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While it is well established that neural crest cells migrate to 
give rise to a variety of cell types and tissues, the migratory 
patterns among individual neural crest derivatives have not been 
fully worked out. Such knowledge is important not only in re- 
lation to the mechanisms of neural crest migration and differ- 
entiation, but also in understanding the ontogeny of the PNS. 
Of special interest in the latter regard is the origin of sympa- 
thetic ganglion cells and their innervation, since studies on gan- 
glion cell innervation have suggested that the matching between 
pre- and postganglionic neurons might be based on their early 
positions along the neuraxis (see preceding paper). In the pres- 
ent study, I have used the quail-chick transplantation technique 
to examine the migratory patterns of the precursors of sympa- 
thetic ganglion cells, dorsal root ganglion cells, and melanocytes 
that originate from 1 or 2 segments of the trunk neural crest. 
My results indicate that precursors of sympathetic ganglion cells, 
on average, migrate 2 segments rostrally and 3 segments cau- 
dally. Thus, individual sympathetic ganglia comprise neurons 
that originate from up to 6 segments of the neuraxis. Precursors 
of melanocytes also migrate along the rostrocaudal axis, but to 
an even greater extent than sympathetic ganglioblasts. In con- 
trast, precursors of dorsal root ganglion cells do not migrate at 
all along the rostrocaudal axis (although they migrate along a 
ventromedial pathway to give rise to the dorsal root ganglia of 
the same segmental level). 

The number of neural crest segments contributing to each 
sympathetic ganglion is approximately equal to the number of 
spinal cord segments contributing to its innervation. This find- 
ing is consistent with the idea that the segmental innervation of 
particular sympathetic ganglia is related to the segmental origin 
of their constituent cells. 

The neural crest is a transient structure that overlies the neural 
tube of the vertebrate embryo and gives rise to a variety of cell 
types and tissues. Among the derivatives of the neural crest are 
neurons of sensory and autonomic ganglia, glial cells, melano- 
cytes, cells of the adrenal medulla, and many craniofacial struc- 
tures (for review, see LeDouarin, 1982). At the level ofthe trunk, 
neural crest cells migrate in 2 streams, one ventromedially ad- 
jacent to the lateral wall of the neural tube and the other dor- 
solaterally between the somites and the ectoderm. Neural crest 
cells that migrate ventromedially give rise to the sympathetic 
chain ganglia and plexus, dorsal root ganglia, and the adrenal 
medulla; the dorsolaterally migrating cells enter the dermis to 
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become melanocytes (Thiery et al., 1982; Vincent and Thiery, 
1984; Weston, 1963). How neural crest cells originating from 
the same region end up in different locations and differentiate 
into different cell types is not fully understood. Although many 
studies have examined the overall pathways of neural crest mi- 
gration (Duband and Thiery, 1982; LeDouarin and Teillet, 1974; 
Newgreen and Thiery, 1980; Noden, 1975; Teillet, 1971; Tos- 
ney, 1978) none has examined the pattern of migration of cells 
derived from a very small region of the neural crest. This issue 
becomes important in a consideration of the innervation of 
sympathetic ganglia; recent studies have demonstrated that gan- 
glion cell innervation by preganglionic neurons is selective and 
have suggested that selective synaptogenesis in this system is 
based on surface labels that are acquired as a result of the seg- 
mental origins of pre- and postganglionic neurons along the 
neuraxis (Lichtman et al., 1979; Purves et al., 198 1; Rubin and 
Purves, 1980). In the present study, I have examined the pattern 
of migration of sympathetic ganglioblasts, sensory ganglioblasts, 
and pigment cells that originate from l-2 segments of the trunk 
neural crest in the chick embryo. Several questions concerning 
neural crest migration were examined. (1) Are neural crest cells 
of the trunk capable of substantial rostrocaudal migration? (2) 
Do precursors of different neural crest derivatives have different 
propensities to migrate in the rostrocaudal axis? (3) What is the 
segmental origin of the neurons making up the cervical and 
thoracic sympathetic chain ganglia? These questions were ad- 
dressed by following the migration of neural crest cells derived 
from quail neural primordia transplanted homotopically into 
chick hosts (LeDouarin, 1969, 1971, 1973). 

Materials and Methods 

Transplantation of neural primordium from a quail donor into 
a chick host 
Quail neural crest cells, identified by their condensed heterochromatin, 
were used as markers for identifying the migratory pattern of sympa- 
thetic and dorsal root ganglion cell precursors in the chick (Fig. 1). Using 
a rotary sander, windows were made in the shell of both quail and chick 
embryos. One or two segments of neural primordium consisting of 
neural tube and the overlying neural crest were removed by tungsten 
needles from lower cervical or upper thoracic segments of a quail donor 
at stages 1 l-l 5 (2-2’12 d). The specific level of the neural tube was 
determined by counting somites after lightly staining the embryo with 
a 0.1% neutral red solution (Levi-Montalcini, 1950). All donor tissues 
were obtained from regions of the last 6 somites in stage 14-15 embryos 
and from the unsegmented region in the vicinity of the last somite in 
stage 11-13 embryos. The donor tissue was transplanted into a chick 
host of the same stage from which the corresponding segments had been 
removed (Fig. 2A). The window in the shell of the chick host was sealed 
with a coverslip and paraffin, and returned to a forced-draft incubator 
at 37°C and 70% relative humidity. Host embryos were sacrificed at 
stages 33-38 (7&12 d) (Hamburger and Hamilton, 195 1). Only those 
embryos that appeared morphologically normal were used (Fig. 2B, see 
also Fig. 8). 
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Figure 1. Example of quail (A) and chick (C) 15th cervical sympathetic ganglia (Cl 5) at 8 d of incubation. B and D, High-power views of insets 
in A and C, respectively, showing that the heterochromatin of quail cells is usually condensed, whereas that of the chick is dispersed. Using quail 
cells as a natural cell marker, the formation of sympathetic and dorsal root ganglia could be studied by following the migration of transplanted 
quail neural crest cells in chick hosts. Calibration bars, 50 pm in A, C, 10 pm in B, D. 

Histological preparation 
Embryos were fixed with Camoy solution, cleared with amyl acetate, 
and embedded in paraffin (Hamburger et al., 1981). Serial transverse 
sections were cut at 10 Mm and stained by the Feulgen-Rossenbeck 
reaction (Feulgen and Rossenbeck, 1924). 

Histological examination 
For each embryo, the sympathetic chain, the dorsal root ganglia, and 
spinal cord along the rostrocaudal axis were reconstructed from serial 
transverse sections. The brachial plexus (which is formed by the con- 
vergence of the C13-Cl6 spinal nerves) and the lateral motor column 
(which extends from the Cl3 to Cl6 spinal cord segments) were also 
reconstructed. The segmental levels of individual ganglia were then 
determined by using the brachial plexus and lateral motor column as 
landmarks (Hamburger et al., 198 1). The exact segmental level of the 
transplant was also ascertained, in this case by identifying the spinal 
cord segment or segments that contained only quail cells. 

For each of 18 experimental animals, the left and right sympathetic 
chains, as well as dorsal root ganglia, were examined throughout their 
extent for the presence of quail cells (see Fig. 1). (Only 35 cases were 
examined because 1 side of 1 experimental animal was damaged during 
processing.) In 5 stage 37-38 (11-12 d) embryos in which extensive 
pigmentation of feathers had occurred because of the seeding of the 
epidermis by quail melanocytes the rostrocaudal limits of the skin show- 
ing quail-like (pigmented) feathers were identified from serial transverse 
sections. In 4 cases where the transplant was restricted to a single spinal 
segment, the spatial distribution of quail cells along the sympathetic 
chain ganglia was determined in a more detailed way, together with the 
number of quail cells in each ganglion. This latter value is expressed as 
a percentage of the total number of quail cells distributed along the 
entire sympathetic chain. 

Results 

Migration of sympathetic ganglioblasts along the rostrocaudal 
axis 
Sympathetic ganglion cells originating from transplants of quail 
neural primordium l-2 segments long were found in several 
contiguous paravertebral ganglia of the chick host (see Fig. 5). 
In all cases (N = 35) ganglion cells of quail origin were found 
in at least 3 contiguous ganglia (Fig. 3). With the exception of 
2 cases, quail cells migrated l-3 segments rostrally and l-5 
segments caudally. In the remaining 2 cases, one showed no 
rostra1 migration and the other showed no caudal migration of 
quail cells. On average, quail neural crest cells arising from 
transplants of neural primordium 1.4 + 0.08 (SEM) segments 
in length migrated 1.9 + 0.14 segments rostrally and 2.8 -t 0.17 
segments caudally to populate the sympathetic chain of the chick 
host. No significant difference was found in this behavior be- 
tween 1 and 2 segment transplants (T,, = 1.57; p > 0.05). Nor 
was a difference found in the extent of sympathetic ganglioblast 
migration in embryos operated between stages 11 and 15 (40- 
55 hr) (Fig. 4). Thus, at least within the confines of these stages, 
there does not appear to be any temporal factor that determines 
how many ganglia are populated by a given segment of the neural 
crest. Furthermore, no difference in the extent of sympathetic 
ganglioblast migration was found in embryos sacrificed between 
stages 33 and 38 (7%12 d). Accordingly, the migration of sym- 
pathetic ganglioblasts appears to be complete before stage 33 
(7% d). 
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Quail Chick 

A 

Figure 2. A, Transplantation of 
neural primordium from a quail do- 
nor into a chick host. A piece ofneural 
primordium l-2 cord segments in 
length was removed from lower cer- 
vical or upper thoracic segments of a 
quail donor at stages 1 l-l 5 (40-55 hr) 
and transplanted into a chick host of 
a similar stage. The transplant was 
placed at the same segmental level af- 
ter removing the corresponding seg- 
ment(s) from the host. B, Transplant- 
ed region of a stage 33 (7%8 d) chick 
embryo that had received a homo- 
topic transplantation of l-2 segments 
of quail neural primordium 5 d ear- 
lier. The spinal cord, the paired dorsal 
root ganglia (DRG), and sympathetic 
ganglia (SYM) all auDeared to have 
fo&ed normally. There are, how- 
ever, two notochords in this embryo, 
one derived from the quail (solid ar- 
row) and the other from the chick (open 
arrow). 

In summary, sympathetic ganglioblasts originating from 
transplants of 1 or 2 segments of neural crest at cervical or 
thoracic levels migrated along the rostrocaudal axis to populate 
multiple ganglia of the sympathetic chain. 

Rostrocaudal distribution of sympathetic ganglion cells 
originating from transplanted neural primordium 
Sympathetic ganglion cells originating from a single segment of 
the transplanted neural primordium are distributed in a graded 

manner in a number of contiguous ganglia both rostral and 
caudal to the transplant region (Figs. 5, 6). Thirty-nine percent 
of the sympathetic ganglion cells originating from the quail neu- 
ral primordium were found in the ganglia adjacent to the trans- 
plant (N = 4). The percentage of quail cells diminished as a 
function of distance in more rostra1 and caudal ganglia. The 
segmental distribution of quail cells along the sympathetic chain 
ganglia also revealed a tendency of sympathetic ganglioblasts to 
migrate further caudally than rostrally. First, quail cells were 
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Figure 3. Rostrocaudal migration of sympathetic ganglion cells orig- 
inating from transplanted neural primordium. The presence of quail 
cells in ganglia of both the left and right sympathetic chains was ex- 
amined in 18 chimeric embryos 5-10 d after transplantation. Each 
stippled bar represents the distribution of quail cells along the sympa- 
thetic chain. The l-2 segment transplant, identified by cord segments 
that contained only quail cells, is represented in each case by a black 
bar. All the animals are aligned at the transplant region, even though 
the level of transplantation varied (as indicated by numbers at right). 
In every case, quail cells were found in sympathetic ganglia l-3 segments 
rostra1 and l-5 segments caudal to the transplant region. On average, 
quail cells arising from l-2 segments of the transplanted neural pri- 
mordium were found in 6 contiguous sympathetic ganglia. 

found in more ganglia caudal than rostra1 to the transplant region 
(Fig. 3). In addition, more quail cells were found in each ganglion 
caudal to the transplant region than the corresponding rostra1 
ganglia (Figs. 5, 6). Finally, in ganglia where many quail and 
chick cells were found, quail cells were randomly distributed 
among the chick cells (Fig. 6, A-D). In the most distant ganglia, 
where quail cells were few in number, the heterotypic cells were 
sometimes found in clusters in only a small region of the ganglia 
(Fig. 6, E, F). 

Migration of dorsal root ganglioblasts 
The presence of quail cells was also examined in dorsal root 
ganglia of all experimental embryos. In every case, quail cells 
were confined to the dorsal root ganglia adjacent to the trans- 
plant (Fig. 7, A, B). Dorsal root ganglia rostra1 and caudal to 
the transplant region were completely devoid of quail cells (Fig. 
7, C-F). However, a few host (chick) cells were sometimes found 
in the dorsal root ganglia adjacent to the transplant. 

The simplest explanation given these findings is that dorsal 
root ganglion cells arise from the neural crest of the correspond- 
ing segment. Moreover, the results suggest that the migration 
of dorsal root ganglioblasts is a relatively early event. Thus, by 
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Figure 4. Extent of quail cell migration in chimeras created and sac- 
rificed at various stages. Each vertical line shows the number of ganglia 
in a single sympathetic chain populated by quail cells arising from the 
transplanted neural primordium. The position of each vertical line in 
the horizon&plane indicates the stage at which the transplantation was 
performed and the stage at which the embryo was sacrificed. The extent 
of neural crest migration was similar whether the transplant was per- 
formed at stage 11 (40-45 hr) or stage 15 (50-55 hr). The extent of 
neural crest migration was also similar whether embryos were sacrificed 
at stage 33 (7%8 d) or stage 38 (12 d). 

stages 11-15 (40-50 hr), when the transplantations of neural 
primordia were performed, some dorsal root ganglioblasts have 
already migrated away from the hosts’ neural crest, resulting in 
the appearance of host cells in the dorsal root ganglia at the 
level of the transplant. 

Migration of melanocytes 
As in the case of sympathetic ganglion cells, melanocytes orig- 
inating from single segments of the neural crest populated rel- 
atively large areas of the chick host. Transplantation at the Tl 
level, for instance, resulted in pigmentation of the chick host 
between the lower neck and the thigh (Fig. 8). Serial reconstruc- 
tions of the rostrocaudal extent of pigmented feathers in 5 stage 
37-38 (11-12 d) chick hosts indicated that melanocytes arising 
from 1 or 2 segments of neural primordium populated 11-14 
segments of skin. On average they migrated 4.6 f 0.6 (SEM) 
segments rostrally and 6.6 f 0.5 segments caudally. Thus, the 
segments populated by melanocytes arising from the transplant 
overlapped with, but extended beyond those populated by sym- 
pathetic ganglioblasts. As in the case of sympathetic ganglio- 
blasts, there was a tendency for melanocytes arising from lower 
cervical and upper thoracic levels to migrate preferentially in 
the caudal rather than in the rostra1 direction (see also Teillet, 
1971). 

Discussion 
My results indicate that precursors of sympathetic ganglion cells 
and melanocytes of the trunk region are capable of considerable 
rostrocaudal migration. Moreover, precursors of melanocytes 
that arise from a local region of the neural crest migrate farther 
along the rostrocaudal axis than do precursors of sympathetic 
ganglion cells. In general, there is a tendency for these neural 
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crest derivatives to migrate further in the caudal than in the 
rostra1 direction. Precursors of dorsal root ganglion cells, in 
contrast, do not migrate along the rostrocaudal axis; instead, 
they migrate ventromedially to give rise to the dorsal root gan- 
glia of the same segmental level. 

These differences in the migratory behavior of different neural 
crest derivatives indicate that the rostrocaudal migration of 
sympathetic ganglion cells, as well as melanocytes, is not simply 
an anomalous effect of transplantation per se. Instead, the dif- 
ference in the pattern of migration among different neural crest 
derivatives is likely to be a result of their local environment. 
Indeed, when neural crest cells are transplanted from the vagal 
to the trunk region or vice versa, they adopt the migratory 
pathways that are characteristic of cells of the new location 
(LeDouarin, 1980; LeDouarin and Teillet, 1973; see also Noden, 
1975). Focal changes in the composition of the extracellular 
matrix through which neural crest cells migrate have been as- 
sociated with the migration and aggregation of neural crest cells. 
Neural crest migration has been observed to proceed along path- 
ways that are rich in fibronectin; on the other hand, migration 
ceases with the appearance of nerve cell adhesion molecule 
(N-CAM) and the concomitant focal disappearance of fibronectin 
(Rovasio et al., 1983; Rutishauser et al., 1978; Thiery et al., 
1982). 

An obvious difference in the migratory behavior of dorsal 
root and sympathetic ganglion cells is the absence of rostrocau- 
da1 movement of dorsal root ganglion cells. A possible expla- 
nation for this finding is that dorsal root ganglion cells cannot 
migrate through the sclerotome, which thus forms a physical 
barrier for the rostrocaudal migration ofthese neurons (see Thiery 
et al., 1982). In support of this view is the recent finding that 
migrating neural crest cells, labeled with the monoclonal anti- 
body NCI, were never found within the sclerotome (Vincent 
and Thiery, 1984). In addition, the segmental arrangement of 
dorsal root ganglia has been found to depend on the presence 
of the segmentally arranged somites, which gives rise to the 
sclerotome (Detwiler, 1934; see also Weston, 1963). The pro- 
genitors of dorsal root ganglion cells, as suggested by Thiery and 
his collaborators (Thiery et al., 1982; Vincent and Thiery, 1984), 
appear to be the neural crest cells that face the bulk ofthe somite. 
Thus, the rostrocaudal migration of these cells, as well as their 
ventral migration to the paranotochordal region, is prevented 
by the sclerotome. The reason for the difference in the extent 
of rostrocaudal migration between precursors of melanocytes 
and sympathetic ganglion cells is not clear; again, however, it 
is likely to be found in the structure of the environment through 
which the neural crest cells migrate. Precursors of melanocytes 
migrate dorsolaterally in the mesenchyme between the ectoderm 
and the dermomytome (Teillet, 1971; see, however, Weston, 
1963), whereas precursors of sympathetic ganglion cells appear 
to migrate ventromedially in the intersomitic space to form first 
the primary sympathetic trunk dorsolateral to the aorta before 
migrating dorsally towards the ventral roots to form the defin- 
itive secondary sympathetic trunk (Kirby and Gilmore, 1976; 
Vincent and Thiery, 1984). Concurrent with the dorsal migra- 
tion of sympathetic ganglioblasts to form the secondary sym- 
pathetic trunk is the outgrowth of preganglionic axons (Holly- 
day, 1985; Yip, 1985). The presence of preganglionic axons may 
also alter the migratory behavior of sympathetic ganglion cells. 

Although the migration of sympathetic ganglion cell precur- 
sors along the rostrocaudal axis has been implicated in studies 
on the normal dispersion of neural crest cells (Vincent and Thiery, 
1984) and in experimental studies where segments of neural 
crest were ablated (Yntema and Hammond, 1945), my results 
indicate, for the first time, the limits of their dispersion. Since, 
on average, sympathetic ganglioblasts originating from 1 or 2 
segments of the lower cervical or upper thoracic neural crest 
migrate 2 segments rostrally and 3 segments caudally, individual 
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Figure 5. Segmental distribution of quail sympathetic ganglion cells 
originating from transplants of single segments of neural primordium. 
As-in Figure 3, individual cases were ahgned at the transplant region 
(N = 4). The number of auail cells found in ganglia rostra1 and caudal 
to the transplant region diminished as a fun&on of distance from the 
transplant region. Inset, Percentage of neurons in the 15th cervical gan- 
glion that was dominated by preganglionic axons arising from different 
spinal cord segments (redrawn from Yip, 1986). The existence of several 
subpopulations of ganglion cells each dominated by preganglionic axons 
arising from a particular spinal cord segment appears to be a general 
feature of the sympathetic system (Yip, 1986) and has led to the idea 
that pre- and postganglionic neurons make preferential connections with 
one another based on their segmental origins in the neuraxis. 

ganglia at these levels consist of cells that arise from about 6 
spinal segments ofthe neural crest. The fact that the rostrocaudal 
extent of sympathetic ganglioblast migration is the same 
throughout stages 33-38 (7%12 d), a period that spans the peak 
of naturally occurring cell death (Oppenheim et al., 1982), in- 
dicates that cell death does not play a significant role in shaping 
the final pattern of sympathetic ganglioblast migration. 

Of special interest is the similarity between the number of 
neural crest segments contributing to each sympathetic ganglion 
and the number of spinal cord segments contributing to its 
innervation (Fig. 5). Thus, as reported in the accompanying 
paper (Yip, 1986), each ganglion in the chick is innervated by 
preganglionic axons arising from 6 spinal cord segments. The 
innervation of individual neurons in these ganglia is segmentally 
specific, with each cell being innervated by only some of the 
spinal segments that supply each ganglion as a whole. This subset 
of spinal segments is always contiguous, with 1 segment pro- 
viding the dominant innervation to the cell; spinal segments 
adjacent to the dominant segment provide synaptic inputs whose 
strength diminishes as a function of distance from the dominant 
segment. 

A similar pattern of ganglion cell innervation has been dem- 
onstrated in the sympathetic ganglion of several different mam- 
mals (Lichtman and Purves, 1980; Nja and Purves, 1977a; Ru- 
bin, 1985). The systematically graded innervation of individual 
ganglion cells by different spinal cord segments is presumably 
the cellular basis for the activation of sympathetic end-organs 
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Figure 6. Rostrocaudal distribution of sympathetic ganglion cells originating from transplants of quail neural primordium. A, Sympathetic ganglion 
at the level of the transplant. The majority of quail cells were found at this level. C, Sympathetic ganglion 2 segments caudal to the region of the 
transplant. In this ganglion, many fewer quail cells were found, where they were distributed apparently at random among chick cells. E, Sympathetic 
ganglion 2 segments rostra1 to the region of the transplant. The number of quail cells is substantially reduced; in the micrograph shown here, only 
a few cells are evident (inset). In general, there were fewer quail cells in ganglia rostral to the transplant region. B, D, and F, High-power views of 
insets in A, C, and E, respectively. The overall segmental distribution of cells from this animal is indicated by the asterisk in Figure 3. Calibration 
bars, 50 pm in A, C, E, 10 pm in B, D, F. 

at different regions of the body (Lichtman et al., 1979). Fur- 
thermore, upon transection of the cervical sympathetic trunk 
and re-innervation of the superior cervical ganglion in the guinea 
pig, the stereotyped pattern of ganglion cell innervation and the 
characteristic end-organ responses are restored, indicating that 
ganglion cells have been selectively re-innervated by pregan- 
glionic axons (NjA and Purves, 1977b, 1978). The similarity in 
the innervation of avian and mammalian sympathetic neurons 
suggests that the innervation of avian sympathetic neurons by 
preganglionic axons is also selective. In both instances, the re- 

lationship between pre- and postganglionic cells appears to be 
positional; ganglion cells that innervate a particular peripheral 
target area are innervated predominantly by preganglionic axons 
arising from the same spinal cord segment (Lichtman et al., 
1979; Rubin and Purves, 1980; see also Purves et al., 198 1). 

How positional attributes of pre- and postsynaptic neurons 
are translated into a basis for selective synapse formation is not 
known. By analogy with other systems in which the early po- 
sitions of pre- and postsynaptic neurons appear to be important 
for their subsequent interactions, it is possible that selective 
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Figure 7. Dorsal root ganglia at var- 
ious rostrocaudal levels of the trans- 
plant. A, Dorsal root ganglion at the 
level of the transplant. C and E, Dor- 
sal root ganglia 1 segment rostra1 (C) 
and caudal (E) to the region of the 
transplant. B, D, and F, High-power 
insets of A, C, and E, respectively. 
The ganglion cells at the level of the 
transplant are almost entirely of quail 
origin. Adjacent ganglia were nearly 
devoid of quail cells. This indicates 
that dorsal root ganglion cells origi- 
nate almost exclusively from neural 
crest cells of the corresponding seg- 
ment. The formation of the dorsal root 
ganglion from the neural crest is 
therefore different than that of the 
sympathetic ganglion, where the con- 
stituent neurons originate from mul- 
tiple segments ofthe neural crest. Cal- 
ibration bars, 50 pm in A, C, E, 10 
pm in B, D, F. 

synaptogenesis in this system is based on surface labels that are 
acquired as a result of the segmental origins of pre- and post- 
ganglionic neurons along the neuraxis (see Rubin and Purves, 
1980). The similarity between the number of neural crest seg- 
ments contributing to each sympathetic ganglion and the num- 
bet- of spinal cord segments contributing to its innervation adds 

further weight to the possibility that pre- and postganglionic 
neurons are matched according to their segmental origins along 
the neuraxis. 

Matching between pre- and postganglionic neurons originat- 
ing from the same position in the neuraxis might simply be 
based on the acquisition of a similar positional label. This mech- 
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Figure 8. Stage 37 (11 d) chick embryo that had received a homotoprc 
transplantation of l-2 segments ofquail neural primordium in the upper 
thoracic region 8% d earlier. Melanocytes, which arise from the neural 
crest of the quail donor, have populated the feather tracts throughout 
the brachial and thoracic levels of the chick host. 

anism might operate in mammals, for which there is some evi- 
dence that neurons of the superior cervical ganglion originate 
from the thoracic neural crest (Rubin, 1985). The matching of 
pre- and postganglionic neurons simply on the basis of a com- 
mon origin, however, is not tenable in the cervical sympathetic 
ganglia of the chick. Whereas cervical sympathetic ganglion cells 
originate from local levels of the neural crest (see also Le- 
Douarin, 1982; Newgreen, 1979; Thiery et al., 1982), their syn- 
aptic inputs are derived largely from preganglionic neurons that 
arise from thoracic levels of the spinal cord. Hence in this in- 
stance (and perhaps throughout the sympathetic systems), rel- 
ative positional cues may be used to match pre- and postgan- 
glionic neurons during synapse formation. The demonstration 
that mammalian sympathetic ganglion cells or muscle fibers 
obtained from different segmental levels are selectively re-in- 
nervated by subpopulations of preganglionic axons of the cer- 
vical sympathetic trunk, with tissues obtained from more caudal 
spinal levels being re-innervated by preganglionic axons arising 
from relatively more caudal levels of the spinal cord (Purves et 
al., 198 1; Wigston and Sanes, 1985) is consistent with this idea. 
Selective synaptic connections based on the positional attributes 
of pre- and postsynaptic neurons may indeed be a widespread 
phenomenon in the nervous systems of higher vertebrates. 
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