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the National Heart and Lung Institute 
in Bethesda, Maryland, and now at the 
University of Virginia School of Medi- 
cine in Charlottesville, has been investi- 
gating the effects of neurohormones and 
other substances on cultured neuroblas- 
toma and glial cells. A neuroblastoma 
is a tumor of the nervous system that 
consists mainly of embryonic nerve 
cells; some lines, however, do possess 
many of the electrical and biochemical 
properties of differentiated neurons. Ac- 
cording to Gilman and Nirenberg, none 
of the four neuroblastoma strains 
treated with isoproterenol (which is 
chemically and biologically similar to 
norepinephrine), histamine, or adeno- 
sine had increased amounts of cyclic 
AMP. Only prostaglandins of the E 
series, especially prostaglandin E1, stim- 
ulated the synthesis of the nucleotide. 
These investigators found, however, that 
norepinephrine treatment produced 
striking increases in the cyclic AMP 
concentrations of glial tumor cells. Gil- 
man also found that norepinephrine in- 
creased the cyclic AMP concentrations 
of mixed cultures of normal fetal brain 
cells. The increases appeared to be di- 
rectly related to the proportion of glial 
cells in the preparations. Therefore, 
Gilman has concluded that the cyclic 
AMP response may be attributed to 
the glia rather than to the neurons. 

Several scientists contend that neuro- 
blastoma cells are capable of dividing 
and may not be representative of nor- 
mal mature neurons that cannot divide. 
Moreover, neuroblastoma cells respond 
physiologically not to norepinephrine 
but to acetylcholine, a neurohormone 
that does not increase cyclic AMP con- 
centrations; they may not have receptors 
for, or the capability to react to, norep- 
inephrine. According to Rall and to 
Daly, there are also significant differ- 
ences between the responses of brain 
slices and cultured glial tumor cells to 
norepinephrine and adenosine. Thus, it 
is still somewhat difficult to extrapolate 
from the events occurring in these 
relatively simple systems to those tak- 
ing place in intact brain. 

Floyd E. Bloom and his colleagues 
George Siggins and Barry Hoffer, at 
the National Institute of Mental Health 
research laboratory at St. Elizabeths 
Hospital in Washington, D.C., have 
circumvented the extrapolation prob- 
lem by using intact brain to perform 
their investigations into the function 
of cyclic AMP in the cerebellum. 
They have concentrated their re- 
search on the regulation of the firing 
of the Purkinje cells of the cerebellar 
cortex. The axons of these neurons are 
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Fig. 1. Scheme of a mechanism of action proposed for cyclic AMP in the dopamine- 
mediated transmission of impulses across synapses in the cervical ganglion of the 
sympathetic nervous system. [Source: P. Greengard, Yale University School of Medicine] 

the only ones to leave the cerebellar 
cortex to communicate with other parts 
of the brain. Bloom found that applica- 
tion of norepinephrine to the Purkinje 
cells with a micropipette electrode al- 
tered the characteristic firing pattern 
of the neurons in a specific manner- 
long pauses interrupted the rapid dis- 
charge pattern of the cells. Using an 
intracellular microelectrode, he deter- 
mined that the cells had become hyper- 
polarized. As a result of hyperpolariza- 
tion-which is the opposite of depolari- 
zation-neurons become less responsive 
to stimulation. During the period of 
hyperpolarization, the inside of the cell 
has more negative charges than usual. 
This is ordinarily caused by a decreased 
resistance of the cell membrane to the 
outward flow of potassium ions or to 
the inward flow of chloride ions; in 
this case, however, resistance to the 
flow of the ions increased. Although 
Bloom does not yet understand how 
norepinephrine produces this effect, it 
does enable him to distinguish the ac- 
tion of norepinephrine on Purkinje cells 
from that of other inhibitory neuro- 
hormones. 

Norepinephrine-Containing Cells 

After this demonstration of the re- 
sponse of Purkinje cells to norepi- 
nephrine, Bloom used a histochemical 
technique to identify norepinephrine- 
containing neurons that originate in 
a part of the brain called the locus 
coeruleus and synapse with the Purkinje 
cells. Stimulation of the cells of the 
locus coeruleus altered the firing pattern 
of the Purkinje cells in exactly the same 
way as did direct application of norep- 
inephrine. If the synthesis of norep- 
inephrine was inhibited or if the nor- 
epinephrine-containing neurons were 
selectively destroyed by injection of 

6-hydroxydopamine, stimulation of 
the locus coeruleus had no effect on 
the firing pattern of the Purkinje cells. 

According to Bloom, the effects of 
norepinephrine are mediated by cyclic 
AMP. Cyclic AMP, applied to the 
Purkinje cells by micropipette, mim- 
icked the effects of norepinephrine on 
the firing pattern. The presence of in- 
hibitors of phosphodiesterase poten- 
tiated the effects of both norepineph- 
rine and cyclic AMP. Prostaglandins 
El and E2, which are known to reduce 
cyclic AMP concentrations in some 
cells, prevented the action of norep- 
inephrine in rat cerebellum. Finally, 
Bloom used an immunofluorescent histo- 
chemical technique, which is specific 
for cyclic AMP, to show that the cyclic 
AMP content of Purkinje cells did in- 
deed increase both when norepinephrine 
was applied directly to the cells or 
when the locus coeruleus was stimu- 
lated. 

Bloom's current research is expand- 
ing in two directions. For one, he is 
attempting to correlate behavior with 
changes in the firing patterns of the 
neurons. He has found that the nor- 
epinephrine neurons of the locus coeru- 
leus of unrestrained, unanesthetized 
cats fired slowly during drowsy periods 
and in the early stages of sleep. During 
rapid eye movement sleep, which is 
the phase of sleep associated with 
dreaming, the nerve discharge displays 
a pattern of rapid bursts of activity. 
In attentive wakefulness, the pattern is 
a fairly regular but rapid series of dis- 
charges. Bloom states that these al- 
terations in the firing patterns of the 
locus coeruleus do not necessarily pro- 
duce the behavioral changes, but this 
brain center may be activated when 
it is important for the animal to 
be responsive to its environment and 
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may be suppressed when sleep occurs. 
Bloom would also like to determine 

the molecular effects of increased cyclic 
AMP concentrations in neurons. In 
order to achieve this objective, he is 
trying to culture mature Purkinje cells 
and to study the effects of cyclic AMP 
on certain enzyme systems and on gene 
expression by these cells. 

Elucidation of the many roles of 

cyclic AMP has stimulated the search 
for a fundamental biochemical mech- 
anism that can explain its diverse ef- 
fects. Paul Greengard and his col- 

leagues at the Yale University School 
of Medicine in New Haven, Connecti- 
cut, have proposed one such unifying 
mechanism. They identified a member 
of a family of enzymes called the pro- 
tein kinases in mammalian brain. These 

enzymes catalyze the transfer of the 
terminal phosphate group of ATP to 
an acceptor protein. Cyclic AMP 
causes a marked stimulation of the 

activity of protein kinases, which are 

widely distributed throughout the ani- 
mal kingdom. Greengard has hypothe- 
sized that cyclic AMP may produce its 

many different effects because of its 

ability to stimulate various protein ki- 
nases, with resultant phosphorylation of 

specific proteins. The natural protein 
substrates for the kinases are for the 
most part unknown; however, histones, 
basic proteins associated with chromo- 
somal DNA and thought to be involved 
in the regulation of gene expression, 
are good substrates for the cyclic AMP- 

dependent protein kinases. Moreover, 
Greengard has recently reported that a 
minor protein component of synaptic 
membrane fractions from rat cerebrum 
is specifically phosphorylated in the 

presence of cyclic AMP. The synaptic 
fragments also contain protein kinase 
and a phosphoprotein phosphatase, an 

enzyme that is able to remove phos- 
phate groups from proteins. 

In his investigations of the possible 
role of cyclic AMP in the transmission 
of impulses across synapses, Greengard 
initially studied a relatively simple prep- 
aration of peripheral nervous tissue and 
later studied the caudate nucleus of 
brain. The peripheral preparation, a 

ganglion of the sympathetic division 
of the autonomic nervous system, con- 
tains three types of nerve cells (Fig. 
1): the preganglionic (input) neurons 
that originate in the spinal cord and 
release acetylcholine as their chemical 
transmitter to neurons within the gan- 
glion; interneurons that are innervated 

by the input neurons and that release 
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dopamine; and postganglionic (output) 
neurons that receive synapses directly 
from the input neurons as well as from 
the interneurons. The output neurons 
ultimately innervate target organs out- 
side the ganglion. He observed that 
stimulation of the input neurons pro- 
duced an increase in the cyclic AMP 
content of the ganglion. Other experi- 
ments indicated that' the increase re- 

quired the synaptic transmission of 
nerve impulses and that dopamine, not 
acetylcholine, was directly involved in 

producing this effect. In fact, direct 

application of dopamine to the gangli- 
onic tissue also resulted in higher con- 
centrations of cyclic AMP. 

Dopamine Receptors 

Greengard proposed that the dopa- 
mine released by the interneuron during 
the period of stimulation combines with 

specific receptors on the postsynaptic 
membrane, stimulates adenylate cyc- 
lase, and thus increases the concentra- 
tion of cyclic AMP in the postsynaptic 
cell. Accumulation of cyclic AMP re- 
sults in hyperpolarization of the post- 
ganglionic neuron-an effect also pro- 
duced by direct application of dopamine 
or cyclic AMP. Thus, the cell becomes 
less responsive to subsequent direct 

excitatory stimulation by the pregan- 
glionic neuron. Greengard hypothesizes 
that this provides a mechanism for the 

inhibitory modulation of the synaptic 
transmission of nerve impulses through 
the sympathetic ganglion. 

The molecular effects of the cyclic 
AMP that may be generated as a result 
of synaptic transmission are not well 
understood. Greengard, however, has 

speculated that stimulation of protein 
k.inases by cyclic AMP may result in 

both transient and persistent altera- 

tions-including the establishment of 
short- and long-term memory-in the 

properties of neurons. Phosphorylation 
of a membrane protein, such as the 
one found in the synaptic preparations 
of rat cerebrum, might result in changes 
in membrane properties and thus pro- 
duce the observed changes in membrane 

potential and, possibly, generate short- 
term memory. The changes in mem- 
brane potential could then be reversed 

by the phosphoprotein phosphatase re- 

moving the phosphate from the protein. 
Histone phosphorylation could be in- 
volved in long-term effects, including 
establishment of long-term memory, if 
such phosphorylation does indeed cause 
a change in gene expression and there- 
fore in protein synthesis in nerve cells. 

Greengard and his colleagues have 
recently extended their investigations 
from the peripheral nerve preparation 
to the caudate nucleus of rat brain. 
There, they have found an adenylate 
cyclase with properties similar to the 
one they previously studied in gan- 
glionic tissue. Low concentrations of 
dopamine, which occurs naturally in 
the caudate nucleus, stimulated the ac- 
tivity of the adenylate cyclase; chlor- 
promazine and haloperidol, potent 
antipsychotic agents widely used in 
the medical treatment of schizophrenia 
and other psychoses, antagonized the 
effects of dopamine. 

The caudate nucleus is involved in 
the coordination of muscular activity. 
In the human, Parkinson's disease is 
associated with a depletion of dopamine 
within this brain center. According to 
Greengard, current techniques of 
searching for new therapeutic agents 
for the treatment of parkinsonism are 
not satisfactory. Thus, the adenylate 
cyclase preparation from the caudate 
nucleus should be of practical value 
in finding new drugs that mimic the 
biochemical action of dopamine; such 
drugs may be effective in the treatment 
of parkinsonism. In addition, chlor- 
promazine and haloperidol produce 
tremor and other symptoms similar to 
those of Parkinson's disease because 
they antagonize the actions of dopa- 
mine in the caudate nucleus. The 
adenylate cyclase preparation may aid 
in the development of antipsychotic 
agents without these undesirable side 
effects. 

Norepinephrine and dopamine are 

structurally related; moreover, both ap- 
pear to act through cyclic AMP to pro- 
duce hyperpolarization of nerve cells 

-norepinephrine in Purkinje cells and 

dopamine in the output neurons of the 

sympathetic cervical ganglion. Investi- 

gations in Greengard's laboratory are 
now under way to determine whether 

dopamine produces similar effects in the 
neurons of the caudate nucleus. 

Numerous questions remain to be 
answered concerning the role of cyclic 
AMP in central synaptic transmission 
of nerve impulses. Current theories may 
well require extensive modification. 

Nevertheless, the present pace of re- 
search is such that a better understand- 

ing of the function of cyclic AMP in 
the communication between brain cells 
can be expected.-JEAN L. MARX 
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