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Secretin and Vasoactive Intestinal Peptide Activate Tyrosine
Hydroxylase in Sympathetic Nerve Endings

Michael A. Schwarzschild and Richard E. Zigmond

Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, Massachusetts 02115

Secretin and vasoactive intestinal peptide (VIP) are known
to stimulate tyrosine hydroxylase (TH) activity acutely in the
rat superior cervical ganglion (SCG). Because TH-containing
neurons in the SCG innervate the iris, submaxillary gland,
and pineal gland, we examined the effects of secretin and
VIP in these 3 autonomic end organs in vitro. Both peptides
stimulated TH activity in each tissue. These stimulations
resembled those in the SCG in that (1) secretin displayed a
higher potency than VIP in all 3 end organs, (2) the peptide
effects were unchanged when calcium was excluded from
the incubation medium, and (3) they were mimicked by ac-
tivators of the cyclic adenosine monophosphate (cAMP)
pathway. These findings indicate that secretin and VIP can
regulate transmitter metabolism in both the cell bodies and
axon terminals of neurons originating in the SCG. Further-
more, the data raise the possibility that catecholamine syn-
thesis in sympathetic nerve terminals is modulated by pep-
tides released by other, nearby nerve endings.

Neural and humoral factors regulate the rate of neurotransmitter
synthesis in several neuronal systems. In many cases, this reg-
ulation is thought to represent an adaptation by which the rate
of transmitter synthesis is altered to compensate for changes in
the rate of transmitter release (Thoenen et al., 1979; El Mesti-
kawy et al., 1981; Tucek, 1985; Zigmond, 1985; Birch and Fil-
lenz, 1986a, b). In the rat superior cervical ganglion (SCG),
cholinergic agonists and certain neuropeptides acutely stimulate
the activity of tyrosine hydroxylase (TH) (Zigmond, 1985), the
enzyme that catalyzes the rate-limiting step in the biosynthesis
of norepinephrine (Levitt et al., 1965). These neuropeptides are
all members of the secretin-glucagon family and include secretin
and vasoactive intestinal peptide (VIP).

The SCG contains the cell bodies and dendrites of adrenergic
neurons whose terminals are found in various autonomic end
organs, including the iris, the salivary glands, and the pineal
gland (Skok, 1973; Bowers et al., 1984). Since these terminals
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are important sites of transmitter synthesis and release by sym-
pathetic neurons, we have examined whether secretin and VIP
also regulate TH activity in these 3 end organs.

Materials and Methods

In situ TH assay. Male Sprague-Dawley rats (100-200 gm) were killed
using a cervical dislocator (Melron, Inc.), for submaxillary glands, or
by decapitation, for irises and pineal glands. Submaxillary glands, eye-
balls, or pineal glands were excised and placed in Earle’s balanced salt
solution gassed with 5% CO,/95% O, (EBSS; Gibco Laboratories) at
4°C. Superficial connective tissue and adjacent sublingual glands were
dissected from submaxillary glands. Each submaxillary gland was then
cut perpendicular to its long axis with 9 single-edged industrial razor
blades (0.009 inch thickness, VWR) bonded together in parallel, yielding
8 slices (0.9 mm thick). Irises were dissected from eyeballs just medial
to the ciliary body. Adherent connective tissue was dissected from pineal
glands and their stalks were cut off close to the body of the gland. Tissues
were washed for approximately 1 hr at 4°C with 2 changes of EBSS (1
ml for each slice or organ).

Tissues were preincubated in EBSS (2 ml for each slice or organ) at
37°C for 30 min (2 x 15 min with fresh medium). Tissues were next
incubated individually in 600 ul EBSS with 30 um brocresine (Lederle
Laboratories), an inhibitor of Dopa decarboxylase, and 0.1 mm EDTA
at 37°C for 10 min (unless otherwise noted). Dopa accumulation was
found to be optimal in submaxillary gland slices between 15 and 50 um
brocresine and dropped off sharply above 150 um (data not shown). In
all experiments, except the time course (see legend to Fig. 1), some
tissues were also incubated for 10 min without brocresine. The amount
of Dopa measured in these tissues and their media typically represented
one-fourth to one-third the amount of Dopa measured after the 10 min
incubation with brocresine and was subtracted from the latter value to
calculate the quantity of Dopa accumulated. Although the source of the
Dopa observed in the absence of brocresine is not known, the amount
of this Dopa decreased dramatically in all 3 tissues following removal
of the SCG (data not shown). This Dopa content was not affected by
incubating submaxillary slices with 10 uM secretin (i.e., without bro-
cresine; data not shown).

Incubations were stopped by placing the medium on ice and trans-
ferring the tissue to 200 ul of 150 mm trichloroacetic acid with 0.1 mm
EDTA and 10 pmol epinephrine (an internal standard) at 4°C. The tissue
was homogenized, and its precipitate was pelleted and saved for protein
determination (Lowry et al., 1951). The supernatant fluid was then
combined with its corresponding incubation medium (except in the case
of the time course; see legend to Fig. 1). The catecholamines present
were adsorbed onto alumina, eluted with acid, separated by reverse-
phase high-performance liquid chromatography (HPLC) and quantified
electrochemically (Rittenhouse et al., 1988). A Coulochem controller
(ESA model 5100A) was used, with 1 electrode in a conditioning cell
(ESA model 5021) and 2 in an analytical cell (ESA model 5011) set in
series at +0.36, +0.03, and —0.38 V, respectively, relative to internal
reference electrodes. Under these HPLC and electrochemical conditions,
5 fmol Dopa yielded a 5:1 signal-to-noise ratio.

Initial experiments showed that under the in situ assay conditions
just described, VIP (10 um) produced no effect on Dopa synthesis in
slices of the submaxillary gland (data not shown). However, measure-
ments of VIP in the medium by reverse-phase HPLC with ultraviolet
(214 nm) spectrophotometry revealed a dramatic decrease in its con-
centration (see below). Rat submaxillary glands contain high levels of



kallikrein protease activity (Bhoola and Dorey, 1971), and VIP is sus-
ceptible to degradation by a kallikrein (Mutt and Said, 1974). Therefore,
a kallikrein inhibitor, aprotinin (Boehringer Mannheim Biochemicals),
was tested for its ability to prevent VIP loss in 5 experiments. When
submaxillary gland slices were prepared, preincubated, and incubated
as described above, except that the incubation medium also contained
VIP (10 um) and BSA (1 mg/ml), the VIP concentration decreased by
an average of 72% over the 10 min incubation. When aprotinin [500
kallikrein inhibitor units (KIU)/ml] was also included in the medium,
the VIP concentration decreased by an average of 49%. Since VIP con-
tent was assessed only in the medium surrounding the slice, the decreases
in peptide concentration may have been greater within the slice. Al-
though the extent of the decreases varied considerably between the
experiments, aprotinin significantly reduced the loss of VIP in each of
them (p < 0.05). Therefore, aprotinin (500 KIU/ml) was included in
the medium in experiments on submaxillary gland slices both for the
last 15 min of the preincubation period and during the incubation with
peptides.

In vitro TH assay. Irises and pineal glands were dissected, preincu-
bated, and incubated as described above, except that brocresine and
EDTA were excluded from the incubation medium. Following the 10
min incubation, each iris or pineal gland was homogenized at 4°C in
140 or 120 ul, respectively, of 10 mm potassium phosphate, 5 mm
sodium pyrophosphate, 0.1% Triton X-100, pH 7.2. A 50 ul aliquot
was then incubated for 6 min at 37°C in a final volume of 100 ul
containing 200 mm potassium phosphate, 30 uM 6-methyl-tetrahy-
dropterin, 80 uM L-tyrosine, 300 uM brocresine, 40 mm S-mercaptoeth-
anol, and 10° units/ml catalase, pH 7.0. The incubation was stopped
by returning the samples to 4°C and adding 1 ml of chilled 0.5 m Tris,
pH 8.6, with 0.1 mm EDTA and 5 pmol epinephrine (an internal stan-
dard). Dopa was then extracted with alumina and measured by HPLC
with electrochemical detection, as described above. Aliquots of ho-
mogenate were also assayed for protein content (Lowry et al., 1951).
The basal activity in iris homogenates was 0.6 pmol Dopa/mg protein/
min.

Statistical methods. Al numerical values are presented as means +
SEM. The statistical significance of differences was assessed by Student’s
¢ test for 2 means (2-tailed).

Results and Discussion

Measurements of TH activity
Noradrenergic neurons contribute far more to the mass of sym-
pathetic ganglia than to the mass of the end organs they inner-
vate. Not surprisingly then, the specific enzymatic activity of
TH in the SCG greatly exceeds that in its end organs (e.g.,
Dornay et al., 1985). Thus, direct measurement of TH activity
in end organs has generally relied on in vitro determinations at
saturating concentrations of substrate and cofactor and at an
optimal, but unphysiological, pH. To study the acute regulation
of end-organ TH activity in a relatively physiological environ-
ment (i.e., in intact nerve terminals), we have adapted an in situ
TH assay that we previously used in studies on the SCG (Ip et
al., 1982b). In this assay, Dopa, the product of the reaction
catalyzed by TH, builds up in ganglia incubated with the Dopa
decarboxylase inhibitor brocresine. The sensitivity of the assay
was enhanced by a high-efficiency amperometric system for the
electrochemical detection of Dopa (Kilpatrick et al., 1986).
Several findings validate this assay as a measure of in situ TH
activity in the iris and the submaxillary gland slice. First, both
of these tissues accumulated Dopa linearly with time for at least
25 min in the presence of brocresine (Fig. 1; data not shown for
the iris). For the submaxillary slice, Dopa accumulation was
measured separately in the tissue and its medium. Initially, more
Dopa appeared in the slice than in the medium. By 15 min of
incubation, however, Dopa accumulation in the slice had slowed
and was exceeded by that in the medium. These time courses
suggest that Dopa is formed in the tissue and then diffuses into
the medium.
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Figure 1. Time course of Dopa accumulation in slices of the submax-
illary gland. Slices were incubated individually in the presence of bro-
cresine and EDTA for 0, 5, 10, 15, 20, or 25 min. Each incubation was
terminated by transferring the slice to a tube containing 200 pl of 150
mum TCA with 0.1 mm EDTA and 10 pmol epinephrine, and adding
200 gl of the same solution to the medium. Following homogenization
of the slices, catecholamines in the TCA extracts of the slices and in
the acidified media were measured as described in Materials and Meth-
ods. Slices “incubated” for 0 min with brocresine contained 0.11 +
0.01 pmol Dopa/mg protein, and this value was subtracted from the
Dopa content of each slice to determine its brocresine-induced Dopa
accumulation. The Dopa accumulation for slices (open triangles) was
added to the Dopa content of the corresponding media samples (open
circles) to determine their combined Dopa accumulation ( filled circles).
All data points represent the mean values for 4 or 5 submaxillary gland
slices. Error bars in this and subsequent figures indicate SEM. For sym-
bols without error bars, the SEM is smaller than the size of the symbol.

Second, a-methyl-p-tyrosine («MT), a specific inhibitor of
TH, completely blocked Dopa accumulation in both the iris and
the submaxillary gland in the presence or absence of secretin
(Fig. 2; data not shown for the submaxillary slice).

Third, the Dopa that accumulated during the standard in-
cubation of each tissue appeared stable (Fig. 2; data not shown
for the submaxillary slice). The Dopa content of irises incubated
with or without secretin for 10 min was not significantly reduced
after further Dopa production was blocked by aMT for 10 more
min. Dopa accumulation represents the balance between the
synthesis and the degradation of Dopa. For both tissues, the
stability of Dopa in the presence of brocresine indicates that
Dopa degradation is negligible and, therefore, that the rate of
Dopa accumulation equals the rate of Dopa synthesis.

Fourth, bilateral removal of the SCG 2 d prior to the assay
reduced Dopa accumulation, as well as the norepinephrine (NE)
content, in the iris and the submaxillary gland slice by more
than 96% (Table 1). In the iris, TH-like immunoreactivity is
seen only in a dense meshwork of fibers, and ganglionectomy
dramatically reduces this immunoreactivity (Bjérklund et al.,
1985b). These observations suggest that the Dopa accumulated
in the 2 tissues is produced primarily, if not exclusively, within
the axon terminal regions of sympathetic neurons originating
in or passing through the SCG. Together, all the above findings
demonstrate that brocresine-induced Dopa accumulation in the
iris and the submaxillary gland slice represents Dopa synthesis
located within sympathetic nerve endings and catalyzed by TH.

In addition to measuring Dopa synthesis in situ, TH activity
was also measured in vitro in homogenates of the iris or pineal
gland at pH 7.0 in the presence of a subsaturating concentration
of the cofactor, 6-methyl-tetrahydropterin (30 um). TH activity
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Figure 2. The effect of aMT and the stability of accumulated Dopa in
the iris. Basal and secretin-stimulated Dopa accumulations were mea-
sured in the iris during the standard 10 min incubation in the absence
(stippled bars) or presence (solid bars) of 0.2 mm aMT. At the end of
the standard incubation, 20 ul of 6 mm «MT was added to the media
of some irises, yielding a final «MT concentration of 0.2 mm, and the
incubation was continued for 10 min (hatched bars). The standard in-
cubation medium contained brocresine and EDTA + 1 um secretin. No
Dopa accumulated in the presence of aMT (with or without secretin)
and the solid bars (representing 4 or 7 irises, respectively) indicate this
result. All other bar heights represent the mean values for 4-8 irises.

was not measured in vitro in homogenates of submaxillary slices
because of a nonlinear time course (A. R. Rittenhouse and R.
E. Zigmond, unpublished observations), perhaps due to the large
amount of protease released by homogenization. The activities
measured by these 2 methods will be referred to as “Dopa
synthesis in situ” and “TH activity in homogenates,” respec-
tively.

Preliminary studies indicated that, in the pineal gland, the
homogenate assay for TH activity is a more specific measure of
the catecholamine-synthesizing capacity of sympathetic nerve
terminals than is the in situ assay. The pineal gland, unlike the
iris and the submaxillary gland slice, lost only 22% of its Dopa-
accumulating activity following bilateral removal of the SCG.
This ganglionectomy, however, reduced the NE content of the
pineal gland by >99% (Table 1). This discrepancy implicates a
nonsympathetic source of Dopa production within the intact
pineal gland. On the other hand, when TH activity was mea-
sured in pineal homogenates at pH 7.0 in the presence of ex-
ogenous pterin cofactor (30 um), enzyme activity was reduced
by 85% following bilateral ganglionectomy (data not shown).

Therefore, the homogenate assay was employed to study the
regulation of TH activity in nerve terminals in the pineal gland.

Peptidergic stimulation of TH activity

Both secretin and VIP stimulated Dopa synthesis in situ in the
intact iris, each producing a 4-fold maximal effect (Fig. 3B).
Secretin, however, was considerably more potent than VIP. The
EC,, of the former was approximately 30 nm, while that of the
latter was about 1 gm. Incubation of rat irises with either 10 um
secretin or 10 um VIP also led to an increase in TH activity
measured subsequently in tissue homogenates (2.7- or 2.1-fold,
respectively; p < 0.001 for each peptide). This stimulation of
TH activity in homogenates suggests that the increased Dopa
synthesis observed in situ reflects an activation of the enzyme,
rather than simply an increase in substrate or cofactor avail-
ability or a decrease in feedback inhibition of TH by endogenous
catecholamines.

In the submaxillary gland slice, the effects of secretin and VIP
on Dopa synthesis in situ were measured in the presence of the
kallikrein protease inhibitor, aprotinin, to reduce peptide deg-
radation (see Materials and Methods). Secretin produced a 4-fold
maximal stimulation with an EC;, of 100 nm (Fig. 3C). VIP (10
umM) produced a 1.5-fold stimulation of Dopa synthesis (p <
0.05; Fig. 3C). While secretin displays a greater potency than
VIP in both the submaxillary gland slice and the iris, the potency
of each peptide is lower in the former tissue than in the latter.
The difference between these tissues may reflect an incomplete
blockade of kallikrein activity by 500 KIU/ml aprotinin and/
or the action of an aprotinin-resistant protease(s) released or
exposed in slices of rat submaxillary gland. Alternatively, the
difference may reflect different receptor affinities in the 2 tissues.

Two other members of the secretin-glucagon family of pep-
tides were also tested for an effect on submaxillary TH activity
in the presence of aprotinin, Peptide histidine isoleucine amide
(PHI) is encoded by the same rat cDNA as is VIP (Nishizawa
et al., 1985) and has been found to be colocalized with VIP in
many regions of the nervous system (Fahrenkrug et al., 1985).
PHI (10 um) increased Dopa synthesis in the submaxillary slice
1.7-fold (30 = 5 and 52 = 3 fmol Dopa/mg protein/min for
control and peptide-treated groups, respectively). In the same
experiment, the N-terminal amidated fragment of human growth
hormone-releasing factor hGRF (1-29)NH, (10 um) did not alter
Dopa synthesis (29 + 2 fmol Dopa/mg protein/min). The lack
of effect of hGRF(1-29)NH, in the submaxillary gland dem-
onstrates the specificity of the peptidergic stimulation of TH
activity.

Table 1. Effects of ganglionectomy on Dopa accumulation and NE content in end organs of the SCG

Dopa accumulation NE content

(pmol/mg protein/min) (pmol/mg protein)
Tissue Sham SCG-X# Sham SCG-X=
Iris 0.14 + 0.05 <0.005 281 £ 23 <12
Submaxillary slice 0.029 + 0.004 <0.001 68 £ 5 <1
Pineal gland® 49 =+ 0.2 3803 285 = 19 <4

= SCG-X refers to animals in which both SCG were removed 2 d before Dopa accumulation was measured.

* Pineal glands were incubated for only 2 min because the time course for Dopa accumulation in the pineal gland was
linear for less than 6 min (data not shown).
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Figure 3. Peptidergic stimulation of Dopa synthesis in situ in the SCG
and in 2 of its end organs. Concentration-response relationships were
determined for secretin (open circles) and VIP (filled circles) in the iris
and submaxillary gland slice and compared with those in the SCG. 4,
Replotted from Ip et al. (1982a). SCG were incubated for 15 min in the
presence of 0.1 mm L-tyrosine, 150 um brocresine, 1 mg/ml BSA, and
0.1 mm EDTA. B, Whole rat irises were incubated for 10 min in the
presence of 30 um brocresine, EDTA, 1 mg/ml BSA, and various con-
centrations of secretin (Peninsula Laboratories) or VIP (Bachem Inc.).
C, Rat submaxillary gland slices were incubated as in B except that
aprotinin was included. All data points represent mean values from at
least 4 ganglia, 4 irises, or 4 submaxillary gland slices.

In the pineal gland, secretin produced a 2-fold maximal stim-
ulation of TH activity in homogenates, with an EC,, of ap-
proximately 20 nm (Fig. 4). VIP produced 1.4- and 1.8-fold
stimulations of TH activity in the pineal gland at concentrations
of 10 and 30 uMm, respectively (p < 0.05 and p < 0.001, re-
spectively).
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Figure 4. Peptidergic stimulation of TH activity in homogenates of
the pineal gland. Concentration—-response relationships were determined
for secretin (open circles) and VIP (filled circles) in the pineal gland.
The incubation medium contained aprotinin, 1 mg/ml BSA, and various
concentrations of secretin or VIP. All data points represent mean values
for 5-9 pineal glands.

Calcium independence of peptidergic stimulation

These peptide effects and their concentration-response rela-
tionships in the iris, submaxillary gland slice, and pineal gland
are similar to those previously reported by this laboratory for
the SCG [Fig. 34, Ip et al., 1982a; see Ip et al., 1984, for PHI
data; see Schwarzschild et al., 1985, for h\GRF(1-29)NH, data].
Together the data raise the possibility that secretin and VIP act
directly on sympathetic neurons through a receptor or set of
receptors found both on the cell bodies and axon terminals of
sympathetic neurons. In support of a direct peptidergic effect
on postganglionic sympathetic neurons in the SCG, Ip and col-
leagues found that the increases in Dopa synthesis in sifu pro-
duced by secretin and VIP in the SCG were not dependent on
external calcium (Ip et al., 1985) or on the presence of pregan-
glionic nerve terminals (Ip et al., 1982a).

Whether these peptides also act directly on sympathetic nerve
terminals is of interest. VIP is known to affect the release of
several substances from nerve terminals and target cells in auto-
nomic end organs and thus could produce its effect on TH
activity indirectly. For example, VIP stimulates release of ACh
from myenteric neurons in the small intestine (Yau et al., 1986)
and of catecholamines from adrenal medulla (Malhotra and
Wakade, 1987), and enhances the muscarinic stimulation of
salivary secretion (Lundberg, 1981). In each case, the release
process is dependent on extracellular calcium (Douglas and
Poisner, 1963; Yau et al., 1986; Malhotra and Wakade, 1987).
Therefore, we tested the calcium dependency of the peptidergic
stimulation of Dopa synthesis in situ in end organs.

Excluding calcium from the medium did not alter the control
rate of Dopa synthesis in the submaxillary slice or the ability
of secretin to increase this rate (Fig. 5). In the same experiment,
the increase in the rate of Dopa synthesis produced by a different
stimulant, 55 mm potassium, was abolished in medium without
added calcium. The stimulatory effect of VIP on submaxillary
Dopa synthesis was also unaffected by leaving calcium out of
the incubation medium. Thus, a 1.6-fold increase in Dopa syn-
thesis was produced by 10 um VIP in standard medium (p <
0.05; 20 + 2 and 32 £ 4 fmol Dopa/mg protein/min for control
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Figure 5. Calcium dependence of secretin-stimulated Dopa synthesis.

Stimulations of Dopa synthesis in submaxillary slices by secretin and
by elevated potassium were assessed in the presence or absence of ex-
tracellular calcium. All incubation media contained brocresine, 0.1 mm
EDTA, and | mg/ml BSA. Calcium-free medium (dark bars) contained
nocalcium and 2.6 mm magnesium, whereas the standard medium (light
bars) contained 1.8 mm calcium and 0.8 mm magnesium. High-K*
media contained 55 mm KCl and 66 mm NaCl, whereas the standard
medium contained 5 mm KCl and 116 mm NaCl. In addition, high-K*
medium contained the cholinergic antagonists hexamethonium (3 mm)
and atropine (6 um) and the adrenergic antagonist phentolamine (10
um). These antagonists were included to eliminate a possible indirect
effect of elevated potassium on sympathetic nerve terminals, mediated
by the release of ACh or norepinephrine and the stimulation of pre-
synaplic nicotinic, muscarinic, or a-adrenergic receptors. In standard
medium, the 3 antagonists, tested together, had no effect on Dopa syn-
thesis (data not shown). Slices incubated without calcium or with the 3
antagonists were also preincubated under those conditions for the last
15 min of the preincubation. Each value represents the mean for 4
submaxillary gland slices.

and VIP groups, respectively) and a 1.8-fold increase in medium
without added calcium (p < 0.001; 22 = 2 and 39 = 3 for
control and VIP groups, respectively). Similarly, Dopa synthesis
by control, secretin-stimulated (100 nm), or VIP-stimulated (2
uM) irises was the same in standard and in calcium-free media
(data not shown).

These data suggest that secretin and VIP stimulate TH activity
in the submaxillary gland and iris by acting directly on sym-
pathetic nerve terminals rather than indirectly via the calcium-
dependent release of another extracellular signal (e.g., from para-
sympathetic nerve terminals or parenchymal cells). The data
further suggest that the stimulation of Dopa synthesis in the
submaxillary gland by secretin or VIP does not rely on the entry
of calcium into sympathetic nerve terminals. In contrast, cal-
cium influx has been proposed to be necessary for TH activation
by nicotinic agonists or potassium depolarization in the decen-
tralized SCG (Ip et al., 1983, 1985; Rittenhouse et al., 1988).

cAMP pathway also leads to stimulation

Secretin and VIP elevate cAMP levels in many tissues (Mutt,
1983), including the rat SCG. In the latter, the increases in cAMP
appear to trigger the activation of TH (Ip et al., 1985). In ad-
renergic nerve terminals, regulation of cAMP concentration may
also play an important role in the regulation of TH activity by
secretin and VIP. However, due to the small contribution by
sympathetic nerve endings to the total tissue mass in autonomic
end organs, effects of peptides on the total cAMP content of,
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Figure 6. Effects of 8-Br-cAMP and forskolin on Dopa synthesis. Slices
of submaxillary gland were incubated in medium containing brocresine,
1 mg/ml BSA, EDTA, and aprotinin, with or without 8-Br-cAMP,
8-Br-AMP, forskolin, or secretin. Each value represents the mean for
4 submaxillary gland slices.

for example, the submaxillary gland would be impossible to
interpret with respect to cAMP changes within sympathetic nerve
terminals. Nevertheless, supporting evidence that cAMP may
be a second messenger for TH regulation in sympathetic nerve
terminals comes from the findings that 8-Br-cAMP, a hydrolysis
resistant analog of cAMP, and forskolin, an activator of ade-
nylate cyclase, both stimulated Dopa synthesis in submaxillary
gland slices (Fig. 6). 8-Br-cAMP (2 mm) stimulated Dopa syn-
thesis 5.6-fold, while its noncyclic analog, 8-Br-AMP (2 or 10
mu; data not shown for the latter concentration), produced no
effect. Forskolin (30 um) also stimulated Dopa synthesis in the
submaxillary slice, though to a lesser extent (1.8-fold). In ad-
dition, in the iris, forskolin (10 um) stimulated Dopa synthesis
in situ 4.4-fold (210 = 30 and 920 + 90 fmol Dopa/mg protein/
min for the control and forskolin groups, respectively). An an-
alog of cCAMP has previously been shown to increase TH activity
acutely in the guinea pig vas deferens (Weiner et al., 1978),
another end organ innervated by sympathetic nerve fibers, How-
ever, since this tissue contains the cell bodies, as well as the
terminals, of postganglionic sympathetic neurons (Ferry, 1967),
it is unclear whether cAMP regulates TH activity in nerve ter-
minals in the vas deferens.

Distribution of the peptidergic mechanism in sympathetic
Heurons

According to ““Dale’s principle,” a neuron releases the same
neurotransmitter(s) at all of its release sites. Dale’s ideas con-
cerning the metabolic homogeneity of the neuron led him to
propose this hypothesis in 1934 (Potter et al., 1981; Eccles,
1986), and several findings have lent support to it over the years
(e.g., Eccles et al., 1954; Furshpan et al., 1976; Otsuka and
Konishi, 1983; Sombati and Hoyle, 1984). To what extent does
this concept of metabolic homogeneity extend to the distribu-
tion of neurotransmitter receptors and signal transduction
mechanisms in the various regions of a neuron? Although the
answer is not yet clear, in the case of sympathetic neurons,
muscarinic and adrenergic receptors appear to be located not
only on their cell bodies and dendrites in sympathetic ganglia
but also on their varicosities in various autonomic end organs
(Brown et al., 1980; Brown and Caulfield, 1981; Langer and



Hicks, 1984). Our results support the possibility that, in addi-
tion, a receptor(s) for secretin and VIP is present and coupled
to the regulation of neurotransmitter metabolism in both the
cell body and axon terminal regions of sympathetic neurons.

The data also demonstrate that different functional subclasses
of postganglionic sympathetic neurons in the SCG (e.g., those
that control the iris, salivary glands, and pineal gland) respond
similarly to these neuropeptides. Furthermore, preliminary ob-
servations show that secretin and VIP stimulate TH activity in
sympathetic ganglia other than the SCG (i.e., thoracic para-
vertebral ganglia) and in an autonomic end organ innervated
by other ganglia (i.e., the heart) (H. Chiou, M. Schwarzschild,
and R. Zigmond, unpublished observations). Thus, this pepti-
dergic mechanism appears to be widely distributed between
different types of sympathetic neurons, as well as between dif-
ferent regions of the sympathetic neuron.

A possible role for endogenous peptides

How would these peptidergic receptors be activated physiolog-
ically in autonomic end organs? At least 3 possible sources for
released peptides exist: (1) endocrine glands via the circulation,
(2) the sympathetic neurons themselves, and (3) nearby para-
sympathetic or sensory neurons. Plasma levels of secretin and
VIP in mammals are generally in the low picomolar range (Bu-
rhol and Waldum, 1978; Said, 1982), and thus are far below
concentrations required to stimulate TH activity in sympathetic
neurons. While neural processes containing VIP-like immu-
noreactivity (VIP-IR) and PHI-IR are present in the SCG, only
a small number of immunoreactive principal neurons have been
observed (Sasck et al., 1987).

Peptides of the secretin-glucagon family have, however, been
found in a number of autonomic end organs. VIP-IR and PHI-
IR appear to be contained primarily, if not exclusively, in var-
icosities of parasympathetic neurons. Thus, these immunoreac-
tivities have been identified by radioimmunoassay and im-
munohistochemistry in the cat submaxillary gland (Lundberg
et al., 1984a), where VIP-IR has been localized to acetylcholin-
esterase-rich neuronal cell bodies (Lundberg et al., 1979) and
nerve terminals containing small agranular vesicles, which are
characteristic of cholinergic neurons (Johansson and Lundberg,
1981). Stimulation of the parasympathetic input to this salivary
gland releases VIP-IR and PHI-IR as well as ACh into the
bloodstream (Lundberg et al., 1982, 1984b). In the rat also, high
levels of VIP-IR occur in the submaxillary glands (Ekstréom et
al., 1984). VIP-IR nerve fibers, though sparse, have been located
within the rat iris (Bjoérklund et al., 1985a). While VIP-IR was
not detected immunohistochemically in the rat pineal gland, it
has been identified in the pineal glands of several other mam-
malian species (Uddman et al., 1980). Secretin-like immuno-
reactivity has not as yet been reported in peripheral neurons.
Interestingly, however, the concentration of secretin-like im-
munoreactivity measured by radioimmunoassay in the rat pi-
neal gland exceeds that in the duodenum and in all brain regions
tested (O’Donohue et al., 1981).

Generally, presynaptic receptors on sympathetic nerve ter-
minals have been viewed as functioning to modulate the amount
of neurotransmitter released by incoming action potentials
(Langer and Hicks, 1984). Studies on NE release in autonomic
end organs have suggested that, in certain cases, a transmitter
released by terminals of parasympathetic neurons influences
nearby sympathetic nerve terminals. For example, in the heart,
ACh released during parasympathetic nerve stimulation can
diminish the release of NE during subsequent sympathetic nerve
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stimulation (Muscholl, 1982). The present findings demonstrate
that presynaptic receptors on sympathetic nerve terminals may
also be involved in the regulation of neurotransmitter synthesis.
Furthermore, the stimulation of TH activity in sympathetic
nerve terminals by VIP raises the possibility of a local inter-
action between the 2 major branches of the autonomic nervous
system, leading to a regulation of NE biosynthesis.
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