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I have explored the chick sympathetic system as a model for 
the study of specific synapse formation by examining the pattern 
of ganglion cell innervation by preganglionic axons in 2 differ- 
ent ganglia. Using intracellular recording and HRP labeling 
techniques, the innervation of the 12th and 15th cervical ganglia 
(Cl2 and C15) was examined. Sympathetic ganglion cells of the 
chick are innervated in a stereotyped manner by preganglionic 
axons arising from different levels of the spinal cord. While 
each ganglion is innervated by preganglionic axons arising from 
several spinal cord segments, individual ganglion cells are in- 
nervated by only some of the spinal segments that supply each 
ganglion as a whole. The subset of spinal segments is always 
contiguous, with 1 segment providing the dominant innervation 
to the cell. Spinal segments adjacent to the dominant segment 
provide synaptic inputs that diminish as a function of distance 
from the dominant segment. This pattern of ganglion cell in- 
nervation in the chick is similar to that of the mammal, where 
re-innervation studies have suggested that ganglion cell inner- 
vation is selective. The similarity in the innervation of avian 
and mammalian sympathetic neurons suggests that the rules 
that underlie the specificity of synapse formation in the sym- 
pathetic system of the 2 species are the same. Because of the 
accessibility of the chick embryo for experimental manipula- 
tions during development, it is now possible to study the cellular 
basis that underlies the specificity of synapse formation in this 
relatively simple nervous system. 

Neurons in the paravertebral sympathetic ganglia of mammals 
are selectively innervated by preganglionic axons arising from 
different spinal cord segments (Langley, 1892, 1900; Nj& and 
Purves, 1977a; Lichtman et al., 1980). In the superior cervical 
ganglion of the guinea pig, for instance, ganglion cells that project 
to a particular peripheral target area are innervated by pregan- 
glionic axons arising from the same spinal cord segments. Seg- 
mentally selective innervation is also apparent in the rest of the 
sympathetic chain, where progressively more caudal ganglia are 
innervated by overlapping but progressively more caudal sets 
of preganglionic axons. The selectivity of ganglion cell inner- 
vation is maintained in the re-innervation of the superior cer- 
vical ganglion (Guth and Bernstein, 196 1; Langley, 1895, 1897; 
Maehlen and Nj&, 1981; Nja and Purves, 1977b, 1978) and in 
the re-innervation of ganglia transplanted to a different level of 
the sympathetic chain (Purves et al., 198 1). An important ques- 
tion raised by these studies is how appropriate pre- and post- 
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synaptic neurons are recognized. Although several hypotheses 
on the mechanism of selective synaptogenesis in the sympathetic 
nervous system have been proposed (see, for example, Rubin, 
1985a-c), the ability to test these hypotheses is limited by the 
inaccessibility of the mammalian embryo. 

In the present study, I have examined the specificity of gan- 
glion cell innervation in the sympathetic system of the chick. 
My results indicate that sympathetic ganglion cells of the chick 
are also innervated in a segment-specific fashion by preganglion- 
ic axons (see also Langley, 1904). The general resemblance of 
the sympathetic system of the chick and the mammal suggests 
that the rules that underlie the specificity of the sympathetic 
system in the 2 species are the same. Because of the accessibility 
of the chick embryo and the possibility of surgical manipulations 
during development, the chick sympathetic system may provide 
a much more tractable preparation for in vivo studies on the 
mechanisms of selective synapse formation. For example, in the 
following paper (Yip, 1986b), I describe the formation of sym- 
pathetic ganglia in the chick and examine whether position along 
the neural tube prior to neural crest migration is a basis for 
recognition between pre- and postganglionic neurons. 

Materials and Methods 

Chick sympathetic chain ganglia 
The sympathetic chain ganglia of the chick are located along each side 
of the vertebral column. Ganglion cells are innervated by a column of 
preganglionic neurons, extending between the brachial and lumbosacral 
enlargements of each side of the spinal cord (Langley, 1904; Levi-Mon- 
talcini, 1950; Temi, 1923). Unlike the mammal, the chick has a sym- 
pathetic ganglion closely attached to the spinal nerve at each cervical 
level; at the thoracic levels, sympathetic ganglia are apposed to the dorsal 
root ganglia (see Fig. 1). The sympathetic trunk between successive 
thoracic ganglia is divided so that one branch goes above and the other 
below each rib. The sympathetic chain above C 12 is snlit into a maior 
paravertebral trunk &at runs along the transverse processes of the vir- 
tebrae and a minor (postcarotid) trunk that lies adjacent to the carotid 
artery (see Yntema and Hammond, 1947). Because of the branching of 
the sympathetic trunk above C 12 and the absence of rami communicantes 
at thoracic levels, only the lower cervical ganglia (C 12-Cl6) are readily 
accessible for recording ganglion responses to segmental stimulation 
(Lichtman et al., 1980; NjA and Purves, 1977a). For this reason, I have 
focused on the innervation of the 12th and 15th cervical ganglia (C 12 
and Cl 5). 

Intracellular recording from ganglion cells 
Intracellular recordings were made from sympathetic ganglion cells of 
1- to 2-month-old White Leghorn chicks. In a manner similar to such 
studies in mammals (Nja and Purves, 1977a), the right 12th or 15th 
cervical ganglion (C 12 or C 15) was removed from anesthetized chicks 
along with the thoracic portion of the sympathetic chain and the ad- 
joining ventral roots. The preparation was placed in a bath and perfused 
with oxygenated Tyrode solution (Ginsborg, 1960) at room temperature. 
Ventral roots C15-T4, which contribute to the innervation of both 
ganglia, were taken up into suction electrodes for stimulation (0.5 msec 
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Figure I. A, Chick sympathetic ner- 
vous system. Sympathetic ganglia are 
segmentally arranged along each side 
ofthe vertebral column. Ganglion cells 
are innervated by a column of pre- 
ganglionic neurons that extend be- 
tween the brachial and lumbosacral 
enlargements on each side of the spi- 
nal cord. Preganglionic axons exit in 
the ventral roots to innervate the 
sympathetic chain. In order to deter- 
mine the extent and organization of 
the preganglionic neurons innervating 
the cervical sympathetic chain ganglia 
using retrograde HRP labeling, about 
I mg HRP was applied to the rostra1 
and caudal cut ends of both divisions 
of the sympathetic trunk just below 
the Cl5 ganglion (circle). Since the 
preganglionic- column ceases at C 15, 
this procedure identified all the pre- 
ganglionic neurons that innervate the 
C 15 and more rostra1 cervical ganglia. 
B, Drawing of a transverse section of 
the thoracic spinal cord showing the 
location of preganglionic neurons and 
their projections. Depending on the 
segmental origins of their cell bodies, 
preganglionic neurons may project 
in the rostra1 or in the caudal direc- 
tion. 
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pulses, 50-100 V, 0.5 set). Ventral roots anterior to Cl5 contain no 
sympathetic preganglionic axons. Intracellular recordings were made 
from individual ganglion cells while stimulating in turn each ventral 
root. For each cell impaled, the following parameters were determined: 
(1) the spinal segments innervating each cell; (2) the number of pregan- 
glionic axons innvervating each cell, as identified by the discrete steps 
of synaptic potential produced by graded stimulation of each ventral 
root; and (3) the compound EPSP amplitude arising from supramaximal 
stimulation of individual ventral roots. Ten to twenty cells were impaled 
in each preparation. 

Anatomical methods 
Preganglionic neurons innervating the cervical sympathetic chain gan- 
glia of 1- to 2-week-old hatchlings were identified by retrograde labeling 
with HRP. The cervical sympathetic trunk was exposed in animals 
anesthetized with nentobarbital and about 1 ma of HRP (Sigma Tvue 
VI) was applied to* the rostra1 and caudal cut ends of both‘d&sions of 
the sympathetic trunk between the Cl 5 and Cl6 ganglia (Fig. 1). Al- 
ternatively, HRP was applied to a well built with stop-corkgrease around 
the 4 cut ends of the sympathetic trunk. No difference was found in the 
extent of preganglionic neurons labeled between these 2 methods of 
HRP application. The incision was then closed with sutures. Twenty- 
four hours later the animals were sacrificed and perfused through the 
heart with 0.5 M PBS, followed by a phosphate-buffered fixative con- 
sisting of 1% paraformaldehyde, 2.5% glutaraldehyde, and 4% sucrose 
(Rubin and Purves, 1980). The spinal cord extending from Cl4 to T5 
was removed and immersed in fresh fixative for an additional 2 hr. 
Thereafter, it was rinsed in phosphate buffer, equilibrated in buffered 
30% sucrose, and embedded in gelatin-albumin (Rubin, 1985a). Serial 
transverse or horizontal sections, 30 pm, were made using a cryostat; 
these were then mounted on slides and reacted for the presence of HRP. 
Tetramethylbenzidine (TMB) was used as the chromogen (DeOlmos et 
al., 1978). Since the preganglionic cell column, in most instances, does 
not start until the Cl 6 spinal segment (see below), this procedure labels 
all the preganglionic neurons that project to the Cl 5 and more rostra1 
ganglia. 

In order to determine whether the organization of the preganglionic 
neurons is segmental in nature (i.e., whether preganglionic axons exit 
the spinal cord at the segmental level of their cell bodies-see Rubin 
and Purves, 1980), the T 1 spinal nerves of 3 animals were cut at their 

exit from the vertebrae before HRP was applied to the cut cervical 
sympathetic trunk between the Cl 5 and Cl6 ganglia. The absence of 
labeled neurons at T 1 would then indicate a strictly segmental organi- 
zation of preganglionic neurons. Horizontal serial sections were made 
from the spinal cord of this series of animals. 

Results 

Innervation of Cl2 and Cl5 ganglia 
Each ganglion is innervated by preganglionic axons arising from 
several spinal cord segments. Individual ganglion cells, however, 
are 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 providing the strongest in- 
nervation to the cell. Spinal segments adjacent to the dominant 
segment provide synaptic inputs that diminish as a function of 
their distance from the dominant segment (Fig. 2). 

Impalement of 228 cells in the Cl2 ganglion indicated that 
it is innervated by the Cl 5-T3 spinal segments (Fig. 3A); each 
ganglion cell is innervated on average by 11.2 + 0.2 (SEM) ax- 
ons arising from 2.6 -t 0.04 segments. Similar recordings from 
the C 15 ganglion indicated that it is innervated by the C 15-T4 
spinal segments (Fig. 3B); each ganglion cell is innervated on 
average by 11.6 + 0.2 axons arising from 3.5 f 0.06 segments 
(n = 205 cells). 

The two ganglia differ in the proportion of neurons innervated 
by preganglionic axons arising from different segmental levels 
(Fig. 3). Whereas both ganglia are innervated by almost the same 
set of preganglionic axons (C 15-T3 for the C 12 ganglion and 
C 15-T4 for the C 15 ganglion), a relatively larger number of C 12 
ganglion cells are innervated by preganglionic axons arising from 
more rostra1 segments. The difference in the segmental inner- 
vation of these 2 ganglia is also reflected by the preganglionic 
axons providing dominant innervation to each ganglion. Neu- 
rons in the more caudal C 15 ganglion tend to be dominated 
more by preganglionic axons arising from more caudal spinal 
cord segments (Fig. 4). 
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Organization of preganglionic neurons in the spinal cord 
Since the preganglionic column ceases at C15, preganglionic 
neurons innervating the cervical sympathetic chain ganglia above 
C 16 were identified by retrograde labeling with HRP applied to 
the cut sympathetic trunk between the Cl 5 and Cl6 ganglia 
(Fig. 1). Nine chicks in which HRP was applied unilaterally to 

Figure 2. Examples of the innerva- 
tion of 3 different cells obtained from 
the C 15 ganglion in a single animal. 
Each cell receives synaptic inputs from 
a contiguous set of spinal segments. 
Moreover, a single segment provides 
the dominant innervation to the cell. 
The neurons shown in A-C are dom- 
inated successively by spinal seg- 
ments Tl-T3. Segmental dominance, 
as defined by the segment providing 
both the largest number of pregan- 
glionic axons contacting each cell and 
the largest EPSP amplitude, is similar 
to that seen in mammals (Nja and 
Purves, 1977). The stereotyped pat- 
tern of ganglion cell innervation in the 
C 15 ganglion is equally evident when 
similar recordings are made from the 
C 12 ganglion. 

the cut sympathetic trunk and an additional 2 in which HRP 
was applied bilaterally were studied. Labeled cell bodies were 
found in spinal cord segments C 1 ST4 and were restricted to 
the side where HRP was applied (Fig. 5). Bilateral HRP appli- 
cation labeled 2 cell columns, the columns of Terni, located 
dorsomedially in the spinal cord (see Levi-Montalcini, 1950; 
Oppenheim and Chu-Wang, 1983; Terni, 1923). Occasionally 
1 or 2 labeled cells were found in the intermediolateral position 
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of the spinal cord (Fig. 5C), where many preganglionic neurons 
of mammals are located. In each of the animals studied, the 
number of labeled preganglionic neurons in each spinal segment 
varies systematically as a function of their spinal level. The 
number of labeled preganglionic neurons is greatest at the Tl 
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Figure 3. Segmental innervation of the Cl2 and Cl5 ganglia as de- 
termined by intracellular recording techniques. Each ganglion cell is 
multiply innervated by preganghonic axons arising from an average of 
3-4 spinal cord segments. Although both ganglia are innervated by 
approximately the same set of spinal segments, cells in the more rostra1 
C 12 ganglion (A) tend to be innervated by preganglionic axons arising 
from more rostra1 spinal cord segments than the C 15 ganglion (B). 

DOMINANT SEGMENT 

Figure 4. Distribution of segments providing dominant innervation 
to individual neurons in the Cl2 (A) and Cl 5 (B) ganglia. Thus, within 
each ganglion, subpopulations of neurons receive dominant innervation 
from different spinal segments. The criterion of segmental dominance 
used here was the EPSP amplitude. 
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Figure 5. HRP applied to the cut cervical sympathetic trunk just below 
the Cl 5 ganglion labels a population of preganglionic neurons (the col- 
umn of Temi), extending from the Cl5 to T4 spinal segments. The 
majority of labeled neurons are found in the Tl spinal segment (A), 
where they occupy a region of the gray matter that extends from the 
dorsal to the ventral funiculi. The number of labeled preganghonic 
neurons is substantially reduced at the T2 spinal segment (B), and only 
a small number of labeled preganglionic neurons are found at the T3 
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SPINAL CORD SEGMENTS 

Figure 6. Distribution of labeled preganglionic neurons in the spinal 
cord after HRP was applied to the cut sympathetic trunk just below the 
C 15 ganglion. Top, Composite camera lucida drawing of longitudinal 
serial sections of the spinal cord showing the location and density of 
labeled cells. Labeled preganglionic neurons are restricted to the side of 
HRP application. Because of clustering and the superposition of some 
cells, each dot may represent more than 1 cell. Bottom, Segmental dis- 
tribution of labeled preganglionic neurons in the spinal cord. Segmental 
boundaries are taken to be midway between each of the dorsal roots. 
Histograms were obtained from uncorrected counts of labeled neurons 
in 8 animals; bars indicate SEM. The segments providing innervation 
to the Cl5 ganglion (Fig. 3) are the same as those containing labeled 
preganglionic neurons. Thus, in addition to providing the anatomical 
correlate of ganglion cell innervation in the cervical sympathetic chain 
ganglia, these data suggest that no significant intraspinal pathways are 
present in the sympathetic preganglionic cell column of the chick. 

spinal level and decreases with distance in more rostra1 and 
caudal spinal segments. The segmental distribution of labeled 
neurons was determined in 8 animals by counting the number 
of labeled cells in every fourth section of the spinal cord. While 
labeled cells were present in segments Cl 5-T4, the majority of 
labeled cells was found in segments C16-T2 (Fig. 6). The seg- 
mental distribution of labeled preganglionic neurons in the spin- 
al cord is similar to the pattern of ganglion cell innervation that 
was determined by intracellular recording in cervical ganglia 
(Fig. 3). 

Segmental organization of preganglionic neurons 
Two lines of evidence indicate that the organization of the pre- 
ganglionic neurons is segmental in nature, i.e., that preganglionic 
axons exit the spinal cord at the segmental level of their cell 
bodies. First of all, the similarity in the distribution of labeled 
preganglionic neurons upon application of HRP to the cut cer- 

c 

spinal segment (C’). Occasionally, 1 or 2 labeled cells were found in the 
intermediolateral position of the spinal cord (arrow), where many pre- 
ganglionic neurons of mammals are located. 
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Figure 7. Demonstration that no significant intraspinal pathways are 
present in the preganglionic cell column. The Tl spinal nerve was cut 
at its exit from the corresponding bony canal before HRP was applied 
to the cut sympathetic trunk between the Cl 5 and Cl6 ganglia. This 
composite camera lucida drawing shows the presence of labeled pre- 
ganglionic neurons in the spinal cord of such an animal. In none of the 
3 animals in which this operation was performed were labeled pregan- 
glionic neurons found in the Tl spinal segment. 

vieal sympathetic trunk and the pattern of ganglion cell inner- 
vation determined by intracellular recording suggests that no 
significant intraspinal pathway is present (Figs. 3,6). The second 
line of evidence came from studies in which HRP was applied 
to the cervical sympathetic trunk after the T 1 spinal nerve was 
sectioned at its exit from the spinal cord. In all 3 animals in 
which this operation was performed, no labeled cells were found 
in the Tl spinal cord segment, where about half of the total 
number of labeled preganglionic neurons were normally found 
(Fig. 7). Thus, in the chick, as in mammals, there is no intra- 
spinal pathway for preganglionic axons (see Rubin and Purves, 
1980). 

Discussion 
Sympathetic ganglion cells in the chick are innervated in a highly 
stereotyped pattern. Individual neurons are contacted by a sub- 
set of the spinal segments that supply the ganglion as a whole. 
The subset of spinal segments innervating each ganglion cell is 
nearly always contiguous, with 1 segment providing the dom- 
inant innervation to the cell. This pattern of ganglion cell in- 
nervation is very similar to that of the mammal (Lichtman and 
Purves, 1980; Nja and Purves, 1977a; Rubin, 1985a-c). 

The notion that sympathetic ganglion cell innervation of the 
mammal is selective is based on the following observations. 
First, stimulation of each of the upper thoracic ventral roots 
supplying innervation to the superior cervical ganglion elicits 
qualitatively different end-organ effects (Langley, 1892, 1900; 
Lichtman et al., 1979; Nja and Purves, 1977a). Thus, for ex- 
ample, stimulation of T 1 ventral roots results in dilation of the 
pupil and widening of the palpebral fissure, whereas stimulation 
of T4 ventral roots elicits vasoconstriction in the ear. The sys- 
tematically graded innervation of individual ganglion cells by 
a contiguous subset of spinal segments is presumably the cellular 
basis of the end-organ responses elicited in vivo by stimulation 
of each ventral root. In accord with this view is the finding that 
ganglion cells projecting to the same target region receive the 
same segmental innervation. Other evidence in support of se- 
lective innervation in sympathetic ganglion cells of the mammal 
has come from re-innervation studies. Upon transection of the 
cervical sympathetic trunk and re-innervation of the superior 
cervical ganglion, the stereotyped pattern of ganglion cell in- 
nervation and the characteristic pattern of end-organ responses 
to ventral root stimulation are restored (Langley, 1895, 1897; 
Nja and Purves, 1977b, 1978). 

Although re-innervation studies have not been done in the 
chick sympathetic system, Langley studied the in vivo responses 
of sympathetic end-organs of the chick to stimulation of each 
of the spinal nerves that contribute to the innervation of the 

sympathetic chain ganglia (Langley, 1904). Among Langley’s 
findings that indicated the similarity of the general organization 
of the sympathetic system of the chick and mammal, one that 
deserves special attention is the observation that preganghonic 
axons arising from successive spinal nerves supply successive 
but largely overlapping regions of the body. For instance, stim- 
ulation of the C 16 spinal nerve elicited stronger feather move- 
ment on the head and upper part of the neck than in the lower 
neck. Stimulation of the Tl spinal nerve, in contrast, elicited 
strong feather movement in the lower neck and anterior part of 
the wing, whereas stimulation of the T2 spinal nerve elicited 
feather movement in the posterior part of the wing and the 
upper part of the thorax. The present results indicate that the 
activation of the C 12 and C 15 ganglia is responsible, at least in 
part, for the sympathetic responses elicited in the lower neck 
and the wing by stimulation of spinal nerves C 16-T2. Although 
both ganglia are innervated by an almost identical set of spinal 
cord segments, neurons in the C 12 ganglion are dominated more 
by preganglionic axons arising from C 16 and T 1, whereas neu- 
rons in the Cl 5 ganglion, a major ganglion that supplies the 
brachial region, are largely dominated by preganghonic axons 
arising from Tl and T2. It therefore appears that ganglion cells 
that are innervated by preganglionic neurons of the same spinal 
cord level project to the same target region (see Lichtman et al., 
1979). The striking similarity in the innervation of avian and 
mammalian sympathetic ganglia suggests that the rules that un- 
derlie the specificity of synapse formation in the sympathetic 
system of the 2 species are the same. 

The mechanisms that give rise to highly ordered connections 
in sympathetic ganglia during development are not known. Al- 
though mechanisms such as mechanical guidance and timing 
will most certainly play a role in the generation of highly ordered 
innervation patterns, a mechanism that is consistent with the 
results on the selective re-innervation of ganglia (Nja and Purves, 
1977b, 1978) and ganglia transplants (Purves et al., 1981) is 
that pre- and postganglionic neurons are recognized by specific 
surface labels, acquired by their early positions along the neur- 
axis. 
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