the two-kidney form of renal hyperten-
sion. However, the results also strongly
suggest that one-kidney renal hyperten-
sion is maintained by pressor mecha-
nisms different from the renin-angioten-
sin system.
HANs R. BRUNNER
J. DIANNE KIRSHMAN
JEAN E. SEALEY, JouN H. LARAGH
Department of Medicine,
Columbia University,
New York 10032
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Dopamine-Sensitive Adenyl Cyclase: Possible

Role in Synaptic Transmission

Abstract. An adenyl cyclase activated by low concentrations of dopamine has
been found in the mammalian superior cervical sympathetic ganglion. The exist-
ence of this enzyme may account for the increased amount of adenosine 3',5'-
monophosphate associated with synaptic activity in the ganglion. The results
suggest that the physiological effects of dopamine in the ganglion, and possibly
elsewhere in the nervous system, may be mediated by stimulating the synthesis

of adenosine 3',5'-monophosphate.

Experiments in our laboratory (1)
have demonstrated that preganglionic
stimulation of the superior cervical
sympathetic ganglion of the rabbit, un-
der relatively physiological conditions,
produced a severalfold increase in the
content of adenosine 3’,5’-monophos-
phate (cyclic AMP) in the ganglion.
In contrast, postganglionic stimulation
produced no increase in the cyclic
AMP content of the ganglion. From
these and other observations, it was
concluded that the increased amount
of cyclic AMP was associated with the
process of synaptic transmission within
the ganglion, and that the increase oc-
curred primarily in postsynaptic cells.
This and a variety of other evidence,
summarized elsewhere (2, 3), sug-
gests that the cyclic AMP system may
be intimately associated with the
physiology of synaptic transmission. It
therefore seemed of considerable im-
portance to clarify the mechanism re-
sponsible for the increase in cyclic
AMP associated with synaptic trans-
mission in the ganglion.

Catecholamines have been shown to
increase the cyclic AMP content of
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many tissues, including brain. There is
evidence that suggests adrenergic reg-
ulation of synaptic transmission in the
superior cervical ganglion (4-6). Su-
perior cervical ganglia from several
species, including bovine and rabbit,
contain two catecholamines, dopamine
and norepinephrine, in comparable
amounts (7); and we have, therefore,
studied the ability of these two cate-
cholamines to stimulate the formation
of cyclic AMP. Our experiments, with
blocks of tissue prepared from bovine
ganglia, indicate that dopamine, in low
concentrations, and norepinephrine, in
higher concentrations, increase the
amount of cyclic AMP in intact cells.
In addition, in experiments with ho-
mogenates of bovine ganglia, it was
found that dopamine stimulates adenyl
cyclase activity, but does not signifi-
cantly alter phosphodiesterase activity.
These observations support the hy-
pothesis that small chromaffin-like
interneurons release dopamine in re-
sponse to preganglionic stimulation,
and that this catecholamine activates
adenyl cyclase in postganglionic neu-
rons, thereby mediating the increased

amount of cyclic AMP that follows
preganglionic stimulation (7). Our
experiments provide experimental evi-
dence for a new type of adenyl cyclase,
one with apparent specificity for
dopamine, and suggest a mechanism,
at the cellular and molecular levels,
for the action of dopamine in the
ganglion and possibly in other regions
of the nervous system.

The amount of cyclic AMP accumula-
tion in blocks of ganglion tissue was de-
termined by means of the prelabeling
technique (8) in which the amount of
radioactive cyclic AMP formed from
prelabeled adenosine triphosphate is de-
termined (9). The relative potencies of
dopamine and norepinephrine in caus-
ing the accumulation of cyclic AMP
in blocks of ganglion tissue were com-
pared (Fig. 1). At low concentrations
dopamine was more effective than
norepinephrine in causing the accu-
mulation of cyclic AMP. The maxi-
mum responses to the two cate-
cholamines were approximately equal,
although in some experiments the
maximum response to norepinephrine
was somewhat greater than to dopa-
mine. In each of several experiments
similar to that shown in Fig. 1, a half-
maximum increase in cyclic AMP ac-
cumulation occurred in the presence
of 6 to 10 uM dopamine. Moreover,
in those experiments, 42 uM norepi-
nephrine produced a response approxi-
mately equal to that seen with 7 uM
dopamine.

In some experiments, the absolute
amount of cyclic AMP was also deter-
mined by means of the protein kinase
assay method (7). The results ob-
tained with the two methods were
similar. For instance, in one experi-
ment the absolute amount of cyclic
AMP in prelabeled but nonincubated
tissue was 14.5 pmole per milligram
of protein. Incubation in the presence
of 10 mM theophylline alone caused
a 2.6-fold increase in the absolute
amount of cyclic AMP and a 3.2-fold
increase in the amount of radioactive
cyclic AMP. Incubation in the pres-
ence of 30 uM dopamine plus 10 mM
theophylline caused a 9.7-fold increase
in the absolute amount of cyclic AMP
and a 9.1-fold increase in the amount
of radioactive cyclic AMP.

We have studied the effect of agents
that antagonize the actions of catechol-
amines in other tissues on the accu-
mulation of cyclic AMP in the superior
cervical ganglion. Phentolamine, an a-
adrenergic antagonist, prevented the
increase in cyclic AMP produced by
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7 uM dopamine, whereas it did not
appreciably alter the accumulation of
cyclic AMP in the absence of added
dopamine (Fig. 2). The response to
7 uM dopamine was reduced by about
50 percent in the presence of 28 uM
phentolamine. Another a-adrenergic
antagonist, phenoxybenzamine, at a
concentration of 70 uM, abolished the
increase in cyclic AMP produced by
7 uM dopamine. In contrast, pro-
pranolol, the [-adrenergic antagonist,
was ineffective, at concentrations from
7 uM to as high as 210 uM, in pre-
venting the increase in cyclic AMP
mediated by 7 uM dopamine. Inter-

estingly, propranolol (120 uM) caused

a substantial reduction of the increase
in cyclic AMP mediated by 40 uM
norepinephrine. Two other B-adrener-
gic antagonists, dichloroisoproterenol
and MJ 1999 [4’-(2-isopropylamino-
1-hydroxyethyl) methanesulfonanilide],
each tested at concentrations as high
as 400 uM, were also ineffective in
preventing the accumulation of cyclic
AMP mediated by 7 uM dopamine;
in contrast, each of these agents, tested
at a dose of 400 uM, reduced the in-
crease in cyclic AMP mediated by
40 uM norepinephrine,

It is important to know whether the
accumulation of cyclic AMP observed
in response to dopamine results from
an increased synthesis or from a de-
creased degradation of the cyclic nu-

700 }-

Table 1. The effects of catecholamines and
theophylline on adenyl cyclase activity and
phosphodiesterase activity of homogenates of
the bovine superior cervical ganglion. Activ-
ity is expressed as nanomoles per milligram
of protein per minute. Each value represents
the mean of determinations on two samples.

Per-

Activity cent

Additions (nmole/ of
min) con-

trol

Adenyl cyclase
None 33 X 102 100
Dopamine (7 #M) 59 x 102 179
Norepinephrine (7 «M) 56 X 107 170
Phosphodiesterase

None 17.1 100
Dopamine (7 #M) 16.7 97
Dopamine (30 #M) 17.4 100
Theophylline (10 mM) 22 13
Theophylline (10 mM) 2.8 16

plus dopamine
(30 uM)

cleotide. In order to distinguish be-
tween these two possibilities, we
studied the effects of dopamine on
the adenyl cyclase activity and phos-
phodiesterase activity of homogenates
of ganglia (I/2). Dopamine and nor-
epinephrine each stimulated adenyl
cyclase activity of the ganglion ho-
mogenate (Table 1). In contrast,
dopamine did not inhibit phospho-
diesterase activity of the ganglion ho-
mogenate, nor did it increase the in-
hibition observed in the presence of
theophylline. These observations indi-

cate that catecholamine-sensitive adenyl
cyclase activity exists within the supe-
rior cervical ganglion, and that the
dopamine-mediated accumulation of
cyclic AMP is the result of an increase
of adenyl cyclase activity rather than
an inhibition of phosphodiesterase
activity.

The present data provide the first
evidence, in any biological system,
that the effects of dopamine are medi-
ated through activation of adenyl cy-
clase (/3). In previous studies, in which
slices of intact mammalian nervous tis-
sue were used, dopamine had little or
no effect on the amount of cyclic AMP
(14). Moreover, although dopamine was
able to stimulate the adenyl cyclase
activity of rat erythrocyte ghosts, the
concentration of dopamine required
for half-maximum activation of the en-
zyme was 17 to 350 times greater than
that required for other catecholamines,
and the maximum activation by dopa-
mine was only 50 percent of the stim-
ulation -by other catecholamines (I5).
However, on the basis of our studies,
we propose as a working hypothesis
that the other biological actions of
dopamine, including those within the
basal ganglia, are also mediated by the
activation of adenyl cyclase in the re-
sponsive tissues.

It is of interest to consider our re-
sults in relation to the increase in
cyclic AMP that occurs in the supe-
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Fig. 1 (left). Stimuiation by dopamine and /-norepinephrine of cyclic AMP accumulation in blocks of bovine superior cervical
ganglion. Tissue was incubated for 5 minutes at 37°C in oxygenated Krebs-Ringer bicarbonate buffer, pH 7.4, containing 10 mM
theophylline and the indicated amount of catecholamine. Cyclic AMP accumulation during incubation in the presence of
catecholamine and theophylline is expressed as the percentage of that observed during incubation in the presence of theophylline
alone. The curves are drawn through the average of two data points; each data point represents the mean of duplicate determinations

on an individual sample.

Fig. 2 (right). Effect of the a-blocker, phentolamine, on cyclic AMP accumulation, in the presence

and absence of 7 uM dopamine, in blocks of bovine superior cervical ganglion. Tissue was incubated for 5 minutes at 37°C in
oxygenated Krebs-Ringer bicarbonate buffer, pH 7.4, containing 10 mM theophylline and the indicated amounts of dopamine and
phentolamine. Cyclic AMP accumulation is expressed as the percentage of that observed in the presence of theophylline alone.
Each point represents the mean of determinations on two to four samples analyzed in duplicate.
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rior cervical ganglion in association
with the process of synaptic transmis-
sion (I). We have attempted (I) to
account for this increase in cyclic
AMP by the following schema: (i)
physiological activity in the pregangli-
onic neurons, in addition to directly
activating the postganglionic neurons,
also excites small dopamine-containing
interneurons; (ii) the excitation of
these interneurons causes them to se-
crete dopamine; and (iii) the dopa-
mine thus released activates dopa-
mine-sensitive adenyl cyclase in the
postganglionic neurons. A variety of
anatomical, pharmacological, and bio-
chemical evidence supports this pro-
posal concerning the cell types and
neurotransmitter within the superior
cervical ganglion that are responsible
for the increased amount of cyclic
AMP associated with synaptic activity.
Although dopamine and norepineph-
rine, the two catecholamines found
within the ganglion, can each cause an
accumulation of cyclic AMP, these two
substances are found in different cell
types. Norepinephrine is found within
the postganglionic neurons. Dopamine,
on the other hand, is concentrated in
small interneurons (/6). These inter-
neurons, which possess many of the
morphological features of the chromaf-
fin cells of the adrenal medulla, form
synapses on the postganglionic neu-
rons (I7). Preganglionic, cholinergic
fibers synapse on these interneurons as
well as directly on the postganglionic
neurons. Pharmacological evidence
that the increase in cyclic AMP

caused by preganglionic stimulation

involves the dopamine-containing inter-
neurons comes from studies with both
adrenergic and cholinergic blocking
agents. Recently, it has been found
(18) that low concentrations of phen-
tolamine blocked the increase in cyclic
AMP associated with preganglionic
stimulation, but MJ 1999, at concen-
trations up to 200 pM, did not. Thus,
the increase in cyclic AMP caused by
stimulation of preganglionic nerve
fibers was antagonized by adrenergic
blocking agents in a manner similar to
the increase in cyclic AMP caused by
exogenous dopamine. It has also been
found that atropine, which appears to
block the excitation of the interneu-
rons (5), also prevents the increase in
cyclic AMP that follows preganglionic
stimulation (I8). In contrast, hexa-
methonium, which blocks the action
of acetylcholine on the postganglionic
neurons but does not appear to affect
the interneurons (5), does not prevent
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the increase in cyclic AMP that fol-
lows preganglionic stimulation (18).
Finally, the biochemical data, which
demonstrate the stimulation by dopa-
mine of cyclic AMP synthesis in the
ganglion, support the schema outlined
above.

The physiological significance of the
increase in cyclic AMP associated with
synaptic activity in these ganglia is a
matter of considerable interest. It is
possible that this increase in cyclic
AMP may be responsible for the slow
hyperpolarization  (slow inhibitory
postsynaptic potential) of the ganglion
that follows preganglionic stimulation.
Recent observations support this idea.
Exogenous dopamine (6, 18) is able
to hyperpolarize the postganglionic
neurons of the rabbit superior cervical
ganglion. As described above, the in-
crease in cyclic AMP seen in response
either to preganglionic stimulation or
to exogenous dopamine can be antago-
nized by a-adrenergic blocking agents.
The slow hyperpolarization that fol-
lows preganglionic stimulation (5), as
well as that caused by exogenous dop-
amine (6), are also antagonized by
a-adrenergic blocking agents. More-
over, 1 mM theophylline when added
to the medium bathing the rabbit su-
perior cervical ganglion causes a sub-
stantial increase in the magnitude of
the slow hyperpolarization that follows
preganglionic stimulation (I8), impli-
cating cyclic AMP in the production
of this physiological response.

The biochemical events by which
cyclic AMP might induce the hyper-
polarization of the' postganglionic cell
membrane are not known. However, it
has been suggested that the diverse ef-
fects of cyclic AMP in various tissues
may be mediated through regulation of
the activity of protein kinases (2, 19).
A hypothesis worthy of consideration
[compare (I, 2)] is that the ability of
cyclic AMP to hyperpolarize the nerve
cell membrane results from the activa-
tion of a protein kinase, with the con-
sequent phosphorylation of a protein
constituent of the nerve cell mem-
brane, leading to a change in mem-
brane properties concerned with ion
movement.

The hyperpolarization of the mem-
brane of the postganglionic neuron
alters the responsiveness of the neuron
to subsequent activity in the presynap-
tic fibers. Thus, the role of the increase
in ganglionic cyclic AMP that fol-
lows preganglionic stimulation may be
to mediate dopaminergic transmission
and thereby to modulate cholinergic

transmission. The extent to which
cyclic AMP may also be involved in
synaptic transmission elsewhere in the
nervous system is an important area
for future investigation.

Joun W. KEBABIAN

PAUL GREENGARD

Department of Pharmacology,
Yale University School of Medicine,
New Haven, Connecticut 06510
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Proportional Release of Norepinephrine and

Dopamine-3-Hydroxylase from Sympathetic Nerves

Abstract. Dopamine-3-hydroxylase (DBH), the enzyme that catalyzes the
conversion of dopamine to norepinephrine, is localized in the vesicles containing
catecholamine in sympathetic nerves. This enzyme is released with norepinephrine
when the nerves to the guinea pig vas deferens are stimulated in vitro, and the
amount of enzyme discharged increases as the length of stimulation periods
increases. The amount of DBH released is proportional to the amount of
norepinephrine released, and the ratio of norepinephrine to DBH discharged into
the incubation medium is similar to that in the soluble portion of the contents
of the synaptic vesicles from the vas deferens. These data are compatible with
the release of the neurotransmitter norepinephrine and DBH from sympathetic

nerves by a process of exocytosis.

Norepinephrine is stored in sympa-
thetic nerve terminals within vesicular
structures and is released in response to
neural stimulation (7). The mechanism
by which this neurotransmitter is re-
leased is not known. Norepinephrine
might be liberated from nerves by a
process of exocytosis, analogous to the
mechanism of release of catecholamines
from the adrenal medulla. In this re-
lease, the chromaffin granule discharges
the soluble portion of its contents to the
exterior of the cell presumably through
an opening in the cell membrane (2).
One way to test for a mechanism of
release involving exocytosis is to deter-
mine whether other soluble molecules
in the storage vesicle, especially large
molecules, are discharged with norepi-
nephrine in response to stimulation.

Dopamine-B-hydroxylase (DBH), the
enzyme that catalyzes the conversion of
dopamine to norepinephrine (3), is lo-
calized in the vesicles storing catechol-
amine, both in the adrenal medulla (4)
and in sympathetic nerves (5). This
enzyme is released with catecholamines
when the isolated perfused adrenal
gland is stimulated with acetylcholine
(6) and when the sympathetic nerves
to the isolated perfused spleen are stim-
ulated electrically (7). For the adrenal
medulla, the ratio of norepinephrine to
DBH released is similar to the ratio in
the chromaffin granule, a result that
supports exocytosis as the mechanism
of release (6). When nerves to the
spleen were stimulated, however, the
ratio of amine to DBH released was
100 times greater than that found in
vesicles isolated from the splenic nerve
(7). These data have raised serious ques-
tions about exocytosis as the mechanism
of release of norepinephrine from sym-
pathetic nerves (8). The development of
a sensitive enzymatic assay for DBH
activity (9) enabled us to study quan-
titatively the release of DBH with nor-
epinephrine from sympathetic nerves.

The results of these experiments are
compatible with the coupled release of
norepinephrine and DBH from sympa-
thetic nerves by a process of exocytosis.
The animals used were male albino
guinea pigs, 500 to 800 g. Vasa defer-
entia and attached hypogastric nerves
were dissected after the animals were
killed by a blow on the head. The
organs were placed in 10-ml baths con-
taining medium (70) aerated with 5 per-
cent CO, in O,, and were maintained
at 37°C. The bath fluid was changed
four times and was then replaced by
fresh medium containing 0.25 percent
bovine serum albumin. This fluid was
replaced after 10 minutes with 5 ml of
medium containing 0.25 percent albu-
min, and the. organ preparations were
allowed to equilibrate for 5 minutes be-
fore the start of electrical stimulation,
30 seconds per minute for 30 to 90
minutes (5 to 7 volts, 25 hz, 5 msec).
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Fig. 1. The release of dopamine-g-

hydroxylase after stimulation of hypo-
gastric nerve. Activity of DBH is ex-
pressed as nanomoles of octopamine
formed from tyramine per gram of tissue
per hour. The numbers in parentheses rep-
resent the number of vasa deferentia in
each group. Symbols are as follows: *#,
P < .02 compared with unstimulated 30-
minute control; and ***, P < .01 com-
pared with unstimulated 90-minute control.
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