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Disruption of Target Interactions Prevents the Development of
Enkephalin Immunoreactivity in Sympathetic Neurons

Sophia Tyrrell and Story C. Landis
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We compared the development of enkephalin (Enk) expres-
sion in normal rats and rats in which target contact was
transiently disrupted with 6-hydroxydopamine (6-OHDA).
During the first 3 postnatal weeks, there was a striking in-
crease in Enk immunoreactivity (-IR) in superior cervical gan-
glia (SCG) assayed by radicimmunoassay (RIA). This in-
crease was correlated with the appearance of Enk-IR in
postganglionic neurons. In the caudal region of the SCG, the
proportion of Enk-IR neurons and their immunoreactivity in-
creased until one-third of the neurons possessed Enk-IR
between postnatal days (P) 14 and 21. After P21, the number
of Enk-IR neurons and theirimmunofluorescence decreased.
By 6 weeks, only occasional neurons possessed moderate
Enk-IR. The increases in Enk-IR were correlated with in-
creased ganglionic proenkephalin A mRNA detected by in
situ hybridization. The decrease in IR after P21 was not,
however, paralleled by a comparable decrease in proen-
kephalin A mRNA. To determine whether interactions be-
tween SCG neurons and their target tissues influence Enk
expression, we disrupted them by treating neonatal rats with
a single dose of 6-OHDA at PO. This treatment transiently
reduced sympathetic fiber density in the submandibular
gland, one target of Enk-IR neurons, over 30%. Two weeks
later, the fiber density in glands of treated animals was not
different from control. Following 6-OHDA, the concentration
of Enk-IR in SCG extracts and the number of Enk-IR neurons
and their immunofluorescence intensity failed to increase.
SCG from treated rats also contained fewer neurons with
proenkephalin A mRNA. In contrast, the content of neuro-
peptide Y (NPY) and the proportion of NPY-IR neurons were
not decreased by 6-OHDA treatment. Our results indicate
that the developmental history of Enk expression differs from
that of other neuropeptides in rat sympathetic ganglia, sug-
gesting that distinct mechanisms regulate the expression of
individual neuropeptides. Further, they provide evidence that
target contact during a critical period is important for the
induction of Enk.
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Neurons often contain one or more neuropeptides in addition
to classical neurotransmitters. Many of these peptides modulate
the actions of classical neurotransmitters or other neuropeptides
(for review, see Hokfelt, 1991). Adult rat sympathetic neurons
may contain different neuropeptides including NPY, vasoactive
intestinal peptide (VIP), somatostatin, neurotensin, Enk pep-
tides, or calcitonin gene-related peptide (CGRP; Hokfelt et al.,
1977; Schultzberg et al., 1979; Jarvi et al., 1986; Landis and
Fredieu, 1986; Sasek and Zigmond, 1989). Individual neurons
may have very different peptidergic phenotypes. For example,
while only rare SCG neurons are VIP-IR (Hokfelt et al., 1977,
Sasek and Zigmond, 1989) about 60% of SCG neurons are NPY -
IR (Jarvi et al., 1986). Furthermore, some neuropeptides, such
as VIP and CGRP, are present in the same neurons while other
peptides such as NPY and Enk are not colocalized (Landis and
Fredieu, 1986; Kondo et al., 1988; Henion and Landis, 1993).
Although we have some understanding of the localization and
function of neuropeptides in mature sympathetic neurons, the
developmental mechanisms that give rise to the differential ex-
pression of neuropeptides by individual neurons are incom-
pletely understood.

One of the first steps toward understanding how diverse pep-
tidergic phenotypes are generated is elucidating the pattern of
peptide expression during normal development. Three neuro-
peptides present in sympathetic neurons, NPY, VIP, and so-
matostatin, have similar developmental patterns of expression.
Immunoreactivity for these peptides is first evident in many or
all neurons during embryonic development and appears to be
progressively restricted to a subset as the animal matures (Katz
et al., 1992; Tyrrell and Landis, 1994). A different develop-
mental pattern has been reported for Met-Enk-Arg-Gly-Leu
(Enk8), one of several peptides derived from proenkephalin A.
Kondo and colleagues find that Enk8-IR appears in a small
number of neurons in the caudal portion of the rat SCG after
birth and that the proportion of neurons containing Enk8-IR
increases until 2-4 weeks of age but by 8 weeks, no Enk8-IR is
detected (Kondo et al., 1988). Soinila and colleagues, however,
failed to detect a decrease in Enk8-IR in the SCG (Soinila et
al., 1991a,b), and small numbers of Enk-IR neurons have been
reported in the SCG of adult rats (Schultzberg et al., 1979;
Domeij et al., 1991). To clarify the developmental pattern of
Enk expression in normal sympathetic ganglia and obtain data
for comparison with those of experimental studies in which
target interactions were disrupted, we analyzed the expression
of two peptides, methionine (M-) and leucine, (L-) Enk, which,



like Enk8, are derived from proenkephalin A. With immuno-
cytochemistry, radioimmunoassay, and in situ hybridization,
we found a large, transient increase in Enk-IR in the caudal part
of the SCG postnatally.

The acquisition of Enk-IR and proenkephalin A mRNA could
be influenced by a variety of signals, including interactions with
target tissues. Precedents exist for an instructive role of targets
in neurotransmitter choice (Landis, 1990; Patterson and Nawa,
1993). Target tissues influence the classical neurotransmitter
phenotype of sympathetic neurons (Schotzinger and Landis,
1988; Schotzinger and Landis, 1990; Schotzinger et al., 1994).
Further, transplantation studies indicate that the acquisition of
VIP-IR in the developing sweat gland innervation requires in-
teraction with the appropriate target (Schotzinger and Landis,
1990) and that sweat glands can induce VIP-IR in neurons that
would not normally express it (Stevens and Landis, 1990; Schot-
zinger et al., 1994). In the case of enkephalins, Enk-IR appears
in postganglionic sympathetic neurons after most have con-
tacted their targets and changes as terminal plexuses within
targets are elaborated (Black and Mytilineou, 1976; Rubin, 1985).
For example, in the submandibular gland, a target of many SCG
neurons including those that contain Enk-IR (Kondo et al., 1988;
Shida et al., 1991; Soinila et al., 1991a,b; Luebke and Wright,
1992), the density of tyrosine hydroxylase (TH)-IR fibers in-
creases during the first weeks after birth and fibers become as-
sociated with salivary acini (Kondo et al., 1988).

We used the neurotoxin 6-OHDA, which selectively damages
the terminals of catecholaminergic neurons (Thoenen and Tran-
zer, 1968; Tranzer and Thoenen, 1968) and, therefore, inter-
rupts neuron—target interactions, to examine the possible role
of target tissues on specification and maintenance of the enke-
phalinergic phenotype. While multiple doses of 6-OHDA ad-
ministered to neonatal animals over several days cause the death
of sympathetic neurons (Angeletti and Levi-Montalcini, 1970;
Angeletti, 1971; Jaim-Etcheverry and Zieher, 1971; Clark et al.,
1972; Finch et al., 1973), single doses do not cause significant
sympathetic neuron cell death and have been used previously
to delay innervation of sweat glands (Stevens and Landis, 1988).
Since 6-OHDA treatment destroys only nerve terminals, rein-
nervation can occur relatively rapidly. We found that a single
low dose of 6-OHDA prevented the normal increase in Enk-IR
and proenkephalin A mRNA in the SCG but it did not decrease
immunoreactivity for NPY. These data are consistent with the
notion that target contact is required for the induction of Enk
expression during a critical period.

Materials and Methods

Animals and dissection. Pregnant Sprague-Dawley rats were obtained
from Zivic Miller (Zelienople, PA) 2 d before parturition. Rat pups were
killed by ether inhalation at the appropriate age and the tissues of interest
dissected. The SCG is found at the bifurcation of the internal carotid
artery and was dissected free of surrounding tissues. The submandibular
and sublingual glands are located together directly under the skin and
above the ventral neck muscles. Both were dissected and then distin-
guished during microscopic analysis. Since the sympathetic innervation
of sublingual glands is sparse, denervation and reinnervation by TH-
IR fibers was examined in submandibular glands.

Some rat pups were injected intraperitoneally with 25 mg/kg 6-OHDA
hydrobromide (6-OHDA,; Sigma, St. Louis, MO) in 0.9% sodium chlo-
ride and 0.1% ascorbic acid on PO, while littermates were injected with
the vehicle alone and served as controls. This single injection of 6-OHDA
did not appear to affect the viability of sympathetic neurons; on gross
inspection, ganglia from treated animals were equivalent in size to those
from animals injected with vehicle. Furthermore, the size of neurons
within ganglia was not appreciably different in the two groups of animals.
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Table 1. Antisera utilized

Species of
origin/
Antigen conjugate Dilution Supplier
Primary antisera
L-Enk Rabbit 1:400 Incstar
M-Enk Rabbit 1:1000 Incstar
M-Enk Rabbit 1:1000 Peninsula
NPY Guinea pig  1:250 P. D. Henion,” M. S. Rao®
TH Mouse 1:500 Incstar
Secondary antisera
Rabbit Biotin 1:200 Amersham
Mouse FITC 1:500 Antibodies Inc.
Guinea pig  FITC 1:100 Jackson
Avidin Texas red 1:300 Amersham

¢ University of Oregon, Eugene, OR.
b CalTech, Pasadena, CA.

Radioimmunoassays. Ganglia were placed in 2 N acetic acid on ice
immediately following dissection. Tissue was homogenized by sonica-
tion and then boiled for 5 min. Samples were centrifuged for 2 min and
the supernatant dried under vacuum and stored at —70°C for subsequent
assays. M-Enk-IR was assayed using an RIA kit (Incstar; Stillwater,
MN) following the protocol included with the kit. Protein assays were
performed using the Micro BCA kit (Pierce; Rockford, IL) according to
instructions. NPY content was assayed as previously described (Tyrrell
and Landis, 1994). In each case, peptide content was normalized to
protein content and is therefore expressed as concentration.

Immunocytochemistry. Tissue used for immunocytochemical analysis
was fixed in 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4.
Postnatal rat pups were perfused through the heart with fixative for 10
min followed by an additional 50 min of postfixation at room temper-
ature. In all cases, tissue fixation was followed by equilibration in 30%
sucrose to cryoprotect the tissue. Ten-micrometer frozen sections were
cut and mounted on gelatin coated slides. Sections were labeled by
rinsing them in phosphate-buffered saline (PBS), preincubating in di-
lution buffer (0.5 m sodium chloride, 0.01 M phosphate buffer, 3% bovine
serum albumin, 0.1% sodium azide, 0.3% Triton X-100) for 1 hr and
then incubating in dilution buffer containing 5% rat serum and primary
antisera (Table 1). The slides were rinsed and the sections incubated
with secondary antisera (Table 1) in dilution buffer with 5% rat serum.
Peptide-IR was enhanced using secondary antibodies conjugated to bi-
otin and followed by avidin-Texas red (Amersham, Arlington Heights,
IL). The slides were rinsed and coverslipped with glycerol:PBS (1:1)
containing 1% N-propyl gallate (Sigma, St. Louis, MO; Giloh and Sedat,
1982). Some sections were incubated without primary antisera to control
for nonspecific binding or cross-reactivity of the secondary antisera. In
addition, the specificity of L- and M-Enk antisera was confirmed by
absorbing them with either M- or L-Enk protein (40 ug/ml; Peninsula,
Belmont, CA) prior to use. When antisera were absorbed with the pep-
tide they were directed against, almost all immunofluorescence was
absent and when antisera were incubated with the enkephalin peptide
against which they were not directed, immunofluorescence was not de-
tectably reduced. Thus, the antisera used recognized distinct enkephalin
peptides.

In situ hybridization. Tissue used for in situ hybridization was frozen
in Tissue Tek (Miles Scientific, Naperville, IL) on dry ice immediately
following complete dissection and sectioned at 10 um. Sections were
mounted on gelatin coated slides so that tissue thawed only momentarily
and the slides stored at —70°C until use. The proenkephalin A probe
was a 48 base oligonucleotide complementary to bases 388—435 of the
proenkephalin A mRNA (Yoshikawa et al., 1984). It was made using
solid-phase synthesis on an Applied Biosystems DNA synthesizer and
gel-purified. The probe was labeled on the 3’ end using terminal deox-
ynucleotidyl transferase (Bethesda Research Labs, Gaithersburg, MD)
and **S-deoxyadenosine 5'-(a-thio)triphosphate (New England Nuclear,
Boston, MA; Siegel, 1989).

In situ hybridization was performed as previously described by Siegel
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Figure 1. The concentration of M-Enk-IR in SCG extracts was tran-
siently increased during postnatal development. M-Enk concentrations
(pg M-Enk-IR/mg protein) were measured by RIA and compared to the
concentration of M-Enk-IR in SCG extracts from P21 rats assayed at
the same time. Four of five PO SCG extracts did not contain detectable
M-Enk-IR, while the fifth extract contained an amount of M-Enk-IR
that was just above the limit of detection (9% of the mean P21 value).
Therefore, a mean concentration was not calculated for PO SCG (*). In
contrast, the concentration of M-Enk-IR was relatively high in SCG
extracts from P7, P14, and P21 rats. Following P21, however, the con-
centration decreased. Values for P7, P14, and P21 are statistically dif-
ferent from 6 week and 12 week values (ANOVA, p < 0.0001). The
number of extracts assayed at each data point was three for all except
PO (five) and 12wk (seven).

(1989). Briefly, slides were warmed to room temperature, fixed in 4%
formaldehyde in 0.1 M NaPO, pH 7.2 for 5 min, rinsed in PBS, and
incubated in 0.25% acetic anhydride for 10 min. The slides were quickly
rinsed in 2x SSC (0.3 M sodium chloride, 0.03 M sodium citrate, pH
7; Sigma, St. Louis, MO), dehydrated through a graded series of ethanol
and allowed to air dry. Once dry, the tissue was incubated in hybrid-
ization buffer {4 x SSC, 50% formamide (Fisher, Fair Lawn, NJ), 500
ul/ml sheared single-stranded DNA (Boehringer-Mannheim, Indianap-
olis, IN), 250 ul/ml yeast tRNA (Collaborative Research, Bedford, MA),
1 x Denhardt’s solution, and 10% dextran sulfate (Sigma, St. Louis,
MO)] without the probe for 1 hr. The sections were incubated overnight
in hybridization buffer containing 7 x 10% cpm of *S-labeled probe.
Following hybridization, the slides were washed four times in 2x SSC,
50% formamide at 40°C, twice in 1 x SSC at room temperature, briefly
dipped in water to remove salt and allowed to air dry. Slides were dipped
in Kodak NTB-3 liquid emulsion (Rochester, NY) diluted 1:1 with
deionized water and dried for 2-3 hr. Slides were then placed in des-
iccated chambers and allowed to expose at 4°C for 6 weeks. They were
developed using D-19 developer (Kodak, Rochester, NY), fixed in Ko-
dak fixer (Rochester, NY), counterstained with cresyl violet, and ex-
amined using both bright- and dark-field microscopy.

The expression of proenkephalin A mRNA was analyzed by deter-
mining the percentage of neurons with grain densities above background
levels and by measuring those densities. The percentage of postnatal
neurons with proenkephalin A mRNA was determined by counting the
total number of neurons in sections through different regions of the
ganglia. The number of neurons with grain densities above background
was determined and their percentage calculated. Grain densities were
measured using the Cue 4 image analysis system (Olympus, Overland
Park, KS). Specific grain densities were calculated by subtracting the
background, or mean number of grains per unit area over a region of
the ganglion without neurons plus one standard deviation from the
grains per unit area over neurons. Sections from the same P14 SCG
were processed simultaneously with each experiment and grain densities
were normalized by comparing the average density of over control and
6-OHDA-treated adult SCG to the average specific grain density over
neurons in this P14 ganglia.

Denervation/reinnervation analysis. The extent of sympathetic de-
nervation and reinnervation was determined in submandibular glands
from 6-OHDA-treated and vehicle-treated animals on P2, P7, P14, and
P21. Sections of submandibular glands from perfused rats were labeled
with an antiserum directed against TH and the label visualized using a
goat anti-rabbit antibody conjugated to rhodamine. Sections were ex-
amined usinga 20 x objective and images of these sections were captured
via a SIT camera and saved on an optical disk for later analysis. When
the images were recalled for analysis, a 100 gm x 100 um grid was
placed over them and the number of intersections of TH-IR fibers with
the grid counted. The fibers at these intersections were identified as
those associated with gland parenchyma or those associated with blood
vessels or nerve bundles in connective tissue. Data from each gland
were averaged and expressed as a percentage of the mean value for
glands from vehicle-treated animals at each age.

Several measures were taken to ensure that the sampling was repre-
sentative of the entire gland. Images from at least three sections located
a minimum of 300 gm apart within the intact gland were analyzed. All
fields that were completely or almost completely filled with glandular
tissue were saved for analysis. Although examination of fields that were
not entirely filled with glandular tissue resulted in some variation in the
tissue area within individual fields, it allowed the edges of the tissue
sections to be analyzed. Such areas included the region where the sub-
mandibular nerve enters the gland, where most TH-IR fibers were lo-
cated at short survival times. All images were saved in the order they
were encountered if one scanned the section from side to side and then
top to bottom. The number of images acquired varied according to the
size of the gland and the orientation in which it was sectioned. De-
pending on the number of saved images, every image, every other image,
or every third image was analyzed. Between 17 and 68 fields were
analyzed from each gland.

Results

Enkephalin expression in sympathetic ganglia during normal
development
Enkephalin immunoreactivity. The concentration of M-Enk-IR
in the SCG changed dramatically during postnatal development.
At PO, SCG extracts from four of five animals lacked detectable
levels of M-Enk while the concentration of M-Enk-IR in the
extract from the fifth animal was just above the limit of detection
(approximately 9% of the P21 value). Extracts of P7 SCG con-
tained relatively high concentrations of M-Enk-IR and similar
concentrations were present in extracts from P14 and P21 SCG.
M-Enk-IR was still detectable in SCG extracts from 6 week old
animals but its concentration was severalfold lower than in P21
SCG extracts; this decrease was statistically significant (ANO-
VA, p < 0.0001) and the concentration of M-Enk-IR remained
low in SCG extracts from older animals (Fig. 1).
Immunocytochemical localization of Enk-IR within the SCG
revealed substantial changes in both M- and L-Enk-IR in neu-
ronal cell bodies after birth. Since the pattern of immunoreac-
tivity for both enkephalin peptides was similar at all ages, the
term Enk will be used to refer to both peptides. At PO, no
postganglionic neurons contained detectable Enk-IR; a mod-
erately dense plexus of Enk-IR fibers, however, was present in
the rostral third of the ganglion. Many of these fibers surrounded
postganglionic neuronal cell bodies and are likely to be pregan-
glionic in origin since in adult rats they disappear after section
of the cervical sympathetic trunk (Henion and Landis, 1993).
By P2, occasional Enk-IR postganglionic neurons were present
in the SCG and their number and the intensity of their im-
munofluorescence subsequently increased (Figs. 2, 3). Enk-IR
neurons were found predominantly in the caudal portion of the
SCG as previously described (Kondo et al., 1988; Kanagawa-
Terayama et al., 1989; Henion and Landis, 1993) and were not
associated with Enk-IR fibers at any age. The percentage of
neurons containing detectable Enk-IR was greatest between P14



Figure 2.
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M-Enk-IR neuronal cell bodies appeared in the caudal portion of the SCG postnatally and their proportion changed with development.

M-Enk-IR fibers were present in the rostral part of the SCG throughout postnatal development. M-Enk-IR neuronal cell bodies, however, were

first detected in a small number of neurons in the caudal portion of the SCG at P2
intensity of M-Enk neurons had increased. The proportion of immunoreac

By P7 (B), the proportion and the immunofluorescence
re neurons was greatest at P14 (C) and P21 (D). By P28 the proportion

and the immunofluorescence intensity of M-Enk-IR neurons had dramatically decreased (E) and at 6 weeks of age, only occasional M-Enk-IR

neurons were detected (F). Scale bar, 50 um.

and P21, when approximately one-third of principal neurons in
the caudal part of the SCG were Enk-IR. Even at this age when
Enk-IR was highly expressed in the caudal region of the SCG,

only a small number of neurons in the rostral portion of the
ganglion were Enk-IR. While in the neonate Enk-IR fibers were
mostly confined to the rostral SCG, at P14 and P21 immuno-
reactive fibers were also present in the caudal part. Since im-
munoreactive processes could be traced from neuron cell bodies
and immunoreactive fibers were present in the external carotid
nerve, which contains postganglionic axons, at least some of
these fibers appear to be postganglionic axons.

After P21, there was a striking reduction in Enk-IR in post-
ganglionic SCG neurons (Figs. 2, 3). At 4 weeks of age, far fewer
immunoreactive neurons were detected and the immunofluo-
rescence intensity of the remaining Enk-IR neurons had de-
creased. The loss of immunoreactivity continued into adult-
hood; at 6 weeks of age, occasional neurons exhibited moderate
immunofluorescence and at 12 weeks of age only a small number
of weakly immunoreactive neurons were detected. In contrast
to the dramatic reduction in Enk-IR within postganglionic neu-
rons, the dense network of Enk-IR fibers in the rostral SCG
remained intensely immunofluorescent.
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Figure 3. L-Enk-IR neuronal cell bodies appeared in the caudal portion of the SCG postnatally and their proportion changed with subsequent
development. Many L-Enk-IR fibers were present in the rostral third of the SCG throughout development. In addition, faint L-Enk-IR was detected
in a small number of neurons in the caudal region of the SCG at P2 (4). By P14 (B), both the proportion and the immunofluorescence intensity
of these neurons had increased. At P21 (C) approximately one-third of the neurons in the caudal part of the SCG were L-Enk-IR. After P21, the
proportion of Enk-IR neurons and their immunofluorescence intensity declined rapidly. At 6 weeks of age, only occasional moderately L-Enk-IR
and some faintly L-Enk-IR neurons were detected in the caudal part of the SCG (D). Scale bar, 50 pm.

Proenkephalin A mRNA. In situ hybridization with a probe
complementary to rat proenkephalin A mRNA was used to
examine the distribution of the mRNA encoding M- and L-Enk
in the SCG. At P1 and P2, a small percentage of neurons pos-
sessed grain densities above background levels (Figs. 4, 5). The
proportion of neurons with specific grain densities increased
over the next 3 weeks. As was the case for Enk-IR, the majority
of neurons with detectable proenkephalin A mRNA were lo-
cated in the caudal region of the SCG. After P21 the proportion
of neurons with detectable proenkephalin A mRNA appeared
to stabilize since it was not significantly different in SCG from
P21 and adult animals. In addition to determining the per-
centage of cells with detectable proenkephalin A mRNA, we
counted the number of grains per unit area over individual cells
and saw significant changes in the average densities with age.
We found that the average specific grain density over individual
cells increased until P14 and then decreased until it was equiv-
alent to the density over P7 SCG neurons (Fig. 5).

Effects of 6-OHDA treatment

Denervation and reinnervation of the submandibular gland. Rats
pups were injected on the day of birth with a low dose of 6-OHDA
(25 mg/kg) or vehicle. Two days later, the overall density of

TH-IR fibers in the submandibular gland was reduced by 93%
in comparison to the density in glands from littermates. In
control animals, most TH-IR fibers were in the gland paren-
chyma and the density of these fibers was reduced by 97% in
the 6-OHDA-treated animals (Figs. 6, 7). Most of the fibers
remaining were close to the entry of the submandibular nerve.
In contrast, the density of sympathetic fibers associated with
blood vessels and in nerves coursing through the connective
tissue was reduced by only 70% (Fig. 8), consistent with previous
reports suggesting that blood vessel-associated fibers are rela-
tively resistant to 6-OHDA treatment (Finch et al., 1972, 1973).
Many ofthe TH-IR fibers in nerve bundles are likely to represent
the preterminal axons of neurons whose terminals have been
destroyed and they often possessed enlarged terminals resem-
bling retraction bulbs of degenerating axons and growth cones
of regenerating axons (Fig. 6). The differences in fiber density
between glands from 6-OHDA- and vehicle-injected animals
decreased with time (Fig. 7). By P7 many more TH-IR fibers
were present and enlarged terminals were no longer common.
Two and three weeks after 6-OHDA treatment, the subman-
dibular glands contained approximately the same density of TH-
IR fibers as control glands. At 3 weeks, however, the density of
TH-IR fibers associated with vasculature within glands from
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Figure 4. mRNA encoding the Enk precursor increased and then remained at high levels during postnatal development. An oligonucleotide probe
complementary to proenkephalin A mRNA labeled with 35S was hybridized to sections of postnatal SCG. Grain densities above background were
detected over a small number of SCG neurons at P1 using both bright-field (4) and dark-field (B) microscopy. By P7 the proportion of SCG neurons
that specifically hybridized the probe had increased (C, D) and this increase continued until P21 (E, F). All sections shown were hybridized,

incubated and developed at the same time. Scale bars, 50 um.

6-OHDA-treated glands was greater than in control. Thus, the
dose of 6-OHDA used in these studies allowed significant re-
growth of sympathetic fibers over the course of several weeks.

Enkephalin peptides in SCG from 6-OHDA-treated animals.
Enk-IR detected with radioimmunoassay or immunocytochem-
istry was reduced in the SCG of 6-OHDA-treated animals. At
P7, P14, and P21 the concentration of M-Enk-IR in the SCG
from 6-OHDA-treated animals was significantly less than in
SCG from control animals (ANOVA, p < 0.0001; Fig. 8) but
it was the same in extracts from 6-7 week animals. Immuno-
cytochemical analysis revealed a striking decrease in Enk-IR
within postganglionic neurons but no difference was evident in
the numerous Enk-IR fibers present in the rostral portion of the

SCG. Both the proportion of SCG neurons with Enk-IR and
the intensity of that immunoreactivity were reduced (Fig. 9).
This reduction was apparent at all ages examined (P7 to 8 weeks
of age) and was evident when ganglia from 6-OHDA-treated
animals were compared to SCG from either untreated or ve-
hicle-injected rats.

To determine if the reduction in Enk-IR was correlated with
a change in proenkephalin A mRNA, we hybridized a radio-
labeled probe complementary to proenkephalin A mRNA to
sections of adult SCG from 6-OHDA- and vehicle-treated rats
(Figs. 10, 11). Both the proportion of neurons with specific grain
densities and the mean grain density over labeled neurons were
significantly reduced (¢ tests, p < 0.0001).
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Figure 5. Proenkephalin A mRNA increased in the SCG during post-
natal development. The percentage of neurons with grain densities above
background indicating specific hybridization of the proenkephalin A
mRNA probe was determined (4). This percentage increased during the
first 3 postnatal weeks (ANOVA, p < 0.0001), and most of these neurons
were located in the caudal portion of the SCG. The number of ganglia
for which percentages were determined was three for each time point
(P1 = 7874 neurons, P2 = 4322 neurons, P7 = 3391 neurons, P14 =
8829 neurons, P21 = 7617 neurons, adult = 6245 neurons). The mean
specific grain densities (grains/cell area) over SCG neurons to which the
probe had hybridized were determined (B) and found to significantly
increase during the first two postnatal weeks (ANOVA, p < 0.0001).
Following P14, grain densities declined (ANOVA, p < 0.0001). All
values were significantly different from each other except for the P7 and
adult values (Fisher test, p < 0.05). The number of neurons over which
grain densities were determined are as follows: PI = 90; P2 = 60; P7
= 223; PI4 = 407; P21 = 394; adult = 294. SCG sections from three
different animals were assayed for each age.

Neuropeptide Y immunoreactivity in sympathetic neurons from
6-OHDA—treated rats. When NPY-IR was examined in sections
of SCG, ganglia from treated and untreated animals were in-
distinguishable (Fig. 12). In normal rats approximately 60% of
SCG neurons were NPY-IR throughout postnatal development
and NPY-IR was, for the most part, intense. Neither the pro-
portion of neurons with NPY-IR neurons nor the intensity of
NPY-IR appeared to differ in 6-OHDA- and vehicle-treated
animals at any of the ages examined (P7, P14, P21, 6-7 weeks
of age). Consistent with these immunocytochemical observa-
tions, when the concentration of NPY in extracts of treated and
control P14 and P21 rats was compared, no difference was ev-
ident at P14 and the concentration was slightly increased in
ganglia from treated rats at P21 (Fig. 13).

Discussion

The developmental pattern of Enk expression contrasts with
that described for other neuropeptides found in rat sympathetic
ganglia. NPY, VIP and somatostatin appear in a large propor-
tion of neurons during embryogenesis: NPY is first detected at
E12.5, VIP at E14.5, and somatostatin is present at E16.5 (Katz
et al., 1992; Tyrrell and Landis, 1994). In contrast, immuno-
reactivity for two enkephalin peptides, M- and L-Enk, and
mRNA for their common precursor first appeared in a small
number of postganglionic SCG neurons after birth. During the
first 3 postnatal weeks, the concentration of M-Enk-IR, the
proportion of neurons with Enk-IR, the intensity of that im-
munoreactivity and the percentage of neurons containing proen-
kephalin A mRNA increased substantially in the SCG. After
P21 the concentration of M-Enk-IR, the proportion of neurons
with Enk-IR and the intensity of that immunoreactivity de-
creased. Between P21 and adulthood the percentage of SCG
neurons with detectable proenkephalin A mRNA, however, was
not altered.

The pattern of Enk-IR development in sympathetic neurons
resembles that of Enk-IR in adrenal chromaffin cells, which,
like sympathetic neurons, arise from the sympathoadrenal lin-
eage (Landis and Patterson, 1981; Anderson, 1986, 1989, 1993;
Anderson et al., 1991). Enk-IR in the adrenal gland transiently
increases but then rapidly decreases (Cheung, 1989; Henion and
Landis, 1990; Martinez et al., 1991). The timing of Enk ex-
pression in the two cell types, however, differs. In the adrenal
gland, Enk-IR appears at E16, the proportion of Enk-IR cells
peaks at E20 and then decreases to adult levels by P2 (Henion
and Landis, 1990). Based on the temporal correlation between
the onset of glucocorticoid production by the adrenal cortex and
Enk expression in chromaffin cells, glucocorticoids were sug-
gested to induce Enk-IR in vivo (Henion and Landis, 1990;
Henion and Landis, 1992). Consistent with this notion, dexa-
methasone, a synthetic glucocorticoid, increases L-Enk-IR in
chromaffin cells developing in culture (Henion and Landis, 1992).
Glucocorticoids also influence Enk expression in adult SCG;
L-Enk-IR is reduced in the SCG following adrenalectomy and
it is increased after treatment with dexamethasone (Henion and
Landis, 1993). While circulating glucocorticoids may contribute
to the regulation of Enk-IR in SCG neurons, it seems unlikely
that they are solely responsible for induction during develop-
ment. While all sympathetic ganglia would in principle be ex-
posed to similar glucocorticoid concentrations, Enk expression
differs in individual sympathetic ganglia. For example, while
significant increases in Enk-IR occurred in the SCG, no such
increases were observed in the stellate ganglion, which contains
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Figure 6. 'The submandibular gland parenchyma was denervated following 6-OHDA treatment. Many TH-IR fibers were present in the subman-
dibular gland from a P2 control rat (4). In contrast, most regions of submangdibular glands from P2 rats that had been treated with 6-OHDA 2 d
earlier lacked TH-IR fibers (B). TH-IR fibers remaining in the parenchyma were close to the point where the submandibular nerve entered the
gland (C). Many of these TH-IR fibers possessed enlarged terminals, representing retraction bulbs or growth cones. Scale bar, 50 um.

few Enk-IR neurons at any age (S. Tyrrell and S. C. Landis,
unpublished observations). This difference suggests that other,
more localized, factors also contribute to Enk expression.

One factor that might influence Enk expression in the SCG
is interactions between neurons and the targets they innervate.
Most neurons in the caudal part of the SCG project through the
external carotid nerve (Bowers and Zigmond, 1979), and some
of these, including Enk-IR neurons, innervate the submandib-
ular gland (Kondo et al., 1988; Shida et al., 1991, Soinila et al.,
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Figure 7. Following initial denervation, the density of TH-IR fibers
in submandibular glands from 6-OHDA-treated rats increased. Neo-
natal rat pups were injected with 25 mg/kg 6-OHDA intraperitoneally
and the density of TH-IR fibers in the submandibular glands examined
at various times after treatment. TH-IR fibers were identified according
to the structures with which they were associated. The density of fibers
associated with the glandular parenchyma is represented by solid bars,
while the density of fibers associated with the vasculature or in nerve
bundles coursing through the connective tissue is represented by hatched
bars. Two days after 6-OHDA treatment, the density of parenchymal
fibers was reduced by 97%, while the density of fibers associated with
either the vasculature or the connective tissue was reduced by 70%.
During subsequent development, the density of fibers in both com-
partments increased. By P14 the density of TH-IR fibers in the glands
of experimental animals was not statistically different from control val-
ues (¢ test, p = 0.6). Submandibular glands from six P2 rats were ana-
lyzed; these animals were from three different litters that were treated
separately. For all other ages, glands from three rats were analyzed and
these animals were from two different litters that were injected sepa-
rately. Error bars represent SEM in one direction only.

1991a,b). The development of the sympathetic innervation and
differentiation of this gland coincides with the increase in Enk
expression in the SCG. At PO a sparse plexus of TH-IR and
catecholamine fluorescent fibers are present in the developing
submandibular gland (Kondo et al., 1988; Tyrrell and Landis,
unpublished observations). Soon after this, at P1, proenkephalin
A mRNA is first detected and by P2 Enk-IR cell bodies are
present in the caudal region of the SCG. At P7 some TH-IR
fibers are associated with the vasculature while others have be-
come associated with acini and Enk-IR fibers are present (Kondo
etal., 1988). At P14 and P28 there are numerous TH- and Enk-
IR fibers in inter- and intralobular connective tissue and asso-
ciated with acini (Kondo et al., 1988; Tyrrell and Landis, un-
published observations). Since removal of the SCG results in
the disappearance of TH-IR fibers and a significant reduction
in the density of Enk-IR fibers, these fibers originate in the SCG
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Figure 8. M-Enk-IR in SCG assayed using radioimmunoassay was
reduced following 6-OHDA treatment. The concentration of M-Enk-
IR (pg M-Enk-IR/mg protein) in SCG extracts from 6-OHDA-treated
animals (stippled bars) was significantly decreased relative to that in
extracts from control animals (solid bars) over time (two-way ANOVA,
p < 0.0001). Extracts from both control and 6-OHDA-treated animals
were assayed at the same time; the data from normal ganglia are also
presented separately in Figure 1. There was no difference in the con-
centration of M-Enk-IR at 6-7 weeks of age (f test, p > 0.05). Error
bars represent SEM in one direction only. Three SCG extracts, made
from ganglia from different animals, were assayed for all points except
P14 and P21 for which four extracts were assayed.
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Figure 9. Enk-IR in SCG assayed using immunocytochemistry was reduced following 6-OHDA treatment. The developmental pattern of Enk-
IR in the SCG following vehicle injection was indistinguishable from that in SCG from untreated rats. At P14 numerous L-Enk-IR neurons were
present in SCG from vehicle-injected rats (4). Many fewer L-Enk-IR neuronal cell bodies were present in SCG from 6-OHDA-treated animals
and the immunofluorescence intensity of L-Enk-IR in these neurons was reduced (B). In SCG from adult animals, the number of Enk-IR neurons
was reduced compared to SCG from younger animals. The proportion, however, of neurons with Enk-IR and the immunofluorescence intensity
of that immunoreactivity were still greater in SCG from vehicle-injected rats (C) than in 6-OHDA=-injected rats (D).

(Kondo et al., 1988; Shida et al., 1991; Soinila et al., 1991a).
Targets of enkephalin-containing sympathetic neurons other than
the submandibular gland remain to be defined.

To examine the possibility that targets influence Enk expres-
sion, we used 6-OHDA to axotomize sympathetic axons close
to their target tissues. We injected 6-OHDA at PO, when sym-
pathetic fibers had arrived at and begun to innervate the sub-
mandibular gland (Kondo et al., 1988; Tyrrell and Landis, un-
published observations). This resulted in a transient loss of target
contact since 2 weeks after treatment the density of TH-IR fibers
in the submandibular gland was indistinguishable from that in
control glands. Since many TH-IR axons were present in sub-
mandibular nerve, it seems likely that the gland was reinner-
vated by fibers that would normally have innervated it.

The increase in Enk expression in the SCG of vehicle-injected
rats was similar to that observed in normal animals but it was
reduced in 6-OHDA-injected rats. Between P7 and P21, the
concentration of M-Enk-IR in the SCG was significantly less in
6-OHDA-treated than in control rats and both the proportion
of SCG neurons with Enk-IR and the intensity of that immu-
noreactivity was decreased in developing animals. Neither the
density of Enk-IR fibers in the rostral SCG nor the intensity of
Enk-IR within those fibers, however, was detectably altered

suggesting that the decrease in Enk-IR was specific to postgan-
glionic sympathetic neurons. The reduction in Enk-IR following
6-OHDA treatment did not represent a generalized decrease in
neuropeptide expression or neuronal ill health since there was
no difference detected in either the proportion or intensity of
NPY-IR neurons in sympathetic ganglia from 6-OHDA- and
vehicle-treated rats. Further, the concentration of NPY in SCG
of treated and control rats was indistinguishable at P14 and
slightly elevated, rather than decreased, in SCG of treated rats
at P21. About 60% of SCG neurons are NPY-IR in normal rats
(Jarvi et al., 1986) and none of these are Enk-IR (Kondo et al.,
1988; Henion and Landis, 1993). At P14 and P21, the majority
of neurons in the caudal region of the SCG from untreated rats
lacking NPY-IR are Enk-IR. Since the proportion of NPY-IR
neurons was unchanged, the absence of an increase in Enk-IR
was unlikely to result from death of Enk-IR neurons. These data
suggest that factors in the target are important in specifying the
increase in Enk-IR that normally occurs during postnatal de-
velopment.

The effects of 6-OHDA on Enk-IR within the SCG persist in
the adult even after target contact has been reestablished. Both
immunocytochemical and in situ hybridization histochemical
studies revealed decreased Enk expression in SCG of adult rats
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Figure 10. Proenkephalin A mRNA in SCG was reduced following 6-OHDA treatment. mRNA encoding the enkephalin precursor was assayed
using in situ hybridization histochemistry. Cells possessing grain densities above background were considered to contain proenkephalin A mRNA.
While a significant percentage of SCG neurons met this criteria as seen using both bright-field (4) and dark-field (B) microscopy in control adults,
substantially fewer SCG neurons did in ganglia from adult rats treated with a single injection of 6-OHDA (C, D). Scale bar, 50 pm.

following neonatal 6-OHDA treatment. These results suggest
that the acquisition of Enk-IR is prevented and not simply
delayed. A partial reduction in VIP-IR was also observed in the
sweat gland innervation after delay of target innervation using
6-OHDA, although in those experiments, cross-innervation as
well as reinnervation may have occurred (Stevens and Landis,
1988). Despite the difference in Enk-IR assayed by immuno-
cytochemistry and proenkephalin A mRNA assayed by im-
munocytochemistry in adult rat SCG, we did not detect a dif-
ference in the concentration of M-Enk-IR by RIA. It is likely
that this failure reflects the fact that most ganglionic Enk-IR in
the adult is present in preganglionic fibers that did not appear
to be affected by the treatment. Permanent reductions in peptide
expression following interruption of target contact might occur
if there was a critical period for target-dependent induction,
Those neurons that contained Enk following 6-OHDA treat-
ment might have contacted their targets and been induced to
express these peptides prior to treatment. While a critical period
for target-dependent induction could be intrinsic to the neuron,
an alternative explanation for a critical period entails devel-
opmental changes in the target tissue. Salivary gland acinar cells
proliferate and their phenotypes change between PO and P20
(Schneyer and Hall, 1969; Redman and Sreebny, 1970; Cutler
and Chaudhry, 1974; Srinivasan and Chang, 1977; Ball et al.,
1984; Moreira et al., 1991). During acinar differentiation, mark-

ers for the different types of acinar cells, proteins C and Bl
change and tonin, phosphofructokinase and the sodium, potas-
sium ATPase increase within the gland (Bhoola et al., 1973;
Yamashina and Barka, 1974; Sahara et al., 1981; Zacharatos et
al., 1983; Martinez and Camden, 1986; Camden and Martinez,
1987; Ball et al., 1988; Hamano et al., 1989; Moreira et al.,
1991) and adrenergic receptors and epidermal growth factor
appear in the glands (Ludford and Talamo, 1980; Cutler et al.,
1981; Raaberg et al., 1988). Along with alterations in these
properties, changes could well occur in the production of pep-
tidergic factors; the target might have distinct effects on the
expression of neuropeptides at different stages of development.

Enk-IR increased during the first weeks of postnatal devel-
opment but decreased in neuron cell bodies after P21. While
there was a correlation between Enk-IR and proenkephalin A
mRNA during the first 3 postnatal weeks, the proportion of
neurons with proenkephalin A mRNA did not decrease after
P21 and there was only a small decrease in the amount of mRNA
per neuron (see also Watanabe et al., 1991). Discrepancies in
Enk protein and proenkephalin A mRNA have been reported
previously (Livett et al., 1982; Kilpatrick et al., 1985, 1987;
Pittius et al., 1985; Howells et al., 1986; Siegel et al., 1988;
Stachowiak et al., 1988). The difference between the levels of
Enk-IR and proenkephalin A in the adult could reflect increased
stability of proenkephalin A mRNA, decreased translation of
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Figure 11. Less proenkephalin A mRNA was present in SCG from

6-OHDA-treated rats. The percentage of adult SCG neurons containing
proenkephalin A mRNA was determined by counting the number of
neurons with grain densities above background and the total number
of neurons in the SCG following in situ hybridization of a probe com-
plementary to proenkephalin A mRNA and autoradiography (4). There
was a significant reduction in the proportion of neurons with grain
densities above background levels in treated rats relative to controls (¢
test, p < 0.0001). When the mean specific grain densities of positive
neurons were determined, it was 60% less in neurons from 6-OHDA-
treated animals than in neurons from control animals; this was a sig-
nificant decrease (B; ¢ test, p < 0.0001). SCG from three control animals
and six 6-OHDA-treated animals were analyzed to determine the per-
centage of neurons with grain densities above background; the mean
specific grain densities were determined from SCG from three animals
and are expressed as the percentage of control values. Raw data for
control SCG is the same as that presented in Figure 6. The number of
neurons analyzed are as follows: A, control = 3326 neurons, 6-OHDA
= 7952 neurons; B, control = 294 neurons, 6-OHDA = 108 neurons.
In both graphs error bars represent SEM in one direction only.

proenkephalin A mRNA, decreased processing of the proen-
kephalin A precursor, increased transport of Enk to the periph-
ery, and/or increased degradation of Enk-IR. Precedents exist
for decreased or incomplete processing of the Enk precursor in
brain (Birch and Christie, 1986; Spruce et al., 1990) and adrenal
medulla (Birch and Christie, 1986; Stachowiak et al., 1988),
including a developmental decrease in M-Enk-IR in adrenal
glands (Coulter et al., 1990; Martinez et al., 1991). RIA analysis
of adult bovine sympathetic ganglion extracts before and after
enzymatic digestion suggest that only one-sixth of proenke-
phalin A is fully processed (Bastiaensen and de Potter, 1987).
The functional consequences of decreased or partial processing
of proenkephalin A are poorly understood but some interme-
diates in Enk processing may serve as neuropeptides in their
own right (Davis et al., 1990).

The signals that regulate the decrease in Enk-IR remain to be
defined. While the increase in Enk-IR is correlated with an
increase in proenkephalin mRNA, the decrease in Enk-IR is not
accompanied by a comparable decrease in proenkephalin A
mRNA. This suggests that the two changes in expression in
Enk-IR are regulated at different steps in the biosynthetic path-
way, suggesting that the decrease is not caused simply by loss
of the inducing signal. Denervation of SCG neurons by sec-
tioning the cervical sympathetic trunk causes a significant in-
crease in the number and immunofluorescence intensity of Enk-
IR neurons (Henion and Landis, 1993). The effect of surgical
denervation on Enk-IR is partially mimicked by treatment with
the opiate antagonist naloxone (Henion and Landis, 1993) sug-
gesting that Enk released from preganglionic fibers decreases
Enk-IR in SCG neurons /r vivo. It is unlikely, however, that
enkephalinergic innervation is responsible for decrease that oc-
curs after P21 since it is predominantly in caudal neurons in
the SCG that are not innervated by enkephalin containing fibers.

The developmental mechanisms that regulate acquisition of
the appropriate complement of neuropeptides by individual au-
tonomic neurons appear to be complex. In rat sympathetic neu-
rons, distinct developmental patterns of expression exist for
different neuropeptides (Landis et al., 1988; Katz et al., 1992;
Tyrrell and Landis, 1994) and multiple signals including some
derived from target tissues appear to contribute to the generation
of mature neuropeptidergic phenotypes. Progress is being made
in identifying the molecules responsible for particular target
effects on specific neuropeptides. For example, sweat glands
induce VIP expression in sympathetic fibers and cell bodies
(Schotzinger and Landis, 1990; Stevens and Landis, 1990;
Schotzinger et al., 1994), and a candidate factor for mediating
this induction that is distinct from cholinergic differentiation
factor/leukemia inhibitory factor (CDF/LIF) and ciliary neu-
rotrophic factor (CNTF) has been identified in extracts of rat
footpads (Rao and Landis, 1990; Rao et al., 1992a, 1993; Roh-
rer, 1992; Masu et al., 1993). Choroid cells in the eye appear
to induce somatostatin immunoreactivity in the ciliary neurons
that innervate them and culture studies suggest that this effect
is mediated by activin (Epstein et al., 1988; Coulombe and
Nishi, 1991; Coulombe et al., 1993). In culture, neuropeptide
expression by sympathetic neurons is altered by the cytokines,
CDF/LIF and CNTF, which increase VIP-IR, substance P-IR,
and somatostatin-IR, while decreasing NPY-IR (Ernsberger et
al., 1989; Nawa and Patterson, 1990; Nawa and Sah, 1990;
Friedin and Kessler, 1991; Nawa et al., 1991; Rao et al., 1992b;
Fann and Patterson, 1993; Shadiack et al., 1993). Further, both
CDF/LIF and CNTF increase proenkephalin A mRNA (Fann
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Figure 12. NPY-IR in SCG did not change following 6-OHDA treatment. Both the proportion and the intensity of NPY-IR cells appeared similar
in SCG and stellate ganglia from treated and untreated rats. NPY-IR was present in approximately 60% of SCG neurons from control P7 (4),
treated P7 (B), control P21 (C), and treated P21 (D) rats. Scale bar, 50 um.
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Figure 13. NPY-IR in SCG was not reduced following 6-OHDA treat-
ment. The concentration of NPY-IR (pg NPY-IR/mg protein) in SCG
extracts from 6-OHDA-treated animals (hatched bars) was not signif-
icantly different from that in extracts from control animals (solid bars)
at P14 (r test, p > 0.05). At P21 there was a small but significant increase
in the concentration of NPY-IR in SCG extracts (¢ test, p = 0.005).
Extracts from both control and 6-OHDA-treated animals were assayed
at the same time. Error bars represent SEM in one direction only. Three

and Patterson, 1993). While CDF/LIF plays an important role
in mediating the neuropeptide inductions observed in mature
sympathetic neurons after axotomy (Rao et al., 1993), no roles
in determining peptide phenotypes during development in vivo
have yet been assigned either CDF/LIF or CNTF. In addition
to these well-characterized differentiation factors, media con-
ditioned by different tissues have distinct effects on neuropep-
tide expression by sympathetic neurons in vitro, suggesting that
particular target tissues produce specific complements of pep-
tide-inducing factors (Nawa and Patterson, 1990; Nawa and
Sah, 1990). How many of these putative target-derived signals
contribute to determining the repertoires of neuropeptide phe-
notypes in sympathetic neurons /n vivo remains to be deter-
mined.
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