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Abstract

Preganglionic nerve stimulation leads to an acute elevation
of tyrosine hydroxylase (TH) activity in the rat superior cer-
vical ganglion. This effect is mediated in part by acetyicho-
line, acting via nicotinic receptors, and in part by a noncho-
linergic neurotransmitter. As a first step in an attempt to
identify this noncholinergic transmitter, we have examined a
number of biogenic amines, purine nucleotides, neuropep-
tides, and other compounds for their ability to increase TH
activity. Secretin, vasoactive intestinal peptide (VIP), and PHI
(a 27-amino acid peptide with an NH,-terminal histidine and
a COOH-terminal isoleucine amide), all members of the se-
cretin family of peptides, increased TH activity acutely. Hu-
man pancreatic growth hormone-releasing factor, glucagon,
and gastric inhibitory peptide (three other members of this
peptide family) and all other transmitter candidates tested
had no effect on this enzyme activity.

We have examined the possibility that this peptidergic
regulation of TH activity is mediated via changes in adeno-
sine 3',5'-cyclic monophosphate (CAMP) levels. When the
six members of the secretin family were tested for their
ability to increase cAMP levels in the ganglion, secretin, VIP,
and PHI significantly increased this cyclic nucleotide,
whereas growth hormone-releasing factor, glucagon, and
gastric inhibitory peptide produced no significant effects.
The rank orders of potency and of efficacy of secretin, VIP,
and PHl in altering TH activity and cAMP levels were identical.
Furthermore, a strong correlation was found between the
cAMP level and the TH activity in individual ganglia exposed
to these peptides. Finally, 8-bromoadenosine 3',5'-cyclic
monophosphate and forskolin also increased TH activity. We
hypothesize that cAMP is the second messenger mediating
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the increase in TH activity produced by these peptides. The
nicotinic agonist dimethylphenylpiperazinium also increased
TH activity but did not alter cAMP levels. In contrast, the
ability of this nicotinic agonist to increase TH activity, but not
that of secretin or VIP, was highly dependent on the calcium
concentration of the medium. Since nicotinic stimulation is
known to increase calcium entry into ganglion cells, we
hypothesize that calcium is the second messenger mediating
the increase in TH activity produced by nicotinic agonists.
These results indicate that secretin, VIP, PHI, or a related
peptide may play an important role in regulating catechol-
amine synthesis in sympathetic neurons and perhaps in
regulating other cAMP-dependent processes. The data also
suggest that TH activity in sympathetic ganglia is acutely
regulated by more than one intracellular mechanism.

In the past decade, the number of “putative” neurotransmitters
under investigation has increased more than 3-fold. This increase is
due aimost entirely to the discovery of a large number of biologically
active peptides in the central and peripheral nervous systems (Krie-
ger et al., 1983). In many cases, the only evidence that these
peptides may play an important role in the nervous system is that
they are concentrated in specific parts of the central and/or periph-
eral nervous system. Little is known about the function of specific
peptides in these systems.

Among the most extensive investigations of peptides as neuro-
transmitters are studies in sympathetic ganglia. Due to the relative
simplicity of the anatomy and pharmacology of these neural struc-
tures, they are highly suitable for such investigations. A peptide
which resembles, although it probably is not identical to, luteinizing
hormane-releasing hormone has been shown 10 be released by
preganglionic neurons in the 9th and 10th paravertebral ganglia of
the frog (Jan and Jan, 1982). Histochemical studies indicate that
this peptide is likely to be released by the same preganglionic
neurons which release acetylcholine. Substance P has been shown
to be released in the inferior mesenteric ganglion of the guinea pig
by neurons having cell bodies located in dorsal root ganglia (Dun
and Jiang, 1982; Tsunoo et al., 1982). In the cases just cited, the
peptides produce long-lasting depolarizations in the neurons on
which they act. However, the functional significance of these slow
changes in membrane potential remains to be determined. It is
possible, for example, that in certain cases the most important effect
of transmitters which produce relatively small depolarizations on a
slow (second to minute) time scale may be biochemical rather than
electrophysiological in nature.

We have recently found that two neuropeptides, secretin and
vasoactive intestinal peptide (VIP), can produce an acute increase
in the activity of tyrosine 3-monooxygenase (tyrosine hydroxylase
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TABLE |
Effects of various biogenic amines, purine nucleotides, and other
compounds on TH activity in the superior cervical ganglion

Ganglia were preincubated for 30 min with control medium and then
incubated for 30 min with brocresine (150 um) and with the compounds
listed below at the concentrations indicated. The amount of dopa accumu-
lated during the incubation period was determined. The rate of dopa synthesis
is expressed as a percentage of the rate found in ganglia incubated in the
presence of medium containing brocresine alone (mean + SEM). The
average rate of dopa synthesis under these control conditions was 37 + 2
pmol/ganglion/30 min. Each value represents the mean of three to four
ganglia. In the experiments with dopamine, norepinephrine, and isoproterenol
(except the second experiment with 10 uM isoproterenol), desmethylimipra-
mine (107 M) was added to block catecholamine uptake.

Compound Dopa Synthesis

{% control)

Dopamine

(1 um) 88 £7

(10 uM) 90 + 4
Norepinephrine

(1 um) 79+4

(10 M) 101 £ 6
Isoproterenol

(1 um) 106 £ 15

(10 um) 101+ 4

(10 um)? 1227
Serotonin

(10 um) 93 x5
Histamine

(10 um) 9 +9
Adenosine

(500 um) 92 +1
Chloroadenosine

(100 um) 93 + 10
Adenosine triphosphate

(100 um) 78+ 8
Prostaglandin E,

(30 nm) 108+ 6

@ Without desmethylimipramine (107° m).

(TH); EC 1.14.16.2) in the rat superior cervical ganglion (Ip et al.,
1982a). This enzyme catalyzes the rate-limiting step in catechol-
amine biosynthesis and has been shown to be controlled by a
variety of regulatory mechanisms (Weiner et al., 1977; Zigmond,
1980). For example, in the rat superior cervical ganglion, increased
preganglionic nerve activity leads to a delayed and long-lasting
increase in TH activity (Zigmond and Ben-Ari, 1977; Chalazonitis et
al.,, 1980) and also to a rapid and probably short-lived increase in
enzyme activity (Ip et al., 1982b, 1983). Whereas the former trans-
synaptic effect of nerve stimulation can be entirely blocked by
nicotinic antagonists (Chalazonitis et al., 1980; Chalazonitis and
Zigmond, 1980), the latter effect can be blocked only partially by
such agents (Ilp et al., 1983). Based on the fact that an acute
elevation of TH activity is seen in the presence of high concentrations
of both nicotinic and muscarinic antagonists, we have concluded
that there is a noncholinergic transmitter involved in this process,
possibly a neuropeptide (Ip et al., 1982a, 1983).

In the present study we have tested the ability of a number of
biogenic amines, purine nucleotides, peptides, and other com-
pounds to mimic the noncholinergic regulation of TH. Of all the
transmitter candidates examined, only secretin, VIP, and PHI (a 27-
amino acid peptide with an NH.-terminal histidine and a COOH-
terminal isoleucine amide) increased TH activity. We have also
examined the mechanism by which these three peptides produce
this effect. Preliminary reports of these results have been presented
at the Conference on VIP and Related Peptides (ip et al., 1984) and
at the Society for Neuroscience (Ip and Zigmond, 1983; Zigmond et
al., 1983).
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TABLE 1
The effect of various peptides on TH activity and cAMP content in the
superior cervical ganglion

In most cases dopa synthesis was measured during a 30-min incubation
with one of the peptides (10 um) and brocresine. In the case of human
pancreatic growth hormone-releasing hormone (hpGRF; 10 uM) and avian
pancreatic polypeptide (5 uM) ganglia were preincubated with the peptides
for 60 min, and then brocresine was added and the incubation continued for
15 min. For each peptide, the rate of dopa synthesis was compared to that
in ganglia incubated under comparable conditions but with no peptide
included in the medium. The mean control rate of dopa synthesis was 45 *
3 pmol/ganglion/30 min. Each value represents the mean + SEM of three to
five ganglia except glucagon (n = 8), VIP (n = 12), and secretin (n = 12).

cAMP content was measured after a 10-min incubation with each of the
peptides (10 um) except in experiments with gastric inhibitory peptide,
cholecystokinin octapeptide, and motilin, in which a 30-min incubation was
used. The data represent the means + SEM of four gangiia except for VIP
(n = 36) and secretin (n = 26). The mean control cAMP content was 1.2 +
0.1 pmol/gangiion.

Do Sy S ot

Secretin family

viP 450 + 29° 724 £ 44°

Secretin 328 £ 17¢ 357 £ 13°

PHI 191+ 11° 258 + 42°

hpGRF 102+ 6 84 £ 10

Glucagon 93+4 99 + 23

Gastric inhibitory peptide 87 %5 69+9
Other peptides

Neuropeptide Y 90 +8 ND¢

Avian pancreatic polypeptide 96 + 13 ND

[Arg®lVasopressin 120+ 8 ND

@ Significantly greater than control ganglia (p < 0.001).
® Significantly greater than control ganglia (p < 0.025).
°ND, not determined.

Materials and Methods

Male Sprague-Dawley rats (100 to 125 gm at the time of shipment from
Charles River Breeding Laboratories, Wilmington, MA) were housed for about
a week in individual plastic cages under controlled lighting (12 hr light:12 h
dark) with ad libitum access to Purina Rat Chow and water. The rats were
killed by cervical dislocation, and the superior cervical ganglia were removed
and desheathed.

Measurement of TH activity. TH activity was assessed by measuring the
rate of dopa accumulation in the presence of a dopa decarboxylase inhibitor
(Ip et al., 1982b). Individual ganglia were preincubated at 37°C for 30 min in
Earle’s balanced salt solution (Grand Island Biological Co., Grand Island, NY)
supplemented with 0.1 mM tyrosine and 0.1 mm EDTA and equilibrated with
95% O,/5% CO,, except where noted. Ganglia were then transferred to a
second beaker and incubated for 30 min in medium containing the compound
to be studied and brocresine (150 um), an inhibitor of dopa decarboxylase
(aromatic l-amino acid decarboxylase; EC 4.1.1.28). In certain of the experi-
ments in which the effects of neuropeptides were examined, the ganglia
were preincubated in medium containing the peptide for 60 min, and then
brocresine was added and the ganglia were incubated for another 15 min.
In one experiment in which the effects of altering the ionic composition of
the medium were examined, ganglia were incubated in either Earle's bal-
anced salt solution (which contains 1.8 mm calcium and 0.8 mM magnesium)
or in medium containing a low concentration of calcium (0.1 mm) and a high
concentration of magnesium (2.5 mm) during both the preincubation and the
incubation periods. In all experiments, the ganglia were homogenized in 1.65
M trichloroacetic acid/1 mm EDTA at the end of the incubation period. The
homogenates were then combined with their respective incubation media
and centrifuged, and the dopa content of the supernatant fractions was
determined by high performance liquid chromatography using electrochem-
ical detection, as previously described (Ip et al., 1982b). The significance of
differences between groups was assessed by the Student's ¢ test for two
means, two-tailed.

Measurement of CAMP. When both dopa and cAMP were measured in
the same sample, an aliquot of the supernatant was extracted five times with
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Figure 1. Dose-response curves for the effects of secretin, VIP, and PH!
on TH activity and on the cAMP content of the superior cervical ganglion.
Ganglia were preincubated for 60 min with one of the peptides. Brocresine
was then added, and the incubation was continued for an additional 15 min.
A, The effects of various concentrations of PHI (from 107 M to 3 X 107° M)
on TH activity were examined; the results are compared to previously
published data for secretin and VIP (Ip et al., 1982a). The data for PHI
represent the mean = SEM of four ganglia. B, In separate experiments, using
identical incubation conditions, the cAMP content of ganglia was determined.
Each point represents the mean = SEM of three to four ganglia for VIP and
PHI and 11 ganglia for secretin.

5 vol of water-saturated diethyl ether. The samples were then dried down in
a Speed-Vac centrifuge (Savant, Hicksville, NY). The pellets were resus-
pended in water and assayed for CAMP by the competitive protein binding
assay of Brown et al. (1971) using [*HJcAMP (32 Ci/mmol; New England
Nuclear Corp., Boston, MA). In experiments in which only cCAMP was to be
measured, ganglia were preincubated with control medium for at least 30
min and then were incubated for 10 or 30 min with an agonist. The incubation
was terminated by boiling the ganglia and media for 2 min. The ganglia were
then homogenized in their incubation media, the samples were centrifuged,
and the supernatants were stored at —20°C until they were assayed. Three
types of control experiments were done to determine to what extent the
material in the ganglion homogenates that was detected by the protein
binding assay was authentic cAMP. Dilution of samples produced a propor-
tional reduction in the amount of CAMP measured. Addition of authentic
cAMP to samples produced the appropriate increment in cAMP detected.
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TABLE il
Effect of secretin and VIP on the cAMP content of the superior cervical
ganglion in the absence and presence of theophylline
Ganglia were preincubated in control medium for 30 min and then
incubated with the compounds indicated for 30 min. The cCAMP values given
represent the mean x SEM of four ganglia.

) cAMP Content
Aaditions (pmol of cAMP/ganglion)

None 1.2+ 0.1
Theophylline (10 mm) 2603
Secretin (10 uM) 48+06
Theophyline + secretin 186 £ 2.0
None 08+01
Theophyline 23+04
VIP (10 pm) 6.7+1.1
Theophyline + VIP 262 +29

a Control
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Figure 2. Comparison of the effects of secretin, VIP and PHI on the rate
of dopa synthesis and on the cCAMP content of the superior cervical ganglion.
Most of the data are taken from the experiment presented in Figure 18. Each
data point represents a single ganglion. The data were fitted to the Hill
equation by a nonlinear least squares method. The Hill coefficient was 1.1
+ 0.17 (mean = SD), and the cAMP concentration at which TH activity
reached its half-maximal value was 3.7 + 0.9 pmol/ganglion. The maximal
value for TH activity was 103 + 13 pmol of dopafganglion/15 min.

Finally, preincubation of samples for 15 min at 30°C with phosphodiesterase
3’ 5"-cyclic nucleotide (200 ug/ml, crude complex; Sigma Chemical Co., St.
Louis, MO} in 40 mm Tris buffer (pH 8.0) containing 10 mm MgCl, abolished
any detectable cAMP in the samples.

Materials. Adenosine, adenosine 5'-triphosphate, 8-bromoadenosine, 8-
bromoadenosine 5’-monophosphate, 8-bromoadenosine 3,5’ -cyclic mono-
phosphate (8-bromo-cAMP), 8-bromoguanosine 3’,5'-cyclic monophos-
phate, chloroadenosine, 1,1-dimethylphenylpiperazinium iodide, dopamine,
gastric inhibitory peptide, glucagon (purified from pancreas), histamine, /-
isoproterenol, motilin, -norepinephrine, prostaglandin E,, serotonin, and the-
ophylline were obtained from Sigma Chemical Co. Angiotensin I, [Arg®]
vasopressin, avian pancreatic peptide, bradykinin, human pancreatic tumor
growth hormone-releasing factor, neuropeptide Y, neurotensin, secretin,
substance P, and VIP were purchased from Peninsula Laboratories (Belmont,
CA). PHI was obtained from Bachem (Torrance, CA), cholecystokinin octa-
peptide was from Beckman Instruments (Palo Alto, CA), forskolin was from
Calbiochem (La Jolla, CA}, and dimethylsulfoxide was from Fisher (Pittsburgh,
PA). Brocresine was a gift from Dr. David N. Ridge, Lederle Laboratory (Pearl
River, NY); desmethylimipramine was obtained from USV Pharmaceutical
Corp., (Tuckahoe, NY); synthetic glucagon was a gift from Dr. Henry
Keutmann; and Ro 20-1724 was a gift from Dr. W. E. Scott, Hoffmann-La
Roche, Inc., (Nutley, NJ).

Results

Effects of various putative transmitters on ganglionic TH activity.
As part of an attempt to determine the identity of the transmitter
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Figure 3. Dose-response curve of the effect of 8-bromo-cAMP (8-BrcAMP)
on ganglionic TH activity. Ganglia were preincubated for 30 min in control
medium and then incubated with brocresine and various concentrations of
8-bromo-cAMP for 30 min. Each data point represents the mean + SEM of
three to four ganglia.
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Figure 4. Dose-response curve for the effect of forskolin on TH activity in
the superior cervical ganglion. Ganglia were preincubated for 30 min and
then incubated with brocresine and various concentrations of forskolin for
30 min. Each point represents the mean + SEM of three or four ganglia.

responsible for the noncholinergically mediated, trans-synaptic ele-
vation of ganglionic TH activity, we examined the ability of a large
number of transmitters, putative transmitters, and analogues of these
molecules to mimic this increase in TH activity. Dopamine, norepi-
nephrine, isoproterenol, serotonin, histamine, adenosine, chloroad-
enosine, adenosine triphosphate, and prostaglandin E, had no
significant effects on the rate of dopa synthesis in the superior
cervical ganglion at the concentrations examined (Table ). Since we
had previously found that secretin and VIP, two members of the
secretin family of peptides, could increase TH activity (Ip et al.,
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TABLE IV
Potentiation by Ro 20-1724 of the increase in TH activity produced by
forskolin
Ganglia were preincubated for 30 min with control medium and then
incubated with brocresine together with forskolin (10 uM) in the absence or
presence of Ro 20-1724 (100 uM in 0.5% dimethylsulfoxide (DMSO). The
data are the means + SEM of four ganglia.

Dopa Synthesis
(pmol/ganglion/30 min)
36+1°
352
35+3
63 £ 3*°
94 + 4

Additions

None

DMSO alone

Ro 20-1724

Forskolin

Forskolin + Ro 20-1724

2 Significantly different (p < 0.001).
b Significantly different (p < 0.005).

TABLE V
Effect of 8-bromo-cAMP on TH activity in decentralized ganglia
Rats were anesthetized with chloral hydrate (700 mg/kg. s.c.) and were
either sham-operated or had their cervical sympathetic trunks cut bilaterally.
Four days later, the superior cervical ganglia were removed, preincubated
for 30 min with control medium, and then incubated for 30 min with brocresine
alone or brocresine plus 8-bromo-cAMP (10 mm). The data represent the
means * SEM of four ganglia. No significant differences were seen between
control and decentralized ganglia for either of the two incubation conditions.

Dopa Synthesis
Treatment {pmol/ganglion/30 min)
Control 8-bromo-cAMP
Sham-operated H4+2 109 + 13
Decentralized 38B£5 88 + 11

1982a), we examined the effects of four other members of this
famity. PHI (10 uMm) caused approximately a doubling in TH activity,
whereas human pancreatic tumor growth hormone-releasing factor,
glucagon, and gastric inhibitory peptide produced no significant
effects at the same concentration (Table Il, column 2). Three other
peptides structurally unrelated to secretin—neuropeptide Y, avian
pancreatic peptide, and [Arg®]vasopressin—also did not alter TH
activity (Table H).

The dose-response relationship for the effect of PHI on dopa
synthesis was examined, and the data were compared to those
previously reported for secretin and VIP (Ip et al., 1982a). PH! was
at least three orders of magnitude less potent than secretin and one
order of magnitude less potent than VIP (Fig. 1A). However, as
concentrations of PHi above 30 uM were not examined, the maximum
effect of this peptide and thus its ECsq remain undetermined.

Involvement of cAMP in TH regulation. The physiological effects
of secretin and VIP in a number of tissues are thought to be mediated
via increases in the intracellular concentration of cAMP (Gardner
and Jensen, 1981; Amiranoff and Rosselin, 1982). We therefore
tested the ability of the six members of the secretin family to increase
cAMP levels in the rat superior cervical ganglion. VIP, secretin, and
PHI at a concentration of 10 uM significantly increased the levels of
this cyclic nucleotide, whereas human pancreatic growth hormone-
releasing factor, glucagon, and gastric inhibitory peptide had no
significant effects (Table Il, column 3). In addition, a number of other
peptides which do not affect TH activity (lp et al., 1982a) were
examined for their ability to alter cAMP levels, namely, angiotensin
Il, bradykinin, cholecystokinin octapeptide, motilin, neurotensin, and
substance P. None of these peptides affected cAMP levels at a
concentration of 10 um (data not shown). The effects of secretin
and VIP (10 um) on the cAMP content of the superior cervical
ganglion were examined in the presence and absence of the
phosphodiesterase inhibitor theophylline. Both peptides increased
CcAMP levels under both conditions, although larger-percentage in-
creases were seen in the presence of theophyline (Table Ili).
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1 Figure 5. Effects of dimethylphenylpiper-
azinium (DMPP), secretin, and VIP on the
CAMP concentration and the rate of dopa
synthesis in the superior cervical ganglion.
Ganglia were preincubated for 30 min in
control medium and then incubated for 30
min in medium containing brocresine alone
or brocresine plus either DMPP (100 um),
secretin (10 um), or VIP (10 um). At the end
of the incubation period, the cAMP and
dopa contents of the ganglia plus media
were determined. Each group represents
the mean x SEM of four ganglia.
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Figure 6. Dependence of the effects of secretin, VIP, and dimethylphe-
nylpiperazinium (DMPP) on the calcium concentration in the incubation
medium. Ganglia were preincubated for 30 min with medium containing a
normal concentration of Ca** (1.8 mM) and Mg*™* (0.8 mm) or a low
concentration of Ca** (0.1 mm) and a high concentration of Mg** (2.5 mm).
They were then incubated for 30 min in similar media to which brocresine
and either secretin (1 um), VIP (10 uM), DMPP (1C0 uMm), or no agonist was
added. Each bar represents the mean + SEM of three ganglia. The effect of
DMPP was reduced by 76% in the low Ca**/high Mg** medium. No
significant differences attributable to the ionic composition of the medium
were found for the other three groups.

Dose-response curves were determined for the effects of secretin,
VIP, and PHI on cAMP levels. Secretin was the most potent of the
three peptides followed by VIP (Fig. 1B). VIP produced a significantly
higher maximum effect than did secretin. (As in the studies on TH
activity, in these studies on cAMP content the maximum effect of
PHI was not determined due to the extremely high concentrations
of peptide which would have been required.) The relationship be-
tween the rate of dopa synthesis and the CAMP concentration in
individual ganglia exposed to any of the three peptides can be
described by a simple hyperbolic function (Fig. 2).

We previously reported that 8-bromo-cAMP (0.5 mm) produced a
small increase in TH activity (Ip et al., 1983). When the dose-response
relationship of this effect was examined, it was found that 8-bromo-
cAMP at higher concentrations could produce at least a 4-fold
increase in enzyme activity (Fig. 3). Three other purine derivatives
tested (i.e., 8-bromoadenasine, 8-bromoadenosine monophosphate,
and 8-bromoguanosine 3’,5’-cyclic monophosphate) produced no

Control DMPP Secretin VIP

Nicotinic
Agonist

—| -

Peptide

ATP  cAMP Ca**
cAMP dep.  Cd " dep.
PK. P K.

TH 3 > TH-P

Figure 7. A hypothesis concerning the acute stimulation of TH activity by
neuropeptides of the secretin family and by nicotinic agonists. Secretin, VIP,
PHI, and dimethylphenylpiperazinium (DMPP) all increase TH activity within
minutes of being added to the incubation medium. The increases produced
by the three peptides, but not by DMPP, are accompanied by increases in
cAMP levels in the ganglia. The increase produced by DMPP, but not those
produced by the peptides, is highly dependent on the Ca** concentration in
the incubation medium. Since TH has been shown to be a substrate for both
a cAMP-dependent and one or more calcium-dependent protein kinases, we
have postulated that the former mediates the effects of secretin, VIP, and
PHI, and that one of the latter mediates the effects of DMPP on TH activity.

significant effects at a concentration of 10 um (data not shown). On
the other hand, forskolin, like 8-bromo-cAMP, increased TH activity
(Fig. 4). The ECs, for this effect of forskolin was about 3 umM, and
the maximum increase was approximately 2.5-fold. The effect of
forskolin (10 M) was potentiated by the addition of the phosphodi-
esterase inhibitor Ro 20-1724 (Table IV). Since cAMP analogues
have been shown in certain preparations to release neurotransmitters
(Weiner, 1979), the effect of 8-bromo-cAMP on TH activity was
examined in previously decentralized ganglia. Cutting the pregan-
glionic cervical sympathetic trunk and allowing time for degeneration
of the preganglionic nerve terminals had no significant effect on the
increase in TH activity produced by the cyclic nucleotide (Table V).
These results indicate that 8-bromo-cAMP produces this effect via
an action on postsynaptic cells in the ganglion rather than by
releasing a neurotransmitter from the preganglionic nerve terminals.

Differences in the mechanisms of the nicotinic and peptidergic



1952

effects. Previous studies have indicated that TH activity can also be
acutely increased by a nicotinic mechanism (Ip et al., 1982b, 1983).
Therefore, the effects of the nicotinic agonist dimethylphenylpiper-
azinium on cAMP levels in the ganglion were examined. The con-
centration of the agonist used (100 uM) was that previously found
to produce a maximum elevation in TH activity (Ip et al., 1982b).
Dimethylphenylpiperazinium produced a 5-fold increase in TH activ-
ity, whereas no significant effect on cAMP levels was seen (Fig. 5).
A second difference between the effects of dimethylphenylpiper-
azinium, on the one hand, and those of secretin and VIP, on the
other hand, was found in their calcium dependence. Lowering the
calcium and raising the magnesium concentration in the incubation
medium reduced the effect of the nicotinic agonist by 76% but did
not alter the effects of secretin or VIP (Fig. 6).

Discussion

TH activity can be increased acutely in a variety of central and
peripheral adrenergic neurons. This phenomenon was first described
in the vas deferens during electrical stimulation of the hypogastric
nerve (Weiner et al., 1977). Acute increases in TH activity were
subsequently found in a variety of preparations following exposure
to depolarizing agents (usually elevated levels of potassium in the
medium) or to cAMP analogues (e.g., Goldstein et al., 1976; Chalfie
et al., 1979). Furthermore, exposure of homogenates of adrenergic
tissues to cAMP-dependent “phosphorylating conditions” was also
found to increase enzyme activity (Lovenberg et al., 1975). More
recently, it has been shown that TH purified from PC12 cells is a
substrate for a cAMP-dependent protein kinase and that phosphor-
ylation of the enzyme results in enzyme activation (Vuliiet et al.,
1980). In addition, TH purified from brain has been shown to be a
substrate both for a cAMP-dependent protein kinase and for one or
more calcium-dependent protein kinases (Joh et al., 1978; Raese et
al., 1979; Yamauchi and Fujisawa, 1980). Again, in these studies,
phosphorylation of the enzyme was associated with enzyme acti-
vation.

Although cAMP appears to be a potential second messenger in
the acute regulation of TH activity, the first messenger for such an
effect has not been identified. It has been proposed that nerve
activity in sympathetic neurons, perhaps via increased entry of
calcium ions, leads to an increase in intraneuronal CAMP levels and
to phosphorylation and, thereby, activation of TH (Weiner et al,,
1977). However, recent studies on the phosphorylation of TH follow-
ing potassium depolarization of PC12 cells suggests that most of
the change in phosphorylation is mediated via a cCAMP-independent
mechanism (Yanagihara et al., 1983). Furthermore, various studies
in other preparations have suggested that agents acting via depo-
larization and agents acting via increasing intracellular cAMP in-
crease TH activity by different mechanisms (Goldstein et al., 1976;
Chalfie et al., 1979).

Adenosine has been reported to increase TH activity in pheochro-
mocytoma cells and in PC12 cells, and this effect appears to be
mediated via an increase in cCAMP (Erny et al., 1981; Erny, 1983).
However, adenosine does not increase TH activity in guinea pig or
bovine adrenal chromaffin cells (Erny, 1983) or in the superior
cervical ganglion (Table I). Therefore, the relevance of the finding in
adrenal tumor cells to normal tissue remains unciear.

The data presented here suggest that secretin, VIP, and PHI
increase TH activity via an increase in cAMP levels (Fig. 7). In
confirmation of a previous report (Volle and Patterson, 1982), VIP
has been shown to increase CAMP levels in the rat superior cervical
ganglion. In addition, we find that two other peptides of the secretin
family—secretin and PHI—also produce this effect. The rank orders
of potency and efficacy of these three peptides in increasing cAMP
levels and TH activity are identical. Furthermore, there appears to
be a direct relationship between the activity of TH and the concen-
tration of CAMP in individual ganglia, independent of the peptide to
which the ganglia were exposed. This finding is particularly interest-
ing since we have previously presented results that suggest that
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secretin and VIP act through different receptors in this ganglion (Ip
et al., 1982a). Additional evidence for a role of cAMP as a second
messenger in this system is the finding that nine other peptides
tested, which do not increase TH activity, also do not increase cAMP
levels. Finally, incubation of ganglia with 8-bromo-cAMP or forskolin
(an agent which increases the intracellular concentration of cAMP
(Seaman et al., 1981)) produces an increase in TH activity. One
limitation of these experiments is that it is not known whether the
changes in cAMP produced by secretin, VIP, and PHI occur in the
same cell type in the ganglion as do the changes in TH. Immunohis-
tochemical studies using an antibody directed against cAMP have
indicated that changes in this cyclic nucleotide can occur both in
principal neurons and in satellite cells in the ganglion depending on
the stimulus used (Ariano et al., 1982). In this regard it is interesting
to note that isoproterenol, an agonist which does not increase
ganglionic TH activity (Table 1) but does increase ganglionic cAMP
levels (Quenzer et al., 1979; Briggs et al., 1982), produces the latter
change predominantly in satelite cells of the superior cervical gan-
glion though changes in the principal neurons were also observed
(Ariano et al., 1982). It is possible that the increase in cAMP accurring
in principal neurons is either too small or does not occur in an
appropriate "compartment” of the cell to affect TH activity.

in this study, we have measured the rate of dopa synthesis in
whole ganglia; therefore, it is not possible to specify from such
measurements whether the changes observed reflect changes in
the enzyme TH itself. However, recent results have established that
secretin and VIP produce a stable activation of TH activity measured
in ganglion homogenates using a subsaturating cofactor concentra-
tion and produce a shift in the pH optimum of the enzyme (M. A.
Schwarzschild and R. E. Zigmond, unpublished observations). Ho-
rowitz and Perman (1984) reported that nicotinic and muscarinic
agonists and 8-bromo-cAMP also produce a stable activation of the
enzyme. Thus, the increased rates of tyrosine hydroxylation in intact
ganglia reported both in the present study and in earlier studies (Ip
et al., 1982a, b) are likely to result from changes in the properties of
the enzyme itself rather than from changes in the levels of substrates,
cofactor, or inhibitors.

In addition to the cAMP-dependent mechanism of regulating
ganglionic TH activity, there is also a CAMP-independent mechanism.
Evidence for this comes from our finding and that of other workers
(Volle et al., 1982) that dimethylphenyipiperazinium does not in-
crease CAMP levels in the superior cervical ganglion. Dimethyiphe-
nylpiperazinium has been shown to increase calcium uptake by cells
in the ganglion (Volle et al., 1981), and the increase in TH activity it
produces is highly dependent on the calcium concentration of the
incubation medium (Fig. 6). Thus, the regulation of TH activity by
nicotinic agonists may occur via a calcium-dependent protein kinase
(Fig. 7). Such a mechanism may also underlie the increase in TH
activity seen in decentralized ganglia incubated in a medium con-
taining an elevated concentration of potassium (lp et al., 1983).

Although our data make it likely that secretin, VIP, and PHI produce
their effects on TH activity via an increase in cAMP, and presumably
via cAMP-dependent phosphorylation of the enzyme (Fig. 7), they
do not establish whether and under what conditions such regulation
occurs in vivo. Previous studies have indicated that stimulation of
the preganglionic cervical sympathetic nerve at 10 Hz for 30 min
leads to a 4-fold increase in TH activity and that approximately half
of this effect is mediated by a noncholinergic transmitter (Ip et al.,
1983). A smali number of nerve processes containing VIP-like im-
munoreactivity has been found in the rat superior cervical ganglion
by immunohistochemical techniques (Hokfelt et al., 1977), and VIP-
like immunoreactivity has been detected in ganglion homogenates
by radioimmunocassay (M. C. Beinfeld, N. Y. Ip, and R. E. Zigmond,
unpublished observations). However, it is not known whether this
material is in preganglionic nerve terminals and whether it is released
during stimulation of the cervicai sympathetic trunk. Furthermore,
data on the presence of secretin-like or PHI-ike immunoreactivity in
this ganglion have not been reported, although both immunoreactiv-
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ities have been detected in the central nervous system (e.g., O'Do-
nohue et al,, 1981; Christofides et al., 1982). Thus, it is not possible
at present to conclude whether or not the noncholinergic effect of
nerve stimulation is mediated by one of these peptides. It is of
considerable interest, however, to note that preganglionic nerve
stimulation has been shown to increase cAMP levels in the ganglion
via a noncholinergic mechanism (Briggs et al., 1982; Volle et al.,
1982) and that at least part of this increase occurs in principal
neurons in the ganglion (Ariano et al,, 1982). Thus, whatever the
identity of the noncholinergic transmitter(s) in the rat superior cervical
ganglion, it is plausible that at least part of its effect on TH activity
is mediated via an increase in CAMP levels.

The findings that secretin, VIP, and PHI increase cAMP levels in
sympathetic ganglia raise the possibility that these peptides alter
other aspects of synaptic chemistry in addition to increasing TH
activity. CAMP-dependent protein phosphorylation has been shown
to be involved in the reguiation of other proteins in nervous tissue
(e.g., Nestler and Greengard, 1983) and has been implicated in the
control of aspects of synaptic function other than transmitter synthe-
sis {e.g., Kandel and Schwartz, 1883). Thus, these peptides may
well produce multiple effects on sympathetic neurons via changes
in CAMP levels.

Qur studies have been restricted to the superior cervical ganglion;
thus, the effects we measure on TH activity probably occur predom-
inantly in the cell bodies or dendrites of principal neurons and
perhaps also in the much smaller population of small intensely
fluorescent (SIF) cells. Although it has been proposed that some
recurrent axon collaterals of principal neurons exist, the number of
adrenergic nerve terminals in the ganglion, if any, is probably small.
However, the existence of peptide receptors in the ganglion raises
the question of whether similar receptors might cccur on adrenergic
nerve terminals. This question is of particular interest since, in certain
instances, postganglionic parasympathetic neurons are known to
release VIP (Lundberg, 1981) and since sympathetic and parasym-
pathetic nerve terminals in many autonomic effector organs are
probably in close proximity. Thus, one can imagine a heteroneuronal
interaction occurring, invalving the regulation of transmitter synthesis
in one neuron by a substance released by nearby neurons.
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