys-
iological responses caused by activa-
tion of the two different classes of
receptors would have different char-
acteristics. In the first case, where the
binding of the neurotransmitter to the
receptor induces a conformational
change in an ionophore, the permea-
bility change resulting from this one-
step, nonenzymatic process might be
expected to have a very short latency
and duration, on the order of several
milliseconds. In contrast, it seems

likely that the effects of cyclic nucleo-
tides on the permeability properties of
ncuronal membranes are mediated by
means of a sequence of biochemical
reactions; therefore, the permeability
changes generated in response to a
cyclic nucleotide might be expected
to have a much longer latency and
duration,

There is now evidence for two types
of synaptic transmission involving the
TeCGPt()T—SECOIld messenger S}'stem
(Fig. 1). Thus, the postsynaptic cell of
the receptor—second messenger mod-
ulatory synapse can be either the pre-
synaptic or the posisynapiic cell ol the
synapse being modulated. In other
words, the receptor—-second mcs-
senger system can be utilized for either
presynaptic (Fig. 14) or postsynaptic
(Fig. 1B) modulation of synaptic trans-
mission. In addition to mediating the
effects of modulator neurons on the
permeability properties of input and
output neurons, cyclic nucleotides ap-
pear to have many other roles in neu-
ronal function (15, 16).

Y ¥rom the American Society for Pharma-
cology and Experimental Therapeutics Sym-
posium on Cyclic Nurleotides and Synaptic Func-
tion presented at the 62nd Annual Meeting of
the Federation of American Societies for Fx-
perimental Biology, Atantic City, NJ, April
10, 1978,
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Figure 1. Two types ol modulation of synaptic
transmissivn. In both types, neurotransmitter
releasecd from the modulazior neuron
cyclic AMP 2s a second messenger in the target
cell. A} presynaptic modulation. In this type of
modulation, the postsynaptic cell of (he
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receptor—second messenger synapse is in turn
a4 presynuplic terminal, and is iabeled “inpur
neurvn.” B} postsynaptic modulation. In this
type ol’ modulation, the postsynaptic cell of
the receptor-second messenger synapse is also
the postsynaplic coll lon anether synapse, aixd
is labeled “eutput nenron,” (Maodified from 17}

A variety of experimnental criterions
useful in evaluating whether a cyclic
nucleotide mediates a postsynaptic
permeability change have been pre-
sented elsewhere {2). Failure to satisfy
one or more of these criterions does
not exclude the possibility that a cyclic
nucleotide mediates & particular post-
synaptic response. Some of the diffi-
culries associated with testing certain
of the criterions are discussed in detail
elsewhere (2).

The demonstration of the existence
of neurotransmirter-sensitive adenvl-
ate cyclases in nervous tissue, their
regional and subcellular distribution,
and the properties of these enzymes
suggests a role for cvelic AMP in the
physiology of synaptic transmission.
For cach of the neurotransmitters
listed in "l'able 1, an adenylate cyclase
activared by low concentrations of the
neyrotransmitler in question has been
found i nervous rissue. Moreover,
compounds that act as physiological

TABLE 1. Neurotransmitters associated with
cyclic AMP system

Neuwrotransmitte Anagonisl
Dopawmine Chlorpromazine
Serotonin LsSD
Norepinephrine (&) Propranolol
Histamine (H.) Metiamicle
Octopamine Phentalamine

(Tuken from 17.)
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agonists {i.e., mimic the physiological
actions) of each ol these ncurotrans-
mitters stimulate the appropriace
adenylate cycluse. Conversely, those
substances that act as antagonists of the
physiological effects of these ncuro-
transmitters in general block the acu-
vation by the ncurotransmitrer of the
partcular adenvlate cvclase, Repre-
sentative antagonists lor these neuro-
transmitrers are also included in T'able
1. For the group of neurotransmitters
listed in lable 1, the close similarity
between the properties of the neuro-
transmitter receptor, us characterized
in physiological experiments, and the
prapertics of the neurotransmilter-
scnsitive adenylate cyclase, using a
variety of physiological and pharma-

cological agonists and antagenists,

suggests an Intimaite association be-
Lween neurotransmirter rece piors and
adenylate cyclase molecules.

Table 2 lists those neurotransmit-
ters that cause increases in cvelic GMP
in cerwain target cells. Each of these
neurotransmirters is capable ol caus-
ing increases in cyclic GMP in post-
synaptic cells under conditions in
which they produce a physiological re-
sponse. In addition, substances that
mirnic the physiological elfects of
these neurotransmidlers also mimic
the neurotransmitter in causing in-
creases in cyclic GMP in postsynaptic
cells. Conversely, substances that act
as antagonists of the physiological ef-
fects of these neurotransmitters block
the increase i cyclic GMP brought
about by the appropriate neurotrans-
mitter in the postsynaptic cells. Rep-
resentative antagonists for these neu-
rotransmitters are included in Table
2. The available data suggest thal cydlic
GMP mediates some effects, and mod-
ulates other effects, of neurotransmit-
ters on postsynaptic cells. The possible
relationship of the neurotransmicer-
induced increase in cyclic GMP to the
physiological response of the post-
synaptic cells is discussed in detail
elsewhere (17).

Studies of cyclic nucleotides in sev-
eral neuronal preparations, including
the superior cervical ganglion (17) aned
the mammalian cerebellum (3), leave
little doubt that synaptic transmission
under physiclogical conditions can
result in an increase in the cyclic nu-
cleotide content of certain postsynaprtic
neurons. The precise role or roles of
the cyclic nucleotides formed in the
postsynaptic oclls, during physiclogical

TABLE 2. Neurotransmitters associated with
cyclic GMP system

_\:CU!'OL['Z[HS]’Tl.lttCr Anmg::nisl

Acetylcholine

{muscarinic) Arropinc
Histamince (H,) Diphenhiydramine
Norepinephrine {a) Phentolamine
Gluramate B

Claken from 17.)

activity, are less well established. We
have proposed that cyclic nudleoticles
formed in neurons in responsce to neu-
rotransmitter action may have mult-
ple roles including, but by no means
lirnited 1o, the generation of certain
slow postsynapuc potenttals (15, 17,
22). Two other possible roles for cyclic
AMP in nervous tissue include regula-
ten of microtubule function and of
neurotransmitter  biosynthesis, The
increase in cyclic AMP during increased
impulse How may also serve to mobilize
carbohydrate (12} and lipid reserves,
and thus help to meet the additional
cnergy requirements associated with
clevated [unctional acuvity in nervous
tissue. In certain invertebrate nerve
networks, an increase in cyclic AMP
mediated by serotonin has been shown
to be responsible for the increased
neurotransmitter release that accom-
panies behavorial sensitization (5). Tt
is also of Interest that, in various model
systems, cyclic AMP may act at 4 (ran-

Figure 2, Schematic diagram of apparent role
plaved by protein phesphorylation n mediat-
ing the biclogical effects of those hormones and
neurotransmitters that ace through cyche AMP.
The appropriaie hormone or neurotransmitter
stimulates 1 specific adenvlate cyclase present
in the lLarget tissue, causing an increased con-
version of ATP o cyclic AMP; the newly lormed
cyclic AMP is cither hydrolyzed hy a phospho-
diesterase to 3'-AMP or clse it acrivates a pro-
Leint kinase, leading co the phosphorylation of
a substrate protein; the substrate protein,
through one or more steps, controls the rate of
soime metabolic or physiologic response; the
phosphorylation ol this substrate protein leads
to an increase or decrease in the rate ol this
responsc. (laken from 16. Copyright 1978 by
the American Assoclation for the Advancement
af Science.)
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scriptional level to regulate the de
novo synthesis of a number of pro-
teins with specific functional roles (see
ref 17 for review). It is possible that,
in the nervous system, elevation of the
cyclic AMP content of presynaptic or
postsynaptic cells in response to in-
creased presynaptic impulse flow may
also result in altered synthesis of
certain proteins having specific func-
tional roles in synaptic physiology.
This might constitute one component
of the mechanism by which long-term
information storage (i.e., learning) and
retrieval (i.e., memory) can occur,

Itis probably important to view the
synaptic and nonsynaptic actions of
cyclic AMP not so much in isolation
but rather as part of an integrating
system. It may be that enough synap-
tic stimulation not only raises cyclic
AMP levels sufficiently to alter the per-
meability properties of neurons, but
also initiates a logical sequence of
events mediated by the cyclic nucleo-
tide. This sequence might include an
increase or decrease in the synthesis
or release of neurotransmitter in re-
sponse to synaptic stimulation, an
initiation of mtracellular movements
in order to transport newly synthe-
sized products, the activation of car-
bohydrate metabolism to supply the
necessary cellular energy require-
ments, and direct effects on the ge-
netic material in the cell nucleus that
may lead to long-term alterations of
behavior.

CYCLIC AMP-DEPENDENT
PROTEIN PHOSPHORYLATION

I would like now to discuss a mech-
anism by which cyclic AMP may me-
diate the effects of neurotransmitters
on postsynaptic cells. The protein
kinase hypothesis, illustrated schemati-
cally in Fig. 2, provides a theoretical
mechanism by which one simple mol-
ecule, cyclic AMP, could achieve a
diversity of biological responses (28).
According to this concept, cyclic AMP
directly regulates the activity of a
single class of enzymes, namely pro-
tein kinases. The specificity of the re-
sponse to the cyclic AMP then resides
in the nature of the protein kinases,
and especially in the nature of the
substrate proteins for the protein
kinases in the various tissues.

An increasing amount of evidence
supports the protein kinase hypothe-
sis. Thus, numerous examples have
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now been found (for reviews, see refs
15-17, 25, 31, 39, 44) of systems in
which the effects of cyclic AMP on
various metabolic and physiological
responses appear to be mediated
through protein phosphorylation. At
the present time, it seems likely that in
eukaryotic organisms most, and con-
ceivably all, of the metabolic and phys-

iological effects of cyclic AMP will
prove to be mediated through regula-
tion of protein phosphorylation.
The literature on the subject of pro-
tein phosphorylation, even when re-
stricted to the nervous system, is now
vast. In this presentation, I shall review
one study of this subject from our own
laboratory (49, 53-55, and S. M. Loh-

Figure 3. Effect of cyclic AMP on endogenous protein phosphorylation in a synaptic membrane
fraction from rat caudate nucleus. The synaptic membrane fraction was incubated with 7 pm
[y-**PJATP for 15 secat 30 C, in the absence (—) or presence (+) of 10 pum cyclic AMP. The reaction
was terminated by the addition of the detergent sodium dodecyl sulfate, which also solubilized
the membrane proteins. An aliquot of the reaction product was then subjected to sodium dodecyl
sulfate—polyacrylamide gel electrophoresis in order to separate the membrane proteins from one
another. The separated proteins were located in the gel by standard procedures of protein
staining. Autoradiography was then carried out to determine those protein bands into which
radioactive phosphate had become incorporated. Left, phosphorylation of endogenous protein
in the absence or presence of cyclic AMP; right, protein staining. (Modified from 49.)
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mann, U, Walter, W. Sieghart and
P. Greengard, ms in preparation).
In view of the apparent lmportance
of cyclic AMP-dependent protein
phosphorylation in the nervous sys-
tem, my collcagues and 1 have searched
for substrate proteins tor cyclic AMP-
dependent protein Kinase in nervous
tissue. The ability of endogenous pro-
tein kinasc in a synapric membrane
fraction from the rat caudate nuclcus
to phosphorylate endogenous sub-
sirale proteins in this fraction is dem-
onsiratcd by the experiment shown
in Fig. 3. As shown by the protein
staining pattern in this figure, a large
number of distinct bands were {found
upon gel electrophoresis of the solu-
bilized proteins from this synaptic
membrane fraction. Of these many
bands, the phosphorylation of three
was markedly stimulated by eyclic
AMP. We refer to these three bands
as Proteins la, Ib, and 11, Recently,
it has been possible to resolve Protein
IT into two bands (LLohmann et al,, ms
in preparation), one of which has been
identified as the regulatory subunit of
a protein kinasc present in synaptic
membrancs (55); this regulatory sub-
unit is phosphorylated by the catalytic
subunit in an autophosphorylation
reaction (55}, Proteins Ta plus Ib, col-
lectively designated Protein L, arce pres-
entonly in nervous tissue (53). In view
of the possibility that Protein I mighr
be involved in the physiology ol syn-
aptic Lransmission, we have invesl-
guted irs biological and binchemical
properties. The results of those stud-
ies indicate that Protein I has a num-
ber of unique properties.

Some of the biological properties ol
Protein I are summarized in Table 3.
Not only does Prowin 1 appear to be
confined to the nervous system (33,
34). but within the nervous system
Protein T appears to be present only
in neurons (49). This latter conclusion
1s based on observations that injection,

TABLE 3. Some biological properties
of Protein |

Present only in nervous system

Within nervous system, present only in neurons

Within ncurons, present only in synaptic
membranes and synaptic vesicles

Appears simultaneously with synapse formation
during development

Substrate for membrane-haund protein kinase
and prolein phosphatase

{Laken from 17.)
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TABLE 4. Some chemical properties of Protein | purified frem bovine brain

Protein TA Prowin IB
Mealar proportion 1 2
Molecular weighl 865,000 20,000
Isaelectric point 10.3 10.2
Stokes racius 59 A 39 A

Shape
Aming acid composition
Other structural features

Highly clongated
Rich in glycine and praline
A globular region (phosphorylated) and an clongaterd

collagennus tail (noi phosphorylated)

Highly elongated
Rich in glycine and proline

{Taken from 17.)

into brain, of kainic acd, a substance
that selectively destroys neurons (8,
14, 35), causes an extensive depletion
ol several brain phosphoproteius, in-
duding Proicins Iz and Ib. Subcellular
fractionation studies carried out by
Tetsutumi Ueda, in collaboration with
the research group of Philip Sickevitz
at Rockefeller University, indicate
thar, within neurons, Proteins la and
Ih are present in high concentration
in synaptic membrane Iractions, and
in particularly high concentration in

fractions enriched in synaptic vesicles
and postsynaptic densities (1. Ueda,
P. Greengard, K. Berzins, R. §.
Cohen, F. Blomberg, D, J. Grab and
P, Siekevilz, ms i preparation).
The concentraiion of Proteins Ia
and 1b in postsynaptic deunsities
is. much higher than that in the
synaptic membrane fracuons from
which the postsynaptic densities are
prepared; theretore, it is possible that
the content of Proteins [a and Ih in
synaptic membrane fractions may be

Figure 4, Schemaric diagram ol pestulated role played by protein phosphorylation in mediating
some of the biological effects of a variety of regulatory agents. The diagram gives examples ol
regulatory agents some of whose efferts inay be mediated through regulation of the phosphoryla-
tion of specific proteins, and is not intended to be complete. In addition to cyclic AMP and a
variety of neurotransmitters and hormences whase effects are mediated through cyclic AMP, these
regulatory agents include cyclic GMY, a varicty of neurotransmitters and hormones whose effects
are mediated through cyclic GMP, Ca*', and agents whose effects ave mediated threugh Ca®, as
well as severul clusses of steroid hormones, insulin, and interferon. For brevity, the numerous
peptide hormones whose elfects are known te be mediated through cyclic AMP, and the various
regulatory agents believed to act through transkocation ot Ca? | are not listed individually. Irseems
likely that some, but not necessarily all, of the biological responses elicited hy any given one of the
regulatory agents shown are mediated through the protein phosphorylation system: for simplicity,
pathivays [rom regulatory agent to biological responsc that do nat involve proiein phosphoryla-
tion are ot shown. {Taken from [6)
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attributable to the postsynaptic
densities present in these fractions. In
agreement with the results of subcel-
lular fractionation studies, immuno-
cytochemical studies also indicate that
Protein 1 is associated with synaptic
vesicles and postsynaptic densities
(F. E. Bloom, E. Battenburg, T. Ueda
and P. Greengard, ms in preparation).
A correlation between the time course
of synapse formation and the appear-
ance of Proteins [aand Ibin the brains
of developing rats and guinea pigs has
provided further evidence that Pro-
teins la and Ib are associated with
synaptic structures (34). Protein I
serves as a substrate for a Type 11
membrane-bound ¢yclic (AMP-de-
pendent protein kinase (54, 56 and
Lohmann et al., ms in preparation)
and a membrane-bound phosphopro-
tein phosphatase (55).

Recently, alterations in the phos-
phorylation of Proteins la and Ib have

been observed in intact brain slices
(13) and in whole animals (49a) in re-
sponse to various chemical agents. For
instance, several central nervous sys-
tem depressants (including pento-
barbitol, chloral hydrate, and ure-
thane) administered to mice intra-
peritoneally decrease the state of
phosphorylation of Protein 1 and,
conversely, the convulsant drugs
pentylenetetrazole and picrotoxin in-
crease the state of phosphorylation of
Protein I, in whole brains of mice in
vivo (49a). These results indicate that
the state of phosphorylation of Protein
I, a protein confined to the synaptic
region of neurons, can be altered by
changes in neuronal activity, support-
ing the possibility that it may play an
important role in the physiology of
the synapse.

Biochemical studies of Protein I
indicate that this molecule is unusual
from a chemical point of view. Protein

1 is present in the brains of all mam-
malian species examined, Using bo-
vine brain, in order to have large
amounts of starting material, Protein
I has been purified several thousand-
fold to apparent homogeneity. Some
of the unusual chemical properties of
purified Protein I (53) are summarized
in Table 4.

REGULATION OF
PROTEIN PHOSPHORYLATION
BY CALCIUM, CYCLIC GMP
AND STEROID HORMONES

Finally, I would like to discuss protein
phosphorylation in a broader context
than that of its association with the
cyclic AMP system. Some of the stud-
ies in our laboratory in the past few
years were designed to test the pos-
sibility that phosphorylated proteins
may play a much wider role in biologi-
cal regulation than one limited only to

Figure 5. Etfects of veratridine and of high K*, in the absence and presence of Ca**, on the phosphorylation of endogenous proteins in crude
synaptosomal preparation from rat cerebral cortex. The synaptosome fraction was preincubated with **P, for 30 min in the absence of Ca**. Aliquots
of this suspension were then incubated for 30 sec in the absence (Control) or presence of 100 pum veratridine (Ver) or 60 mM K7; 1 mwm Ca*' was present
where indicated. The incubation was terminated by the addition of sodium dodecyl sulfate and the samples were subjected to sodium dodecyl sulfate—
polyacrylamide gel electrophoresis. The molecular weight scale was generated by determining the position of marker proteins of known molecular
weight. The positions of Proteins la and Ib, whose phosphorylation was stimulated by veratridine or high K*, are indicated by bold arrows. Light
arrows indicate the positions of other protein bands whose phosphorylation was inhibited (upper two arrows) or stimulated (lower three arrows) by

veratridine or high K*. (Taken from 26.)
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mediating the effects of cyclic AMP.
The resulis obtained thus lar suggest
that phosphorylated proteins probably
mediate not only the effects of eyeic
AMP and those regulatory suhstances
that act through cyclic AMP, but also
certain of the cffects of a variety of
other regulatory agents as well, Thus,
it seems that protein phosphorvlarion
may be a tinal common pathwav for
the actions of many types ol biological
regulatory agents. Phis concept is il-
lustrated schematically in Fig. 4. Ex-
perimental data obtained in our own
and other laboratories suggest that all
of the regulatory agents listed in Fig,
4 achieve at least certain of thar of-
ects through protein phoephm ylation.
This subject was reviewed In some
detail recently (16, 17}, and therelore
I shall limit my discussion to a brief
summary of three of the specific regu-
latory su hstances that have been stud-
ied in our laboratory, namely, Ca®?,
cyclicGMP, und the sterotd hormmones.

Regulation by Ca** of protein
phospharylation

When an nnpulse travels down a nerve
axon to the terminal, the wave of de-
polarization causes an influx of cal-
cium that acts as the immediate trigger
for the release of neurctransmitter
from the terminal (1, 11, 23, 24). In
addition, there is evidence that calcium
inllux controls the rate of neurotrans-
mitter biosynthesis in the presynaptic
terminal (36, 40). It secemed possible
that one or more of the effects of cal-
clum in the presynaptic nerve termi-
nal might he mediated or modulared
through the phosphorylation of spe-
cific proteins. For this reason, Bruce
Kruegcr and Javier Forn studied the
effect of caldlum wmflux on protein
phosphorylation in intact synapto-
somes. They found (26) that agents
knuwn to increase Ca®' transport
across the plusma membrane of nerve
terminals altered the phosphorylation
of specific endogenous proteins in
intact synaplosomes from rat brain.
Synaplosorne preparations, preincu-
bated in vitro with P;, incorporated
P into a variety of specific proteins.
Veratridine and high (60 mam) K*,
which increase Ca®t transport across
membranes through a mechanism in-
volving membrane depolarization, as
well as the calcium ionophore AZ3187,
cach markedly altered the incorpora-
tion of #P into several specilic pro-
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teins as determined by sodium dodecyl
sulfate—-polyacrylamide gel electro-
phoresis and auroradiography. All
three agents failled o aller protein
phosphorylation in caldum-free me-
dium containing ethylene glycol bis-
(B-aminoethyl ether)N.N'-tetraacetic
acid (EGTA). The effects of veratri-
dine and of high K* on the phos-
phorylatton of proteins ia intact
synaptosomes are illustrated in Fig. 5

The data suggested that conditions
that cause an accumulation of calcium
by synaptosomes lead to a calcium-
dependent increase in phosphoryla-
tion of specific endogenous proteins,
The results support the possibility that
these phosphoproteins may be in-

Figure 6. Effect of Ca**

volved in the regulation of certain
calclum-dependent nerve terminal
funcrions.

Evidence concerning the mecha-
nism by which calcium eniry might
stimulate the phosphorylation of syn-
aptosomal proteins has come recently
from experiments of Ioward Schul-
man using lysed synaptosomes (46).
In these experiments, synaptosomes
obtained from rat cerebral cortex were
lysed by hvpoosmotic shock and as-
sayed for incorporadon of [ﬂP]phns-
phaLL from [y-*P]A'LP into protein.
As shown in Fig. 6 (Lanes | and 2),
calcium markedly stunulated [#2P)-
phosphate incorporation into many
protein hands in the lysed synapto-

. synaptosomal cytoplasm, and purified calcium-dependent regulator

{C.DR) on endogenous prolein phosphorylation of brain membranes. Synaprosomes ohtained from
rat cercbral cortex were subjected to osmotic shock by homogenization in 10 volumes of ice-cold
water (13 ml} and kept on ice for 30 min to optimize lysis. Total membranes were obiained [rom
lysed synaptosomces by cenrrifugation at 150,000 % g for 30 min. The released synaplosomal
cvtosal was rernoved, heated ar 95-100 G for 5 min, and used as the source of activator (boiled
cytosol). Uhe peller was resuspended in 15 ml of 5 ma Tris-HCL (pII 7.0), centrifuged as above,
and again resuspended in 15 mlof 6 mm Tris-HCL (pH 7.0}. This resuspended pellet served as the
source of activalor-deficient membranes. The reaction mixture for assay of endogenous protein
phosphorylation (final volume, 100 wl) contained: 50 mm PIPES buffor (pH 7.0), 10 my MgCGl,,
1 mm dithiverythritol, 0.2 msm EGTA (minus calcium) or 0.2 mm EGTA + 0.5 mM CaCl, (plus
calcium), O pn [y-FPIATP (5.2 X 10* cpa/pmol), and, where indicated, lysed synaplosoumes (50
pg protem), membranes (34 pg protein}, botled cytosol (14 pg protein), or purificd CDR (0.25 pg
protcin). Incubation was carried out for 10 see at 30 €, the reaction terminated by addition of
sadium dodecy! sulfate. and an aliquot of the sample analyzed for protein phosphorylation hy
sodium dodecyl sulfare—polyacrylamide gel elecrrophoresis and autoradisgraphy. (Taken from 46.)
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some preparation, which contained
membranes (synaptic membranes plus
synaptic vesicles) and synaptosomal
cytoplasm. The calcium-dependent
phosphorylation observed in lysed
synaptosomes was lost upon prepara-
tion of cytoplasm-free membranes
(Fig. 6, Lanes 3 and 4). This phenom-
enon was not due to inactivation of
the calcium-dependent protein kinase
activity during experimental manipu-
lations, as it could be regained by ad-
dition of an amount of boiled (Fig. 6,
Lanes 5 and 6) or unboiled synapto-
somal cytoplasm commensurate with
the amount of membrane protein
present. Boiled cytosol, containing the
heat-stable factor that restored cal-
cium-dependent phosphorylation to
washed membranes, did not exhibit
any endogenous phosphorylation (Fig.
6, Lane 7), nor did it manifest any
protein kinase activity using exoge-
nous substrates.

It had been demonstrated earlier
that Ca** plus a calcium-binding pro-
tein (calcium-dependent regulator or
CDR) activate cyclic nucleotide phos-
phodiesterase (7, 21) and adenylate
cyclase (4) from mammalian brain.
The heat stability of the factor in the
synaptosomal cytosol that stimulated
Ca**-dependent protein phosphoryla-
tion suggested a possible relationship
to CDR. Therefore, CDR was purified
to homogeneity from bovine cerebral
cortex by the method of Teo et al.
(51), in order to test its effect in the
calcium-dependent protein phospho-
rylation system. Addition of this pro-
tein to washed synaptosomal mem-
brane fractions restored calcium-
dependent protein phosphorylation
(Fig. 6, Lanes 8 and 9). The pat-
tern of phosphorylation obtained
upon addition of heat-treated synap-
tosomal cytoplasm was indistinguish-
able from that obtained upon addition
of CDR, suggesting that the two fac-
tors are functionally equivalent.

Stimulation of protein phosphoryl-
ation was dependent on the presence
of both calcium and either the cytosol
factor or the calcium-dependent reg-
ulator (CDR). Thus, calcium in the
absence of boiled cytosol and boiled
cytosol in the absence of calcium were
ineffective, whereas addition of both
calcium and boiled cytosol restored
phosphorylation (Fig. 6, compare
Lanes 3, 4, 5, and 6). Analogous re-
sults were obtained with CDR (com-
pare Lanes 3, 4, 8, and 9). The endog-
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enous activator, like CDR, was ex-
tremely heat stable, nondialyzable,
resistant to DNase and RNase, and
sensitive to trypsin (46).

We have recently purified a protein
from bovine cerebral cortex based on
its ability to stimulate Ca*"-dependent
protein phosphorylation in activator-
depleted membranes (47). Only a
single peak of activity was present

throughout the purification procedure.
This activity copurified with the phos-
phodiesterase activator, suggesting
that the endogenous activator of the
calcium-dependent protein phospho-
rylation system is CDR. Thus it would
appear that regulation by calcium of
calcium-dependent protein kinase ac-
tivity in nervous tissue is mediated
by the same calcium-binding protein

Figure 7. Cyclic GMP-dependent endogenous protein phosphorylation in cytosol from rabbit
cerebellum. The cytosol fraction was passed over a Sephadex G-25 column to remove endogenous
ATP and cyclic nucleotides, and was then incubated with [y-*P]ATP for 1.5 min at 30 C, in the
absence or presence of cvclic GMP or cyclic AMP as indicated. The reaction was terminated by the
addition of sodium dodccyl sulfate and the samples heated at 100 C for 1 min. The entire sample
was then subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and autoradiog-
raphy. Cyclic GMP, but not cyclic AMP, stimulated the phosphorylation of a protein with an
apparent molecular weight of 23,000 daltons, indicated by the dark arrow. No specific stimulation
by cyclic GMP of phosphate incorporation into other proteins was observed, even when electro-
phoresis was carried out on a 7.5% polyacrylamide gel, which increased the separation of higher

molecular weight proteins. (Taken from 43.)
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that regulates cyclic nucleotide phos-
phodiesterase and adenylate cylcase
activities.

These studies of nervous Lissue
demonstrated that calcium is a regu-
latory agent some of whose etffects
may be mediated by protein phos-
phorylation. In addition, reeent stud-
ies indicate that many other rissues
possess a protein kinase that requires
both calcium and CDR for activity,
suggesting that this enzyme may be of
general importance as a mediator of
the regulatory actions of calcium (47).

Regulation by cyclic GMP of protein
phosphorylation

Several lines of evidence indicate that
cychic GMP plays an important role as
an intracellular regulatory substance
(14, 16). Moreover, there are somc
highly suggestive findings concerning
the molecular basis for its actions in
various biological systems. A number
of vears ago, J. F. Kuo and [ under-
took a study of the mechanism by
which cyclic GMD might exert iis bio-
logical cffects. By mmlog\ with cyclic
AMP- dependent protein kinasc, it
seemed reasonable to postulate the
existentce of cyclic GMP-dependent
protein kinase that might mediate the
biological effects of cyclic GMP.
Through the use of column chroma-
tography, it was possible to demon-
strate a cychic GMP-dependent protein
kinase in lobster muscle and to sepa-
rate it from a cyclic AMI-dependent
protetn kinase present in the same
tissue (29). Subsequently, cyelic GMP-
dependent protein kinases have been
demonstrated in a variety of other
invertebrate (18, 30) and vertebrate
{18, 20, 27, 37, 50) Ussucs. However,
in contrast to the situation with the
cyclic AMP-dependent protein kinases,
where many subsirates, some with
known and some with unknown {unc-
tion, have been found (see 16, 17, 25,
31, 39, 44 for reviews), efforts to find
endogenous proteins that are specific
subsirates for these cyclic GMP-de-
pendent protein kinases proved diffi-
cult. Nevertheless, endogenous sub-
strates tor cyclic GMP-dependent
protein kinascs have been identified
in three locations, namely, in mem-
branes of smooth muscle (6), in mem-
branes of intestinal hrush border
epithelium (1), and in cercbellar
cytosol (45). I shall briefly describe
our experiments with the cerebellum.

CYCLIC NUCLECTIDES AND SYNAPTIC FUNCTION

When the cytosol fraction of rat
cerebellum was incubated in the pres-
cnoe of [y-**PJATP, in the absence or
presence ot low concentrations of
cyelic GMP or cyclic AMP, and then
subjected to polvacrylamide gel elec-
trophoresis and autoradiography, re-
sults of the type shown in Fig. 7 were
obtained. Cyclic GMP stimulated the
phosphorylation of a specific protein
band with an apparent molecular
weight of 23,000 (dark arrow, Fig. 7).
An equal concentrarion of cyclic AMP
lailed to stimulate the incorporation
of [*Plphosphate into this protein.
The observation that cyclic AMP stim-
ulated phosphate incorporation into
other proteins ol lower and higher
molecular weight {ight arrows, ig. 7)
indicated that cyclic AMP-dependent
protein kinase was active in the cytosol
preparation.

The results shown in Fig. 7 indi-
cated that the 23,000 dalton protein
was a substrate for the cyclic GMP-
dependent protein kinase rather than
for the cyclic AMP-dependent protein
kinase thal was also present in cere-
bellar cytosol. This conclusion was
supported by studies in which cyclic
GCMUP-dependent protein kinase and
cyclic AMP-dependent protein kinase
were partially purified from rabbit
cerebellum and added to cerehellar
cytosol. The effect of various concen-
trations of cyclic GMP and cyclic AMP
on the phosphorylation of the 23,000

dalton protein in the presence of
added cyclic GMP-dependent protein
kinase is shown in Fig. 8. Cychic GMP
caused a half-maximal phosphoryla-
tion of the 23,000 dalton protein at a
concentration of 60 nM. When an
equal number of units (sce 45) of cyclic
AMD-dependent protein kinase was
added o the cylosol along with cyclic
AMP or cyclic GMP, the increase in
the phosphorylation of the 25,000
dalton protein was much less.

We are currently attempting to
purify and characterize this soluble
24,000 dalton substrate meem {or
the cyclic GMP-dependent prorein ki-
nase from mammalian cerebellum. It
is hoped that studies of the biological
and chemical properties of this mole-
cule will contribute to an undersiand-
ing of the role of cyclic GMP and of
cyclic GMP-dependent protein phos-
phorylation in nervous tissue,

Regulation by steroid hormones of
protein phosphoryiation

Steroid hormones have multiple ac-
Lions on their target tissues. Many of
these actions are either synergistic
with, or antagonistic t, the effects of
those hormones whose actions uare
known to be mediated through cyclic
AMP. Although steroid hormones
have been tound to affect cyclic AMP
levels and the enzymes ('ldetnla're cy-
clase and phosphodiesterase) involved

Figure 8, Effcct of various concentrarions of cyclic GMP and cyclic AMP on the phospherylation
by cyclic GMP-dependent protein kinase of the 23,000 dallen band present in cerebellar
cytosol. ‘T'he incubation mixture contained |y-"*PIATP, cerebellar cytosol, a pardally purified
cerebellar cyelic GMP-dependent protein kinase, and the indicated concentrations of cyclic GMDP
and cyelic AMP. Incubation was for { min at 30 €. Other experimental procedures were as

described in the legend w Fig, 7

. Ineorporation of radioactive phosphate was measured quan-

titatively by densitometric analysis of the autoradiograms. Fhosphorylation of the 23,000 dalton
protein was calculated as the increase above that observed in the absence of added nucleotide,

which amountcd to 87 arbitrary

units. ('aken from 45.)
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in cyclic AMP metabolism in a variety
of tissues (42, 43, 48, 57), only a few
aspects of steroid-hormone action can
be accounted for by the effects of
these hormones on cyclic AMP levels
(62). It is of significance, therefore,
that representatives of all of the major
classes of steroid hormones, including
the mineralocorticoid, glucocorticoid,
estrogen, and androgen dlasses, affect
protein phosphorylation systems in
their target tissues (32, 33). In every
Instance, administration in vivo of the
appropriate steroid hormone attects
the autophosphorylation of the regu-
latory subunit of a cyclic AMP-de-
pendent protein kinase by the catalytic
subunit of this enzyme. The effect
is specific for the respective target
tissue, occurs with low doses of the
steroid hormones, and can be demon-
strated within 1 hour ol steroid hor-
mone administration (33, and A. Y.-C.
Liu, U. Walter and P. Greengard,
ms in preparation). The detailed
mechanism by which the steroid
hormones affect the autophospho-
rylation of the regulatory subunit
of cyclic AMP-dependent protein ki-
nase is not yet understood. However,
the effect of the steroids is indirect
and requires de novo protein synthe-
sis, in contrast to the direct effect of
cyclic AMP on protein kinases. The
effect of steroid hormones and of
cyclic AMP on the same cyclic AMP-
dependent protein kinase (Fig. 9) may
provide a molecular basis for the abil-
ity of the steroid hormones to act
synergistically (permissive action of
the steroid hormones) or antagonisti-
cally with thosc hormoenes and neure-
transmitters whose effects are medi-
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