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We recently showed that neuropeptide Y (NPY)-like immu-
noreactivity occurs in subpopulations of neurons in 3 cranial
parasympathetic ganglia: the otic, sphenopalatine, and cil-
iary. The present work identifies the target tissues inner-
vated by cranial parasympathetic NPY-immunoreactive neu-
rons. Plexuses of NPY-immunoreactive fibers were observed
in the parotid gland, the target of the otic ganglion, and in
the intraorbital lacrimal gland and palate, targets of the
sphenopalatine ganglion. NPY-immunoreactive fibers of ap-
parent parasympathetic origin innervated glandular acini in
all 3 structures and were also present around small blood
vessels in the parotid and intraorbital lacrimal glands. These
fibers were presumed to be parasympathetic because they
were not affected by removal of the superior cervical gan-
glion and because their distribution was coextensive with
that of vasoactive intestinal polypeptide (VIP) immunoreac-
tivity, which we have previously shown to be colocalized
with NPY in the cell bodies of otic and sphenopalatine gan-
glion neurons. In contrast, no NPY-immunoreactive fibers
were observed in the iris or ciliary body of acutely sympa-
thectomized rats, suggesting that NPY-immunoreactive neu-
rons in the ciliary ganglion do not normally transport de-
tectable levels of NPY to their terminals.

The target specificities of cranial parasympathetic NPY-
immunoreactive neurons are different from those of sym-
pathetic NPY-immunoreactive neurons. Sympathetic NPY-
immunoreactive fibers innervated the iris and ciliary body,
and the blood vessels but not the parenchymal cells of all
the glands examined. In contrast, parasympathetic NPY-im-
munoreactive fibers primarily innervated glandular acini. NPY-
immunoreactive neurons in the sphenopalatine ganglion dis-
played an additional level of specificity in their projection
pattern in that they innervated only a subset of the ganglion’s
array of target glands: they innervated the intraorbital lac-
rimal gland and the seromucous glands of the palate but not
the exorbital lacrimal gland or the glands of the nasal mu-
cosa.

The finding that NPY immunoreactivity is present in the
parasympathetic innervation of secretory acini in several
craniofacial glands raises the possibility that NPY plays a
role in the parasympathetic control of glandular secretion.
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The observed overlap in the distributions of NPY- and VIP-
immunoreactive fibers in these glands further suggests that
NPY may interact with VIP to stimulate secretion.

Neuropeptide Y (NPY) is a 36 amino acid peptide that was
originally isolated from porcine brain (Tatemoto, 1982; Tate-
moto et al., 1982). NPY is structurally related to members of
the pancreatic polypeptide family, but appears to be localized
exclusively in central and peripheral neurons (Tatemoto, 1982;
Lundberg et al., 1984c). In the periphery, NPY has previously
been shown to occur in subpopulations of sympathetic neurons,
where it is colocalized with norepinephrine (Jacobowitz and
Olschowka, 1982; Lundberg et al., 1982a, b, 1985). The prin-
cipal targets of NPY-containing sympathetic neurons are the
peripheral and cerebral vasculature, consistent with functional
studies that have shown that NPY is an extremely potent va-
soconstrictor (Lundberg and Tatemoto, 1982; Lundberg et al.,
1982b; Edvinsson et al., 1983). While in many sympathetic
target structures, NPY-immunoreactive fibers are found exclu-
sively around blood vessels (Lundberg et al., 1982a, b; Cannon
et al., 1986), they innervate the parenchyma as well as the vas-
culature of the iris (Terenghi et al., 1983; Zhang et al., 1984,
Bjorklund et al., 1985), heart (Gu et al., 1983, 1984; Sternini
and Brecha, 1985), and urogenital tract (Lundberg et al., 1982b;
Stjernquist et al., 1983; Papka et al., 1985). NPY inhibits nerve
stimulation-evoked contractions in the latter 2 targets, probably
via a presynaptic inhibition of neurotransmitter release (Allen
et al., 1982; Lundberg et al., 1982b; Ohhashi and Jacobowitz,
1983; Stjernquist et al., 1983; Lundberg and Stjarne, 1984; Lund-
berg et al., 1984b; Franco-Cereceda et al., 1985). These findings
suggest that NPY functions as a neuromodulator in the sym-
pathetic nervous system.

Recently, we reported that NPY-immunoreactive neurons are
abundant in 3 cranial parasympathetic ganglia: the otic, ciliary,
and sphenopalatine (Leblanc et al., 1987). We further showed
that in many of these neurons NPY is colocalized with vaso-
active intestinal peptide (VIP) and/or ACh. Asa first step toward
understanding the role of NPY in parasympathetic neurotrans-
mission, the present work identifies the targets of NPY-im-
munoreactive cranial parasympathetic neurons. We also com-
pare the distributions of parasympathetic and sympathetic NPY-
immunoreactive fibers among several craniofacial tissues.

Materials and Methods

The NPY antiserum (Amersham) was raised in rabbit against synthetic
porcine NPY. The tyrosine hydroxylase (TH) antiserum, a gift from J.
Thibault, was raised in rabbit against TH purified from rat pheochrom-
ocytoma tumors (Thibault et al., 1981). The VIP antiserum (gift from
Pat Hogan, Harvard Medical School) was raised in rabbit against a



carbodiimide conjugate of synthetic VIP (Boehringer-Mannheim) to
BSA.

NPY, TH, and VIP immunoreactivities were examined with an in-
direct immunofluorescence method. Adult rats (Charles River, CD strain)
were perfused with 4% paraformaldehyde in 0.1 M sodium phosphate,
pH 7.3, for 10 min. Tissues were removed and incubated in the same
fixative for 1 hr, rinsed in phosphate buffer, and equilibrated for 24 hr
in 30% sucrose in phosphate buffer. Ten to 15 um cryostat sections were
cut and mounted on gelatin-coated slides. Slides were rinsed with PBS
and incubated overnight at room temperature in humid chambers with
antisera against NPY, TH, or VIP (at dilutions of 1:500, 1:1000, and
1:1000, respectively) in incubation buffer (0.01 M sodium phosphate,
pH 7.3 containing 0.5 M NaCl, 0.2% Triton X-100, 0.1% sodium azide,
and 5% BSA). The sections were then rinsed with PBS and incubated
for 2 hr at room temperature with tetramethylrhodamine isothiocyan-
ate-conjugated goat anti-rabbit IgG (Tago) diluted 1:400 in incubation
buffer. After rinsing, the sections were coverslipped in glycerol : ethanol
(1:1) and examined by epifluorescence using a rhodamine filter set.
Staining with the NPY antiserum was abolished by preincubating the
antiserum overnight at 4°C with 10 um synthetic porcine NPY (Bachem)
before applying it to the tissue sections but was unaffected by prein-
cubating the antiserum with 10 um peptide YY (Sigma), a peptide with
structural similarities to NPY. Staining with the VIP antiserum was
abolished by preincubating the antiserum with 10 um synthetic VIP
(Peninsula Labs).

The following protocol was used to double-label tissue sections for
(1) either NPY or VIP immunoreactivity and (2) a synaptic vesicle
antigen recognized by the mouse monoclonal antibody 48 (Matthew et
al., 1981). Sections were incubated as described above with either the
NPY or the VIP antiserum and then with the rhodamine-conjugated
goat anti-rabbit IgG. The sections were then rinsed and incubated over-
night at room temperature with the 48 antibody. The sections were
rinsed and incubated for 1 hr at room temperature with a fluorescein-
conjugated goat anti-mouse IgG (American Qualex), which was diluted
1:100 in PBS containing 50% rat serum and 2% goat serum. The sections
were then rinsed and coverslipped with 0.5 mg/ml p-phenylenediamine
in 50% 0.2 M sodium carbonate buffer, pH 8.8, 50% glycerol.

To examine the effect of sympathetic denervation on the distributions
of NPY-, TH-, and VIP-immunoreactive fibers in various craniofacial
tissues, uni- or bilateral removal of the superior cervical ganglion (SCG)
was performed under chloral hydrate (0.6 gm/kg, s.c.) anesthesia. In
most cases, only the SCG ipsilateral to the structures of interest was
removed. However, bilateral removal of the SCG was required to elim-
inate sympathetic fibers from 2 midline structures, the septal nasal
mucosa and the palate. Tissues were examined for NPY immunoreac-
tivity 2 d after sympathetic denervation.

Results

Known target structures of the otic, ciliary, and sphenopalatine
ganglia were examined for the presence of NPY-immunoreac-
tive fibers. Since many of these targets receive sympathetic and
sensory as well as parasympathetic innervation, it was necessary
to determine the source of NPY-immunoreactive fibers in these
structures. It seemed unlikely that NPY immunoreactivity would
be present in sensory fibers: it has been reported previously that
NPY immunoreactivity is not detectable in cranial or dorsal
root sensory ganglion neurons (Lundberg et al., 1983), and we
observed only occasional immunoreactive neurons in the tri-
geminal ganglion with the commercial NPY antiserum used in
the present study. However, NPY-immunoreactive neurons are
abundant in the SCG (Lundberg et al., 1982b), the major source
of sympathetic innervation to cranial target tissues. The follow-
ing methods were used to determine whether NPY-immuno-
reactive fibers in various tissues were of sympathetic or para-
sympathetic origin. First, we compared the distribution of
NPY-immunoreactive fibers in each tissue with the distribution
of sympathetic fibers, which were visualized by staining with
an antiserum to TH: Second, we examined the effect of bilateral
removal of the SCG on the distribution of NPY-immunoreac-
tive fibers in each tissue. Finally in target tissues of the otic and

The Journal of Neuroscience, January 1988, 8(1) 147

sphenopalatine ganglia, the distribution of parasympathetic fi-
bers was determined by staining for VIP. VIP is present in
virtually all otic and sphenopalatine neurons in the rat (Lund-
berg et al., 1984a; Leblanc et al., 1987), while only rare neurons
in the rat SCG contain VIP (Hokfelt et al., 1977). VIP-immu-
noreactive fibers have been observed in all otic and spheno-
palatine ganglion target tissues examined, and in all cases these
fibers are eliminated by parasympathetic denervation (Uddman
et al., 1980a—; Lundberg et al., 1981; Brodin et al., 1983; Butler
et al., 1984; Dartt et al., 1984; Nikkinen et al., 1984). Thus,
VIP provided a marker for otic and sphenopalatine terminals
in their respective target tissues with which the distribution of
NPY-immunoreactive fibers was then compared.

Otic ganglion

The otic ganglion innervates the parotid gland (Warwick and
Williams, 1973; Brodin et al., 1983; Sharkey and Templeton,
1984). The distribution of parasympathetic and sympathetic
fibers in the parotid was assessed by staining for VIP and TH,
respectively. We observed a plexus of VIP-immunoreactive fi-
bers surrounding parotid acini (Fig. 1¢). TH-immunoreactive
fibers were also present around parotid acini (Fig. 1¢). Removal
of the ipsilateral SCG eliminated the TH-immunoreactive fibers
(Fig. 1f) but, as expected, had no effect on the density of the
VIP-immunoreactive fibers (Fig. 1d). These observations are
consistent with previous evidence that parotid acini are dually
innervated by parasympathetic and sympathetic neurons (e.g.,
Hand, 1972).

Consistent with our previous finding that most neurons in the
otic ganglion contain NPY, we observed a plexus of NPY-im-
munoreactive fibers surrounding secretory acini in the parotid
(Fig. 1a). Sympathetic denervation had no appreciable effect on
the density of NPY-immunoreactive terminals in the paren-
chyma of the parotid gland (Fig. 156). Consistent with this im-
munocytochemical observation, we found that sympathectomy
had little effect on the levels of NPY immunoreactivity mea-
sured in the gland by radioimmunoassay: levels of NPY im-
munoreactivity in sympathetically denervated parotid glands
were 92.2 + 5.4% (mean = SEM for 3 animals) of those in
contralateral control glands. Finally, we found that the distri-
bution and density of NPY-immunoreactive fibers in the parotid
glands of sympathectomized rats was similar to that of VIP-
immunoreactive fibers (Fig. 1, b, d). These findings support the
conclusion that most or all of the NPY-immunoreactive fibers
that innervate secretory acini in the parotid gland arise from
the otic ganglion.

The blood vessels as well as the secretory acini of the parotid
gland are innervated by autonomic nerve fibers. NPY, TH, and
VIP immunoreactivities were each present in nerve fibers around
parotid blood vessels (Fig. 2). Both the NPY-immunoreactive
fibers and the TH-immunoreactive fibers were more prominent
around the larger-diameter blood vessels in the connective tissue
capsule and septa of the gland than around the smaller intra-
lobular blood vessels. Removal of the SCG eliminated all of the
perivascular TH-immunoreactive fibers in the parotid gland,
and most of the NPY-immunoreactive fibers that were present
around larger blood vessels. However, many NPY- and VIP-
immunoreactive fibers remained around the smaller vessels af-
ter sympathectomy (Fig. 2, ¢, d). These results suggest that many
of the NPY-immunoreactive fibers that innervate smail blood
vessels.in the parotid gland are parasympathetic.

We have shown previously that NPY and VIP are colocalized
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Figure 1.

Immunofluorescence micrographs of sections of parotid glands from control (a, ¢, €) and sympathectomized (b, d, f) rats stained for

NPY (a, b), VIP (¢, d), or TH (e, f). Plexuses of NPY-immunoreactive fibers (a), VIP-immunoreactive fibers (c), and TH-immunoreactive fibers
(¢) surround secretory acini in the parotid glands of control rats. Removal of the ipsilateral SCG eliminates the TH-immunoreactive fibers (f) but
does not affect the density of the NPY-immunoreactive fibers () or VIP-immunoreactive fibers (d). x 420.

in otic ganglion neurons (Leblanc et al., 1987). Since the dis-
tribution and density of NPY-immunoreactive fibers in the pa-
rotid glands of sympathectomized rats was similar to that of
VIP-immunoreactive fibers, it seemed likely that the 2 peptides
are also colocalized in otic nerve terminals in the parotid. To
investigate this possibility further, we double-stained sections
of the parotid glands of sympathectomized rats with (1) anti-

serum to either NPY or VIP, and (2) the monoclonal antibody
48, which recognizes a synaptic vesicle protein (Matthew et al.,
1981). The 48 antibody labels both sympathetic and parasym-
pathetic, but not sensory (Jane Dodd, personal communication),
nerve terminals. Virtually all of the terminal profiles labeled
with this antibody in sections of sympathetically denervated
parotid glands also contained NPY immunoreactivity and VIP
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Figure 2.

Immunofluorescence micrographs of sections of the parotid glands of control (a, ) and sympathectomized (¢, ) rats stained for NPY

(a, ¢), TH (), and VIP (d). Both NPY-immunoreactive fibers (@) and TH-immunoreactive fibers (b) are present around blood vessels in the parotid
glands of control rats. Removal of the ipsilateral SCG eliminates the TH-immunoreactive innervation of parotid blood vessels (not shown), but
many NPY-immunoreactive fibers remain (c). VIP-immunoreactive fibers are also found around parotid blood vessels in both control (not shown)

and sympathectomized (d) rats. x 365.

immunoreactivity, respectively (Fig. 3). This result is consistent
with the conclusion that NPY and VIP coexist in otic nerve
terminals in the parotid gland.

Sphenopalatine ganglion

The sphenopalatine ganglion innervates several different target
structures, including the intra- and exorbital lacrimal glands,
the palate, and the nasal mucosa (Ruskell, 1971; Warwick and
Williams, 1973; Uddman, 1980a, c). The distribution of sphen-
opalatine terminals in these structures was assessed by staining
for VIP. Consistent with previous reports (Uddman et al., 1980a,
c; Dartt et al., 1984; Nikkinen et al., 1984), we observed VIP-
immunoreactive fibers around both glandular acini and blood
vessels in the nasal mucosa and lacrimal glands. A plexus of
VIP-immunoreactive fibers was also observed surrounding the
seromucous glands of the palate.

NPY-immunoreactive fibers were present around glandular
acini in the palate and intraorbital lacrimal gland; their distri-
bution and density was similar to that of the VIP-immuno-
reactive fibers. No TH-immunoreactive fibers were seen in the
parenchyma of these targets, suggesting the absence of significant
sympathetic innervation. Consistent with this supposition, we
found that sympathectomy had no effect on the density of the
NPY-immunoreactive fibers in these targets. These findings sug-
gest that the NPY-immunoreactive fibers which innervate glan-
dular acini in the palate and intraorbital lacrimal gland arise
from the sphenopalatine ganglion.

Scattered NPY- and TH-immunoreactive fibers were seen
around glandular acini in the nasal mucosa. Only occasional
NPY-immunoreactive fibers (and no TH-immunoreactive fi-
bers) remained after sympathectomy. In contrast, dense plexuses
of VIP-immunoreactive fibers were present around glandular
acini in the nasal mucosa of both control and sympathectomized
rats. Similarly, while numerous VIP-immunoreactive fibers were
present around acini in the exorbital lacrimal gland, no NPY-
immunoreactive fibers were present in the parenchyma of this
gland.

Our observations concerning the distributions of NPY- and
VIP-immunoreactive fibers around glandular acini in targets of
the sphenopalatine ganglion in sympathectomized rats are sum-
marized in Figure 4. In 2 targets of the sphenopalatine ganglion,
the palate and intraorbital lacrimal gland, glandular acini were
innervated by NPY-immunoreactive fibers (Fig. 4, a, ¢) whose
distribution matched that of VIP-immunoreactive fibers (Fig.
4, b, d). In contrast, in 2 other sphenopalatine targets, the nasal
mucosa and the exorbital lacrimal gland, many VIP-immuno-
reactive fibers (Fig. 4, f, &) but few or no NPY-immunoreactive
fibers (Fig. 4, e, g) were present around glandular acini. These
results are consistent with the conclusion that NPY-immuno-
reactive neurons in the sphenopalatine innervate secretory acini
in the intraorbital lacrimal gland and palate but not the nasal
mucosa or exorbital lacrimal gland.

NPY-immunoreactive nerve fibers were observed around
blood vessels in all of the sphenopalatine targets examined, as
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Figure 3.

Immunofluorescence micrographs of sections of the parotid gland of a sympathectomized rat double-stained for NPY (a) and synaptic

vesicle antigen (b), or VIP (c) and synaptic vesicle antigen (d). NPY and VIP immunoreactivities were visualized using primary antisera raised in
rabbit followed by a rhodamine-coupled second antibody, while synaptic vesicle antigen was visualized using a mouse monoclonal antibody followed
by a fluorescein-coupled second antibody. Virtually all of the fibers labeled with the antibody to synaptic vesicle antigen (b, d) are also labeled
with both the NPY antiserum (a) and VIP antiserum (c), respectively. x 500.

were TH- and VIP-immunoreactive fibers. All of the perivas-
cular TH-immunoreactive fibers in these targets disappeared
after sympathectomy, while the VIP-immunoreactive fibers were
unaffected. Sympathectomy eliminated all of the perivascular
NPY-immunoreactive fibers in the exorbital lacrimal gland and
nasal mucosa and most of those in the palate. In contrast, sym-
pathectomy caused only a partial reduction in the number of
perivascular NPY-immunoreactive fibers in the intraorbital lac-
rimal gland (Fig. 5). As was true for the parotid, the larger,
intracapsular and intraseptal blood vessels were more com-
pletely depleted of NPY-immunoreactive fibers after sympa-
thectomy than were the smaller, intralobular vessels. Thus, while
most or all of the perivascular NPY-immunoreactive fibers in
the exorbital lacrimal gland, nasal mucosa, and palate are sym-
pathetic in origin, many of the NPY-immunoreactive fibers that
innervate blood vessels in the intraorbital lacrimal gland appear
to be parasympathetic.

Ciliary ganglion

The ciliary ganglion innervates the iris and ciliary body. Our
observations concerning the distribution of NPY-immunoreac-
tive fibers in these structures are in agreement with previous

reports (Terenghi et al., 1983; Zhang et al., 1984; Bjorklund et
al., 1985). We observed a rich plexus of NPY-immunoreactive
fibers in the iris, and numerous NPY-immunoreactive fibers in
the ciliary processes. TH-immunoreactive fibers were also pres-
ent in both structures and were considerably more numerous
than NPY-immunoreactive fibers in the iris. Two days after
removal of the ipsilateral SCG, only occasional, weakly im-
munofluorescent NPY-immunoreactive fibers were seen in the
iris and ciliary processes. This result indicates that virtually all
of the NPY-immunoreactive fibers normally present in the iris
are sympathetic. We have previously found that 25-30% of the
neurons in the ciliary ganglion contain NPY immunoreactivity.
However, the few, weakly NPY-immunoreactive fibers seen in
the irides of sympathectomized rats constituted considerably
less than a quarter of the total parasympathetic plexus present
in the iris, as assessed by staining the irides of acutely sympa-
thectomized rats for synaptic vesicle antigen or acetylcholin-
esterase activity. It is conceivable that the NPY-immunoreac-
tive neurons in the rat ciliary project to targets other than the
iris and ciliary body. However, it has been shown in mouse, at
least, that ciliary nerve terminals labeled anterogradely by ap-
plication of HRP to the ganglion are found exclusively in the



Immunofluorescence micrographs of sections of 4 target structures of the sphenopalatine ganglion stained for NPY (g, ¢, e, g) or VIP
(b, d, f, h). All sections are taken from sympathectomized rats. 2 and b, Seromucous glands of the palate. x 380. c and 4, Intraorbital lacrimal gland.
x 365. e and f, Nasal mucosa. x400. g and h, Exorbital lacrimal gland. x 305. Plexuses of VIP-immunoreactive fibers surround secretory acini in
all 4 structures (b, d, f, h), while NPY-immunoreactive fibers innervate secretory acini in the palate (4) and intraorbital lacrimal gland (c), but not

in the nasal mucosa (¢€) or exorbital lacrimal gland (g).

Figure 4.
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iris and ciliary body (Jackson, 1986). Hence, the present results
suggest that most NPY-immunoreactive neurons in the ciliary
do not normally transport immunocytochemically detectable
levels of NPY immunoreactivity to their terminals.

Discussion

We recently showed that NPY immunoreactivity is present in
subpopulations of neurons in 3 cranial parasympathetic gan-
glia—the otic, sphenopalatine, and ciliary (Leblanc et al., 1987).
The present study describes the projections of NPY-immuno-
reactive cranial parasympathetic neurons. We have presented
evidence here that NPY-immunoreactive neurons in the otic
ganglion project to the parotid gland and that those in the sphe-
nopalatine ganglion project to the intraorbital lacrimal gland
and palate. NPY-immunoreactive fibers of apparent parasymp-
athetic origin innervate secretory acini in all of these glands and
are also present around small, intralobular blood vessels in the
parotid and intraorbital lacrimal glands. While definitive proof
that these fibers are parasympathetic requires either removal of
the appropriate parasympathetic ganglia or retrograde labeling
combined with immunocytochemistry, the following observa-
tions are consistent with this conclusion. First, the fibers are
unaffected by removal of the SCG, the major (and probably
sole) source of sympathetic innervation to craniofacial tissues.
Second, in sympathectomized rats, the distribution of NPY-
immunoreactive fibers in the parotid, intraorbital lacrimal gland,
and palate overlaps with that of VIP-immunoreactive fibers.
The VIP-immunoreactive fibers present in the parotid and in-
traorbital lacrimal gland have previously been shown to dis-
appear after parasympathetic denervation (Uddman et al., 1980a;
Brodin et al., 1983; Butler et al., 1984), although the palate has
not yet been examined in this respect.

We had observed previously that 25-30% of the neurons in
the ciliary ganglion contain NPY immunoreactivity (Leblanc et
al., 1987). While the NPY-immunoreactive neurons in the cil-
iary ganglion presumably innervate the iris and/or ciliary body,
NPY immunoreactivity is not detectable in parasympathetic
terminals in these structures after acute sympathectomy. The
observation that NPY immunoreactivity is detectable in the cell
bodies but not the terminals of ciliary neurons is the converse
of the more commonly encountered situation, in which a peptide
found in the terminals of a particular population of neurons is
undetectable in their cell bodies unless colchicine treatment is
used to block axonal transport. However, there is some evidence
that the distribution of substance P in SCG neurons is similar
to that of NPY in ciliary neurons: substance P is detectable by
radioimmunoassay in the SCG but is undetectable in SCG ter-
minals in the pineal and iris (Kessler et al., 1983). The present
findings and those of Kessler and coworkers highlight the cau-
tion that must be used in assuming that a putative neurotrans-
mitter molecule detected in the cell bodies of a given population
of neurons is necessarily transported to their terminals. Our
observations also raise the possibility that the NPY-immuno-
reactive material present in ciliary neuron cell bodies is a struc-
turally modified form of either NPY or its precursor protein
which cannot be incorporated into secretory vesicles. Alterna-
tively, the NPY-immunoreactive material in ciliary cell bodies
may undergo structural modifications prior to reaching ciliary
terminals such that it is no longer detectable by the NPY anti-
serum. Finally, ciliary neurons may lack the mechanisms re-
quired for packaging and transport of NPY. Interestingly, Bjork-
lund and coworkers (1985) reported that NPY immunoreactivity

Figure 5.

Immunofluorescence micrographs of sections of the intraor-
bital lacrimal glands of control (@) and sympathectomized (b) rats stained
for NPY. Many NPY-immunoreactive fibers are present around blood
vessels in the intraorbital lacrimal gland both before (a) and after (b)
removal of the ipsilateral SCG. x360.

does become detectable in ciliary terminals in the iris after long-
term sympathectomy. They interpreted this observation as in-
dicating that ciliary neurons change their neurotransmitter phe-
notype in response to sympathetic denervation of their target.
Our finding that NPY is easily detectable in the cell bodies of
ciliary neurons of control rats suggests that the appearance of
NPY immunoreactivity in ciliary terminals subsequent to sym-
pathetic denervation does not involve a de nove induction of
NPY expression in ciliary neurons. However, it is possible that
sympathectomy does induce qualitative changes in the pro-
cessing of the NPY precursor protein or its primary mRNA
transcript, or in NPY packaging and transport.

NPY has previously been shown to be widely distributed in
the sympathetic nervous system, where it is colocalized with
norepinephrine (Jacobowitz and Olschowka, 1982; Lundberg et
al., 1982a, b, 1985). Studies aimed at exploring the biological
actions of NPY have consequently focused on target tissues of
sympathetic NPY-immunoreactive neurons, such as the vas-
culature, heart, and urogenital system. Like norepinephrine, NPY
has a direct vasoconstrictive action on both peripheral and cen-
tral vascular beds; NPY also potentiates norepinephrine-in-
duced vasoconstriction (Lundberg and Tatemoto, 1982; Lund-
berg et al., 1982b; Edvinsson et al., 1983). Other actions that
have been reported for NPY include inhibition of nerve stim-
ulation-evoked contractions of the uterus, bladder, heart, and
vas deferens (Allen et al., 1982; Lundberg et al., 1982b; Ohhashi
and Jacobowitz, 1983; Stjernquist et al., 1983; Lundberg et al.,



1984b). In the latter 2 cases, there is evidence that this effect 1s
due to a presynaptic inhibition of norepinephrine release (Lund-
berg and Stjarne, 1984; Franco-Cereceda et al., 1985). These
findings suggest that a major function of NPY in the periphery
is to modulate noradrenergic sympathetic neurotransmission to
smooth and cardiac muscle tissues.

The present finding that NPY immunoreactivity is present in
parasympathetic fibers which innervate secretory acini in the
parotid gland, intraorbital lacrimal gland, and seromucous glands
of the palate raises the possibility that NPY also plays a role in
the parasympathetic regulation of glandular secretion. Several
effects of NPY on glandular function have, in fact, been reported.
NPY has been found to potentiate isoproterenol-, thyroid stim-
ulating hormone-, and VIP-stimulated thyroid hormone secre-
tion from the thyroid gland (Grunditz et al., 1984). NPY has
also been shown to stimulate the release of luteinizing hormone
and growth hormone from the pituitary in vitro (McDonald et
al., 1985). Finally, NPY has been found to inhibit glucose-
stimulated insulin release from the pancreas in vivo and in vitro
(Moltz and McDonald, 1985).

We have shown that the distribution of NPY in the parotid,
intraorbital lacrimal gland, and palate overlaps with that of VIP.
This finding, together with our previous observation that NPY
and VIP immunoreactivities are colocalized in otic and spheno-
palatine cell bodies, is consistent with the idea that NPY and
VIP coexist in parasympathetic nerve terminals in the parotid
gland, intraorbital lacrimal gland, and palate. We provided fur-
ther evidence for this supposition with respect to otic terminals
in the parotid by showing that the distributions of NPY and
VIP are each coextensive with that of synaptic vesicle antigen
in the parotid glands of sympathectomized rats. It is likely that
in many otic and sphenopalatine terminals NPY coexists with
ACh as well as VIP, since we have shown previously that NPY-
immunoreactive cells bodies in the otic and sphenopalatine gan-
glia contain immunoreactivity for choline acetyltransferase
(Leblanc et al., 1987). Costored neurotransmitter molecules have
in many cases been found to exert complementary physiological
effects. Hence, just as in sympathetic neurotransmission NPY
may interact with norepinephrine to regulate smooth and car-
diac muscle tone, in parasympathetic neurotransmission NPY
may interact with ACh and VIP to regulate glandular secretion.
Indeed, as indicated above, it has been shown that NPY is able
to potentiate VIP stimulation of thyroid hormone secretion
(Grunditz et al., 1984). Both ACh and VIP stimulate secretion
in many glands, including the rat parotid (Inoue and Kanno,
1982; Ekstrom et al., 1983; Gallacher, 1983) and exorbital lac-
rimal glands (Dartt et al., 1984). It would therefore be of interest
to examine the effect of NPY on basal and ACh- or VIP-stim-
ulated secretion in the glands that have been shown here to
receive NPY-immunoreactive innervation.

NPY-immunoreactive fibers innervate blood vessels in all of
the structures examined here. Removal of the SCG eliminates
the NPY-immunoreactive innervation of blood vessels in the
iris, exorbital lacrimal gland, palate and nasal mucosa, indicat-
ing that these fibers are sympathetic in origin. In the parotid
and intraorbital lacrimal gland, however, many NPY-immu-
noreactive fibers remain around blood vessels after sympathec-
tomy. These fibers are particularly prominent around smaller-
diameter, intralobular blood vessels. These observations suggest
that many of the perivascular NPY-immunoreactive fibers in
the parotid and intraorbital lacrimal glands are parasympathet-
ic. The functional significance of NPY in the parasympathetic
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innervation of blood vessels in the parotid and intraorbital lac-
rimal glands is not clear: NPY is a vasoconstrictor, but para-
sympathetic nerve stimulation elicits vasodilation in most glands,
including the parotid (Andersson et al., 1982). Similarly, both
VIP and ACh, which we have found to be costored with NPY
in otic and sphenopalatine neurons, are vasodilators (Said and
Mutt, 1970; Shimizu and Taira, 1979; Bloom and Edwards,
1980; Lundberg et al., 1980; Edvinsson et al., 1982). It is pos-
sible that the NPY-immunoreactive fibers we observed around
blood vessels in the parotid and intraorbital lacrimal glands of
sympathectomized rats are preterminal axons rather than neu-
roeffector junctions or that the small blood vessels in these
glands are insensitive to NPY. Alternatively, the finding that
concentrations of NPY lower than those required to cause va-
soconstriction actually inhibit the release of norepinephrine from
the sympathetic innervation of several vascular beds (Pernow
et al., 1986) suggests a mechanism whereby the release of NPY
from parasympathetic nerve terminals could result in vasodi-
lation.

Previous work has indicated that NPY-containing sympa-
thetic neurons exhibit selectivity in the types of target tissues
they innervate. NPY is present in only a subpopulation of sym-
pathetic neurons (Lundberg et al., 1982b), and there is evidence
that NPY-containing sympathetic neurons project preferentially
to a subset of sympathetic target tissues. Thus, in several struc-
tures that receive sympathetic innervation to both their vascular
and parenchymal compartments, NPY is present only in the
vascular innervation (Lundberg et al., 1982a, b; Cannon et al.,
1986). In the present study, for instance, we observed that NPY
is present in the sympathetic fibers that innervate blood vessels
in the parotid gland but is absent from the sympathetic fibers
innervating secretory acini in the same structure.

We found that there is very little overlap in the projections
of cranial parasympathetic and sympathetic NPY-immuno-
reactive neurons among the structures examined here. Sym-
pathetic NPY-immunoreactive fibers arising from the SCG in-
nervate blood vessels in all of the structures examined, and also
innervate parenchymal cells in the iris and ciliary body. In con-
trast, parasympathetic NPY-immunoreactive fibers primarily
innervate secretory acini in the parotid gland, intraorbital lac-
rimal gland, and palate. The lack of overlap in the distribution
of parasympathetic and sympathetic NPY-immunoreactive ter-
minals is consistent with the generalization that parasympathet-
ic and sympathetic neurons evoke different physiological re-
sponses in a given target tissue: one would not expect both the
sympathetic and parasympathetic innervation of a particular
tissue to share a common neurotransmitter or neuromodulator.
Our observations further suggest that sympathetic and parasym-
pathetic NPY-immunoreactive neurons differ in their target
specificities. While sympathetic NPY-immunoreactive neurons
project primarily to blood vessels and other smooth muscle
targets such as the iris, vas deferens, and uterus, parasympathetic
NPY-immunoreactive neurons primarily innervate glandular
acini.

A second level of specificity was evident in the projections of
NPY-immunoreactive neurons of the sphenopalatine ganglion.
We found that NPY-immunoreactive neurons in the spheno-
palatine ganglion innervate only a subset of the ganglion’s array
of target glands: they innervate the palate and intraorbital lac-
rimal gland but not the exorbital lacrimal gland or nasal mucosa.
Thus, these neurons exhibit specificity with respect to the lo-
cation as well as the type of target tissue they innervate. The
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developmental mechanisms that give rise to the target specificity
evident in the projections of peripheral NPY-immunoreactive
neurons remain to be elucidated.
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