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ABSTRACT Expression of catecholaminergic characteristics
by primary sensory neurons was examined in the vagal nodose
and glossopharyngeal petrosal ganglia of the normal. adult rat in
vivo. Catecholaminergic phenotypic expression was documented
by immunocytochemical localization of tyrosine hydroxylase (Tyr-
OHase; EC 1.14.16.2), radiochemical assay of specific TyrOHase
catalytic activity, and cytochemical localization of formaldehyde-
induced catecholamine fluorescence (FIF) within principal, gan-
glion cells. The TyrOHase-containing cells exhibited morphologic
features typical of primary sensory neurons, such as an initial axon
glomerulus and a single, bifurcating neurite process. These cells
were distinguished from TyrOHase- and FIF-positive small in-
tensely fluorescent cells by size, morphology, and staining inten-
sity. TyrOHase-containing neurons appeared to be insensitive to
neonatal treatment with 6-hydroxydopamine, thereby distinguish-
ing them from sympathetic neurons. Nodose and petrosal ganglia
of adult rats exhibited TyrOHase catalytic activity, linear with re-
spect to tissue concentration over a 10-fold range, indicating that
the immunoreactive enzyme was functional. Transection of spe-
cific ganglionic nerve roots depleted TyrOHase catalytic activity
and neuronal immunoreactivity within the petrosal ganglion, sug-
gesting that target organ innervation regulates enzyme levels within
ganglion perikarya. Our study indicates that primary sensory neu-
rons express catecholaminergic transmitter traits in the normal
adult rat. Consequently, in the periphery, catecholaminergic
characters are not restricted to the sympathoadrenal axis but are
expressed by functionally and embryologically diverse populations
of autonomic neurons.

rons, small intensely fluorescent (SIF) cells, and adrenomedullary
cells. The present study was undertaken to determine whether
catecholaminergic characters are also normally expressed by other
classes of peripheral neurons. We examined expression of cate-
cholamine biosynthetic enzymes and formaldehyde-induced
catecholamine fluorescence (FIF) in primary sensory neurons
in the nodose ganglion (NG) and petrosal ganglion (PG) of the
adult rat. The enzymes were tyrosine hydroxylase (TyrOHase;
tyrosine 3-monooxygenase, EC 1.14.16.2), which catalzyes the
rate-limiting step in catecholamine biosynthesis (6), and do-
pamine P-hydroxylase (DBOHase; dopamine f3-monooxygen-
ase, EC 1.14.17.1) and phenylethanolamine N-methyltransfer-
ase (PNMTase, EC 2.1.1.28), which catalyze the synthesis of
norepinephrine and epinephrine, respectively.
The NG and PG contain the cells of origin of vagal and glos-

sopharyngeal afferent fibers, respectively. Avian studies dem-
onstrated that NG and PG neurons are derived from the em-
bryonic epibranchial placodes (7). These neurons were selected
for the present study, therefore, because they differ function-
ally and embryologically from sympathetic neurons. Our study
was performed in adults, because (transient) catecholaminergic
expression had already been demonstrated in presumptive neu-
roblasts of the embryo in vivo (8-10). Consequently, we sought
to determine whether heterogeneous populations of neurons
express catecholaminergic characters during maturity as well as
development in vivo.

Recent studies of neurotransmitter function in peripheral sys-
tems have begun to define molecular mechanisms regulating
neuronal phenotypic expression. Autonomic neurons, for ex-
ample, are capable of expressing multiple transmitter pheno-
types; the apparent choice of transmitter depends, at least in
part, on cues in the cellular microenvironment. In dissociated
cell culture, noradrenergic sympathetic neurons express cho-
linergic properties in the presence of nonneuronal cells or con-
ditioned medium (1, 2). Moreover, sympathetic neurons can
express the putative peptide transmitter, substance P, in vivo
and in vitro (3, 4). Extensive evidence suggests, however, that
substance P is also a sensory transmitter (5). Consequently, these
studies not only document remarkable transmitter plasticity but
also suggest that expression of common transmitter characters
is shared byfunctionally diverse neurons.
To address this issue further, we have been examining cate-

cholaminergic expression in peripheral neurons that differ
functionally and embryologically. In the periphery, catechol-
aminergic phenotypic characters have classically been associ-
ated with neural crest derivatives, including sympathetic neu-

MATERIALS AND METHODS

Animals. Three- to 6-week-old female Sprague-Dawley rats.
from Hilltop Lab Animals (Scottdale, PA) were housed as de-
scribed (11).

Staining Procedures. Animals were perfused by the tech-
nique of Berod et aL (12) with minor modifications. Tissues were
placed in 30% sucrose (0.1 M sodium phosphate buffer, pH 7.4)
overnight at 40C and cut at 10 Am on a cryostat and sections
were melted onto gelatin-coated glass slides. Slides were heated
to 550C for 15 min and rinsed for 15 min in phosphate buffer
(0. 1 M, pH 7.4).

Immunofluorescence. Sections were processed by previously
described techniques (8) with minor modifications. Primary
antisera were rabbit anti-rat TyrOHase (13) or rabbit preim-
mune serum, 1:200 in Tris HCl buffer, 0.05 M, pH 8.6; guinea
pig anti-rat DBOHase, 1:250; or goat anti-bovine PNMTase,
1:200, in 0. 15 M NaCl/0. 1 M sodium phosphate, pH 7.40, con-
taining 0.3% Triton X-100 (Fisher). Secondary antisera were

Abbreviations: TyrOHase, tyrosine hydroxylase; DBOHase, dopamine
,-hydroxylase; PNMTase, phenylethanolamine N-methyltransferase; NG,
nodose ganglion; PG, petrosal ganglion; SIF cells, small intensely flu-
orescent cells; FIF, formaldehyde-induced catecholamine fluores-
cence; 6-OH-dopamine, 6-hydroxydopamine.
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fluorescein isothiocyanate-conjugated goat anti-rabbit, rabbit
anti-goat, or goat anti-guinea pig IgG (GIBCO) diluted 1:100
in Tris HCl buffer (0.05 M, pH 8.6) with 0.3% Triton X-100.

Peroxidase-anti-peroxidase staining. Slides were treated by
published techniques (14) with minor modifications to elimi-
nate endogenous peroxidase activity. The slides were then soaked
in 1% sheep serum, 0.05 M Tris HCl, pH 7.6/0.15M NaCl (Tris/
saline) for 30 min to reduce nonspecific staining. Sections were
air dried, covered with primary antibody (rabbit anti-rat Tyr-
OHase) as defined above, and incubated at room temperature
for 1 hr. Slides were then rinsed in two changes of Tris/saline
and air dried, and sections were incubated at room temperature
for 30 min with a pool of secondary antibody (sheep anti-rabbit
IgG), 1:100 in Tris/saline with 1% sheep serum. The slides were
next rinsed in two changes of Tris/saline for 10 min, covered
with rabbit peroxidase-anti-peroxidase (Miles), 1:100, with Tris/
saline, 1% sheep serum, and incubated at room temperature for
30 min. After two changes of Tris/saline and air drying, sec-
tions were covered with 0.05% 3,3'-diaminobenzidine-4HCl
(Sigma) and 0.01% H202 in 0.1 M phosphate buffer for 5-20
min at room temperature. After several rinses in distilled water,
slides were transferred to 0.1% osmium tetroxide in distilled
water for 1 min, rinsed several times in distilled water, de-
hydrated in graded alcohol solutions, cleared in xylene, and
coverslipped with Permount (Fisher).

FIF. Tissues were processed by published techniques (8) with
minor modifications.
TyrOHase Catalytic Assay. Tissue samples containing the

PG and the rostral one-third of the NG (normally fused in situ)
were assayed as described (15).

Surgical Procedures. While the rats were under halothane
anesthesia the glossopharyngeal nerve was transected proximal
to the origin of the carotid sinus nerve. The carotid sinus nerve
and other glossopharyngeal nerve branches were transected at
their origin from the main nerve trunk.
Drug Treatment. Neonatal rats were injected with 6-hy-

droxydopamine (6-OH-dopamine) at 50, 100, 150, or 200 mg/
kg, intraperitoneally, on days 2, 4, 6, and 8 of life. The drug
was dissolved in 0.15 M NaCl containing ascorbic acid at 0.2
mg/ml. Injection volumes ranged between 0.10 and 0.20 ml.
Littermate controls received equal-volume injections of vehicle
only.

RESULTS

Immunocytochemistry. To determine whether or not the NG
or PG contain catecholaminergic biosynthetic enzymes, tissue
sections were incubated with specific antisera to TyrOHase,
DBOHase, or PNMTase. Immunocytochemical staining re-
vealed TyrOHase immunoreactive neurons and nerve fibers in
the NG and PG of 3- and 6-week-old rats. No positively stained
structures were seen in tissue sections incubated with preim-
mune serum (Fig. 1). No DBOHase- or PNMTase-immuno-
reactive neurons were observed in either of the ganglia. How-
ever, control sections of adrenal medulla, processed simulta-
neously, contained intense DBOHase and PNMTase immuno-
reactivity, indicating the efficacy of the staining procedure.

Many of the TyrOHase-stained neurons exhibited morpho-
logic features typical of primary sensory neurons, including an
initial axon glomerulus (Fig. 2A) and a single, bifurcating neu-
ritic process (Fig. 2B). TyrOHase-positive neurons in the PG
made up a considerably larger proportion of the total ganglion
cell population than did the positively stained cells in the NG.
TyrOHase immunoreactivity was also localized to cells re-

sembling SIF cells. These cells, which were often clustered in
groups close to blood vessels, differed markedly in size, mor-

FIG. 1. Fluorescence photomicrographs of adjacent serial sections
through the NG stained with rabbit anti-rat TyrOHase antibody (A)
and rabbit preimmune serum (B). Asterisks in B indicate the location
of cells that also appear inA and are TyrOHase immunoreactive. (x 270.)

c....

FIG. 2. (A) Bright-field photomicrograph of a TyrOHase-immu-
noreactive NGcell, showing the initial axon glomerulus (arrow). (Per-
oxidase-anti-peroxidasestainedpreparation; x440.) (B) Fluorescence
photomicrographofaTyrOHase-immunoreactiveNGcell,showingthe
bifurcating neuritic process (arrow). (Fluorescein isothiocyanate-stained
preparation; x440.)
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FIG. 3. Fluorescence photomicrographs of TyrOHase-stained NG
neurons (A) and SIF cell-like cells (B) from the same ganglion. (x280.)

phology, and staining characteristics from the TyrOHase-pos-
itive neurons. The SIF cell-like cells were small, had scant cy-
toplasm, and were much more intensely stained than the
TyrOHase-immunoreactive principal ganglion cells (Fig. 3).
TyrOHase Catalytic Activity. To determine whether NG and

PG cells contain functional TyrOHase molecules, specific
TyrOHase catalytic activity was measured. Abundant catalytic
activity was, in fact, detectable and was linear with respect to
tissue concentration over an approximately 10-fold range (data
not shown).

FIF. The presence of TyrOHase catalytic activity and Tyr-
OHase immunoreactivity in the NG and PG suggested that some
ganglion neurons may synthesize catecholamines in vivo. Ac-
cordingly, ganglia were processed for the histochemical dem-
onstration of biogenic amines by the FIF technique. In normal
animals, faint FIF-positive NG and PG cells were occasionally
detectable. However, after pretreatment of animals with the
monoamine oxidase inhibitor pargyline, numerous green flu-
orescent perikarya were demonstrated, suggesting that endog-
enous catecholamine synthesis occurs (Fig. 4). Monoamine ox-
idase is the enzyme responsible for intraneuronal metabolism
of catecholamines (16).

Effects of Sympathetic Destruction. Treatment of neonatal
rats with 6-OH-dopamine selectively destroys sympathetic cat-
echolaminergic neurons throughout the animal (17). To deter-
mine whether catecholaminergic NG and PG neurons are sim-
ilarly affected, we treated neonates with 6-OH-dopamine and
examined the ganglia after maturation. Injection of the neu-
rotoxin had no discernible effect on the number or staining in-
tensity of TyrOHase-immunoreactive or FIF-positive neurons
in the NG and PG. In striking contrast, the adjacent sympa-
thetic superior cervical ganglion, which served as a control, ex-
hibited a profound decrease in neuron number, indicating the
efficacy of treatment. Furthermore, the number of FIF-stained
fibers passing through the NG and PG was markedly reduced.

Effects of Axotomy. In sympathetic ganglia, postganglionic
axotomy or inhibition of axonal transport reduces TyrOHase
activity (11), suggesting that target innervation plays a regu-
latory role. To determine whether TyrOHase in sensory neu-
rons is similarly regulated, we examined the effects of periph-
eral axotomy on activity in the PG. The glossopharyngeal nerve
(nerve IX) and its branches contain the peripheral processes of
PG neurons. To examine the effects of axotomy, the carotid sinus
nerve, a branch of nerve IX containing PG fibers that innervate
the carotid body and sinus, was unilaterally transected. In each
animal the contralateral intact PG and carotid sinus nerve served
as a control. TyrOHase activity in the PG decreased by more
than 50% one week after the operation (Fig. 5). Activity re-
mained significantly depressed for at least 3 weeks after sur-
gery (Fig. 5).
To determine whether decreased catalytic activity was ac-

companied by altered immunoreactivity, ganglia were exam-
ined immunocytochemically after surgery. Nerve transection
profoundly decreased the apparent number and staining inten-
sity of TyrOHase-immunoreactive perikarya. The effect was
most pronounced after transection of the entire nerve IX prox-
imal to the origin of the carotid sinus nerve (Fig. 6). Transec-
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FIG. 4. Fluorescence photomicrograph ofFIF in adultNG neurons
after treatment of the animal with pargyline, a specific inhibitor of
monoamine oxidase. (x410.)

21
Time after surgery, days

FIG. 5. Effect of carotid sinus nerve transection on TyrOHase ac-
tivity within the PG. Surgery was performed on the left side and the
unoperatedright ganglion served as control. Each value represents the
mean ± SEMforthe operated side expressed as apercentage ofthe con-
tralateral control value. The hatched area represents the standard er-
ror ofthegrandmean ofall control values.TyrOHase activity in control
ganglia averaged 4.4 pmol/hr per ganglion. The 1-day value does not
differ significantly from its control.
* Differs from control, P < 0.001.
** Differs from control, P < 0.05.
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FIG. 6. Fluorescence photomicrographs ofTyrOHase-stained PG sections contralateral (A) and ipsilateral (B) to carotid sinus nerve transection,
one week after surgery. (Fluorescein isothiocyanate-stained preparations; x 100.)

tion distal to the carotid sinus nerve had no effect on TyrOHase
staining.

DISCUSSION
Our studies indicate that NG and PG neurons in the adult rat
normally express catecholaminergic transmitter characters in
vivo. Consequently, catecholamines are not restricted to the
sympathoadrenal axis in the periphery but may subserve auto-
nomic sensory functions as well.

Cellular Identity. Several lines of evidence indicate that these
ganglion cells are primary sensory neurons, in contradistinction
to other potential catecholaminergic elements, such as SIF cells
(18, 19) or ectopic sympathetic neurons (20). The TyrOHase-
positive ganglion cells exhibit specific morphologic character-
istics typical of primary sensory neurons. The initial axon glo-
merulus is a prominent feature of principal neurons in mam-
malian sensory ganglia (21, 22) that is not shared by any other
class of neurons, including sympathetic neurons or SIF cells
(20, 21). Similarly, the presence of a single bifurcating neurite
is typical, though not diagnostic, of the sensory phenotype. [For
example, parasympathetic neurons may also give rise to a sin-
gle, branched process (23); however, such cells are not localized
to the NG or PG (20, 24)].

The PG and NG catecholaminergic cells differ markedly in
size, shape, and staining intensity from SIF cells (Fig. 3), fur-
ther differentiating them from these elements. Finally, the PG
and NG neurons are apparently impervious to the destructive
effects of neonatal 6-OH-dopamine, distinguishing these neu-
rons from sympathetic neurons pharmacologically (see below).
Consequently, morphologic and pharmacologic criteria indicate

that these ganglion cells are primary sensory neurons, and not
SIF cells or ectopic sympathetic neurons.

Nature of the Phenotypic Characters Expressed. Abundant
evidence suggests that the TyrOHase immunoreactivity exhib-
ited by NG and PG neurons represents authentic enzyme. We
used a highly specific and well-characterized antiserum, raised
against purified rat pheochromocytoma TyrOHase (13). Pre-
vious studies demonstrated no crossreactivity of the antiserum
with any other molecules (13).

The present studies, moreover, indicate that the immuno-
reactive TyrOHase in NG and PG neurons is functional: in-
dependent radiochemical assay demonstrated abundant Tyr-
OHase catalytic activity in the ganglia. Further, TyrOHase cat-
alytic activity and cellular immunoreactivity exhibited parallel
responses to postganglionic axotomy, suggesting that catalytic
activity faithfully reflected intraneuronal immunoreactivity (see
below).

Whereas the NG and PG neurons expressed abundant Tyr-
OHase immunoreactivity, DBOHase and PNMTase, which syn-
thesize norepinephrine and epinephrine, were not detectable.
This did not simply represent intrinsic insensitivity of the
methods, because (i) control tissues stained positively and (ii)
our previous work has demonstrated these antigens at low lev-
els during development (25). TyrOHase therefore seems to be
expressed independently of DBOHase and PNMTase in these
neurons, consistent with the contention that the different cate-
cholaminergic biosynthetic enzymes are differentially ex-
pressed in neuronal populations (26).

The expression ofTyrOHase, butnot DBOHase or PNMTase,
further implies that these neuronal populations may synthesize

Neurobiology: Katz et al.
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dopamine, but not norepinephrine or epinephrine. The pres-
ence of FIF in the PG and NG is consistent with this possibil-
ity. Moreover, this observation supports the contention that
TyrOHase is functionally active within the ganglia in vivo. Pre-
liminary double staining experiments for TyrOHase and FIF
indicate that the same neurons express TyrOHase and catechol-
amine fluorescence.

The marked enhancement of FIF by inhibition of mono-
amine oxidase suggests that PG and NG neurons also express
the enzymes that normally catabolize intraneuronal catechol-
amines. This indirect evidence suggests that sensory neurons,
as well as sympathetic and central catecholaminergic neurons,
express functional monoamine oxidase.

Finally, the lack of destruction of PG and NG neurons by
neonatal 6-OH-dopamine treatment may also provide infor-
mation regarding phenotypic expression. The neurotoxin is
specific for catecholaminergic neurons, because it is selectively
taken up and concentrated by the stereospecific, energy-re-
quiring, high-affinity uptake sites localized to catecholaminer-
gic neuronal membrane (27, 28). Consequently, absence of a
response in PG and NG neurons implies, but does not prove,
that these neurons do not express the uptake system. The dis-
sociation of expression of high-affinity uptake and synthetic en-
zymes has been previously reported for developing catechol-
aminergic populations (9, 29). The present studies provide
additional evidence that these characters may be differentially
expressed (26).

Regulation of TyrOHase. In sympathetic neurons, catechol-
aminergic phenotypic characters are regulated by a variety of
environmental factors, including neuronal activity and neuron-
target interactions (30). In the superior cervical ganglion, for
example, transection, or colchicine blockade of axoplasmic
transport decreases TyrOHase catalytic activity (11). Conse-
quently target organ innervation plays a critical role in the reg-
ulation of sympathetic TyrOHase. To determine whether sim-
ilar mechanisms regulate TyrOHase in sensory neurons, we
performed peripheral nerve transection, separating the PG from
its carotid body and carotid sinus targets. Peripheral axotomy
significantly reduced TyrOHase catalytic activity and simul-
taneously depleted TyrOHase immunoreactivity within PG
neurons. While these decreases may be attributable to a num-
ber of mechanisms, these observations raise the possibility that
targets regulate transmitter phenotypic characters in PG neu-
rons, paralleling target regulation in other populations (30).

In summary, NG and PG neurons, sensory derivatives of
embryonic epibranchial placodes, normally express catechol-
aminergic phenotypic characters in the adult in vivo. Conse-
quently, transmitter characters traditionally thought to be re-
stricted to the sympathoadrenal axis in the periphery, are actually
expressed by neurons that differ embryologically, anatomically,
and functionally. Nevertheless, common mechanisms, such as

target regulation, may govern the activity and levels of pheno-
typic characters in these diverse populations.
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