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Abstract 

The appearance and development of somatostatin-like immunoreactivity (SLI) in the peripheral 
nervous system of quail embryos were studied using radioimmunoanalysis and immunocytochem- 
istry. In u1’uo, no SLI is observed in neural crest cells before or during migration. SLI appears 
between days 3 and 4 of incubation in sympathetic ganglia, immediately following ganglion 
formation, and between days 4 and 5 of incubation in the adrenal gland, soon after the adrenal 
gland primordium first appears. The development of SLI in the adrenal gland differs from that in 
the sympathetic ganglia. While in the former the amount of SLI and the number of SLI-containing 
cells increase as the embryo ages, in the sympathetic ganglia the amount of SLI and the percentage 
of SLI-containing cells decrease. 

When migrating neural crest cells are obtained from the sclerotomal part of 3-day embryos and 
grown in culture, they first display SLI after 48 hr, and the amount of SLI increases thereafter. 
When the sympathoadrenal precursors are removed at 4 days of incubation and grown in vitro, SLI 
appears after 24 hr in culture and increases during the next few days. 

Our results demonstrate that SLI is present very early in the quail embryo and that its appearance 
parallels the differentiation of neural crest cells into autonomic sympathetic ganglionic cells. We 
also show that the differentiation of neural crest into SLI-containing cells can be reproduced in 
culture, thus permitting the study of peptide production and expression in vitro. 

During embryogenesis, neural crest cells migrate along 
definite pathways and differentiate into various types of 
neuronal and non-neuronal tissues, including most of the 
peripheral nervous system (see Horstadius, 1950; Wes- 
ton, 1970; Le Douarin, 1980, 1982). To the multiplicity 
of functions displayed by the cell types that emerge from 
the neural crest corresponds an array of characteristic 
biochemical specializations. Thus, many crest derivatives 
synthesize and store specific neurotransmitters or neu- 
romodulators. 
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Tissue interactions and environmental factors are in- 
volved in this differentiation process. In uiuo experiments 
have shown that migrating neural crest cells lack adre- 
nergic properties and that their acquisition of these 
features later in development depends on the cellular 
environment they contact (Le Douarin et al., 1981; see 
also Patterson, 1978). In uiuo and in vitro studies have 
demonstrated the role of certain tissues encountered by 
migrating neural crest cells, such as the somitic meso- 
derm, the ventral neural tube, and the notochord, which 
elicit the differentiation of neural crest cells into cate- 
cholaminergic cells (Cohen, 1972; Norr, 1973; Teillet et 
al., 1978; Fauquet et al., 1981). Recently, Fauquet et al. 
(1981) have shown that when migrating crest cells are 
grown in vitro, the development of either cholinergic or 
adrenergic properties can be influenced by the age of the 
neural crest cells, by the addition of other cell types to 
the culture, and by factors present in the medium. 

To date, most of the studies on neural crest differen- 
tiation into neurotransmitter-containing cells have fo- 
cused on acetylcholine and catecholamine production. 
An exception is the examination by Maxwell et al. (1982) 
of the synthesis of other putative neurotransmitters in 
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neural crest cultures. Under their culture conditions, 
only acetylcholine, noradrenaline, and dopamine were 
synthesized. No significant synthesis of serotonin, 
GABA, or octopamine was found. 

Various neuropeptides, thought to have a neurotrans- 
mitter or neuromodulator role, are made by neurons 
derived from the neural crest (Hokfelt et al., 1980; Ayer- 
Le Lievre and Fontaine-P&us, 1982). Somatostatin 
(SRIF, somatotropin release-inhibiting factor), a tetra- 
decapeptide first isolated from extracts of sheep hypo- 
thalamus (Brazeau et al., 1973), has been found in var- 
ious species, both in neural crest-derived tissues and in 
other neuronal and non-neuronal cells (Hokfelt et al., 
1975a; Alumets et al., 1977; Pate1 and Reichlin, 1978; 
Fontaine-P&us, 1980). In the peripheral nervous system, 
somatostatin-like immunoreactivity (SLI) has been de- 
tected by immunocytochemistry in the adrenal medulla 
of guinea pigs and humans (Lungberg et al., 1979), in 
some adrenergic prevertebral sympathetic neurons of the 
guinea pig and rat (Hokfelt et al., 1977), in rat sensory 
neurons (Hokfelt et al., 1975b), and in instrinsic neurons 
of the guinea pig intestine (Costa et al., 1977). 

Using radioimmunoanalysis (RIA) and immunocyto- 
chemistry, we have studied the appearance and devel- 
opment of SLI in various tissues derived from the trunk 
neural crest in the quail embryo, paying particular atten- 
tion to the sympathoadrenal system. At the same time, 
we have established culture conditions which replicate 
neural crest differentiation as observed in vivo. We show 
here that the appearance and development of SLI in vitro 
follow a very similar pattern to that observed in the 
embryo. In the quail embryo, SLI can be detected in the 
region of the forming sympathetic ganglia between days 
3 and 4 of incubation and in the adrenal gland primordia 
between days 4 and 5. Migrating neural crest cells and 
autonomic ganglioblasts, obtained from 3- and 4-day 
quail embryos, differentiate in culture into SLI-contain- 
ing neuron-like cells within 48 and 24 hr, respectively. 
TO our knowledge, this is the first description of a 
neuropeptide produced by neural crest in vitro. 

Materials and Methods 

Animals 

Eggs from Japanese quail (Coturnix coturnix japonica), 
incubated at 38”C, were used throughout the experi- 
ments. The trunks were removed from the embryos from 
day 2 of incubation until hatching. Different tissues or 
organs were dissected out and prepared for culture, im- 
munocytochemistry, or RIA. 

Isolation of explants 

Presomitic mesenchyme. The unsegmented somitic 
mesenchyme, i.e., mesoderm posterior to the last pair of 
somites, was obtained from S-day embryos (stages 8 and 
9 of Zacchei, 1961) by dissociation with 0.2% pancreatin 
(Gibco). This presomitic mesenchyme was placed di- 
rectly in culture without further dissociation. The noto- 
chord, isolated at the same time, was added to these 
cultures. 

Sclerotomes. The sclerotomes from 3-day quail em- 
bryos (stages 15 and 16 of Zacchei, 1961) were isolated 
from the neural tube, ectoderm, notochord, and dermo- 

myotomes after proteolytic treatment of the tissue, as 
described previously (Cheney and Lash, 1981; Fauquet 
et al., 1981). About 35 sclerotomes were explanted per 
culture well. 

The sclerotomal portion from 4-day embryos was also 
enzymatically dissociated and prepared for RIA. (At this 
stage the sympathetic ganglia and dorsal root ganglia are 
forming within the sclerotomal mesenchyme.) 

Dorsal aorta primordium. The dorsal aorta was sur- 
gically removed from the trunk of 4-day quail embryos 
(stages 18 and 19 of Zacchei, 1961) between the heart 
and the rectum. The aortas (two to four per well) were 
dissociated into small pieces using dissecting forceps and 
were placed directly into the culture dish. Some aortas 
were prepared for RIA. 

Dorsal root and sympathetic ganglia and adrenal glands. 
Ganglia and glands were isolated surgically from the 
trunk region of 5-day or older embryos. The lumbosacral 
sympathetic chains contained 7 to 10 ganglia per chain. 
Some of these tissues were prepared for RIA. 

For cultures, ganglia were rinsed in Ca++-free, Mg++- 
free PBS and trypsinized (0.25% trypsin, Gibco) for 20 
to 30 min at 37°C. Enzymatic action was stopped by 
adding culture medium. Cells were then mechanically 
dissociated using a Pasteur pipette, centrifuged, and re- 
suspended in culture medium. Ten sensory or sympa- 
thetic ganglia were plated per well. 

Culture conditions 

The methods used have been described previously 
(Fauquet et al., 1981). In brief, multiwell Falcon tissue 
cultures dishes were used containing approximately 500 
~1 of medium per well. Cultures were grown at 37°C in 
humidified COY: air (5:95). For immunocytochemistry, 
cells were grown either on plastic coverslips or on colla- 
gen (rat tail)-coated glass coverslips. 

Two types of culture media were used. For the somitic 
mesenchyme, sclerotomes, and aortic explants the me- 
dium was Dulbecco’s Modified Minimal Essential Me- 
dium (DMEM; Gibco) supplemented with 15% heat- 
inactivated fetal calf serum (FCS) and 2% g-day chick 
embryo extract. Culture medium for the sensory and 
sympathetic ganglia cultures was Eagle’s Minimal Essen- 
tial Medium (MEM) supplemented with 10% heat-inac- 
tivated horse serum, 2% g-day chick embryo extract, 
0.6% glucose, 0.29 mg/ml of glutamine, 0.045 mg/ml of 
KCl, 0.02 mg/ml of choline chloride, 50 units/ml of 
penicillin, and 50 /*g/ml of streptomycin sulfate. 7s NGF 
(gift of Dr. M. Weber) was added to the medium at a 
final concentration of 50 rig/ml. 

Antibody production 

One-half milligram of somatostatin 1-14 (Sigma) was 
coupled to 2 mg of BSA using para-benzoquinone (Ter- 
nynck and Avrameas, 1976). Rabbits were immunized 
against one-eighth of the BSA-somatostatin complex 
mixed 1:l with complete Freund’s adjuvant (Gibco). In- 
jections were done at 4- to 6-week intervals, and serum 
was obtained 7 and 14 days after each injection. Antiso- 
matostatin antibodies were obtained after the second 
injection. Antibody 2-189 was used at a dilution of l:l,OOO 
for immunocytochemistry and 1:20,000 for RIA. Al- 
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though this antibody also recognizes somatostatin l-28 
in RIA, it is more sensitive to somatostatin 1-14; whereas 
12 pg of the unlabeled molecule are required to displace 
50% of the bound radioactive tracer, 10 times this 
amount of the l-28 molecule is needed to cause the same 
displacement. 

The results obtained with our antibody (2-189) were 
compared to results obtained with two other antibodies. 
Antisomatostatin from Institut Pasteur Productions was 
used for RIA at a dilution of 1:20,000. The second anti- 
body, a gift from Dr. P. Brazeau, was used for RIA diluted 
1:2,000 and for immunocytochemistry at l:l,OOO. 

Immunocytochemistry 

In. vivo. Trunks were removed from embryos after 3 
days of incubation until hatching. Immediately after 
removal, the tissues were fixed for 20 min at 4°C in a 
solution of 0.4% par-a-benzoquinone in 0.01 M PBS (pH 
7.4). Specimens were then thoroughly rinsed in PBS 
containing 7% sucrose and 0.01% sodium azide and were 
left overnight at 4°C in this buffer. They were subse- 
quently frozen for cryostat sectioning. Sections (7 to 10 
pm) were picked up on gelatin-coated slides. Indirect 
immunofluorescence staining was done (Coons et al., 
1955) using antisomatostatin serum. Serial sections were 
incubated for 16 hr. Fluorescein isothiocyanate (FITC)- 
labeled goat-anti-rabbit antibody (Capell) was then ap- 
plied at a dilution of 1:lOO for 1 hr at room temperature. 
After washing in PBS, the sections were mounted in 
PBS-glycerol (1:3). 

Sympathetic ganglion sections were photographed and 
then treated with a modification of the acridine orange 
method (J. Fontaine-P&us and M. Chanconie, manu- 
script in preparation). This permitted us to visualize and 
quantify the number of cells in each section. Photographs 
were taken, and the proportion of SLI-containing cells 
to the number of cells in the section was determined. 

In uitro. Procedures utilized for culture immunocyto- 
chemistry were modified from those described by Hart- 
man (1973). Cultures were fixed in 4% paraformaldehyde 
for 90 min followed by several rinses with PBS (pH 7.4). 
A lo-min rinse in 0.25% Triton to permeabilize the cells 
was followed by a 30-min rinse in 1:30 goat serum to 
minimize background staining. Cultures were incubated 
with rabbit somatostatin antiserum at room temperature 
for 30 min and overnight at 4°C. FITC-labeled goat-anti- 
rabbit fluorescent antibody (Nordic) was added at a 
dilution of 1:5O for 30 min at room temperature. 

Prior to use, somatostatin antisera (1:lOO dilution) 
were absorbed with PBS, 0.5% BSA for 24 hr at 4°C 
followed by centrifugation at 10,000 x g for 60 min to 
eliminate any anti-BSA antibodies. Diluted serum plus 
1 pg/ml of synthetic somatostatin and pre-immunization 
serum were used as controls. 

Radioimmunoanalysis 

Sample preparation for RIA. Tissues or cultures were 
rinsed in PBS, extracted in 200 ~1 of 2 M acetic acid, 
boiled for 10 min, and centrifuged at 3000 X g for 5 min. 
The supernatant was then freeze-dried. Prior to lyophi- 
lization, an aliquot was removed for protein analysis and 
frozen at -20°C. The samples for RIA were kept at 

-70°C until required, when they were dissolved in 0.05 
M potassium phosphate buffer (pH 7.4) containing 0.5% 
BSA and 0.01% Na azide and were centrifuged at 10,000 
X g for 15 min to eliminate any precipitate obtained after 
lyophilization. Protein was measured by the method of 
Lowry et al. (1951). 

Iodination of somatostatin was performed using chlor- 
amine T (see Garvey et al., 1977). Thirty micrograms of 
Tyr-somatostatin (Sigma) were reacted with 0.5 mCi of 
125I (Amersham) in the presence of 20 pg of chloramine 
T (Sigma). The reaction was stopped after 15 set by 
addition of 20 pg of sodium bisulfite. Immunoreactive 
[““I]-Tyr-somatostatin was separated from other com- 
ponents on a G-25 Sephadex column. 

For RIA, 100 ~1 of the antibody dilution were mixed 
in a test tube with 100 ~1 of the sample to be measured. 
Standard curves were derived from 9000 pg/ml to 2.5 pg/ 
ml of synthetic somatostatin (Sigma). After an initial 
incubation of antibody and sample for 5 hr at 4”C, 100 
~1 of the tracer dilution (6,000 to 10,000 cpm) were added. 
Free and bound somatostatin were separated by precip- 
itation of the latter with 0.5 ml of propanol followed by 
centrifugation at 2000 X g for 20 min. The supernatant 
was discarded, and the radioactivity in the precipitate 
was measured in a Beckman 4000 Gamma Counter. 

Results 

Characterization of SLI. Various lines of evidence lead 
us to believe that the SLI described here is, in fact, 
elicited by somatostatin or a very similar peptide: 

1. SLI was recognizable in the pancreas (both by RIA 
and immunocytochemistry), which is known to contain 
somatostatin (Arimura et al., 1975; Alumets et al., 1977). 

2. SLI could be blocked by pre-incubation of the an- 
tibody with synthetic somatostatin (1 pg/lO ~1 of serum). 

3. The same pattern of fluorescence as seen with our 
antibody was obtained both in vivo and in vitro using 
another somatostatin antibody (gift from Dr. Brazeau). 

4. We obtained virtually identical standard curves for 
synthetic somatostatin using three different somatosta- 
tin antibodies: our own (a-189), antibody obtained from 
the Institut Pasteur Productions, and antibody obtained 
from Dr. P. Brazeau. The same measurements were 
obtained from tissue and culture extracts using each of 
the three antibodies. 

5. Serial dilutions of extracts from sclerotomal cul- 
tures, sympathetic ganglia, or adrenal glands followed 
the same slope as the successive dilutions of synthetic 
somatostatin in the standard curve. 

Development of SLI in sympathetic ganglia. The first 
immunoreactive sites in the sympathetic ganglia were 
observed in 4-day embryos and consisted of cell bodies 
and fibers uniformly distributed in each ganglion irre- 
spective of the level (Fig. Ia). At this early stage of 
development, the cells were weakly fluorescent, and the 
immunofluorescence encompassed the entire ganglion. 
From day 5 to day 8 of incubation, immunoreactive fibers 
and neurons became numerous and highly fluorescent. 
However, beyond this stage we observed a considerable 
decrease in the density of fluorescent structures. At as 
early as day 9 of incubation, SLI was restricted to a few 
highly fluorescent nerve cell bodies and their processes, 
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Figure I. Transverse section of the trunk sympathetic gan- 
glion of a 6-day quail embryo (a). The immunoreactivity ob- 
served over the entire ganglion consists of nerve fibers and 
processes and nerve cell bodies (arrows). In the 13-day quail 
embryo (b), SLI was restricted to a few nerve cell bodies and 
their processes exclusively located to the ventral area of the 
ganglion. Magnification X 180. 

located in the ventral area of each ganglion (Fig. lb). 
This distribution was maintained until hatching. 

As assessed by RIA and immunocytochemistry, no SLI 
was found before or at 3 days of incubation in neural 
crest cells or in the tissues that abut their routes of 
migration, i.e., neural tube, sclerotomal mesenchyme, 
dermomyotome, ectoderm, or notochord. 

RIA confirmed the presence of SLI in the 4-day em- 
bryo. At this age, SLI was found in extracts of the 
sclerotomal portion of the embryo, which includes the 
site of development of the sympathetic ganglia. After day 
6 of incubation, the lumbosacral sympathetic chain can 
be dissected free of contaminating tissues. The develop- 
ment of SLI in these sympathetic chain ganglia is rep- 
resented in Figure 2, which shows the amount of SLI per 
microgram of protein. If the amount of SLI is expressed 
as SLI per ganglion instead of per unit of protein, we 
observe a significant reduction (p < 0.01) of SLI from 
ages 6 and 7 (2.06 + 0.3 pg/ganglion + SE) to ages 10 to 
13 (0.85 f 0.087). 

In Table I we show that the proportion of SLI-con- 
taining cells present in the sympathetic ganglion de- 
creases as the embryo ages. It must be emphasized that 
the value of 7% for the SLI-containing cells in sympa- 
thetic ganglia of the 6-day embryo is in reality an under- 
estimate, since only the most strongly immunoreactive 
cells were taken into account (whereas the entire gan- 
glion appears to exhibit a weak fluorescence at this age). 
In addition, intense fluorescence in the 6-day ganglion is 
often localized to small clusters of cells in which it can 

6 7 8 10 13 15 

Age of embryo (days) 

Figure 2. Development of SLI in the sympathetic ganglionic 
chain of quail embryos. Results represent the mean of at least 
four RIA on two to six sympathetic chains per assay and are 
expressed in terms of protein content. Bars represent SEM. 
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TABLE I 
SLI-containing cells in sympathetic ganglia 

SLI-containing cells, quantified in tissue sections by immunofluo- 
rescence, were compared with the total number of cells observed by 
counting nuclei in the same sections after treatment with acridine 
orange. Results are expressed as mean + SEM. Significance was deter- 
mined by the Student’s t test. Each value corresponds to at least six 
different sections of sympathetic ganglia from three embryos. 

Embryonic 
Age 

days 
6 

8 

No. of Cells Total No. 
Containing SLI of Cells Percentage 

23.1 + 3 342 + 37 6.89 f 0.6 
p < 0.001 

13 f 2.7 515 f 35 2.64 f 0.6 

13 3 * 0.5 
p < 0.01 

668 + 56.5 0.43 f 0.05 

be difficult to determine whether SLI is displayed by one 
cell or several. In such cases, SLI was assigned to a single 
cell only. 

SLI could also be detected by immunocytochemistry 
in cultures of sympathetic ganglia 7 days after plating. 
In the small ganglion-like structures formed in these 
cultures, a few strongly SLI-positive cells were found 
(Fig. 3). Other less fluorescent cells were sometimes 
present, although in no instance were all cells forming 
the ganglion positive. SLI-containing cells displayed flu- 
orescence over the entire cell body (except for the nuclei) 
and often over the neurites and in enlargements or 
varicose-like structures as well. However, only rarely did 
the SLI extend in the neurite network from one ganglion 
to the next. 

Development of SLI in the adrenal gland and aortic 
plexus. SLI-containing cells were observed at the level of 
the adrenal gland in &day embryos, i.e., when the pri- 
mordia of the gland first appear (Fig. 4a). However, even 
earlier, at 4.5 days, some SLI cells were seen around the 
area where the adrenal would later form. Although at 
first weakly immunoreactive, medullary cells became 
intensely fluorescent as the embryo aged, and the number 
of reactive cells increased considerably until hatching 
(Fig. 4b). Most, if not all, of the chromaffin cells in the 
adrenal medulla appeared positive in the older embryos. 
However, immunoreactive cells displayed fluorescence 
that ranged from intense to weak. No structural differ- 
ence could be correlated to the difference in fluorescence 
intensity. 

In the adrenal gland, SLI was detectable by RIA at 5 
days of age and increased in amount during the subse- 
quent days (Fig. 5). This increase is evident both by 
plotting the amount of SLI with respect to the amount 
of protein (as in the figure) or the amount of SLI per 
gland. For example, the amount of SLI per gland rose 
from 2 pg/gland at 5 days of incubation to about 50 pg/ 
gland at 8 days of incubation, with 1000 pg/gland present 
at 13 days of incubation. 

The development of SLI cells in the aortic plexus 
paralleled their development in the adrenal gland. Cells 
displaying SLI first appeared as soon as the plexus 
started to form, between days 3 and 4 of incubation, and 
maintained their immunofluorescence until hatching. 

The aorta can be dissected out after 4 days of incuba- 
tion; no SLI was found by RIA at this age. However, SLI 
was already present in aortas taken at 5 days of incuba- 
tion. 

Development of SLI in the dorsal root ganglia. In the 
dorsal root ganglia, no SLI cells were found until day 13 
of incubation. At this stage, very few immunofluorescent 
nerve cell bodies were detected, and these were prefer- 
entially dispersed among the small-sized neuron popu- 
lation (Fig. 6), which has been shown to display sub- 
stance P immunoreactivity (Fontaine-P&us et al., 1982). 
Their fluorescence, although weak, appeared granular 
and clearly concentrated in the perinuclear space. No 
SLI detectable by RIA was found in the sensory ganglia 
up to 12 days of embryonic age (the latest stage exam- 
ined). Beyond this age, it is virtually impossible to obtain 
dorsal root ganglia that are free of contamination from 
the sympathetic ganglia, a part of which becomes at- 
tached to the sensory ganglia. Since the sympathetic 
chain contains SLI, no significant conclusion could be 
drawn from RIA. 

We were unable to detect SLI by RIA or by immuno- 
cytochemistry in cultures of 7- to g-day quail embryo 
sensory ganglia 2, 7, or 14 days after plating. 

Development of SLI in sclerotome cultures. When the 
sclerotomal moiety of 3-day embryos (which contains the 
migrating neural crest cells) was placed in culture, SLI 
could be detected by RIA 48 hr later. The quantity of 
SLI in these cultures increased during the following days, 
reaching a constant level between 4 and 6 days of culture 
(Fig. 7A). The amount of protein in these cultures also 
increased with age (Fig. 7B). However, the amount of 
protein is not an appropriate index of SLI development, 
since it reflects the development both of non-neuronal 
and neuronal cell types. This discrepancy between pro- 
tein content and SLI development could be seen in 6- 
day cultures, where the amount of protein continued to 
increase, whereas SLI content reached a plateau. 

To show that the RIA-detectable SLI did not originate 
from the mesenchymal cells, we cultured 2-day preso- 

Figure 3. SLI-containing cell in g-day quail embryo sympa- 
thetic ganglion cultured for 7 days. The soma and neurites of 
the cell are immunoreactive. Magnification x 350. 
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Figure 4. Adrenal gland of g-day quail embryo (a). SLI- 
containing cells are observed in the medullary component of 
the gland. b, In the 14-day embryo, the intensity of the immu- 
nofluorescence and the number of immunoreactive cells have 
increased. Maenification x 700. 

mitic mesenchyme. In uiuo this mesenchyme gives rise 
to the sclerotome and the dermomyotome. In the 2-day 
embryo, neural crest cells at the level of the unsegmented 
somites have not yet migrated, so that no presumptive 
neuronal cells are present when the presomitic mesen- 
thyme is cultured at this age. No SLI could be detected 

u ~~~~~ ~~~~~ -- by RIA in these cultures, even after 7 days. 
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Figure 5. Development of SLI in the adrenal gland of quail 
embryos. Results represent the mean of at least three RIA on 
2 to 14 adrenal glands per assay and are expressed in terms of 
the gland’s protein content. Bars represent SEM. 

Figure 6. Transverse section of a sensory ganglion from a 
13-day quail embryo. SLI is present in a few weakly immuno- 
stained nerve cell bodies corresponding to the mediodorsal area 
of the spinal ganglion. Magnification x 200. 
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Figure 7. Development of (A) SLI and (B) protein content 
in cultures of sclerotomes. Thirty-five sclerotomes were grown 
per culture, and two cultures were pooled for each assay. The 
values represent the mean + SEM of at least six RIA and 
protein assays. In attempts to detect SLI before culture, trunk 
extracts containing up to 250 sclerotomes were grouped. 

To identify the cell types that contained the SLI 
detected by RIA, we carried out immunocytochemistry 
on 4- to 6-day-old cultures, in which the amount of SLI 
had reached a plateau. We found that many neuron-like 
cells (such as those described by Fauquet et al., 1981) 
were positive for SLI (Fig. 8, A to C). Immunoreactivity 
was shown by isolated cells, cells forming small ganglion- 
like aggregates, and cells associated in large plexus-like 
structures. These positive cells resembled the SLI-con- 
taining cells present in the sympathetic ganglion cul- 
tures. The degree of fluorescence, as in uiuo, varied from 
intensely fluorescent to weak. 

Development of SLI in aortic explants. At 4 days of 
incubation, some of the cells of the neural crest have 
migrated to the area around the developing aorta. Here 
they differentiate in situ or emigrate to colonize other 
areas, forming derivatives such as the adrenal gland, the 
aortic plexus, and the sympathetic ganglia (Enemar et 
al., 1965; see also Romanoff, 1960; Le Douarin, 1982). 
To see whether these sympathoadrenal precursors also 
differentiate in vitro into SLI-containing neurons, the 
dorsal aorta of 4-day embryos was dissected and placed 
in culture. After 1 day, some neuron-like cells (both 
isolated and in small groups) had developed, particularly 
at the periphery of the aortic explant. After 2 days in 
culture, more of these cells could be seen, some of them 
grouping together into ganglion-like structures. 

No SLI was detectable by RIA in freshly dissected 
aortas from 4-day embryos, as previously described. The 
first positive reaction was detected in aortic explant 
cultures after 24 hr (Fig. 9A). The amount of SLI in- 
creased during the next few days. In contrast to the 
sclerotome cultures, the amount of protein in these cul- 
tures did not increase over time (Fig. 9B). 

By immunocytochemistry, many SLI-positive cells 
could be observed in plexus-like structures contained 
within the aortic explant, while other SLI-containing 
cells were found alone or associated with small ganglia 
around the explant. The morphology of these neurons 
was very similar to that of cells developing in sclerotome 
and sympathetic ganglion cultures (Fig. 10). 

Figure 8. SLI-containing cells in sclerotome cultures kept 4 
to 6 days. These neuron-like cells present diverse morphologies 
and are found (a) isolated, (b) grouped in small ganglion-like 
structures, or (c) forming plexuses with numerous immuno- 
reactive fibers and where the cell bodies (arrow) are barely 
discernible. Magnification x 350. 

Discussion 

The studies described here show that the distribution 
of SLI-containing cells in quail embryos is similar to 
that of mammals, i.e., SLI is present in the adrenal gland 
(Lundberg et al., 1979), in the sympathetic ganglia (Hok- 
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Figure 9. Development of (A) SLI and (B) protein content 
in cultures of aortic explants. Two to four aortas were grown 
per culture, and two cultures were pooled for each assay. The 
values represent the mean f  SEM of at least four RIA and 
protein assays. In attempts to detect SLI before culture, up to 
10 aortic explants were grouped for RIA. 

Figure 10. SLI-containing cells in aortic explant cultured for 
6 days. Magnification X 350. 

felt et al., 1977), and in the sensory ganglia (Hokfelt et 
al., 1975b). 

Time of appearance of SLI. The appearance of SLI is 
an early event in the differentiation of neural crest into 
either sympathetic ganglia or adrenomedullary cells. In 
the avian embryo, at 3 days of incubation, the trunk 
neural crest cells are migrating between the sclerotome- 
neural tube and the sclerotome-dermomyotome bound- 
aries and in the narrow intersomitic space (Le Douarin 
and Teillet, 1974; Thiery et al., 1982; Le Douarin et al., 
1983). SLI is detected soon after the cells aggregate to 
form the primary sympathetic chain, which occurs at 3.5 
days in the chick embryo (Kuntz, 1910; Yntema and 
Hammond, 1947; Enemar et al., 1965) or when they 
colonize the primordium of the adrenal gland, between 
days 4 and 5 of incubation (Enemar et al., 1965). Similar 
events have been described for other peptides, such as 
substance P in the sensory ganglia (Fontaine-P&us et 
al., 1982) and methionine-enkephalin in the ganglia of 
Remak (Epstein and Dahl, 1982), which are detected 

soon after the ganglia are formed. In contrast, SLI does 
not appear in the dorsal root ganglia until long after they 
are formed. 

In vitro, SLI also appears soon after the neural crest 
cells have differentiated into neuron-like cells. Fauquet 
et al. (1981) have shown that after the sclerotomes have 
been in culture for 24 hr, some crest cells extend proc- 
esses, and after 48 hr, when SLI is first detected by RIA, 
cells appear with highly refractile spherical cell bodies 
and processes. Some of them aggregate to form ganglion- 
like structures or an intricate meshwork. 

When aortic explants containing presumptive auto- 
nomic ganglioblasts were cultured, SLI appeared after 24 
hr. However, it should be underlined that these cells had 
continued their development in the embryo for an extra 
24 hr and that they were placed in culture as a virtually 
undissociated explant. 

The timing of SLI appearance in vitro corresponded 
to that in the embryo except for a small delay in our 
sclerotome cultures. SLI appeared in vitro at what cor- 
responds to day 5 of incubation in the embryo, the age 
when it appears in the aortic plexus and adrenal gland, 
and about 24 hr after it appears in the sympathetic 
ganglia. 

Development of SLI. The development of SLI in the 
sympathetic ganglia is a curious phenomenon. Although 
in the early stages of development the immunofluores- 
cence extended over the entire ganglion, soon afterward 
(around day 9) only a few, ventrally localized positive 
cells remained. However, the amount of SLI per ganglion 
decreased only slightly during embryonic life. Since in 
younger embryos a higher proportion of cells in the 
sympathetic chain was SLI-positive, it must be assumed, 
therefore, that SLI-containing cells give rise to cells that 
lose their SLI or that the few SLI-negative cells divide 
to form most of the adult ganglion, while the SLI- 
containing cells remain few in number. An alternate 
hypothesis is that naturally occurring cell death de- 
creases selectively the proportion of SLI-containing cells. 
Rothman and her colleagues (1978) have shown that 
some cells become postmitotic very early in the formation 
of the sympathetic ganglia, while others continue to 
divide. It would be interesting to correlate the acquisition 
of SLI with the cells’ mitotic activity. 

The development of SLI in the adrenal gland con- 
trasted with that in the sympathetic ganglia. Whereas in 
the latter the amount of SLI remained stable, in the 
adrenal gland it increased as the embryo aged. It is 
interesting to note that in the adrenal medulla most, if 
not all, of the chromaffin cells seemed to contain SLI 
fluorescence at every stage in the embryo. 

In our cultures, the development of SLI-containing 
cells was similar to that of the sympathetic ganglion in 
uivo, i.e., the amount of SLI reached a plateau a few days 
after its initial appearance. This finding is in agreement 
with previous work by our group showing that this type 
of culture favors the differentiation of sympathetic neu- 
rons (Fauquet et al., 1981). 

Comparison of SLI and adrenergic development. An 
interesting fact that must be underlined is that the 
development of SLI in uivo and in vitro follows a pattern 
very similar to that of adrenergic cells of the sympa- 
thoadrenal system. In both cases, the appearance of SLI 
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seems to correspond to the time of differentiation of 
neural crest cells into sympathetic or adrenal cells. 

In vivo, adrenergic properties, defined by catechol- 
amine fluorescence, appear at about 3.5 days in the 
primary (and soon after in the secondary) sympathetic 
ganglia of the chick embryo (Enemar et al., 1965; Kirby 
and Gilmore, 1976) and at 4 to 5 days in the adrenal 
gland (Enemar et al., 1965). The catecholamine fluores- 
cence intensity of the secondary sympathetic ganglia 
diminishes in the 9- to lo-day chick embryo, while in the 
adrenal medullary cells, on the contrary, the intensity 
continues to increase (Enemar et al., 1965). This is 
similar to what we have observed for SLI. In some 
mammals, somatostatin immunofluorescence and adre- 
nergic properties have been found to coexist in the same 
cells of the adrenal medulla (Lundberg et al., 1979) and 
in some noradrenergic sympathetic neurons (Hokfelt et 
al., 1977). However, somatostatin is not the only peptide 
in sympathetic neurons; Lundberg and his colleagues 
(1982) showed avian pancreatic polypeptide also to be 
present in sympathetic noradrenergic neurons (although 
in a different population from those containing somatos- 
tatin) and vasoactive intestinal peptide (VIP) to be pres- 
ent in a subpopulation of sympathetic neurons which are 
thought to be cholinergic. 

As for development in. vitro, cells differentiating in 
sclerotome cultures have been shown to possess many 
neuronal properties. They can be stained by silver im- 
pregnation, and they contain catecholamines, acetylcho- 
linesterase (Fauquet et al., 1981), tyrosine hydroxylase, 
tetanus toxin-binding sites, and neurofilaments (M. Fau- 
quet and C. Ziller, personal communication). 

Most neuronal cells in this type of culture are clearly 
adrenergic sympathetic neurons (Smith et al., 1981). Our 
group has shown that catecholamines can be synthesized 
by sclerotomal cultures after 24 hr and that the synthes- 
izing capacity increases after 7 days in culture (Fauquet 
et al., 1981). Most if not all of the neuronal cells in these 
cultures are fluorescent after glyoxylic acid treatment, 
and numerous dense-core vesicles, characteristic of ad- 
renergic neurons, have been described in these cells. 

In view of the similarities in the development of cate- 
cholamines and SLI in differentiating neurons, we have 
started to study the possibility that both characteristics 
are expressed by the same cells. Preliminary results 
indicate that SLI-positive cells also contain tyrosine 
hydroxylase, the rate-limiting enzyme for catecholamine 
synthesis, and that they are fluorescent after glyoxylic 
acid treatment, a test for the presence of catecholamines. 

Somatostatin is known to be an inhibitory peptide in 
the CNS, pituitary, pancreas, and digestive tube (for 
references see Arimura et al., 1975; Renaud et al., 1975). 
Its function in the peripheral nervous system is not 
known, although there is some evidence that it inhibits 
cholinergic-mediated catecholamine release in the adre- 
nal medulla (Mizobe et al., 1979; Role et al., 1981) and 
that it might modulate tyrosine hydroxylase activity in 
sympathetic ganglia (Kessler et al., 1983). Its early ap- 
pearance in association with adrenergic tissues suggests 
a tight interrelationship between somatostatin and cat- 
echolamines. 

The cultures described in this article represent condi- 
tions in which neural crest precursors differentiate into 

somatostatin-containing neurons. We believe that these 
cultures may provide a system to study the influence of 
different factors on the differentiation of peptidergic 
neurons, in the same way that they have been used to 
study the differentiation of neural crest cells into cate- 
cholamine- or acetylcholine-synthesizing neurons. 

Note added in proof. Recently, two articles presenting 
results similar to those described here have been pub- 
lished by Maxwell et al. (1984; Dev. Biol. 101: 357-366). 
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