




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.

It is 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 intracellular 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, ofthe 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 JLM

ly_32P)A TP for 15 see at 30 C, in the absence (-) or presence (+) of 10 JLM 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 OUllO 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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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 I 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 Ia and Ib in the brains
of developing rats and guinea pigs has
provided further evidence that Pro-
teins Ia and Ib are associated with
synaptic structures (34). Protein I
serves as a substrate for a Type II
membrane-bound cyclic (AMP-de-
pendent protein kinase (54, 56 and
Lohmann et aI., ms in preparation)
and a membrane-bound phosphopro-
tein phosphatase (55).

Recently, alterations in the phos-
phorylation of Proteins Ia 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 I 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

I 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 playa much wider role in biologi-
cal regulation than one limited only to

Figure 5. Effects of veratridine and of high K+, in the absence and presence of Ca2+, on the phosphorylation of endogenous proteins in crude
synaptosomal preparation from rat cerebral cortex. The synaptosome fraction was preincubated with 32p; for 30 rnin in the absence of Ca2":. Aliquots
ofthis suspension were then incubated for 30 sec in the absence (Control) or presence of 100 fLMveratridine (Ver) or 60 mM K+; ImM Ca2+ 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 lb, 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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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 Ca2+ 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
Ca2+-dependent protein phosphoryla-
tion suggested a possible relationship
to CDR. Therefore, CDR was purified
to homogeneity from bovine cerebral
cortex by the method of T eo 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 Ca2+-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-32PIATP for 1.5 min at 30 C, in the
absence or presence of cyclic 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 I 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 7.5o/c polyacrylamide gel, which increased the separation of higher
molecular weight proteins. (Taken from 45.)
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