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An important component of neuronal development is the 
matching of neurotransmitter expression with the appropri- 
ate target cell. We have examined how peptide transmitter 
expression is controlled in a simple model system, the avian 
ciliary ganglion (CG). This parasympathetic ganglion con- 
tains 2 distinct types of neurons: choroid neurons, which 
project to vasculature in the eye’s choroid layer and use 
somatostatin as a co-transmitter with ACh, and ciliary neu- 
rons, which innervate the ciliary body and iris and use ACh 
but no known peptide co-transmitter. We have found that 
the earliest developmental stage in which neurons with so- 
matostatinlike immunoreactivity (SOM-IR) are consistently 
found in viva is stage 30 (embryonic day 6.5), a time shortly 
after the extension of neurites to targets in the eye’s choroid 
layer. In cell culture, CG neurons expressed SOM-IR in co- 
culture with choroid cells, but not when cultured with striated 
muscle myotubes or with ganglion non-neuronal cells. No 
significant differences in neuronal survival or in ChAT activ- 
ity were observed under these different co-culture condi- 
tions, which suggests that somatostatin expression is in- 
dependently regulated. The stimulation of somatostatin 
expression was also specific in that other neuropeptides 
commonly found in autonomic neurons [neuropeptide Y 
(NPY), substance P (SP), vasoactive intestinal polypeptide 
(VIP)] were not induced in the presence of choroid cells. The 
ability to stimulate SOM-IR was not contact dependent be- 
cause a macromolecule of 2 10 kDa in choroid-conditioned 
medium (ChCM) was found to stimulate somatostatin ex- 
pression in a dosage-dependent fashion. The somatostatin- 
stimulating activity induced SOM-IR in more than 90% of CG 
neurons, as well as in retrogradely labeled ciliary neurons, 
which would not normally express SOM-IR. Thus, the ex- 
pression of somatostatin in cultured CG neurons is regulated 
by a macromolecule produced by cells in the choroid layer, 
a target normally innervated in viva by CG neurons express- 
ing somatostatin. 
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The formation of a functional nervous system requires the es- 
tablishment of a vast number of specific connections. An es- 
sential property of this connectivity is that neurons express the 
appropriate neurotransmitter for their target of innervation. Lit- 
tle is known about the mechanisms by which this specificity is 
achieved. One plausible mechanism is that target cells or other 
aspects of the environment surrounding nerve terminals are able 
to regulate neurotransmitter expression in the neurons. A num- 
ber of studies indicate that neurotransmitter expression is not 
fixed and can be altered by environmental influences even after 
a specific phenotype has been expressed (reviewed in Landis, 
1990; see also Coulombe and Bronner-Fraser, 1986; Potter et 
al., 1986). For example, during development of the neonatal 
rat, a subpopulation of sympathetic neurons switches its neu- 
rotransmitter phenotype from adrenergic to cholinergic after 
contacting its targets (Yodlowski et al., 1984; Leblanc and Lan- 
dis, 1986; Schotzinger and Landis, 1988). A similar adreneregic- 
to-cholinergic change in neurotransmitter expression can also 
be induced in vitro in response to a glycoprotein purified from 
medium conditioned by heart cells (Fukada, 1985; see also Ya- 
mamori et al., 1989). 

In addition to the small-molecule neurotransmitters such as 
ACh and catecholamines, many neurons employ peptide neu- 
rotransmitters. Within the PNS, the pattern of neuropeptide 
expression appears to be tightly correlated with target inner- 
vation (Lundberg et al., 1982; Leblanc and Landis, 1988; Mac- 
rae et al., 1986). This correlation has led to the speculation that 
the target cells specify the type of neuropeptide expressed by 
the innervating neuron. Although neuropeptide expression can 
be altered by experimental manipulations in a variety of neu- 
ronal systems (Mudge, 198 1; Kessler, 1986; Black et al., 1987; 
McMahon and Gibson, 1987; Stevens and Landis, 1990) target- 
derived influences that specifically affect neuropeptide expres- 
sion have been difficult to discern. Recently, some progress has 
been made, in that at least 3 distinct factors in heart-cell-con- 
ditioned medium have been identified that differ in their ability 
to induce neuropeptide expression in rat sympathetic neurons 
(Nawa and Patterson, 1990). 

Our studies have focused upon regulation of transmitter phe- 
notype in the developing chicken ciliary ganglion (CG). Previous 
studies of CG neurons have emphasized the role of tissue in- 
teractions in the control of neuronal survival and neurotrans- 
mitter expression. In vivo, developmental cell death of CG neu- 
rons is controlled by the availability of targets in the eye 
(Landmesser and Pilar, 1974; Pilar et al., 1980) and develop- 
mental increases in ChAT activity coincide with innervation of 
the eye (Chiappinelli et al., 1976; Coulombe and Bronner-Fra- 
ser, 1990). In cell culture, more than 90% of the CG neurons 
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destined to die in vivo can be rescued by co-culture with my- 
otubes or by soluble factors found in conditioned medium or 
embryo extract (Nishi and Berg, 1979). Recently, several related 
factors that support CG neuron survival have been purified from 
sciatic nerves and sequenced (Lin et al., 1989; StGckli et al., bit anti-neuropeptide Y (NPY; Amersham). Sections of El7 chicken 
1989; Eckenstein et al., 1990). In addition, factors that mediate dorsal root and sympathetic ganglia were processed in parallel as positive 

To examine the expression of other peptides, cultures were fixed as 
described above and then incubated overnight with primary antibodies 
diluted 1:250 in blocking buffer followed by double PAP processing as 
described above. Antibodies used were rabbit anti-substance P (SP; INC 
Star), rabbit anti-vasoactive intestinal polypeptide (VIP; INC Star), rab- 

specific increases in ChAT activity of CG neurons have been 
identified (Nishi and Berg, 1979, 198 1; Tuttle et al., 1980). 

In this study, we have examined expression of the neuropep- 
tide somatostatin in the chicken CG. In birds, the CG contains 
2 distinct populations of neurons: ciliary neurons, which in- 
nervate the striated muscle of the iris and ciliary body, and 
choroid neurons, which innervate vascular smooth muscle in 
the choroid layer of the eye (Marwitt et al., 1971). Both types 
of neurons utilize ACh as a small-molecule neurotransmitter 
(Johnson and Pilar, 1980; Epstein et al., 1988). Recently, Epstein 
et al. (1988) established that a subset of neurons in the chick 
CG contains the neuropeptide somatostatin. The somatostatin- 
containing neurons have smaller cell bodies, appear to contain 
less ChAT immunoreactivity, and lack caplike preganglionic 
synapses. Because these are characteristics of choroid neurons, 
these observations suggest that it is the choroid neurons that 
exmess somatostatin. Moreover. fibers with somatostatinlike 

controls. 
For smooth-muscle-specific cu-actin immunocytochemistry, cultures 

fixed as described above were incubated for 1 hr with a mouse mono- 
clonal primary antibody specific for a smooth-muscle-specific isoform 
of a-actin (Sigma Immunologicals) diluted 1: 1600 in blocking buffer. 
This monoclonal antibody was raised against the N-terminus of smooth- 
muscle-specific or-actin, and in immunoblots, it reacts with aortic actin 
but not with actin from fibroblasts, striated muscle, or myocardium 
(Skalli et al., 1986). Antibody binding was detected using a fluorescein- 
conjugated secondary antibody (diluted 1:200 in blocking buffer; Cap- 
pel). 

Cell culture. The choroid layers of 12-l 4-d-old chick eyes were iso- 
lated by cutting an X into the back of the eye, removing the vitreous 

of Eagle’s minimal essential medium (MEM; Gibco) containing 2 mM 

humor and neural retina, and separating the choroid/pigmented epi- 
thelium from the sclera. As much pigmented epithelium as possible was 

glutamine, 6 mg/ml glucose, 50 U penicillin, and 50 pg streptomycin 

removed by touching sterile cotton to the exposed pigmented epithe- 
lium. The cleaned choroid was then cut into small pieces. incubated 

and supplemented with 10% (v/v) horse serum, 2% (v/v) chick embryo 

with collagenase [Worthington; 2 mg/ml in Earle’s balanced salt solution 

extract, and 10m5 M cytosine arabinoside or 10ms M fluorodeoxyuridine. 

(Gibco) for 20 min at 37”Cl followed bv trvosin (Gibco: 0.2% in modified 
Puck’s $aline for 20 min ai 37”C), ani t&&ate; through a fire-polished 
Pasteur pipette. The dissociated cell suspension was preplated onto 
tissue-culture plastic for 45 min at 37°C to remove fibroblasts, then 
plated into the depression formed by a polylysine/laminin-coated plastic 
coverslip [ 100 pg poly-D-lysine (Sigma) for 8 hr, followed by an 8-hr 
incubation with 2 pg laminin (Gibco)] glued over the bottom of a 1 -cm 
hole cut in the center of a 35-mm tissue culture dish. Medium consisted 

immunoreactivity (SOM-IR) are found within the choroid layer 

_ - 

release of ACh (Gray et al., 1989, 1990). Because both ciiiary 

of the eye, but not within the iris or ciliary body (Epstein et al., 
1988; Gray et al., 1989, 1990). Within the choroid layer, so- 

and choroid neurons share a common neural crest origin (Na- 

matostatin functions as a neuromodulatory agent inhibiting the 

rayanan and Narayanan, 1978) and develop within the same 
ganglionic environment, we were interested in determining what 
factors regulated the differential expression of somatostatin in 
the ciliary ganglion. 

Materials and Methods 
Immunocytochemistry. Ciliary ganglia were removed from staged em- 
hrvos (Hambureer and Hamilton. 1951). fixed in Zamboni’s fixative 
(4% paraformaldehyde, 15% pi&c acid’in 0.1 M sodium phosphate 
buffer, pH 7.2), washed, infiltrated with sucrose, embedded in Tissue 
Tek, rapidly frozen, and sectioned at 5 pm on a Leitz cryostat. Sections 
were dried onto gelatin-coated microscope slides and processed as de- 
scribed below. 

Pectoral muscle miotubes and CG neuron cultures were prepared as 
previously described (Nishi and Berg, 1977). The dissociated suspen- 
sions of CG cells were plated onto previously established cultures of 
dissociated choroid cells. striated muscle mvotubes. or onto polvlvsine/ 
laminin-coated tissue culture dishes. The &-cultured cells were grown 
in MEM containing glutamine, glucose, penicillin, and streptomycin 
(described above) and supplemented with 10% (v/v) horse serum and 
1% (v/v) chick eye extract. The medium was changed every third day. 

Cultures processed for immunocytochemistry were washed with mod- 
ified Puck’s saline (124 mM NaCl, 5 mM KCl, 20 mM sodium phosphate, 
pH 7.3), fixed in Zamboni’s fixative, and stored in modified Puck’s 
saline at 4°C. 

Cultures or sections were preincubated in a blocking buffer (0.5 M 
NaCl in 0.1 M sodium phosphate, pH 7.2, containing 5% chicken serum, 
5% horse serum, 0.1% Triton-X, and 0.1% sodium azide) and reacted 
overnight with rabbit anti-somatostatin antiserum (INC Star Corp.) 
diluted 1:500 in the blocking buffer. The sections were washed and 
treated with 1% H,O, in 30% ethanol in 0.1 M Tris (pH, 7.3) to destroy 
endogenous peroxidases. Binding of the primary antibodies was made 
visible bv a double neroxidase-antiperoxidase method (PAP, Vacca et 
al., 1980f Ordronneau et al., 198 1). Sections were incubated with a goat 
anti-rabbit antiserum (diluted 1:40 in blocking buffer lacking azide), 
followed by a peroxidase antiperoxidase enzyme-antibody complex (di- 
luted 1:80 in blocking buffer lacking azide; Stemberger-Meyer Immu- 
nocytochemicals Inc.). The last 2 steps were repeated, followed by a 
reaction with 0.0 15% H,O, and 0.5% diaminobenzidine (DAB) in phos- 
phate-buffered saline (PBS; 0.15 M NaCl, 0.0 1 M sodium phosphate, 
pH 7.2). Controls included substitution of primary antiserum with nor- 
mal rabbit serum and preabsorption of the anti-somatostatin primary 
antiserum with svnthetic somatostatin. Dilute anti-somatostatin anti- 
serum was incubated overnight at 4°C with 0.5 fig/ml synthetic so- 
matostatin l- 14 (Peninsula Laboratories). Preabsorption abolished all 
punctate DAB reaction product. 

Preparation of conditioned medium. Choroid cell cultures for con- 
ditioned medium were prepared by incubating pieces of choroid tissue 
from embryonic day 14 (E14) eyes in trypsin (Gibco; 0.05% in modified 
Puck’s saline for 20 min at 37°C) followed by trituration through a fire- 
polished Pasteur pipette. The dissociated cells were plated into tissue 
culture flasks (l-l .2 x 1 O-6 cells/ 1 50-cm2 flask) in modified Leibovitz’s 
L- 15 (Mains and Patterson, 1973) containing glutamine, glucose, pen- 
icillin, and streptomycin as described above (L15 CO,) and supple- 
mented with 10% chicken serum (Gibco). 

Conditioned medium was prepared by incubation of nearly confluent 
cultures with L15 CO, supplemented with 0.1% horse serum for 4-5 d. 
Conditioned medium was concentrated by ammonium sulfate precip- 
itation (0.62 gm ammonium sulfate/ml medium) overnight at 4°C. The 
resultant pellet was resuspended in 0.1 M sodium phosphate (pH, 7.3) 
and dialyzed against 2 changes of 0.1 M sodium phosphate (pH, 7.3) 
and 1 change of L15 CO,. In some cases, choroid-conditioned medium 
(ChCM) was concentrated by centrifugation through a CentriprepO filter 
unit (Amicon) with a membrane cutoff of 10 kDa. 

Cultures of CG were fed concentrated ChCM diluted into L15 CO, 
and supplemented to a final concentration of 10% (v/v) horse serum 
and 1% (v/v) eye extract. 

Cell counting. A bright-field microscope with a 40x objective was 
used to count the number of neurons and to determine the proportion 
of neurons containing SOM-IR. Every neuron within a “+” shaped 
pattern extending across each culture was counted and scored for SOM- 
IR. A neuron was defined as an ovoid cell with an axonal process at 
least 2 cell diameters long. A neuron was scored as containing SOM- 
IR if its cytoplasm contained punctate DAB reaction product. A 1 -way 
analysis of variances (ANOVA) and a Newman-Keuls multiple com- 
parison test were used to assess the statistical significance of the results. 
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Determination of choline acetyltransferase activity. Choline acetyl- 
transferase (ChAT) was assayed using a modification of the method 
described by Fonnum (1975). Cultures were washed in modified Puck’s 
saline and extracted in 0.05 M sodium phosphate (pH, 7.5) containing 
0.20 M NaCI, 0.5% Triton X-100, 5 mg/ml bovine serum albumin, 10 
mM choline chloride, 0.2 mM eserine sulfate, 10 mM EDTA, and 5 mM 
dithiothreitol, then frozen and stored at -70°C. Aliquots of the cell 
homogenates were later thawed and assayed. For assays, 25-~1 aliquots 
of cell homogenate were incubated together with 5 ~1 )H-acetylCoA for 
30 min at 37°C. The reaction was stopped by the addition of 1 ml PBS, 
and the acetylcholine produced was separated from the substrates by 
the addition of 0.2 ml tetraphenyl boron (5 mg/ml in acetonitrile) and 
4 ml of a toluene-based scintillation fluid. 

Retrograde labeling of ciliaty neurons. Ciliary neurons were labeled 
by retrograde transport of fluorescent latex microspheres (Katz et al., 
1984) in a protocol similar to that previously described for labeling 
quail CC neurons (Coulombe and Bronner-Fraser, 1986). Briefly, eyes 
together with their attached ciliaty ganglia were dissected from E8 em- 
bryos. The choroid nerves, which are physically distinct from the ciliary 
nerve, were transected with electrolytically sharpened tungsten needles, 
and the canal of Schlemm was severed in 2 locations to prevent backflow 
of label into the region of the ciliary ganglion. Approximately lo-~1 of a 
1:4 latex microsphere : modified Puck’s saline solution was then injected 
into the region of the iris. The eyes were then incubated at 37°C for lO- 
12 hr in culture medium in an atmosnhere of 95% 0,. 5% CO,. This 
procedure was selective in initially labeling only neurons and-labels 
approximately 25Oh of the total CG neurons. Labeled ganglia were then 
dissociated and cultured for 4 d in the presence of 5-fold-concentrated 
ChCM prior to fixation and processing for anti-somatostatin immu- 
nocytochemistry. 

Results 
Somatostatin expression in situ 
We first determined the developmental time course with which 
somatostatin appeared in CG neurons. At each embryonic stage 
mentioned, we examined immunostained sections of CG pre- 
pared from a minimum of 20 embryos. A few neurons with 
SOM-IR were detected within an occasional ganglion as early 
as stage 29 (6 d of incubation). By E6.5 (stage 30) all ganglia 
examined contained a few (estimated at I 1%) neurons with 
SOM-IR (Fig. la). The time at which SOM-IR could be con- 
sistently detected coincides with the stage following the exten- 
sion of axons across the choroid layer (Meriney and Pilar, 1987). 
By E8 (stage 34), the proportion of neurons with SOM-IR had 
increased somewhat (estimated at < 10%; see Fig. lb), and by 
E 14 (stage 44), approximately % of the neurons contained SOM- 
IR (confirming the observations of Epstein et al., 1988; see Fig. 
lc). No further increases in the proportion of neurons with 
SOM-IR were noted. 

Cell culture of E8 CG neurons 

For examining the development of somatostatin expression in 
culture, E8 CG were used because < 10% of the neurons express 
SOM-IR at this stage, and because information about the sur- 
vival and choline& development of cultured neurons from 
this developmental age is available (Nishi and Berg, 1979, 198 1; 
Tuttle et al., 1980, 1983). To test whether somatostatin ex- 
pression was induced by target tissue interaction, we co-cultured 
E8 (stage 34) CG neurons with dissociated choroid cells, skeletal 
muscle myotubes, or with ganglionic non-neuronal cells. In all 
these culture situations, non-neuronal cells from the ganglion 
were present, and the medium was supplemented with eye ex- 
tract in order to support long-term survival, growth, and dif- 
ferentiation of these neurons in culture (Nishi and Berg, 198 1). 
Increased expression of SOM-IR was only observed when CG 
neurons were cultured with choroid cells. Examples of neurons 
from these co-culture experiments are shown in Figure 2. Figure 

Figure 1. Somatostatinlike immunoreactivity in CG neurons during 
development in vivo: cryostat sections through CG fixed at varying stages 
of development. The arrows indicate neurons with SOM-IR. a, E6.5 
(stage 30) CG. A few neurons with SOM-IR were consistently observed 
in sections of ganglia at this developmental stage. Differential interfer- 
ence contrast (Nomarski) was used. Scale bar, 15 Mm. b, E8 (stage 34) 
CG. Neurons with SOM-IR were scattered throughout the ganglion, but 
were most frequently located near the ganglion periphery. Bright-field 
photomicrograph. Scale bar, 20 pm. c, El4 (stage 40) CG. By E14, 
neurons containing SOM-IR make up approximately 50% of the gan- 
glion cell profiles, with a morphology characteristic of neurons (large 
ovoid cell bodies and large rounded nuclei). In general, neuronal cell 
profiles containing SOM-IR were smaller than unstained neurons and 
were located at the periphery of the ganglion. Bright-field photomicro- 
graph. Scale bar, 20 pm. 

2a is a photomicrograph of E8 CG neurons co-cultured with 
choroid cells and processed for anti-somatostatin immunocy- 
tochemistry. The dark, punctate DAB reaction product present 
in the cytoplasm of many of these neurons is indicative of SOM- 
IR. A similar culture is illustrated in Figure 2~; however, these 
cells were reacted with primary antisera that had been prein- 
cubated with synthetic somatostatin, and all SOM-IR was abol- 
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Figure 2. SOM-IR in cultured CG 
neurons. Neurons from E8 (a-c) or E 14 
(d) CG were cultured with choroid cells 
(a, c, d) or pectoral muscle myotubes 
(b) for 6 d. SOM-IR is visible as a dark, 
punctate reaction product within the cell 
body. The arrows identify neurons with 
SOM-IR. Note the lack of SOM-IR in 
neurons cultured on pectoral muscle (b) 
and when the antiserum was preab- 
sorbed with 0.5 pg synthetic somato- 
statin 1-14 (c). Scale bar, 20 pm. 

ished by this preincubation. CG neurons co-cultured with pec- 
toral muscle myotubes are illustrated in Figure 2b. In these 
cultures, >90°h of pectoral cell nuclei were incorporated into 
myotubes, and most of these myotubes exhibited the cross- 
striations characteristic of well-differentiated myotubes. Very 
few neurons with SOM-IR were observed in these co-cultures 
with pectoral muscle. 

The results of scoring co-cultured E8 CG neurons for SOM- 
IR are illustrated in Figure 3~. One day after plating, the per- 
centage of neurons containing detectable SOM-IR was low in 
all 3 culture conditions. This was consistent with the finding 
that cryostat sections of freshly dissected E8 ciliary ganglia con- 
tained only a small number of cells with SOM-IR (Fig. 2a). 
Over the 6-d culture period, the percentage of CG neurons con- 
taining SOM-IR increased in cultures containing choroid cells. 
In contrast, the percentage of CG neurons containing SOM-IR 
in cultures of CG neurons grown with pectoral muscles or with 
ganglionic non-neuronal cells remained low (< 3O’o) during the 
same time period. The total number of neurons did not signif- 
icantly change during the culture period in any of these co- 
culture paradigms (Fig. 3b). Similarly, increases in ChAT ac- 
tivity per culture were comparable for all 3 co-culture conditions 
(Fig. 3~). Thus, choroid cells specifically influenced expression 
of SOM-IR without affecting the expression of ChAT in E8 CG 
neurons. 

Cell culture of E13-14 CG neurons 
We also tested whether choroid cells were necessary to maintain 
the expression of SOM-IR in more mature CG neurons. We 

used E 13-l 4 CG to examine the maintenance of somatostatin 
expression because, by this stage in situ, approximately % of the 
CG neurons contained SOM-IR, and no further increases in the 
number of neurons expressing SOM-IR were observed at later 
stages. E 13-l 4 CG neurons were cultured in paradigms similar 
to that described above and then tested for SOM-IR. An ex- 
ample of El 3-14 CG neurons co-cultured with choroid cells is 
illustrated in Figure 2d. The percentage of neurons containing 
SOM-IR after 1 d in culture was approximately 50% in all 3 
culture conditions (Fig. 4~2). In cultures with striated muscle or 
ganglionic non-neuronal cells, the proportion of neurons con- 
taining SOM-IR declined to < 10% by 5 d after plating. In con- 
trast, approximately 50% of the E 13-l 4 CG neurons co-cultured 
with choroid cells contained SOM-IR throughout the 7-d period 
examined. Among the culture conditions, there were no signif- 
icant differences in the number of neurons (Fig. 4b), nor were 
there evident differences in ChAT expression during the 5 d in 
which SOM-IR declined (Fig. 4~). Thus, CG neurons that have 
already begun to express SOM-IR in vivo appear to require an 
interaction with choroid cells to maintain expression in culture. 

Expression of other neuropeptides 
We tested E8 CG neurons co-cultured for 6 d with choroid cells 
for immunoreactivity against other neuropeptides commonly 
found within autonomic neurons. In duplicate plates from 2 
separate experiments, no NPY-, SP-, or VIP-immunoreactive 
neurons were present in E8 CG neurons co-cultured with cho- 
roid cells. Cryostat sections of E 17 dorsal root and sympathetic 
ganglia that were processed concurrently with these cultures 
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Figure 3. Somatostatin expression, survival, and choline& differ- 
entiation in cultures of E8 CG neurons under 3 different co-culture 
conditions. E8 CG were dissociated, and the neurons along with the 
ganglion-derived non-neuronal cells were cultured with choroid cells 
(solid diamonds), striated muscle myotubes (open squares), or in the 
absence of other target cells (open circles). Cultures were harvested at 
daily intervals and processed in order to measure the percentage of 
neurons with SOM-IR (a), total neuronal survival (b), and ChAT ac- 
tivity (c). Each point represents the average of 34 separate culture dishes 
from 2-4 platings. ChAT activity in CG neurons with ganglionic non- 
neuronal cells is represented by the average of 2-3 dishes from 2 separate 
plantings. Error bars indicate SD. After the second day of culture, the 
percentage of SOM-IR neurons significantly (p 5 0.05; assessed by 
1 -way ANOVA followed by a Newman-Keuls multiple comparison test) 
increased in CG neurons that were co-cultured with choroid cells. No 
significant differences were found between these culture conditions in 
either the number of neurons or in ChAT activities. 

contained neurons immunoreactive with NPY, SP, or VIP, as 
did sister cultures processed for anti-somatostatin immuno- 
reactivity. It thus appeared that the presence of choroid cells 
was insufficient to induce a general expression of neuropeptides 
in cultured CG neurons. 

Smooth-muscle-specific cr-actin immunocytochemistry 

To determine if our choroid cell cultures contained differenti- 
ated smooth muscle cells, we stained some of these cultures with 
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Figure 4. Expression of SOM-IR, survival, and cholinergic differen- 
tiation in cultures of El 3-14 CG neurons. El4 CG were dissociated 
and cultured with choroid cells (solid diamonds), striated muscle my- 
otubes (open squares), or in the absence of any other target cells (open 
circles). At daily intervals, cultures were harvested and processed in 
order to measure the percentage of neurons with SOM-IR (a), total 
neuronal survival (b), and ChAT activity (c). Each point represents the 
average of 34 separate dishes from 3-4 platings. ChAT activity is 
represented by the average of 4 separate dishes from 2 platings. ChAT 
activity per culture is less than that found in E8 cultures (Fig. 3c), at 
least in part because the cultures of El 3-l 4 CG contain only YjO of the 
number of neurons found in E8 CG cultures. Error bars indicate SD. 
After the second day of culture, the percentage of SOM-IR neurons 
significantly (p 5 0.05; assessed by 1 -way ANOVA followed by a New- 
man-Keuls multiple comparison test) declined in CG neurons that were 
not co-cultured with choroid cells. No significant differences were found 
between these culture conditions in either the number of neurons or in 
ChAT activities. 

a monoclonal antibody directed against the N-terminus of 
smooth-muscle-specific a-actin (Sigma Immunological). This 
antibody stained long fibers within many cells in the choroid 
cell cultures (Fig. 5). That this antibody did not recognize all 
forms of actin was suggested by the observation that many fi- 
broblasts and ganglionic non-neuronal cells were not stained for 
smooth-muscle-specific a-actin. Thus, our cultures of choroid 
cells contained differentiated smooth muscle cells that are the 
in viva targets of somatostatin-containing CG neurons. 
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Figure 5. Smooth-muscle-specific a-actin-like immunoreactivity in 
choroid cell cultures. Cultures of dissociated choroid layer cells were 
established, fixed, and reacted with a monoclonal antibody raised against 
the N-terminus of smooth-muscle-specific a-actin (Sigma Immuno- 
chemicals) followed by a fluorescein-conjugated secondary antibody. a 
is a representative field of view photographed with epifluorescence op- 
tics; b is the same field photographed with phase-contrast optics. Solid 
arrows point out examples of immunoreactive cells; open arrows indicate 
unstained cells. Scale bar, 15 hrn. 

Somatostatin expression with conditioned medium 
As a first step in understanding the mechanism by which choroid 
cells were able to stimulate the expression of SOM-IR, we asked 
whether the effect was mediated by a soluble factor or required 
direct cell contact. Accordingly, we collected medium from con- 
fluent choroid cultures (ChCM). The proportion of neurons with 
SOM-IR after 3 d of culture in varied doses of ChCM is shown 
in Figure 6. The response of CG neurons to ChCM was dosage 
dependent, with a half-maximal response between 2.5- and 
5-fold concentration and a plateau at about a lo-fold concen- 
tration of ChCM. A greater response to ChCM was found after 
longer culture periods. Figure 7a shows the response in percent 
SOM-IR neurons over time with a 5-fold concentration ofChCM. 

The proportion of neurons with SOM-IR was maximal after 9 
d in culture, with greater than 90% of the neurons expressing 
SOM-IR. Although there was a gradual decrease in the total 
number of neurons in these cultures (Fig. 7b), this effect was 
insufficient to account for changes in the proportion of neurons 
with SOM-IR. 

As an initial step in characterizing the ChCM component that 
stimulates somatostatin expression, we concentrated some 
batches of ChCM with a CentriprepB (Amicon) filter apparatus. 
This device concentrates the components that are of an apparent 
size greater than 10 kDa. CG neurons were cultured in the 
ChCM concentrated by the filter or in the filter flow-through. 
None of the CG neurons grown in the filter flow-through con- 
tained SOM-IR, while in contrast, 73 + 7% SD of the neurons 
grown in the filter-concentrated ChCM contained SOM-IR. The 
soluble factor responsible for stimulating SOM-IR thus had an 
apparent size equal to or larger than 10 kDa. 

Somatostatin expression in retrogradely labeled ciliary 
neurons 
The observation that 90% of the CG neurons in culture were 
induced to express SOM-IR with ChCM suggested that ciliary 
neurons, which do not normally express SOM-IR in vivo, could 
be induced to express SOM-IR. A direct test of this was per- 
formed by exposing retrogradely labeled ciliary neurons to ChCM 
in culture for 4 d. A total of 6 18 neurons were scored in 7 
different cultures. In these cultures, 24 f 5% SD of the total 
neurons were labeled with fluorescent latex microspheres. Of 
the labeled neurons, 57 f 13% SD also contained SOM-IR. 
This percentage of retrogradely labeled neurons expressing SOM- 
IR did not significantly differ from the total number of neurons 
expressing SOM-IR in the cultures examined (57 + 6% SD). 
Figure 8 is a photomicrograph showing some of these neurons. 
This result suggests that some ciliary neurons are able to express 
SOM-IR when exposed to ChCM. 

Discussion 
The avian CG contains 2 subpopulations of cholinergic neurons: 
ciliary and choroid neurons. In vivo, only the choroid neurons 
utilize the neuropeptide somatostatin as a neuromodulatory agent 
(Epstein et al., 1988; Gray et al., 1989, 1990). These studies 
were undertaken to identify how this differential expression of 
somatostatin is controlled. We have identified an influence from 
the appropriate target tissue, the choroid layer, that will induce 
and maintain somatostatin expression in cultured CG neurons. 

Our finding of initial somatostatin expression in stage 29 and 
consistent somatostatin expression at stage 30 coincides with 
the observation that neurofilamentlike immunoreactive neurites 
from the CG are first observed spreading over the choroid layer 
as early as stage 29 (Meriney and Pilar, 1987). This is consistent 
with the notion that a target interaction controls somatostatin 
expression. Our use of the sensitive double PAP technique for 
immunocytochemical detection (Vacca et al., 1980; Ordronneau 
et al., 198 l), together with the ease of recognizing the discrete 
pun&ate intracellular localization of SOM-IR, made us confi- 
dent that a lack of detectable SOM-IR within a neuron reflected 
an insignificant level of somatostatin expression. 

By testing whether target interactions in cell culture could 
regulate somatostatin expression in CG neurons, we found that 
cells of the choroid layer support both the induction and the 
maintenance of SOM-IR. This result could not be accounted 
for by differential cell survival. Furthermore, the results showed 
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Fold Concentration of ChCM 

Figure 6. Effects of ChCM on SOM-IR expression. E8 CC neurons 
were cultured for 3 d in medium supplemented with varying amounts 
of concentrated ChCM. This figure shows the sum of results from 3 
separate preparations of ChCM in 3 separate platings. Error bars in- 
dicate SD. 

that co-culture with myotubes or with ganglionic non-neuronal 
cells was adequate for optimal growth and differentiation of CG 
neurons because there were no substantial differences in ChAT 
activity under all the culture conditions tested. 

The absence of apparent differences in ChAT activity under 
these different co-culture conditions is also significant because 
it indicated that, for CG neurons, the regulation of small-mol- 
ecule neurotransmitter expression is independent of the regu- 
latory mechanisms for neuropeptide expression. This result is 
in contrast to results in the rat superior cervical ganglion (SCG). 
In this sympathetic ganglion, neuropeptide expression appears 
to be coordinately regulated with classical neurotransmitter lev- 
els. For example, in dissociated rat SCG neurons, culture con- 
ditions that increase ChAT activity also increase levels of SP, 
and changes in tyrosine hydroxylase (TH) activity are correlated 
with changes in somatostatin content (Kessler, 1984; Adler and 
Black, 1986). Moreover, different factors-cholinergic differ- 
entiation factor, membrane-associated neurotransmitter stim- 
ulating factor (MANS), and a partially purified membrane-de- 
rived factor-all increase ChAT activity along with SP expression 
in cultured SCG neurons (Wong and Kessler, 1987; Lee et al., 
1990; Nawa and Patterson, 1990). Although SP appears linked 
with ChAT, and somatostatin appears to be co-regulated with 
TH, the cellular mechanisms mediating these influences appear 
to be separable (Kessler, 1985). Moreover, in vivo, the same 
coordinate regulation of peptide and small-molecule transmitter 
is not always apparent. For example, though rat SCG neurons 
innervating the footpad are cholinergic (Landis and Keefe, 1983; 
Leblanc and Landis, 1986; Stevens and Landis, 1987) their 
terminals contain VIP (Yodlowski et al., 1984) and do not ap- 
pear to contain SP. It is therefore likely that the apparent co- 
regulation of neurotransmitters in the SCG reflects an under- 
lying heterogeneity in the types of neurons present, rather than 
a coordinate regulation of peptide and small-molecule trans- 
mitters. For cultured chicken CG neurons, it is appropriate that 
ChAT and somatostatin be independently regulated because, of 
the 2 subpopulations of cholinergic neurons, only the choroid 
neurons employ somatostatin as a neuromodulator in vivo (Ep- 
stein et al., 1988; Gray et al., 1989, 1990). 

The influence of choroid cells upon neurotransmitter expres- 
sion in CG neurons appears to be specific in that CG neurons 
that expressed somatostatin did not contain detectable immu- 

Days in Culture 

Figure 7. Time course of response to ChCM. E8 CC neurons were 
cultured in medium containing 5-fold-concentrated ChCM. a shows the 
percentage of SOM-IR expressed with time in culture; b shows the total 
number of neurons counted in these same cultures. Because of the vari- 
ation in response in platings and potency of ChCM, results from only 
1 representative plating are shown here. Each point represents the num- 
ber counted in 1 culture. Similar results were obtained in 2 other ex- 
periments. Although there was a gradual decline in the number of neu- 
rons present, this decline was not apparent until after 9 d of culture, 
when the proportion of SOM-IR neurons had reached a maximum. 
Thus, this minor decline was not sufficient in magnitude to explain the 
changes in the percentage of SOM-IR observed in a. 

noreactivity for NPY, VIP, or SP. This result is in accord with 
the lack of evidence for expression of any other neuropeptides 
within CG neurons in situ and contrasts with the observation 
that conditioned medium factors that affect the synthesis of one 
neuropeptide in rat SCG neurons also increase the synthesis of 
other neuropeptides (Nawa and Patterson, 1990; Nawa and Sah, 
1990). These differences in responses between chick parasym- 
pathetic neurons and rat sympathetic neurons are most likely 
to be due to the lower degree of neuronal heterogeneity in the 
CG. 

Our observation that the factor stimulating somatostatin ex- 
pression is soluble and secreted from choroid cells is consistent 
with other studies in which soluble factors have been shown to 
influence neurotransmitter expression (Patterson and Chun, 
1977; Kessler et al., 1984; Fukada, 1985; Zurn and Do, 1988; 
Denis-Donini, 1989; Iacovitti et al., 1989; Martinou et al., 1989; 
Nawa and Patterson, 1990; Nawa and Sah, 1990) and differs 
from membrane-contact-mediated factors that also have been 
reported (Hawrot, 1980; Adler and Black, 1985, 1986; Kessler 
et al., 1986; Gray and Tuttle, 1987; Wong and Kessler, 1987; 
Adler et al., 1989). Preliminary charcterization of size suggests 
that the somatostatin-stimulating activity (SSA) is a macro- 
molecule and not a small metabolite (Zurn and Do, 1988) or a 
neuropeptide (Denis-Donini, 1989). Interestingly, the eye ex- 
tract used to provide trophic support of the CG neurons (Nishi 
and Berg, 198 1) was insufficient to support somatostatin ex- 
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Figure 8. SOM-IR in retrogradely la- 
beled ciliary neurons. ES CG were ret- 
rogradely labeled through the ciliary 
nerve, dissociated, and cultured for 4 d 
in IO-fold-concentrated ChCM. After 
processing for somatostatin immuno- 
cytochemistry, bead-labeled neurons 
that also contained SOM-IR were found. 
a is the bright-field micrograph of the 
same field of view observed with fluo- 
rescence optics in b. Examples of an- 
other field of view are shown in c and 
d. Solid arrows identify a neuron with 
SOM-IR; open arrows designate an un- 
stained neuron. In a total of 6 18 neu- 
rons scored, 23 + 5% SD were micro- 
sphere labeled, and of these 57 + 13% 
SD also contained SOM-IR, suggesting 
that ciliary neurons can express so- 
matostatin. Scale bar, 20 pm. 

pression, even though a proportion of this extract was derived 
from choroid tissue. While it is possible that the titer of SSA in 
this extract is extremely low, this possibility is difficult to test 
because higher concentrations of eye extract are toxic to the CG 
neurons (R. Nishi, unpublished observations). 

Our retrograde labeling experiments suggest that neurons that 
do not project to the choroid layer can be induced to express 
somatostatin by SSA. One assumption of this interpretation is 
that, by cutting all visible choroid nerves, no choroid neurons 
would be retrogradely labeled. In the absence of any other means 
to independently distinguish choroid from ciliary neurons at E8, 
it is impossible to completely exclude the possibility that some 
choroid neurons would be retrogradely labeled and hence ex- 
press SOM-IR. However, inadvertently labeled choroid neurons 
would be likely to constitute only a small proportion of the total 
number of retrogradely labeled neurons and hence could not 
account for the large percentage (57%) of labeled neurons that 
also expressed SOM-IR when exposed to SSA. Another as- 
sumption we have made is that no ciliary neurons express so- 
matostatin. Because a few large neurons with SOM-IR have 
been reported in late embryonic and hatchling chicks (Epstein 

et al., 1988; Gray et al., 1990), it may be possible that a minority 
of ciliary neurons are normally fated to express somatostatin, 
and that this is the population that we have identified, however, 
the number of retrogradely labeled neurons that we have in- 
duced to express SOM-IR cannot be accounted for by the small 
percentage of ciliary neurons with SOM-IR reported in viva 
Together with the observation that more than 90% of E8 CG 
neurons contain SOM-IR after 9 d in culture with ChCM, the 
retrograde labeling results indicate that many ciliary neurons 
that would not have normally produced somatostatin in vivo 
express somatostatin under the influence of SSA. 

Because vascular smooth muscle in the choroid layer is the 
normal target in viva for somatostatin-containing CG neurons, 
it is attractive to propose that induction and maintenance of 
the somatostatin phenotype of SSA be target specific. However, 
2 qualifications to this conclusion must be stated. First, pectoral 
muscle, and not iris or ciliary body, was used as the source of 
striated muscle in the co-culture experiments. Pectoral muscle 
is not normally innervated by CG neurons, though studies in 
culture have demonstrated that CG neurons readily form syn- 
apses on pectoral muscle myotubes (Nishi and Berg, 1977; Tut- 
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tle et al., 1980; Role et al., 1985), and that factors produced by 
the myotubes support full expression of the cholinergic phe- 
notype in CG neurons. Although it would have been preferable 
to use iris/ciliary body rather than pectoral muscle, iris/ciliary 
body cultures are difficult to establish, and sufficient quantities 
of cells are difficult to obtain. In addition, the iris/ciliary body 
is continuous with the choroid layer; hence, cultures completely 
free of choroid cell contamination cannot be obtained. Second, 
though our observation that cultures of choroid cells contain 
numerous cells with smooth-muscle-specific cr-actin-like im- 
munoreactivity is consistent with the idea that somatostatin 
expression is stimulated by smooth muscle, there are also other 
cell types within these cultures, including endothelial cells, fi- 
broblasts, and pigmented retinal epithelial cells. A contribution 
from these other cell types cannot be ruled out. Moreover, target 
cell stimulation of somatostatin expression might involve an 
indirect influence from other cells types within the choroid layer. 
Thus, the actual cell types responsible for stimulating somato- 
statin expression are not yet known. 

Nonetheless, the influence of choroid cells appears to be ap- 
propriate in that the choroid cell layer normally receives so- 
matostatin innervation from the CG. In contrast, though there 
are numerous examples of non-neural cells affecting neuropep- 
tide transmitter expression in neurons (Mudge, 1981; Kessler, 
1984; Nawa and Sah, 1990), there are few examples of the 
influence being found in the appropriate target tissue. One ex- 
ample ofthis is the stimulation of VIP expression in sympathetic 
neurons by sweat glands (Schotzinger and Landis, 1988; Stevens 
and Landis, 1990). A counterexample is the stimulation of sub- 
stance P expression in rat SCG neuron cultures by pineal glands, 
though substance P is not found within the SCG neurons in- 
nervating the pineal (Kessler, 1984). Whether the specificity of 
somatostatin expression by CG neurons in vivo is due to a dif- 
ferential expression of SSA in choroid smooth muscle but not 
iris or ciliary body awaits the purification of SSA and the sub- 
sequent production of antibodies or cDNA probes to examine 
the distribution of SSA. 
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