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The Appearance of NPY and VIP in Sympathetic Neuroblasts and
Subsequent Alterations in Their Expression
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Mature sympathetic neurons contain one or more neuropep-
tides in addition to a classical neurotransmitter. We com-
pared the development of two peptides, neuropeptide Y (NPY)
and vasoactive intestinal peptide (VIP), in rat superior cer-
vical (SCG) and stellate ganglia. NPY immunoreactivity (-IR)
was first detected at embryonic day (E)12.5. It was of similar
immunofluorescence intensity in almost all tyrosine hydrox-
ylase (TH)-IR cells. In contrast, VIP-IR, of variable fluores-
cence intensity, appeared at E14.5 in a subset of TH-IR cells
in the stellate ganglion but not in SCG. Both peptides were
present in bromodeoxyuridine-labeled neuronal precursors
as well as neurons. The intensity of NPY immunofluores-
cence increased until E16.5. Subsequently, while it contin-
ued to increase in some neurons, the intensity decreased in
others so that at birth approximately 55% of SCG and stellate
neurons were NPY-IR. Developmental changes in NPY con-
centration, determined by radioimmunoassay, were similar
in both ganglia, increasing between E14.5 and E16.5 and
then decreasing 60% between E16.5 and birth. VIP expres-
sion differed from that of NPY. The proportion of VIP-IR cells
began to decrease the day after VIP-IR was first detected.
Although VIP-IR was present in one-third of E14.5 TH-IR
stellate cells, at birth only 2% were VIP-IR. VIP-IR, measured
by radioimmunoassay, was uniformly severalfold more con-
centrated in the stellate than SCG, and its concentration
decreased throughout embryonic development, 40% be-
tween E14.5 and E16.5 and 95 % by birth. /n situhybridization
revealed detectable mRNA for both NPY and VIP at E14.5 in
stellate ganglion and mRNA for NPY, but not VIP, in SCG.
Initially, ganglionic neuropeptide mRNA appeared uniformly
distributed but became heterogeneous. Our data indicate
that features of the diverse peptidergic phenotypes ex-
pressed by sympathetic neurons are present when peptides
are first detected while others arise subsequently. The final
acquisition of peptidergic phenotypic diversity is complex,
entailing both early induction in many cells and subsequent
restriction to specific subpopulations.
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In addition to small molecule neurotransmitters, such as nor-
epinephrine and acetylcholine, sympathetic neurons often con-
tain one or more neuropeptides. These include NPY, VIP, en-
kephalin, somatostatin, galanin, and calcitonin gene-related
peptide (for review, see Elfvin et al., 1993). With appropriate
stimuli, neuropeptides are released from nerve terminals and
affect target cell function either directly by activating receptors
within sympathetic target tissues or indirectly by modulating
the release of small molecule transmitters and other neuropep-
tides from nerve terminals (Hokfelt, 1991). The complement of
peptidergic phenotypes differs between ganglia, and adjacent
neurons in a ganglion may possess distinct peptide phenotypes.
For example, 3-5% of adult rat stellate neurons possess VIP-
IR (Landis and Fredieu, 1986), while only rare SCG neurons
are VIP-IR (Hokfelt et al., 1977; Sasek and Zigmond, 1989).
Further, a subpopulation of the VIP-IR neurons in the stellate
ganglion, but not the SCG, contain CGRP (Landis and Fredieu,
1986; Lindh et al., 1987, 1989; Kummer and Heym, 1988). In
contrast, NPY-IR is present in similar proportions of sympa-
thetic neurons in different paravertebral ganglia (Jarvi et al.,
1986; J. DeJonge, P. Henion and S. Landis, unpublished ob-
servations).

NPY and VIP are present in distinct subsets of sympathetic
neurons and provide interesting contrasts with respect to func-
tion and colocalization with classical neurotransmitters. NPY
is a vasoconstrictor (Lundberg et al., 1990; Owan, 1990) and
inhibits secretion in a variety of tissues (Dunning et al., 1987;
Walker et al., 1991). It also inhibits the release of norepineph-
rine, with which it is colocalized (Lundberg et al., 1990; Bleak-
man et al., 1992). On the other hand, VIP, a vasodilator (Owan,
1990) and a potent secretagogue (for reviews, see Ekstrom, 1990;
Baraniuk and Kaliner, 1991), facilitates the release of both nor-
epinephrine and acetylcholine (Nilsson et al., 1990; Przywara
et al,, 1991; Lefebvre et al., 1992; Takahasi et al., 1992; but see
Bratveit and Helle, 1991). In adult ganglia, VIP is exclusively
colocalized with acetylcholine (Lundberg et al., 1980, 1982;
Lindh et al., 1989).

While the distribution and function of NPY and VIP in ma-
ture sympathetic neurons have been under investigation for
some time, the mechanisms responsible for acquisition and reg-
ulation of their expression during development are incompletely
understood. The developmental appearance of NPY-IR has been
described in amphibians (Stofer and Horn, 1990, 1993) and that
of NPY- and VIP-IR in birds (Hayashi et al., 1983; New and
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Mudge, 1986; Garcia-Arraras et al., 1987, 1992). These peptides
are first detected in low concentrations and a few cells. With
development, the concentration of NPY- and VIP-IR and the
proportion of immunoreactive neurons increase. These obser-
vations suggest that expression of a particular neuropeptide is
induced in neurons that will contain that neuropeptide when
mature and that subsequent developmental regulation of pep-
tide expression entails primarily increased expression. Since our
understanding of sympathetic ganglion formation and matu-
ration and preganglionic and postganglionic innervation in these
species is incomplete, however, it is difficult to associate the
acquisition of neuropeptide phenotypes with the developmental
mechanisms responsible.

Sympathetic ganglia in rats provide an excellent system in
which to examine the developmental mechanisms regulating
neuropeptide expression because the development of ganglia
and neurons, particularly the SCG, has been extensively studied
in vivo and in vitro. Sympathetic precursor cells derived from
neural crest first appear along the thoracic dorsal aorta at E10/
Ell and in the cervical region at E12 (Rubin, 1985a), where
they begin to express TH-IR and catecholamines and proliferate
to form ganglia (Cochard et al., 1978, 1979; Rothman et al,,
1978; Teitelman et al., 1979; Rubin, 1985a). Soon after this, at
E13.5, clonal analysis indicates that precursor cells are com-
mitted to either a neuronal or non-neuronal fate (Hall and Lan-
dis, 1991). Most sympathetic neuronal precursors undergo a
terminal division between E12 and E16 (Hendry, 1977; Landis
and Damboise, 1986) while glial precursors in the SCG are
quiescent during this time and proliferate after E16 (Hall and
Landis, 1991, 1992). The first preganglionic axonsenter the SCG
at E13 and with their arrival, postganglionic responses can be
elicited (Rubin, 1985b,¢). By E14, several hundred preganglionic
fibers, one-sixth the adult complement, are present, and by birth,
half the adult number are evident. Many sympathetic neurons
first contact their target tissues during embryogenesis; the timing
of this event appears variable and is partially dependent on the
distance of the target from the ganglion. Sympathetic fibers are
detected in the iris at E15 and are likely to reach closer targets
before that (Rubin, 1985a). Distal targets, including pineal gland
and sweat glands, are contacted after birth (Landis and Keefe,
1983; Li and Walsh, 1991). Since sympathetic neurons in the
SCG at least are generated over 4-6 d, neurons at different
developmental stages are present in embryonic ganglia. Al-
though initial presynaptic and postsynaptic contacts are estab-
lished before birth, major expansions in dendritic arborizations
and preganglionic and postganglionic terminal plexuses occur
after birth (Black and Mytilineou, 1976; Smolen and Raisman,
1980; Voyvodic, 1987). In addition to our knowledge of de-
velopmental events in sympathetic ganglia, differentiation fac-
tors that influence neuropeptide expression in sympathetic neu-
rons have been identified (Wong and Kessler, 1987; Adler et
al., 1989; Ernsberger et al., 1989; Nawa and Patterson, 1990;
Nawa and Sah, 1990; Nawa et al., 1991; Rao et al., 1992a—<;
Fann and Patterson, 1993).

We examined the development of NPY and VIP expression
in rat SCG and stellate ganglia and found that acquisition of
mature peptide phenotypes is more complex than previously
suspected. NPY and VIP were first detected early in develop-
ment, in dividing neuroblasts as well as postmitotic neurons.
At early stages, virtually all TH-IR cells in both ganglia con-
tained NPY-IR, VIP-IR was evident in a subset of TH-IR cells
in the stellate but not in SCG, and some stellate cells contained

both peptides. With subsequent development, however, the pro-
portion of cells with immunoreactivity for these peptides de-
creased and the phenotypes became segregated. Thus, restriction
of neuropeptide expression plays an important role in shaping
a neuron’s neuropeptide repertoire.

Materials and Methods

Animals and dissection. Pregnant Sprague-Dawley rats were obtained
from Zivic Miller (Zelienople, PA). At appropriate gestational ages
(E11.5-E18.5), embryos were removed from the uterus following as-
phyxiation of the mother with carbon dioxide. Postnatal animals were
killed by ether inhalation and staged according to the criterion of Christie
(1962).

The degree to which the SCG and stellate ganglia were dissected free
of surrounding tissue depended on the age of the animal and the tech-
nique with which the ganglion was to be analyzed. For immunocyto-
chemical and in situ hybridization analyses, embryonic ganglia were
fixed and sectioned with surrounding tissues. Young embryos (E11.5—
E13.5) were fixed and sectioned whole, while older embryos (E14.5-
E18.5) were partially dissected and pieces of tissue containing the ganglia
were fixed and then sectioned. Sectioning embryonic ganglia with sur-
rounding tissue prevented artifactual immunoreactivity at the edges of
ganglia which, in small embryonic ganglia, could affect a large proportion
of tissue. The presence of surrounding tissues also allowed determina-
tions of background staining intensity and grain densities. Ganglia from
postnatal animals were dissected completely. These ganglia were sig-
nificantly bigger and edge artifacts affected only the connective tissue
sheath and immediately adjacent cells; since immunoreactivity and grain
densities were heterogeneously distributed, background levels were readily
determined within ganglia. Ganglia used for RIA were completely dis-
sected and placed in 2 N acetic acid on ice.

Immunocytochemistry. Tissue was fixed in 4% paraformaldehyde in
0.1 M phosphate buffer. Embryonic tissue was immersed for 2.5 hr at
room temperature. Postnatal rat pups were perfused with fixative for
10 min and ganglia were dissected and immersed for 50 min at room
temperature. Fixed tissue was equilibrated in 30% sucrose in phosphate
buffer for cryoprotection. Frozen sections of 7 um (embryonic) or 10
um (postnatal) were mounted on gelatin-coated slides.

Sections were labeled by rinsing in phosphate-buffered saline (PBS),
preincubating in dilution buffer (0.5 M sodium chloride, 0.01 M phos-
phate buffer, 3% bovine serum albumin, 0.1% sodium azide, 0.3%
Triton-X 100), and then incubating in dilution buffer containing 5% rat
serum and primary antisera overnight. Antisera and the combinations
in which they were used are listed in Tables 1 and 2. Sections were
rinsed in PBS, incubated with the appropriate secondary antisera in
dilution buffer with 5% rat serum, and rinsed. Peptide-IR was usually
enhanced using secondary antisera conjugated to biotin followed by
avidin conjugated to a fluorochrome in dilution buffer. Sections were
mounted with glycerol:PBS (1:1) containing 1-2% N-propyl gallate (Gi-
loh and Sedat, 1982; Sigma, St. Louis, MO). In most cases, sections
were either double or triple labeled using primary antisera raised in
different species and species-appropriate secondary antibodies conju-
gated to distinct fluorochromes. Antiserum combinations are listed in
Table 2. Several experiments were performed to control for nonspecific
binding or cross-reactivity of antisera. First, sections were incubated
without the primary neuropeptide antisera. Second, NPY and VIP pri-
mary antisera were absorbed by incubating them with either NPY or
VIP (10 ug/ml; Peninsula, Belmont, CA) for 2 hr at room temperature.
The mixture of antiserum and peptide was centrifuged to remove pep-
tide-antibody complexes and the supernatant used as the primary an-
tiserum. Following omission of the primary antiserum or absorption,
only low background levels of fluorescence were evident. The devel-
opmental patterns of NPY- and VIP-IR were also confirmed using an-
tisera generated in different species. Sections of ganglia from multiple
ages were labeled in each experiment so that the immunofluorescence
intensity could be compared.

The proportion of immunoreactive neurons and neuroblasts was de-
termined from micrographs of sections labeled with antisera for TH
and a neuropeptide. Cells were considered labeled if the intensity of
immunofluorescence within them was greater than that of the surround-
ing tissue. The total number of neurons and neuroblasts was determined
by counting the TH-IR cells. We did not detect TH-IR in E18.5 or
postnatal day 0 (PO) VIP-IR neurons; therefore, at these ages, the total
number of neurons was determined by adding the number of TH- and
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Table 1. Antisera used

Antigen Species of origin Dilution Supplier

NPY Guinea pig 1:250 P. D. Henion® and M. S. Rao®
NPY Rabbit 1:500 Amersham

VIP Guinea pig 1:300 P. D. Henion? and M. S. Rao?®
VIP Rabbit 1:500 P. Hogan¢

TH Rabbit 1:200 Pel-freeze

TH Mouse 1:1000 Boehringer Mannheim

TH Mouse 1:500 Incstar

BrdU Mouse 1:100 Boehringer Mannheim
Secondary antisera

Antigen Conjugate Dilution Supplier

Guinea pig Biotin 1:200 Amersham

Guinea pig FITC 1:100 Jackson

Rabbit Biotin 1:200 Amersham

Rabbit FITC 1:400 Cappel

Mouse Biotin 1:200 Amersham

Mouse FITC 1:500 Antibodies Inc.

Avidin Texas red 1:300 Amersham

Avidin AMCA 1:300 Vector

2 University of Oregon, Eugene, OR.
v Cal Tech, Pasadena, CA.
< Harvard University, Boston, MA,

VIP-IR neurons. To avoid counting the same cells twice, only cell pro-
files with a nucleus were counted and sections located at least 35 (E14.5),
70 (E16.5-E18.5), or 100 (PO) um apart were analyzed. Data were col-
lected and pooled from at least three sections through different regions
of ganglia, and the percentage of total neurons and neuroblasts im-
munoreactive for either NPY or VIP was calculated.

5-Bromo-2’-deoxyuridine (BrdU) incorporation into dividing cells. Di-
viding cells were labeled in vivo using a modified version of the procedure
described by Miller and Nowakowski (1988). 5-Bromo-2'-deoxyuridine
(BrdU; Sigma) was injected intraperitoneally into pregnant Sprague—
Dawley rats on the appropriate gestational day (0.1 pg/gm). One hour
later, a second injection was administered and the animals were killed
3 hr after the second injection. Since BrdU is cleared rapidly, multiple
injections increased the time it was available for incorporation, resulting
in more intense labeling of a larger proportion of the dividing cells.
Sections (5 um) of sympathetic ganglia from treated embryos were la-
beled with NPY or VIP antiserum followed by a fluorochrome-conju-
gated secondary antiserum. In some cases, the sections were also labeled
with anti-TH antiserum. The antibodies were fixed on the section by
incubating slides in 4% paraformaldehyde for 20 min followed by a 40
min incubation in 2 N HCl to denature DNA. The sections were labeled
overnight with a mouse monoclonal anti-BrdU antibody diluted in PBS
with 0.5% Tween-20 and 5% rat serum, rinsed with PBS and Tween-
20, and labeled with a secondary antiserum conjugated to a third flu-
orochrome.

Radioimmunoassay. Ganglia were homogenized in 2 N acetic acid

by sonication and boiled for 5 min. Samples were centrifuged for 2 min
and the supernatants were aliquoted, lyophilized, and stored at —70°C.
Protein assays were performed on some aliquots using the Micro BCA
kit (Pierce, Rockford, IL). To normalize data obtained at different times
or using different assays, peptide levels were expressed as the percentage
relative to E14.5 stellate (VIP) or E16.5 (NPY) samples assayed si-
multaneously.

VIP-IR was assayed either using a commercially available RIA kit
(Incstar, Stillwater, MN) or the method described by Hyatt-Sachs (Hy-
att-Sachs et al., 1993). When the kit was used, the protocol supplied
with the kit was followed. A brief description of the other protocol
follows. Samples were reconstituted in assay buffer [0.1 M phosphate
buffer, 0.05MNaCl,0.01 M EDTA, 0.1% bovine serum albumin (Sigma),
0.1% Triton-X, and 0.19 TIU/ml aprotinin (Sigma)]. Either standard
concentrations of VIP (Bachem, Philadelphia, PA) or the unknown
samples were then incubated overnight with rabbit anti-VIP (Peninsula).
On the following day '»I1-VIP (DuPont-New England Nuclear, Boston,
MA) was added and the mixture incubated overnight. On the third day,
goat anti-rabbit IgG and normal rabbit serum (Peninsula) were added,
the samples incubated for 2 hr, and then centrifuged at 1700 x g for
20 min. Pellets were counted in a gamma counter.

NPY-IR was measured using RIA kits from Peninsula. For some
samples, NPY-IR was measured with an RIA kit utilizing an antiserum
directed against porcine NPY, which displays 64% cross-reactivity with
rat NPY. Therefore, rat NPY, and not porcine NPY, was used for a
standard curve. NPY-IR in other samples was measured with a kit

Table 2. Combinations of antisera used

TH/NPY Rabbit anti-TH/guinea pig anti-NPY
Mouse anti-TH/rabbit anti-NPY
TH/VIP Rabbit anti-TH/guinea pig anti-VIP
Mouse anti-TH/rabbit anti-VIP
NPY/VIP Rabbit anti-NPY/guinea pig anti-VIP
Guinea pig anti-NPY/rabbit anti-VIP
NPY/BrdU Guinea pig anti-NPY/mouse anti-BrdU
VIP/BrdU Guinea pig anti-VIP/mouse anti-BrdU
TH/NPY/BrdU Rabbit anti-TH/guinea pig anti-NPY/mouse anti-BrdU
TH/VIP/BrdU Rabbit anti-TH/guinea pig anti-VIP/mouse anti-BrdU
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Figure 1.

The appearance of NPY-IR in rat sympathetic precursors and ganglia. Rat embryo sections were labeled for TH and NPY. At E11.5

TH-IR sympathetic precursors in the thoracic region (4) do not possess NPY-IR (B); by E12.5, however, virtually all TH-IR cells in both thoracic

and cervical regions (C) are uniformly NPY-IR (D). Scale bar, 50 um.

utilizing an antibody directed against rat NPY (Peninsula). In this case,
the standards provided with the kit were used.

In situ hybridization. Tissue used for in situ hybridization was frozen
in Tissue Tek on dry ice immediately. Embryonic and postnatal tissues
were sectioned at 7 or 10 um, respectively, and sections were mounted
on gelatin-coated slides so that the tissue thawed only momentarily.
Sections were stored at —70°C.

Oligonucleotide probes complementary to NPY and VIP mRNA were
used to localize peptide mRNA. The probe complementary to NPY
mRNA was 45 nucleotides in length (bases 106-151; Larhammar et al.,
1987). This region is not conserved in other members of the pancreatic
polypeptide gene family. The probe complementary to VIP was 47
nucleotides in length (bases 403—449; Nishizawa et al., 1985). Both were
made using solid-phase synthesis on an Applied Biosystems DNA syn-
thesizer, gel purified, and stored at 4°C. Prior to use they were labeled
on the 3' end using terminal deoxynucleotidyl transferase (Bethesda
Research Labs, Gaithersburg, MD) and *S-deoxyadenosine 5'-(a-thio)
triphosphate (New England Nuclear; Siegel, 1989).

In situ hybridization was performed as described by Siegel (1989).
Briefly, slides were warmed to room temperature, fixed in 4% formal-
dehyde, rinsed in PBS, and incubated in 0.25% acetic anhydride. The

slides were quickly rinsed in 2x SSC (0.3 m sodium chloride, 0.03 m
sodium citrate, pH 7; Sigma), dehydrated with ethanol, and air dried.
Once dry, the tissue was incubated in hybridization buffer (4 x SSC,
50% formamide; Fisher, Fair Lawn, NJ), 500 ul/ml sheared single-
stranded DNA (Boehringer Mannheim, Indianapolis, IN), 25 ul/ml yeast
tRNA (Collaborative Research, Bedford, MA), 1 x Denhardt’s solution,
and 10% dextran sulfate (Sigma) without the probe. Slides were incu-
bated overnight in hybridization buffer containing 7 x 10° cpm of S-
labeled probe. The slides were then washed in 2 x SSC/50% formamide
at 40°C and then in 1 x SSC at room temperature, dipped in water, and
allowed to dry. Slides were dipped in Kodak NTB-3 emulsion (Roch-
ester, NY) diluted 1:1, and placed in desiccated chambers at 4°C for 6
weeks. They were developed using D-19 developer (Kodak), fixed, and
counterstained with cresyl violet.

In one experiment, in situ hybridization was performed on embryonic
tissue fixed prior to sectioning. Embryos were removed, and ganglia
were partially dissected and immersed for 2.5 hr in 5% sucrose and 4%
paraformaldehyde in 0.1 M phosphate buffer at room temperature, fol-
lowed by an overnight incubation in 30% sucrose and 4% paraformal-
dehyde. Sections were cut the next day, stored at —70°C, and processed
as described except that fixation was omitted and sections were incu-

—

Figure 2. The distribution of NPY-IR in sympathetic ganglia during embryonic development. Rat embryo sections were labeled for TH and NPY.
At E14.5 cells in the SCG were TH-IR (4) and NPY-IR (8), while immunoreactivity for neither antigen was detected in adjacent nodose ganglia
(ng). At E16.5 the intensity of immunoreactivity was no longer uniform; some cells were more brightly immunoreactive than at earlier ages, while
other cells were less (C). At all ages the distribution of NPY-IR within SCG and stellate ganglia was similar, as demonstrated in E16.5 SCG (C)
and stellate ganglia (D). At PO many SCG TH-IR neurons (E) were not NPY-IR (F). In F, arrows indicate neurons classified as NPY-IR, while
arrowheads indicate neurons classified as not immunoreactive. Scale bar, 50 um.
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Figure 3. Proportion of NPY-IR neurons in embryonic and neonatal
sympathetic ganglia during development. The percentage of TH-IR cells
that were NPY-IR was determined by counting cell profiles from mi-
crographs of double-labeled sections. To avoid counting cells twice, only

bated for 6 min in 0.1 M glycine and rinsed with PBS prior to incubation
in acetic anhydride. While this resulted in improved structure, specific
grain densities were reduced.

As neuron size increased, the distribution of grains within ganglia
could be examined in detail. The grain densities over neurons in sections
hybridized with the probe complementary to NPY mRNA were mea-
sured using the Cue 4 image analysis system (Olympus, Overland Park,

_ KS). For this analysis, only sections hybridized, dipped, and developed

at the same time were analyzed. Specific grain densities over sections
of PO and adult SCG were calculated by subtracting the background, or
mean grain density from an area of the ganglion without neurons plus
1 SD, from the grain densities over neurons. Three SCG were assayed
by measuring grain densities over all neurons in a section and plotting
frequency distributions for these densities. Gaussian and exponential
curves were fitted to the data using the PASSAGE 11 program that weighted
each value using its standard deviation and gave a x? value representing
the closeness of the fit. A x? value was used to test the validity of the
fit (Bress et al., 1989). The percentage of postnatal stellate neurons with
VIP mRNA was determined by counting the total number of cresyl
violet-stained neurons and the number of neurons with grain densities
above background levels.

Results
Neuropeptide Y
NPY-IR was present in most TH-IR cells in the thoracic and
cervical regions soon after TH-IR cells began to coalesce to form
ganglia; the proportion of TH-IR cells with NPY-IR, however,
decreased during subsequent development. At E12.5, 1 d after
TH-IR sympathetic precursors are present in the thoracic region
(Cochard et al., 1978; Teitelman et al., 1978, 1979) and the
same day they reach the cervical region (Rubin, 1985a), NPY-
IR was first detected in sympathetic ganglia (Fig. 1). NPY-IR
was never seen in adjacent sensory ganglia (Fig. 2). When it first
appeared, NPY-IR was present in almost all TH-IR cells and
the peptide immunofluorescence was faint throughout the cy-
toplasm (Fig. 1). During the next 3 d, the proportion of TH-IR
cells with peptide-IR remained relatively constant while the
intensity of peptide immunofluorescence increased. At E16.5,
the immunofluorescence intensity of NPY-IR began to appear
heterogeneous; some cells were more brightly immunoreactive
than others (Fig. 2). As development proceeded, the proportion
of cells with detectable NPY-IR decreased significantly (ANO-
VA, p < 0.0001) from approximately 90% in both the SCG and
the stellate ganglion at E16.5 to 76% at in the SCG and 62% in
the stellate ganglion at E18. By PO, the proportion of neurons
with NPY-IR was 57% in the SCG and 52% in the stellate
ganglion (Fig. 3), proportions similar to those in the adult (Jarvi
et al., 1986; DeJonge, Henion, and Landis, unpublished obser-
vations). While the percentage of TH-IR cells expressing NPY-
IR was decreased in the adult relative to E14.5, the intensity of
NPY-IR in immunoreactive neurons continued to increase both
prenatally and postnatally (Fig. 2).

Since NPY was present in the majority of TH-IR cells before
most neurons in sympathetic ganglia have been generated, it
seemed likely that NPY was expressed not only by postmitotic

—

profiles containing a nucleus were counted and all sections counted were
located at least 35 (E14.5), 70 (E16.5~E18.5) or 100 (PO) um apart. At
El4.5and E16.5, almost all TH-IR cells were also NPY-IR. After E16.5,
however, the proportion of TH-IR cells possessing NPY-IR declined
until PO when the adult pattern was established. Changes in the per-
centage of NPY-IR neurons after E16.5 were statistically significant
(ANOVA, p < 0.01). The percentage of NPY-IR cells was determined
in at least three sections each from three different ganglia for each time
point. The number of cells counted from each animal ranged from 308
to 4595. Error bars represent standard deviation.



neurons but also by neuroblasts. To examine this question di-
rectly, E14.5 embryos were exposed in utero to BrdU, a thy-
midine analog incorporated into dividing cells, and then ganglia
were processed for immunocytochemistry 4 hr later. These ex-
periments were done at E14.5 because NPY-IR was brighter
than at earlier ages and many sympathetic neuron but few glial
precursors are dividing (Hendry, 1977; Landis and Damboise,
1986; Hall and Landis, 1992). Sections of ganglia from embryos
exposed to BrdU were double labeled with antisera against NPY
and BrdU. Numerous BrdU-IR nuclei were present in both SCG
and stellate ganglion and many NPY-IR cells within the SCG
and stellate ganglia possessed BrdU-IR nuclei (Fig. 4). In some
experiments, sections were also labeled with an antiserum rec-
ognizing TH. The presence of all three markers in individual
cells confirmed that sympathetic neuroblasts expressed NPY
prior to their final division.

Immunocytochemical analysis revealed alterations in NPY-
IR during embryonic development, suggesting that the concen-
tration of NPY within the ganglia was changing. To address this
possibility, NPY content was analyzed by RIA (Fig. 5). NPY-
IR was present in similar concentrations in the SCG and stellate
ganglion at E14.5, the earliest age at which it was feasible to
collect cleanly dissected ganglia. By E16.5, NPY-IR concentra-
tions in each ganglion had increased (ANOVA, p < 0.05), but
with further development they decreased (ANOVA, p < 0.05;
Fig. 5) so that by birth the concentrations of NPY were ap-
proximately 40% of those detected at E16.5. While in general,
changes in NPY-IR assayed by RIA parallel those assayed by
immunochemistry, the NPY concentration measured by RIA
decreased more than the number of NPY-IR reactive cells. This
may reflect the fact that glial cells begin to divide late in em-
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Figure 4. NPY-IR and VIP-IR are
present in sympathetic neuroblasts.
E14.5 rat embryos were exposed to the
thymidine analog BrdU and killed 4 hr
after the first injection. Sections were
double labeled for NPY or VIP and
BrdU. Several NPY-IR cells in stellate
ganglia (4) also possessed BrdU-IR nu-
clei (B, arrows), indicating that NPY is
present in dividing cells. The fluores-
cence intensity of BrdU-IR nuclei in the
ganglion was less than that of nuclei in
surrounding tissues. VIP-IR cells in
stellate ganglia (C) also possessed BrdU-
IR nuclei (D, arrows). Some of the di-
viding cells possessed faint VIP-IR,
while others were more brightly la-
beled. Scale bars, 50 um.

bryogenesis and neurons would therefore contribute a smaller
proportion of the total ganglionic protein (Hall and Landis,
1991, 1992).

SCG and stellate, but not sensory, ganglia specifically hy-
bridized a probe complementary to NPY mRNA during em-
bryonic development. At E14.5, when sympathetic ganglia could
be reliably identified by anatomical position, grains indicating
specific hybridization were present over the entire SCG and
stellate ganglia. With further development, the grain density
increased (Fig. 6). Because the embryonic cells were small, grains
could not be localized over individual cells until PO, at which
age grains were concentrated over neurons but not glial cells
(Fig. 7).

While at birth, most sympathetic neurons possessed grain
densities above background and the density of grains over most
neurons was similar, in adult ganglia, significant differences in
grain densities were evident between neurons. To examine grain
distributions in more detail, we measured the specific grain
densities of all neurons in sections of PO and adult SCG and
fitted Gaussian curves to the resulting frequency distributions
of those densities (Fig. 7). While the PO distribution was fit with
one Gaussian curve, the adult distribution was not. It was, how-
ever, fit with two Gaussian curves, while neither data set could
be fit with exponential curves. One of the mean values for the
two populations of grain densities in the adult is lower than the
mean value for PO neurons, while the other is higher. Further,
the higher density population contains approximately 60% of
SCG neurons, while the lower density population constitutes
about 40% of these neurons. These percentages are the same as
the proportion of neurons that do and do not possess NPY-IR
in adult animals. Since differences in NPY-IR in individual
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Figure 5. Changes in the concentration of NPY-IR during develop-
ment. NPY-IR was measured in extracts of SCG (4) and stellate ganglia
(B) by RIA. Because at these ages sympathetic ganglia are small, each
extract contained ganglia from several animals. Data collected at dif-
ferent times or with different kits were normalized by expressing them
as a percentage of E16.5 values determined simultaneously. All values
are statistically different from the earlier age; in the SCG E14.5 is not
different from PO, and in the stellate ganglion E14.5 is not different
from either E18.5 or PO (ANOVA; p < 0.05). Error bars represent SEM
in one direction only. The numbers of different extracts assayed for each
age are as follows: E14.5 SCG = 4, E16.5 SCG = 5, E18.5 SCG = 9,

neurons were evident at PO while the segregation into two pop-
ulations based on mRNA content does not occur until later,
differences in NPY-IR between individual neurons emerge be-
fore differences in NPY mRNA.

Vasoactive intestinal peptide (VIP)

VIP was differentially expressed in the SCG and stellate ganglion
throughout development. Although cells and fibers containing
immunocytochemically detectable VIP-IR were never observed
in embryonic or neonatal SCG, many VIP-IR cells and fibers
were present in stellate ganglia after E14.5 (Fig. 8). Furthermore,
while VIP mRNA was not detected in embryonic or neonatal
SCG using in situ hybridization histochemistry, specific grains
were located over stellate ganglia. While we could not detect
VIP or its mRNA in individual cells in SCG, we were able to
measure VIP-IR in SCG extracts. Its concentration was always
severalfold lower than that in extracts of stellate ganglia from
the same animals (Fig. 9).

The differences in VIP-IR in SCG and stellate ganglia became
apparent at E14.5. At E13.5, no VIP-IR cells were detectable
in either ganglion, but by E14.5, approximately one-third of
TH-IR cells in the stellate ganglia, but not the SCG, possessed
VIP-IR (Fig. 8). VIP-IR was not seen in sensory neurons in
adjacent dorsal root or nodose ganglia. The appearance of VIP-
IR at E14.5 in stellate ganglia but not SCG was observed with
two independently generated antisera. At E14.5 the intensity of
immunofluorescence varied considerably between cells and many
immunoreactive cells were faintly labeled. As a consequence, it
was difficult to determine the percentage of immunoreactive
cells at E14.5 with the same accuracy as at older ages, and thus
the percentage at this age is an estimate. After E14.5, the in-
tensity of immunoreactivity exhibited by individual cells in-
creased, allowing VIP-IR cells to be counted and percentages
of immunoreactive cells calculated (Fig. 10). Following the ini-
tial appearance of VIP-IR in approximately one-third of TH-
IR cells, the proportion of VIP-IR cells declined rapidly (ANO-
VA, p = 0.01 for data from E16.5 to P0), and by PO, only 3.5%
of the neurons within the stellate ganglion possessed VIP-IR.
This percentage 1s similar to that in gangha from adult animals
(Landis and Fredieu, 1986).

The appearance of VIP-IR, like that of NPY-IR, overlaps
with the period of neurogenesis. To determine if sympathoblasts
contained VIP-IR, dividing cells were labeled with BrdU at
E14.5. Some, but not all, cells with BrdU-IR also possessed
VIP-IR, indicating that a subset of dividing cells within the
stellate ganglion were VIP-IR (Fig. 4). These cells were also TH-
IR and are therefore sympathetic neuron precursors. Since the
intensity of VIP-IR varied between individual BrdU-IR sym-
pathetic precursors, the differences observed in immunofluo-
rescence intensity did not appear to be correlated with neuronal
birthdates.

In mature animals, VIP is found in cholinergic neurons that
lack immunoreactivity for TH and NPY (Hokfelt et al., 1977,
Lundberg et al., 1979, 1982; Lindh et al., 1989). When VIP-IR
initially appeared in embryonic stellate ganglia at E14.5 and
El16.5, however, it was colocalized with TH-IR. Since many
cells contained NPY-IR, it seemed likely that VIP-IR was also

e

PO SCG = 5, E14.5 stellate = 4, E16.5 stellate = 8, E18.5 stellate = 9,
PO stellate = 5.




Figure 6. Development of NPY mRNA in embryonic sympathetic ganglia. Sections of rat symnathetic ganglia, which were fixed prior to sectioning,
were examined with bright-field (4, D, F, and H) or dark-field (B, E, G, and I) microscopy 15ilowing hybridization with a probe complementary
to NPY mRNA. The micrographs are of sections from fixed tissue, hybridized, dipped in emulsion, and developed at the same time. At E14.5 (4
and B) above-background levels of grains were present over the SCG. Although fixation of tissue prior to sectioning resulted in better morphological
preservation of the tissue, more grains were present when the tissue was frozen immediately following dissection and fixed after sectioning, as
shown in a section from E14.5 SCG (C). By E16.5 (D and E), the density of grains over SCG had increased and this continued to be evident in
E18.5 SCG (F and G). At all ages grain distributions were similar in SCG and stellate ganglia, as shown in E18.5 stellate ganglia (// and I). At no
stage were above background grain densities located over adjacent nodose ganglia. Scale bar, 50 pm.
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Figure 7. Postnatal modification of NPY mRNA distribution. Sections of rat SCG were examined with bright-field microscopy following hy-
bridization with a probe complementary to NPY mRNA. At PO (4) grains were located over neuronal cell bodies. While the grain density varied,
only one population of neurons appeared to be present. In sections from adult SCG (B), many neurons had higher grain densities over them than
at PO; however, many neurons had fewer grains than at P0O. The average grain densities over SCG sections that were hybridized, dipped in emulsion,
and developed at the same time were measured, frequency distributions of grain density/area over SCG neurons plotted, and Gaussian curves fitted
to the data by least squares fitting. Although standard deviations are not shown, they were used to fit the data and are reflected in the x? value for
the fit. Data from P0 animals were fit with one Gaussian curve (C) while data from adult animals were fit with two Gaussian curves. The validity
of these fits was tested using the “goodness-of-fit” test. Neither curve could be fit with an exponential curve. Three ganglia were examined at each
age; this included a total of 859 cells for PO data and 1036 cells for adult data. Scale bar, 50 pm.

colocalized with NPY-IR. We examined the possible colocali-
zation of NPY and VIP at E16.5 when peptide-IR was relatively
robust and found that almost every VIP-IR cell also possessed
NPY-IR (Fig. 11). In many cases, VIP-IR was found in less
intensely NPY-IR cells; these may represent cells in which NPY
content was decreasing as VIP content was increasing. There
were also examples of cells that were brightly immunoreactive
for both peptides. At E18.5 and PO, VIP-IR was only detected
in cells that lacked TH-IR. Since NPY-IR was restricted to TH-
IR neurons at all ages examined, it seems likely that VIP-IR
was not colocalized with NPY-IR at either E18.5 or P0.
Changes in the concentrations of VIP-IR in ganglion extracts
were measured using RIA. The highest concentration of VIP-
IR was found in E14.5 stellate ganglia. With subsequent de-
velopment, VIP-IR concentration decreased rapidly (ANOVA,
p 0.01), leveling off at PO at approximately 5% of the E14.5

value (Fig. 9). Extracts of SCG also contained VIP-IR, and
although the concentration of VIP in the SCG was severalfold
less than in extracts of stellate ganglia of the same age, it followed
a similar developmental pattern. The concentration of VIP-IR
in SCG was highest at E14.5 and decreased to approximately
5% of that value by PO. Interestingly, extracts of E14.5 SCG
contained more VIP-IR per microgram of protein than extracts
of PO stellate ganglia, despite the fact that immunocytochemical
methods detected VIP-IR neurons in the stellate ganglion, but
not the SCG.

In situ hybridization with an oligonucleotide probe comple-
mentary to VIP mRNA indicated that VIP-IR was correlated
with VIP gene expression within the ganglia; silver grains were
located specifically over the stellate ganglion but not SCG, dorsal
root ganglia, or nodose ganglia in E14.5 and older rats. Initially,
silver grains were distributed throughout the ganglion and were



Figure 8.

stellate
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Developmental distribution of VIP-IR in embryonic sympathetic ganglia. Rat embryo sections were labeled for VIP. VIP-IR appears
during the early development of the stellate ganglion. At E13.5, TH-IR cells (4) are not VIP-IR (B). At E14.5, approximately one-third of TH-IR

Is (C) are VIP-IR (D), while no VIP-IR cells are present in the SCG (scg, E). Although some cells in the nodose ganglion (ng, E) appeared

to be faintly VIP-IR, equivalent immunofluorescence was observed when primary antisera were omitted. The intensity of VIP-IR in stellate cells
at E14.5 is variable and faint in most cells. By E16.5, a smaller proportion of stellate cells are VIP-IR; however, the intensity of immunoreactivity
within individual cells is increased (F). These changes are even more pronounced by E18.5 () and PO (H). No VIP-IR cells are seen in sections

of embryonic or neonatal SCG (7).
E-I, 50 pm.

not clustered over different regions. By E16.5, grains were un-
evenly distributed over stellate ganglia and by PO, they were
clearly localized over a subset of individual neurons (Fig. 12).
During the first 2 postnatal weeks the percentage of neurons
with grain densities above background levels decreased (Fig. 13;
ANOVA, p < 0.05) followed by a slight increase at P21 to adult
levels.

are photomicrographs of the same field double labeled for TH and VIP. Scale bars: 4-D, 17 um;

Discussion

The patterns of NPY and VIP expression in sympathetic ganglia
during embryonic development, while distinct, share several
features. Although NPY-IR appeared 2 d before VIP-IR, both
peptides were present early in embryonic development. A sig-
nificantly greater percentage of embryonic cells than adult neu-
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Figure 9. VIP-IR concentrations in sympathetic ganglia during em-
bryonic and postnatal development. The concentration of VIP-IR in
extracts of SCG and stellate ganglia was measured by RIA. Because
sympathetic ganglia are small at these ages, each extract contained gan-
glia from multiple animals. In both SCG and stellate ganglia the con-
centration of this peptide decreased rapidly during embryonic devel-
opment but was relatively stable following birth. At all ages, severalfold
more VIP-IR was found in extracts of stellate ganglia than in extracts
from SCG extracts. All embryonic values were statistically different from
each other, while the only postnatal values that were statistically dif-
ferent were those for PO and adult SCG (ANOVA, p < 0.05). The
numbers of different extracts assayed for different age are as follows:
E14.5 SCG = 4, E16.5 SCG = 6, E18.5 SCG = 9, PO SCG = §, P7-
adult SCG = 3, E14.5 stellate = 4, E16.5 stellate = 6, E18.5 stellate =
9, PO stellate = 8, P7—adult stellate = 3.

rons expressed immunoreactivity for these peptides. During the
same developmental period that the proportion of immuno-
reactive cells declined, peptide concentrations decreased. In situ
hybridization indicated that NPY and VIP mRNA was initially
distributed throughout the ganglion, but with time became lo-
calized to subsets of cells. While the proportions of neurons
containing detectable NPY and VIP immunoreactivity were
similar in neonates and adults, the proportion of neurons with
NPY and VIP mRNA differed. Although the distribution of
neuropeptide protein and mRNA within each ganglion changed
during development, NPY was consistently expressed by a sim-
ilar proportion of neurons in the SCG and stellate ganglion,
while VIP was predominantly expressed in the stellate ganglion.

One of the most striking similarities in the development of
NPY and VIP was their early expression, not only by neurons,
but also by sympathetic precursor cells. Sympathetic precursors
are unusual in that they display characteristics of their classical
transmitter phenotype prior to their final division, including
catecholamine histofluorescence (Cochard et al., 1978, 1979;
Rothman et al., 1978) and immunoreactivity for TH and do-
pamine B-hydroxylase (DBH; Cochard et al., 1978, 1979; Tei-
telman et al., 1979; DiCicco-Bloom et al., 1990). Similarly,
MAH cells, a clonal cell line derived by retroviral immortali-
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Figure 10. Proportion of stellate cells that are VIP-IR during devel-
opment. The percentage of sympathetic precursors and neurons that
were VIP-IR was determined by counting cell profiles from photomi-
crographs of sections double labeled for TH- and VIP-IR. At E16.5, all
VIP-IR were also TH-IR and the total number of cells was determined
by counting TH-IR cells; however, at E18.5 and PO, VIP-IR cells were
not TH-IR and the total number of cells was determined by adding TH-
IR and VIP-IR cells. To avoid counting cells twice, only profiles con-
taining a nucleus were counted and all sections counted were located at
least 35 (E14.5), 70 (E16.5-E18.5), or 100 (PO) um apart within the
ganglion. At least three sections from different regions of the ganglion
were counted from each animal. At E14.5 many of the VIP-IR cells
were extremely faint, and therefore the proportion of cells was estimated
at this time (asterisk); however, with subsequent development, the in-
tensity of immunoreactivity in individual cells increased, allowing us
to determine precisely the percentage of VIP-IR cells. The proportion
of VIP-IR cells declined until PO when adult proportions were estab-
lished. The data for E16.5, E18.5, and PO were statistically different
(ANOVA, p < 0.05). The percentage of immunoreactive neurons was
determined from three ganglia at each time point and the number of
cells counted in each ganglia ranged from 575 to 1819. Error bars rep-
resent standard deviation.

zation of a sympathoadrenal precursor, contain mRNAs for TH,
choline acetyltransferase, and tryptophan hydroxylase (Van-
denbergh et al., 1991). These cells also synthesize catechola-
mines and acetylcholine as do sympathoadrenal precursors iso-
lated from E14.5 adrenal glands.

Many embryonic sympathetic precursors and neurons express
phenotypes that they do not display in the adult. Others have
described transmitter properties during development that are
not detectable in mature neurons; for example,
5-hydroxytryptamine-IR is evident at E12.5 and absent from
principal neurons of adult ganglia, and somatostatin-IR is pres-
ent in many sympathetic neurons at E16.5, but only in rare
neurons in adult ganglia (Hokfelt et al., 1977; Soinila et al.,
1989; Katz et al., 1992). Similar changes occur in avian sym-
pathetic neurons (Hayashi et al., 1983; Garcia-Arraras et al.,
1984: Maxwell et al., 1984; New and Mudge, 1986; Garcia-



Arraras and Marinez, 1990). We found the proportion of cells
that are initially immunoreactive for NPY and VIP is much
greater than in the adult (Jarvi et al., 1986; Landis and Fredieu,
1986; DeJonge, Henion and Landis, unpublished observations).
A consequence of the expression of multiple transmitter prop-
erties by large proportions of precursors and immature neurons
is that phenotypes that are mutually exclusive in the adult over-
lap in the embryo. Thus, VIP is coexpressed with TH and NPY
in embryonic stellate cells; neither combination is normally ev-
ident in adult neurons (see Elfvin et al., 1993). By birth, how-
ever, the proportions of NPY- and VIP-IR neurons resemble
those in the adult and NPY and VIP were no longer in the same
neurons.

The decrease in the proportion of NPY- and VIP-IR cells and
the segregation of the two phenotypes were accompanied by
increased immunofluorescence in cells that remained detectably
immunoreactive. The number of NPY-IR neurons decreased
40% and NPY-IR concentration 60% between E16.5 and PO;
in the stellate ganglion, the number of VIP-IR neurons and the
concentration of VIP-IR decreased 95% between E14.5 and PO.
Changes in peptide concentration reflect alterations in the num-
ber of immunoreactive cells, the concentration of immuno-
reactivity in those cells, and the changing proportion of gangli-
onic volume occupied by neurons. In the SCG, glial cells
proliferate after E16.5 (Hendry, 1977; Hall and Landis, 1991,
1992), resulting in a smaller proportion of the ganglionic volume
being occupied by neurons. This may explain, in part, why the
NPY concentration decreased more than the proportion of NPY-
IR neurons and why the increased peptide concentration sug-
gested by greater immunofluorescence was not reflected in the
concentration of peptide immunoreactivity measured by RIA.
The developing SCG, like the stellate ganglion, contained VIP-
IR (Pincus et al., 1990), albeit severalfold less, and the VIP
concentration in SCG decreased at the same rate as in stellate
ganglia. Despite the presence of VIP-IR detected by RIA, neither
immunoreactive cells nor specific hybridization with a VIP
mRNA probe was detectable. Since the VIP concentration is
higher in E14.5 SCG than PO stellate ganglia, which contain
cells with VIP-IR and VIP mRNA, the simplest explanation is
that relatively more cells in the SCG express relatively lower
levels of VIP.

While the adult proportions of sympathetic neurons contain-
ing NPY- and VIP-IR were established by birth, the distribu-
tions of NPY and VIP mRNA were modified postnatally. There
is a clear discrepancy in the percentage of neurons with peptide-
IR and mRNA at PO: 60% of PO SCG neurons were NPY-IR
but almost all neurons in PO SCG possessed similar levels of
NPY mRNA. Because most NPY-IR neurons were brightly
immunofluorescent, we do not believe that this discrepancy
results from different sensitivities of the two methods. As rats
matured, the level of NPY mRNA was upregulated in some
neurons until approximately 60% of SCG neurons had high grain
densities and 40% had lower grain densities. Similarly, while
the proportion of neurons with VIP-IR was similar at PO and
adulthood, the proportion of neurons with VIP mRNA was
greater at PO than in the adult. Discrepancies between peptide
and mRNA levels exist for several neuropeptides (Kilpatrick et
al., 1985; Pittius et al., 1985; Howells et al., 1986; Siegel, 1989;
Spiegel et al., 1990; Nawa et al., 1991; Watanabe et al., 1991;
Tyrrell and Landis, 1994), including NPY (Sabol and Higuchi,
1990; Tyrrell et al., 1992) and VIP (reviewed in Gozes, 1988),
and have been attributed to differences in mRNA stability,
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NPY-IR and VIP-IR are colocalized in some stellate neu-
rons during embryonic development. Sections of E16.5 rat sympathetic
ganglia were labeled for NPY and VIP. Some cells (arrows) were im-
munoreactive for both NPY (4) and VIP (B), indicating that these
peptides are colocalized at this age. Scale bar, 50 um,

Figure 11.

translation efficiency, or precursor processing (Birch and Chris-
tie, 1986; Gozes et al., 1987; Stachowiak et al., 1988; Kew et
al., 1989; Spruce et al., 1990). Whatever the explanation, our
results suggest that the mechanisms regulating neuronal peptide
content change as the ganglion matures.

Early widespread expression and subsequent restriction of
transmitter properties are not restricted to developing sympa-
thetic neurons. Adrenal chromaffin cells and enteric neurons
that appear related to sympathetic neurons (Landis and Patter-
son, 1981; Anderson, 1989; Carnahan et al., 1991) have similar
patterns of catecholaminergic and peptidergic expression. For
example, twice as many chromaffin cells contain NPY at E15
than do so at birth (Henion and Landis, 1990). In addition,
more embryonic than adult chromaffin cells are enkephalin-IR;
in other animals, this developmental decrease in enkephalin-IR
has been correlated with changes in precursor processing (Coul-
ter et al., 1990; Martinez et al., 1991). Enteric neurons are de-
rived from transiently catecholaminergic cells that express TH-,
DBH- and NPY-IR (Baetge et al., 1990). At least some TC cells
are mitotic, indicating that TC cells, like sympathoblasts, pos-
sess transmitter properties prior to their final division (Teitel-
man et al., 1978, 1981; Jonakait et al., 1979; Baetge et al., 1990).
These characteristics are subsequently lost; mature enteric neu-
rons are not TH- or DBH-IR and only a subset are NPY-IR.

The embryonic restriction of peptidergic phenotypes does not
appear to be irreversible. Changes in VIP-IR are induced during



9,
E - ; i
*
" =
£ . r
- - L
i B A
s W -
P b o -
1 Y L .
L) L
s e 4
- " S .
v :
+ -
F - . Y
L & T R
- h L
iy MY #
- ¥ ?
“ s
-
B - » L]
oy -u;’ > -
" b r
- e o By

Figure 12. Development of VIP mRINA in sympathetic ganglia. Sections of rat sympathetic ganglia, which had been fixed after sectioning, were
examined with bright-field (4, C, E, and ) and dark-field microscopy (B, D, F, and H) following hybridization with a probe complementary to
VIP mRNA. E14.5 stellate ganglion (4 and B) had grains specifically located over it; however, E14.5 SCG (C and D) did not. By PO, grains were
clearly localized over a subset of stellate neurons (£ and F). The proportion of stellate neurons with these grains over them continued to decline
postnatally so that in the adult stellate (G and /) the proportion was about one-half of the PO value. Scale bars, 50 um.




normal postnatal development and following experimental ma-
nipulation. During the second postnatal week, sweat glands in-
duce VIP-IR in TH-IR sympathetic fibers that subsequently
become weakly TH-IR (Landis et al., 1988; Schotzinger and
Landis, 1990; Schotzinger et al., 1994). While no stellate neu-
rons possess both VIP- and TH-IR at PO or in adulthood, some
possess both VIP and TH-IR when sweat gland fibers are im-
munoreactive for both (Rao, Tyrrell, and Landis, unpublished
observations). VIP is also induced in SCG neurons when they
are cultured (Nawa and Patterson, 1990; Nawa and Sah, 1990;
Garcia-Arraras, 1991; Rao et al., 1992b; Sun et al., 1992, 1994;
Zigmond et al., 1992) and if they are axotomized in vivo (Hyatt-
Sachsetal., 1993; Raoetal., 1993a,c). Somatostatin, transiently
expressed by embryonic sympathetic neurons (Katz etal., 1992),
isalso induced with culture (Kessler, 1985; Nawa and Sah, 1990;
Rao et al., 1992b). It is unclear at present whether these peptide
inductions represent reexpression of an embryonic phenotype
or-de novo expression.

There are similarities and differences in the development of
NPY and VIP expression in rat as compared to chick and frog.
NPY-IR appeared after TH-IR in rat, chick, and bullfrog sym-
pathetic ganglia and was expressed in equivalent proportions of
cells in different sympathetic ganglia in both rat and bullfrog
(Stofer and Horn, 1990; Garcia-Arraras et al., 1992). In contrast
to rat, the proportion of NPY-IR cells was initially small in
chick and bullfrog ganglia and then increased. Further, expres-
sion of NPY was attributed to postmitotic neurons in frog (Stofer
and Horn, 1990, 1993). NPY levels in rat and chick sympathetic
ganglia decrease following a peak during embryogenesis; in chick,
however, this decrease occurs later than in rat and is not sta-
tistically significant (Garcia-Arraras et al., 1992). The devel-
opmental expression of VIP also differed in chick and rat sym-
pathetic ganglia. VIP is first detected in a small number of cells
and then both the proportion of VIP-IR cells and the concen-
tration of VIP-IR increase (Hayashi et al., 1983; New and Mudge,
1986; Garcia-Arraras et al., 1987). In contrast, we found VIP
was first expressed in a relatively large proportion of cells and
both the proportion of these cells and the VIP concentration
subsequently decreased.

Because of our knowledge of sympathetic neuron develop-
ment, candidate mechanisms for the induction and subsequent
regulation of NPY and VIP can be assessed for their likelihood.
Since the developmental patterns of expression for NPY and
VIP differ in a number of respects, distinct mechanisms are
likely to regulate aspects of their expression. In principal, the
induction of peptide expression could be influenced by lineage,
birthdate, environmental cues along the migratory route, factors
within the local ganglionic environment, preganglionic signals,
and target-derived signals. Since NPY was present shortly after
gangliogenesis in virtually all precursors and neurons, it is un-
likely that its expression was initially induced by either pregan-
glionic innervation or target contact. NPY-IR was first detected
when preganglionic fibers have begun to appear in sympathetic
ganglia but before functional connections are made (Rubin,
1985b,c). NPY-IR was also present in dividing precursor cells
which possess only short processes (Anderson, 1986; DiCicco-
Bloom et al., 1990) that are unlikely to have extended outside
the ganglion and to have contacted targets. Further, NPY-IR is
present in fibers when they reach targets (Allen et al., 1989;
Anderson and McLachlan, 1991; Li and Walsh, 1991; Tsai et
al., 1992). Based on the very early expression of NPY and uni-
form coexpression with TH-IR, a common signal may induce

The Journal of Neuroscience, July 1994, 14(7) 4543

percent of total celis

PO P7 P14 P21 Aduit

age

Figure 13. Postnatal development of VIP mRNA in stellate ganglia.
The percentage of stellate neurons with specific grain densities following
hybridization with a probe complementary to VIP mRNA was deter-
mined by counting neurons using bright- and dark-field microscopy.
The percentage of neurons with VIP mRNA decreased during the first
2 postnatal weeks and then increased. Three ganglia were examined at
each age. Data from PO, P7, and P14 are all statistically different from
each other, while P7, P21, and adult ganglia are not. Data from P14
are statistically different from P21 but not adult ganglia (ANOVA, p <
0.05).

both catecholaminergic properties and NPY. Consistent with
the hypothesis of a common inductive signal are the findings
that NPY and TH are uniformly coexpressed by TC cells in the
developing gut, which are proposed as members of the sym-
pathoadrenal lineage (Baetge et al., 1990; Carnahan et al., 1991;
Lo et al., 1991). Catecholaminergic properties are believed to
be induced in sympathoadrenal precursors during migration by
ventral neural tube/notochord and somitic mesenchyme (Co-
hen, 1972; Norr, 1973; Teilletet al., 1978; Howard and Bronner-
Fraser, 1985, 1986; Coulombe and Bronner-Fraser, 1986). The
inductive signal remains to be defined but an intermediary step
may be induction of MASH 1, a rat homolog of Drosophila
achaete-scute (Johnson et al., 1990; Lo et al., 1991). Although
NPY-IR appears later than catecholaminergic properties, this
lag could reflect differences in the cellular mechanisms required
for expression of the two properties.

Since VIP-IR is expressed later than NPY, in one but not
both ganglia, and only in a subset of TH-IR cells, the mecha-
nisms regulating its initial expression are likely to differ from
those inducing catecholaminergic properties and NPY. VIP could
be induced in sympathetic precursors that form ganglia in the
thoracic regions by adjacent tissues. As described below, several
factors induce VIP expression in sympathetic neurons and one
or more of these, differentially distributed in the embryo, could
be responsible. Alternatively, the differential expression of VIP
in SCG and stellate ganglion could reflect an inhibitory influence
of the tissues SCG precursors encounter as they migrate to the
cervical region. VIP-IR is variable in intensity as soon as it
appears, and how heterogeneous induction of VIP-IR is achieved
1s unclear. One mechanism that might account for the uneven
appearance of VIP-IR in neighboring cells is differential mod-
ulation of VIP expression by preganglionic activation after in-
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duction. Functional connections between preganglionic fibers
and the SCG exist at E13.5 (Rubin, 1985¢) 1 d before VIP-IR
appears and depolarization increases the expression of VIP-IR
in neonatal sympathetic neurons iz vitro (Rao et al., 1992).

The appearance of VIP in embryonic sympathetic precursors
and neurons observed in the present study contrasts with pre-
vious findings of postnatal VIP induction in sweat gland inner-
vation. In this case, VIP expression is induced by the target
tissue. VIP-IR appears in developing sweat gland innervation
after axons have contacted the target for a week (Landis et al.,
1988). Its appearance in the sweat gland innervation requires
interaction with glands, and sweat glands induce VIP in neurons
that would not normally innervate them or contain VIP (Schot-
zinger and Landis, 1990; Stevens and Landis, 1990; Schotzinger
et al., 1994). Differentiation factor(s) present in footpad extracts
has been partially characterized and it will be of interest to
determine whether the same differentiation factors play a role
in both embryonic and postnatal inductions (Rao and Landis,
1990; Rao et al., 1992¢, 1993; Rohrer, 1992).

The mechanisms responsible for restriction of peptide ex-
pression to a fraction of the neurons that initially expressed it
are as important for shaping the final phenotype as those re-
sponsible for the initial induction. Our analysis of NPY and
VIP suggests that restriction involves both decreased and in-
creased expression in distinct populations of cells and that this
process, which begins in late embryogenesis, continues into post-
natal development. During late embryogenesis, immunoreac-
tivity for both neuropeptides increases in some neurons while
decreasing in others. Similarly, at birth, in the SCG, sympathetic
neurons appear to constitute a single population with respect to
NPY mRNA but two distinct populations are present in adult
ganglia. Since NPY expression is correlated in adult animals
with innervation of particular target tissues including iris, pineal,
and vasculature (Hokfelt et al., 1980; Lundberg et al., 1982;
Bjorklund et al., 1985; Schon et al., 1985; Hokfelt, 1991), it
seems likely that target tissues play a role in this process, either
by target-specific maintenance or target-specific suppression.
Consistent with this, neurons begin to segregate into populations
that are more or less NPY-IR at E16.5, when at least some
neurons have established terminal plexuses in target tissues
(Rubin, 1985a). Since cultures of sympathetic precursor cells
isolated from E14.5 SCG acquire a normal complement of NPY -
IR and NPY-negative neurons, at least in culture, signals from
the local ganglionic environment are sufficient and neither af-
ferent innervation nor target signals are required for restriction
(Hall and MacPhedran, 1994). Glial precursors proliferate when
NPY is restricted to a subset of TH-IR cells (Hall and Landis,
1992) and the absence of non-neuronal cells in SCG cultures
increases the proportion of NPY-IR neurons (Hall and Mac-
Phedran, 1994). A similar mechanism has been postulated for
the restriction of TH-IR in cranial sensory neurons (Fan and
Katz, 1993).

A number of the mechanisms invoked to regulate peptide
expression in sympathetic neurons during development involve
environmental signals. Several cytokines and trophic factors
influence peptide expression and represent candidates. Both leu-
kemia inhibitory factor (LIF) and ciliary neurotrophic factor
(CNTF) decrease NPY-IR and increase VIP-IR in sympathetic
neurons in vitro (Ernsberger et al., 1989; Nawa and Patterson,
1990; Nawa et al., 1991; Rao et al., 1992b; Sun et al., 1994)
and another cytokine, oncostatin M, causes VIP induction (Rao
et al., 1992a; Symes et al., 1992). Furthermore, nerve growth

factor (NGF) increases NPY in PC12 cells (Allen et al., 1984,
1987; Sabol and Higuchi, 1990). Several lines of evidence sug-
gest that developing sympathetic neurons have access to these
factors. Medium conditioned by non-neuronal cells from sym-
pathetic ganglia contains LIF (Sun et al., 1994) and LIF mRNA
is present in rat footpads containing sweat glands (Yamamori,
1991). NGF and NGF mRNA are present in sympathetic targets
during development (Korsching and Thoenen, 1983, 1988; Shel-
ton and Reichardt, 1984; Davies et al., 1987). In addition to
differentiation factors already characterized, additional pepti-
dergic factors present in tissue extracts and conditioned media
remain to be identified (Nawa and Patterson, 1990; Nawa and
Sah, 1990; Rao et al., 1992¢c; Rohrer, 1992; Fann and Patterson,
1993) and peptidergic factors identified in other systems, such
as the somatostatin-inducing factor for ciliary neurons (Cou-
lombe and Nishi, 1991; Coulombe et al., 1993), need to be
assessed for their effects on sympathetic neurons. Our studies
imply that developmental changes in peptide expression are not
likely to be the result of any single factor. While the mechanisms
that regulate neuropeptide expression appear to be complex,
this should not be surprising, considering the complexity of the
environment in which neurons develop.
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