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Thoracic dorsal root ganglia in bullfrogs contain sensory 
neurons that innervate the skin of the trunk and have syn- 
aptic connections in the dorsal horn of the spinal cord. The 
ganglion that innervates the forelimb contains, in addition 
to cutaneous afferents, many muscle afferents that project 
more ventrally in the spinal cord and make monosynaptic 
connections with motoneurons. In the present study, we have 
transplanted thoracic sensory neurons to the brachial level 
in tadpoles to discover whether they can innervate forelimb 
muscles and, if so, whether they form central connections 
characteristic of forelimb muscle afferents. 

The ganglion that normally supplies the forelimb was re- 
moved from tadpoles and replaced with 2 thoracic ganglia. 
After the tadpoles completed metamorphosis, the periph- 
eral and central connections of the transplanted thoracic 
sensory neurons were examined with anatomical and elec- 
trophysiological techniques. When the ganglia were trans- 
planted at stage XIV or earlier, transplanted sensory neu- 
rons innervated the forelimb and projected into the brachial 
spinal cord. Electrical stimulation of forelimb muscle nerves 
evoked impulses in the dorsal root, indicating that some 
centrally projecting sensory neurons were muscle afferents. 
Furthermore, muscle afferents were also activated by 
stretching muscles which suggests that they terminated on 
spindles. 

HRP labeling of the central projections revealed that trans- 
planted sensory neurons terminated at sites characteristic 
of both cutaneous and muscle afferents. The pattern of syn- 
aptic connections was assessed by recording intracellularly 
from motoneurons. Stimulation of muscle afferents produced 
monosynaptic EPSPs in motoneurons. As in normal frogs, 
triceps muscle afferents projected more strongly to triceps 
motoneurons than to subscapularis and pectoralis moto- 
neurons, while subscapularis afferents projected to all 3 types 
of motoneurons. Thus, the transplanted sensory neurons 
formed central connections appropriate to their novel pe- 
ripheral targets. These observations suggest that interac- 
tions between sensory neurons and their targets may be 
important in determining their central connections. 
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During development, sensory neurons innervate targets in the 
periphery and subsequently form synaptic connections with 
neurons in the CNS (Ramon y Cajal, 19 11, 1929; Windle, 1934; 
Windle and Orr, 1934; Windle and Baxter, 1936; Windle and 
Fitzgerald, 1937; Vaughn and Grieshaber, 1973; Frank and 
Westerfield, 1983; Smith, 1983). Sensory neurons innervating 
different peripheral targets establish connections with distinct 
and characteristic subsets of central neurons. One hypothesis 
proposed to explain this specificity suggests that developing sen- 
sory neurons acquire chemical labels from their peripheral tar- 
gets that endow them with affinities for the correct subset of 
central neurons (Weiss, 1942; Sperry and Miner, 1949; Miner, 
1956). According to this hypothesis, sensory neurons could ini- 
tially be capable of innervating any one of a variety of peripheral 
targets. 

Previous investigators have attempted to test this hypothesis 
by forcing developing sensory neurons to innervate foreign pe- 
ripheral targets and examining the central connections they sub- 
sequently form (Weiss, 1942; Kollros, 1943; Sperry and Miner, 
1949; Miner, 1956; Szekely, 1959; Eccles et al., 1962; Jacobson 
and Baker, 1969; Baker and Jacobson, 1970; Mendell and Hol- 
lyday, 1976; Baker et al., 1978; Eide et al., 1982; Frank and 
Westerfield, 1982b; Szekely et al., 1982). In many ofthese stud- 
ies, the reflex behavior of the adult animals suggested that the 
sensory neurons made central connections appropriate to their 
novel targets. More definitive evidence that the connections 
were correct was obtained in the study by Frank and Westerfield 
(1982b). Sensory neurons in a ganglion that supplies the rostra1 
trunk in normal frogs (DRG 3) were induced to innervate the 
forelimb by removing the ganglion that normally supplies the 
forelimb (DRG 2) from tadpoles at stages during which the limb 
becomes innervated. After the tadpoles completed metamor- 
phosis, the central connections of the sensory neurons in DRG 
3 were examined with anatomical and electrophysiological 
methods. The study focused on connections between muscle 
spindle afferents and motoneurons because the patterns of these 
connections can be assessed by recording intracellularly from 
motoneurons. The sensory neurons that innervated the forelimb 
projected into the brachial spinal cord, like sensory neurons in 
DRG 2 in normal frogs. Furthermore, the patterns of connec- 
tions between muscle afferents and motoneurons were the same 
as in normal frogs. 

While this finding is consistent with the hypothesis that the 
central connections of sensory neurons are specified by their 
targets, an alternative explanation involving strict prespecifi- 
cation of sensory neurons and selective cell death is also possible 
(see Lance-Jones and Landmesser, 1980a, b; Whitelaw and Hol- 
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sensory neurons prespecified to innervate particular targets in 

lyday, 1983). Both the peripheral and central targets of sensory 
neurons could be determined by their lineages or their original 
positions along the neuraxis. Since DRGs 2 and 3 are formed 
by adjacent areas of the neural crest, they might both receive 

level. These animals were injected with 1.0 pg NGF daily until they 
metamorphosed. Our hope was that the added NGF would prevent 
degeneration of transplanted sensory neurons, just as it prevents de- 
generation of sensory neurons deprived of their peripheral targets in 
chick embryos (Hamburger and Yip, 1984). Since the NGF injections 

the forelimb and in the brachial spinal cord. The forelimb- 
specified neurons in DRG 3 might die in normal frogs because 
they are prevented from innervating the forelimb by neurons 
in DRG 2, but they might survive when DRG 2 is absent. 
Consistent with this hypothesis, the removal of DRG 2 causes 
hypertrophy of DRG 3, suggesting that neurons that would 
normally die were rescued (see also Miner, 1956; Bibb, 1977, 
1978). 

ganglia, they were not used in subsequent experiments. 
had no apparent effect on the sizes of the transplanted ganglia, or normal 

In the present study, we have tested the ability of sensory 
neurons from midthoracic levels to innervate the forelimb in 
order to gain insight into which of these explanations is correct. 
Midthoracic ganglia seem unlikely to contain sensory neurons 
prespecified to innervate the forelimb because they are derived 
from neural crest cells at a different level of the neuraxis. Fur- 
thermore, they might lack sensory neurons able to innervate 
muscles in the forelimb because they are normally composed 
predominantly of cutaneous afferent neurons. Cutaneous affer- 
ents project exclusively into the dorsal horn and do not make 
monosynaptic connections with motoneurons (SzCkely et al., 
1982; Jhaveri and Frank, 1983). We were interested in finding 
out whether thoracic sensory neurons would form synaptic con- 
nections with motoneurons if they were given the opportunity 
to innervate forelimb muscles and, if so, whether they would 
project selectively to motoneurons supplying specific muscles. 

Midthoracic ganglia were transplanted to the brachial level 
in tadpoles. After the animals completed metamorphosis, the 
peripheral and central connections of the sensory neurons were 
examined anatomically and electrophysiologically. The results 
demonstrate that thoracic ganglia contain sensory neurons ca- 
pable of becoming muscle afferents and provide further support 
for the hypothesis that the central connections of these afferents 
are specified by their peripheral targets. 

Materials and Methods 
Surgical procedures. Dorsal root ganglia (DRGs) were transplanted in 
approximately 100 bullfrog (Rana catesbieana) tadpoles ranging in age 
from stage V to stage XVII (Taylor and Kollros, 1946). The tadpoles 
were anesthetized by immersion in 0.1% Tricaine methane sulfonate. 
DRGs 2-6 on the right side were exposed by a laminectomy. DRG 2, 
which supplies the forelimb, and DRG 3 were removed and discarded. 
DRGs 4 and 5 (or 4, 5, and 6) were then removed, usually with the 
dorsal roots still attached, and transplanted to the position previously 
occupied by DRG 2. Their dorsal roots were inserted into the spinal 
cord near the second dorsal root’s normal entry point in order to en- 
courage the growth of fibers into the spinal cord. 

In preliminary experiments (n = 15), thoracic DRGs were removed 
from stage XVII-XVIII tadpoles, or juvenile frogs, and transplanted to 
the position normally occupied by DRG 2 in younger tadpoles (stage 
V-VIII). When the ganglia were examined 3-14 d later (n = 5) or in 
the adult frog (n = lo), few or no surviving sensory neurons were found. 
Therefore, in all later experiments, ganglia were transplanted to new 
positions in the same animal. In most instances, DRG 2 was removed 
and replaced by thoracic ganglia in a single operation. However, in 8 
experiments, DRG 2 was removed from tadpoles at stage V-VIII, and 
thoracic ganglia were transplanted to the brachial level after the tadpoles 
reached stage XIV-XVII. The removal of DRG 2 at an early stage 
allowed motoneurons whose axons were damaged more time to rees- 
tablish connections with the correct muscles. 

In 1 series of animals, the thoracic ganglia were incubated in a saline 
solution containing 0.2 mg/ml mammalian NGF (a gift of Dr. Paul 
Patterson) for 10 min before they were transplanted to the brachial 

Prelabeling of DRGs with 3H-proline. In 6 tadpoles, DRGs 4 and 5 
were labeled before they were transplanted by incubating them for 40 
min in a physiological saline solution (composition in mM: Nat 116, 
K+ 2, CaZ+ 1.8, Cll 122, glucose 15, HEPES 5, at pH 7.2) containing 
3H-proline (100 r&/ml). Tritiated proline is incorporated into protein 
by cells and can therefore be used as a long-lasting marker (Holt and 
Harris, 1983). During the incubation, the ganglia were kept at room 
temperature in an oxygen-rich atmosphere. The ganglia were washed in 
at least 5 changes of fresh Ringer’s solution before they were put back 
in the tadpole. After the animals completed metamorphosis, the ganglia 
were prepared for autoradiography and examined for the presence of 
labeled neurons (see below). 

Histological examination of DRGs and muscles. Tissues were fixed 
by perfusion of the anesthetized frog with dilute Kamovsky’s fixative 
(1% paraformaldehyde and 1.25% glutaraldehyde in 0.1 M phosphate 
buffer) or removed from the anesthetized frog and fixed by immersion. 
The tissue was embedded in methacrylate plastic medium (JB4, Sorval) 
and sectioned at 5 or 10 pm. Sensory neurons stained with toluidine 
blue were identified by morphological criteria (a rim of cytoplasm sur- 
rounding the nucleus and a distinct nucleolus). When counting the num- 
bers of sensory neurons per ganglion, profiles that did not contain a 
nucleolus were omitted to avoid counting the same neuron twice. Ko- 
nigsmark’s correction (1970) was used to adjust the counts for splitting 
of nucleoli. 

Sections from ganglia that were incubated in ‘H-proline were coated 
with Kodak NTB-2 emulsion. exnosed for 2-8 weeks at 4°C and de- 
veloped in Kodak D- 19 before being stained and examined. The number 
of exposed silver grains over 50 or more neurons in each ganglion was 
counted. The diameters of the neurons were also measured and used to 
calculate their areas. The background grain density was determined from 
the number of exposed grains over six 100 pm2 areas over the plastic 
embedding medium adjacent to the ganglion. Neurons in which the 
density of grains was greater than 10 times background were considered 
labeled. To explore the possibility that ‘H-proline might leak out of the 
ganglia and be incorporated into other cells, counts were also made of 
the number of exposed grains over adjacent sympathetic ganglia (n = 
2) or connective tissue (n = 1). 

Electrophysiology. The procedures used in preparing frogs for elec- 
trophysiological experiments have been described previously (Frank and 
Westerfield, 1982a, b, Sah and Frank, 1984). Briefly, frogs were anes- 
thetized by immersion in ice water and decapitated. Further dissection 
was carried out in oxygenated, physiological saline at 4°C. Branches of 
the brachial nerve on the right (experimental) side of the animal were 
dissected and transected. The spinal cord was exposed and bisected 
along the longitudinal midline. The brachial spinal cord together with 
the attached brachial nerve was placed in a recording chamber con- 
taining oxygenated, physiological saline at 14°C. Branches of the brachial 
nerve (see Fig. 1) were drawn into suction electrodes, which were used 
for electrical stimulation. Intracellular recordings were made from spinal 
neurons with glass micropipettes filled with 2.0 M K+ methylsulfate, 
with 0.5% Fast green to aid visualization of the electrode tip. Electrode 
resistances were between 70 and 120 MQ. 

Spinal neurons antidromically activated by stimulating 1 of the 
branches of the brachial nerve were identified as motoneurons. Moto- 
neurons with resting potentials more negative than -40 mV were ac- 
cepted for analysis. Synaptic potentials evoked by electrical stimulation 
of peripheral nerves were averaged with a PDP 1 l/73 computer and 
stored digitally for further analysis (Frank and Westerfield, 1982a; Sah 
and Frank, 1984). 

The latencies and amplitudes of the responses evoked by stimulating 
different nerves were measured. The latencies were used to distinguish 
populations of sensory neurons that make monosynaptic, as opposed 
to polysynaptic, connections with motoneurons. The specificity of 
monosynaptic connections made by different populations of sensory 
neurons was assessed by measuring the amplitudes of responses they 
evoked in different species of motoneurons. If  stimulation of a given 
nerve did not produce a clear monosynaptic response in a motoneuron, 
the amplitude of the response was measured at the time characteristic 
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Figure I. Schematic drawing (dorsal view) of the spinal cord and pe- 
ripheral nerves in a frog whose right forelimb was innervated by thoracic 
ganglia (DRGs 4 and 5) transplanted to the brachial level at larval stages 
(V-XIV). DRG 2, which normally innervates the forelimb, and DRG 
3 were removed. The transplanted ganglia are partially fused and are 
attatched to the spinal cord by 2 dorsal roots, unlike DRG 2 on the 
unoperated (left) side. Peripheral axons of the transplanted sensory neu- 
rons together with axons of motoneurons form a brachial nerve with 
branches characteristic of the normal brachial nerve. 

of the peak of monosynaptic responses observed in other motoneurons 
in the same animal. Stimulation of the muscle nerve containing the 
motoneuron’s axon produced a coupling potential because of antidromic 
activation of other motoneurons in addition to a synaptic potential 
produced by the sensory fibers (Frank and Westerheld, 1982a). The 
amplitude of the coupling potential was subtracted from the total am- 
plitude of the response in order to estimate the amplitude of the synaptic 
potential. 

Recordingfrom dorsal roots. The number of sensory fibers projecting 
into the spinal cord from different nerves in the forelimb (see Fig. 1) 
was estimated by electrically stimulating individual nerves with grad- 
ually increasing stimulus voltages and counting the number of incre- 
ments in the compound action potential recorded from the distal stump 
of the cut dorsal root. In frogs in which there were multiple dorsal roots 
emerging from the transplanted ganglia, separate recordings were made 
from each rootlet. 

Recording from muscle nerves. The response properties of sensory 
neurons supplying the medial triceps muscle were investigated by re- 
cording extracellularly from the medial triceps nerve while it was still 
attached to the muscle. The muscle was removed from the forelimb 
and placed in a recording chamber. It was stretched and released man- 
ually. Spikes of individual neurons were recognizable by their uniform 
amplitudes and regular interspike intervals. The number of activated 
neurons was counted, thus providing a lower estimate of the number 
of stretch-sensitive neurons innervating the muscle. In 4 frogs, record- 
ings were also made from nerves supplying the subscapularis, suprascap- 
ularis, and/or deltoid muscles. 

HRP labeling of sensorytiers in the spinal cord. Sensory projections 
into the spinal cord were visualized by HRP labeling. The central stump 
of the dorsal root (or roots) was placed into the tip of a suction electrode 
containing HRP (Boehringer-Mannheim, Type I) in aqueous solution. 
The root was exposed to the HRP solution for 10 min and then the 
suction electrode was removed. The spinal cord was kept overnight in 
oxygenated saline at 14°C and then fixed by immersion in dilute Kar- 
novsky’s fixative for 2 hr. The spinal cord was transferred to phosphate 
buffer containing 30% sucrose, embedded in a gelatin-albumin matrix 
(Frank et al., 1980), and cut into 50 pm transverse sections with a 
freezing microtome. The sections were processed histochemically with 
diaminobenzidine and glucose-oxidase (Itoh et al., 1979). Details of this 
procedure have been described (Sah and Frank, 1984). 

An alternative labeling procedure was used to stain projections from 
transplanted sensory neurons in some frogs that were not used for elec- 
trophysiological experiments and to examine projections from brachial 
and thoracic nerves in normal frogs and tadpoles. The brachial nerve 
or a thoracic nerve was exposed and transected in the anesthetized, 
intact animal. Crystalline HRP was applied to the central stump of the 
cut nerve. The animal was allowed to recover from anesthesia and kept 
for 2 d. It was then reanesthetized and perfused with dilute Kamovsky’s 
fixative. The spinal cord was removed and processed for visualization 
of the HRP-labeled sensory fibers, as described above. 

Figure 2. Central projections from DRG 4 neurons in a normal stage 
IX tadpole. The projections were stained by applying HRP to the 4th 
spinal nerve. HRP-labeled dorsal root fibers form sensory arborizations 
(SA) in the spinal gray matter. Motoneurons (MN) and preganglionic 
neurons (PGN) are also labeled because their axons were exposed to 
HRP. Scale bar, 100 pm. 

Results 
Composition of DRGs at the time of transplantation 

DRGs in tadpoles at the stages used for the transplantation 
experiments (stages V-XVII) contain differentiated sensory neu- 
rons, glial cells, and other small cells, some of which may be 
immature sensory neurons or neuronal precursors. Sensory neu- 
rons in ganglia at both brachial and thoracic levels of the neu- 
raxis have peripheral axons and axons that enter the spinal cord 
via the dorsal roots, even in tadpoles as young as stage V. Many 
thoracic sensory neurons have already formed terminal arbori- 
zations in the spinal gray matter (Fig. 2). Brachial sensory neu- 
rons begin to form terminal arborizations around stage VII- 
VIII, when the developing forelimbs reach the paddle stage. At 
stage XVII, which is the oldest stage at which ganglion trans- 
plantations were attempted, synaptogenesis is still in progress 
in the brachial spinal cord (Frank and Westerfield, 1983; Liuzzi 
et al., 1985; Jackson and Frank, 1986). 

Composition of transplanted DRGs 

Thoracic DRGs that were examined 2-14 d after transplantation 
to the brachial level contained intact sensory neurons (Fig. 3), 
although there were also neurons that appeared to be degener- 
ating. The presence of intact sensory neurons suggests that neu- 
rons that differentiated before the ganglia were transplanted may 
have survived. 
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Figure 3. DRGs 4 and 5 at 5 d after they were transplanted to the 
brachial level in a stage IX tadpole. Intact sensory neurons are present 
(arrows). The spinal cord is to the left (not shown). Plastic section, 5 
pm, stained with toluidine blue. Scale bar, 50 pm. 

Single ganglia were found at the brachial level in animals that 
were kept until they metamorphosed (l-4 months). These gan- 
glia were probably formed by the fusion of the 2 (or 3) trans- 
planted ganglia. Consistent with this interpretation, some of the 
ganglia were connected to the spinal cord by 2 separate dorsal 
roots (see Table 1), unlike ganglia in normal frogs, which have 
a single root. 

One measure of the success of the transplantation was in the 
diameter of the dorsal root formed by the transplanted ganglia. 
In general, transplantations performed at earlier stages were 
more successful. Roots as large or larger than a single thoracic 
dorsal root were found in 28 of 5 5 frogs with ganglia transplanted 
at stages V-X and in 8 of 22 frogs with ganglia transplanted at 
stages X-XV. However, a root this large was found in only 1 
of 8 frogs in which the transplantation was done at stages XV- 
XVII. The largest composite ganglion (formed by DRGs 4 and 
5) had 2 roots, both nearly the size of a normal thoracic root 
(frog 85 1113, in Table 1). This ganglion contained approxi- 
mately 4800 sensory neurons, which is fewer than the sum of 
the number present in ganglia 4 (6900-7 100, n = 2) and 5 (3200- 
3500, n = 2) in normal frogs’. The composite ganglion formed 
by the transplanted thoracic ganglia was always smaller than a 
normal DRG 2. 

’ Our counts of the neurons in ganglia 4 and 5 are about twice those found by 
Wilhelm and Coggeshall (198 1). The reason for this difference is uncertain. One 
possibility is that some non-neuronal cells were incorrectly counted as neurons in 
the present study. However, the same criteria were used for counting normal and 
transplanted ganglia, so the comparative sizes are probably correct. 

Figure 4. Transplanted sensory neurons labeled with )H-proline. This 
autoradiogram was made from the ganglion that innervated the forelimb 
in an adult frog whose thoracic ganglia were incubated in )H-proline 
and transplanted to the brachial level at stage VIII. The presence of 
exposed silver grains over sensory neurons (arrows) indicates that they 
are derived from the transplanted ganglia. Scale bar, 10 Wm. 

The sensory neurons in these composite ganglia were derived 
from the transplanted ganglia and not from remnants of DRG 
2. No remnant of DRG 2 was found in 19 of 20 frogs used for 
a separate series of experiments in which DRG 2 was removed 
and not replaced by transplanted ganglia. In the 1 frog in which 
DRG 2 was not completely removed, the surviving remnant 
was tightly apposed to the ventral root, like DRG 2 in a normal 
frog, and was much smaller than most of the transplanted gan- 
glia. Furthermore, some of the largest transplanted ganglia were 
located more dorsally than DRG 2 in a normal frog. The ab- 
normal position of these ganglia argues against the possibility 
that they were formed by remnants of DRG 2. Finally, the 
experiments in which thoracic ganglia were labeled with 3H- 
proline prior to transplantation provide direct evidence that 
transplanted cells survived. Labeled sensory neurons were pres- 
ent in the transplanted ganglia in 5 of the 6 frogs (see Fig. 4). 
In 3 of these frogs, large fractions of the sensory neurons were 
labeled (46, 63, and 84%) and the density of exposed grains was 
quite high (100 or more grains/ 100 pm2 tissue), but in the other 
2 frogs, only a few sensory neurons were labeled. The grain 
density over sympathetic ganglia (14.5 and 6.8 grains/l00 prn2; 
n = 2) or connective tissue (9.5 grains/100 pm*; 12 = 1) adjacent 
to the transplanted ganglia was approximately the same as the 
background grain density (8-l 2 grains/100 pm2), which indi- 
cates that little 3H-proline was released by the transplanted gan- 
glia and incorporated into adjacent cells. 

Behavior of frogs with transplanted DRGs 
The behavior of frogs with transplanted ganglia was tested before 
they were used for anatomical and electrophysiological exper- 
iments. Results for 26 frogs in which the dorsal root from the 
transplanted ganglia was as large, or larger, than a single thoracic 
dorsal root are given in Table 1. In each of these frogs, the 
forelimb was innervated exclusively by sensory neurons in the 
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Table 1. Innervation of forelimb by transplanted and normal ganglia 

M. tri. 

DRGs No. of Number of axonsb 

I.e. tri. Cut. moved DRs Behavior Uln. Rad. Pet. Sub. M. tri. 

spindle 
affer- DNPI 
ents VNPd Animal 

Stage V-X 

840813 4-5 

840823 4-5 

850109 5-6 

850121 4-6 

850128 4-6 

850130 4-6 

850205 4-6 

850314 7-8 

850402 4-5 

850417 4-6 

850516 4-5 

850528 4-5 

850604 4-5 

850924 4-5 

851029 4-5 

851113 4-5 

860220 4-5 

860225 4-5 

860313 4-5 

860317 4-5 

Stage XIII-XIV 

840816 4-5 

850430 4-5 

850826 4-5 

850827 4-5 

851003 4-5 

851009 4-5 

Normal Frogs 

860111 - 

860324 - 

1 

2 

1 

1 

2 

2 

2 

1 

1 

1 

1 

1 

2 

1 

2 

2 

2 

1 

2 

2 

1 

2 

2 

1 

1 

2 

- 

- 

+8/10 

+0/10 

+9/10 

+7/10 

+9/10 

-8/10 

+5/10 

+8/10 

+ lO/lO 

+ lO/lO 

+9/10 

+ lO/lO 

+9/10 

+2/10 

+3/10 

+10/10 

+10/10 

+3/10 

+3/10 

+6/10 

+3/10 >5 

+5/10 >lO 

+ lO/lO >5 

+0/10 >lO 

+4/10 - 

+8/10 >lO 

- 
- 

>lO >lO 2 2 3 

>8 >8 >8 0 3 
- 

>lO 

>lO 

3 

5 

110 
- 

>lO 

>lO 

>lO 

>lO 

>lO 

4 

>lO 

>lO 

>lO 

>lO 

>lO 

- 

>lO 

>lO 

2 

5 

>lO 
- 

>lO 

>lO 

>lO 

>lO 

>lO 

3 

>lO 

>lO 

>lO 

>lO 

>lO 

>5 

>lO 

>5 

>lO 
- 

>lO 

102 

110 

- 

>lO 

>lO 

2 

10 

3 

- 

>I0 

>lO 

1 

1 

3 

- 

10 

2 

0 

0 

0 
- 

>lO 

3 

>lO 

3 

5 

4 

>lO 

>lO 

3 

I 

5 

- - 

>lO 4 

1 0 

>lO 8 

2 5 

5 0 

0 0 

9 8 

>lO 11 

>lO 8 

2 1 

4 2 

226 

158 

3 

4 

15 

>lO 
- 

4 

1 

4 

0 

2 
- 

4 

29 80 

45 77 

0 

1 

0 

0 
- 

0 

41 

21 

- 
2 

- 

2 

2 

0 

0 

2 
- 

3 

1 

3 

3 

0 

0 

2 

2 

1 

2 

0 

0 

0 

0 

1 
- 

0 

20 

15 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

5 

5 
- 

>lO 

>lO 

6 

8 

- 

- 

- 

- 

- 

>lO 

20 

38 

- 
3 

2 

2 

1 

0 

0 

0 

2 

2 

0 

3 

0’ 

0 

0 

3 

4 

4 

le 

1’ 

0 

0 

0 

0 

0’ 

0 

- 

- 

Uln., ulnar; Rad., radial; Sub., subscapularis; M. tri., medial triceps; I.e. tri., internal and external triceps; cut., cutaneous. 

a Withdrawal to pinch of forelimb (+/-), number of correct landings. 
b Number of sensory axons in peripheral nerves with conduction times to dorsal root of less than 3.0 msec (see Materials and Methods). 
c Number of stretch-sensitive sensory fibers in medial triceps nerve. 

d Location of sensory arborizations in spinal cord. 
e Other muscles (subscapularis, suprascapularis, or deltoidius) did have 1 or more stretch-sensitive axons innervating them. 
‘Numbers of sensory axons in the oerioheral nerves were estimated from the amplitude of the first component of the compound action potential produced in the dorsal 
root divided by the amplitude of a single fiber action potential. 

transplanted ganglia. All but 1 of the frogs responded when the 
hand was pinched by withdrawing the forelimb or by moving. 
Most of them were able to use the forelimb normally while 
walking and, often, when landing after a jump. Frogs in which 
the transplanted ganglia were small or absent did not respond 
when the forelimb on the operated side was pinched nor did 
they use it appropriately when landing. 

Transplanted sensory neurons innervate skin and muscles 
of the forelimb 

The axons of transplanted sensory neurons together with the 
axons of motoneurons entered the forelimb and subdivided to 
form branches characteristic of the normal brachial nerve. The 
number of sensory fibers in each branch was estimated by elec- 
trically stimulating it and recording the impulses that propa- 

gated into the dorsal root (see Materials and Methods). Records 
from a frog in which the ganglia were transplanted at stage VIII 
are illustrated in Figure 5. Results from this frog (85 1113, in 
Table 1) were chosen for illustration because the transplanted 
ganglia formed a particularly large composite ganglion and be- 
cause the presence of 3H label in the neurons confirmed that 
they were derived from the transplanted thoracic ganglia (same 
frog as illustrated in Fig. 4). Results for 22 additional frogs are 
summarized in Table 1. 

Sensory fibers were present in large, mixed nerves such as the 
ulnaris and radialis nerves in all of the frogs. Cutaneous nerves 
were present in each of these frogs, which indicates that some 
of the sensory neurons innervated skin. In all but 1 of the frogs, 
sensory fibers were also found in nerves that innervated muscle 
exclusively, such as the triceps or subscapularis muscle nerve. 
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Figure 5. Impulses in transplanted sensory neurons evoked by elec- 
trical stimulation of nerves in the forelimb. These extracellular records 
were made by averaging responses from 1 of 2 dorsal roots connecting 
the transplanted ganglia (DRGs 4 and 5) to the spinal cord. The numbers 
of activated fibers, estimated from the amplitude of the responses with 
latencies less than 3.0 msec were as follows: ulna& > 10; cutaneous 
branch of ulnaris, > 10; subscapularis, 8; media1 triceps, 5; internal/ 
external triceps, 2. Horizontal scale bar, 1 .O msec; vertical scale bar, 10 
pV in top trace, 5 pV in other traces. 

The numbers of sensory fibers in the different nerves are gen- 
erally in keeping with the pattern observed in normal frogs (last 
entry in Table l), although the total number of fibers in each 
nerve is smaller than normal. 

Some transplanted sensory neurons innervate muscle 
spindles 

Forelimb muscles in normal frogs contain sensory endings that 
are sensitive to changes in the length of the muscle (Adrian and 

Figure 7. Spindle in a media1 triceps muscle innervated by transplant- 
ed sensory neurons (frog 850109, Table 1). The spindle (arrow) consists 
of a group of small muscle fibers surrounded by a connective tissue 
capsule. Plastic section, 10 wrn, stained with toluidine blue. Scale bar, 
10 pm. 

Zotterman, 1926). Sensory neurons in the transplanted ganglia 
also made stretch-sensitive endings in these muscles. Electro- 
physiological recordings from the medial triceps or other muscle 
nerves (see Fig. 6) showed that stretch-sensitive sensory neurons 
were present in at least 11 of 55 frogs with ganglia transplanted 
at stage V-X and 1 of 22 frogs with ganglia transplanted at stage 
X-XV (see Table 1 for partial list). 

The stretch-sensitive muscle afferents in normal frogs ter- 
minate on spindles, which are similar to spindles in mammalian 
muscles (Barker, 1974). Three medial triceps muscles inner- 
vated by stretch-sensitive transplanted sensory neurons were 
sectioned and examined by light microscopy. Spindles, recog- 
nizable by morphological criteria (see Fig. 7), were present in 
each of these muscles. However, the number was smaller (l-6/ 
cmss section) than in the same muscle from a normal frog (about 
1 O/cross section). The reduction in the number of spindles may 
be attributable to the fact that the muscles were innervated by 
fewer sensory fibers than normal. Studies in mammals suggest 
that developing muscle spindles require innervation by sensory 
fibers for their survival (Zelena, 1957). 

Central projections of transplanted sensory neurons 
Anatomy 
The photomicrographs in Figure 8 illustrate projections to the 
spinal cord from brachial and thoracic ganglia in normal frogs 
(Fig. 8,A and B) and from thoracic ganglia that were transplanted 
to the brachial level at stage VIII (Fig. SC’). Central projections 

Figure 6. Impulses evoked in trans- 
planted sensory neurons by stretching 
the media1 triceps muscle. This record 
is from the media1 triceps muscle nerve 
in a frog whose thoracic ganglia were 
transnlanted to the brachial level at stage 
VII (frog 850528 in Table 1). At lee& 
3 fibers with spikes of different ampli- 
tudes were activated. Scale bar, 2.0 sec. St retch 
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Figure 9. Synaptic responses evoked in motoneurons by transplanted 
sensory neurons innervating muscle and skin (frog 851113, Table 1). 
Stimulation of medial triceps muscle afferents produced EPSPs in hom- 
onymous, medial triceps motoneurons (top truce) and in heteronymous, 
internal/external triceps motoneurons (second truce). The EPSP in the 
medial triceps motoneuron is superimposed on a coupling potential 
caused by activation of other medial triceps motoneurons (Westerfield 
and Frank, 1982). Stimulation of cutaneous afferents (bottom truce) 
produced an IPSP that must be polysynaptic because sensory neurons 
do not produce monosynaptic IPSPs. The IPSP is followed by additional 
responses. Calibration pulses. 0.5 mV and 2.0 msec; each trace is the 
average of IO-60 sweeps. 

from transplanted thoracic ganglia resemble those from normal 
brachial ganglia in that they terminate in both the dorsal horn 
(dorsal neuropil) and intermediate gray matter (ventral neuro- 
pil). Sensory neurons in thoracic ganglia normally arborize only 
at thoracic, not brachial, levels of the spinal cord. Furthermore, 
they do not normally form a ventral neuropil. 

In normal frogs, the dorsal neuropil is composed of cutaneous 
afferent fibers, while the ventral neuropil contains the termi- 
nations of muscle afferents (Sztkely et al., 1982; Jhaveri a 
Frank, 1983). The absence of a ventral neuropil at thoracic levels 
of the spinal cord reflects the absence of spindles in thoracic 
muscles (Ceccherelli, 1904). The formation of both dorsal and 
ventral neuropils by sensory neurons in the transplanted ganglia 
suggests that neurons that innervated skin and muscles in the 
forelimb may have formed central connections appropriate to 
their targets. This suggestion was tested explicitly by examining 
their functional projections to motoneurons (see below). 

Sensory neurons in ganglia transplanted as late as stage XV 

50 - 

z 40 - 
0 
z 30- 
s 

z 20- 
v- 

: lo- 

o 00 
-- 

0 m. triceps + motoneurons 

I cutaneous * motoneurons 

0 5 10 15 20 25 30 35 40 

Latency (msecl 

Figure IO. Histograms illustrating the latencies of responses produced 
in motoneurons by transplanted sensory neurons innervating muscle 
and skin. Responses produced by medial triceps muscle afferents oc- 
curred at shorter latencies (~7.0 msec) after the stimulus than those 
produced by cutaneous afferents. Conduction times to the dorsal root 
for both cutaneous and muscle afferents were shorter than 3 msec at 
the stimulus intensities used (see Fig. 5). Since the intraspinal delay for 
monosynaptic connections is approximately 3 msec (Frank and Wes- 
terfield, 1982a), responses evoked by cutaneous afferents were probably 
produced polysynaptically. An additional reason for believing that cu- 
taneous responses were produced polysynaptically is that they showed 
marked habituation after 2-3 stimuli at 1 Hz. Muscle afferent responses 
occurred reliably at this frequency. Furthermore, the initial responses 
evoked by cutaneous afferents often consisted of IPSPs (see Fig. 9), 
whereas responses produced directly by primary afferents are invariably 
excitatory. The data for medial triceps afferents are from all motoneu- 
rons in which responses >0.3 mV were observed (59 motoneurons, 8 
frogs). A cutoff of 0.3 mV was chosen because smaller responses were 
difficult to discriminate from field potentials. Data for cutaneous affer- 
ents are from the 3 of the 8 frogs in this group in which pure cutaneous 
nerves were stimulated (47 motoneurons). I f  the response consisted of 
multiple components, the latency of each component was measured. 

formed both dorsal and ventral neuropils (see Table 1 for a 
partial list). However, the number of sensory fibers was usually 
less than in the frog illustrated in Figure 8, and in some frogs 
(12 of 53) the majority of the labeled fibers terminated in the 
dorsal horn. In 3 frogs in which the ganglia were transplanted 
after stage XV, almost all of the labeled sensory fibers terminated 
in the dorsal horn. 

The number of fibers terminating in the ventral neuropil may 
reflect the number of sensory neurons innervating spindles. 
Transplanted ganglia that innervated spindles, as evident from 
the presence of stretch-sensitive sensory neurons (see preceding 
section), always projected into the ventral neuropil. Ganglia that 
did not project into the ventral neuropil, such as those trans- 
planted after stage XV, also did not innervate spindles in any 
of the muscles tested. 

Physiology 
Transplanted sensory neurons formed functional synaptic con- 
nections in the brachial spinal cord. Stimulation of cutaneous 
or muscle nerves containing the peripheral axons of these neu- 
rons produced synaptic potentials in motoneurons (see Fig. 9). 
The responses evoked by muscle afferents consisted of EPSPs, 
most of which occurred at latencies of less than 6.5 msec, while 
responses evoked by cutaneous afferents consisted of both EPSPs 
and IPSPs and occurred at longer latencies. The histograms in 
Figure 10 illustrate the latencies of these synaptic potentials. 
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Figure I I. Amplitude histograms for monosynaptic EPSPs produced 
by medial triceps muscle afferents in triceps and non-triceps motoneu- 
rons. Monosynaptic EPSPs are defined as those with latencies of ~6.5 
msec (see Materials and Methods). Monosynaptic EPSPs in homony- 
mous, medial triceps motoeurons, and heteronymous, internal/external 
triceps motoneurons are larger than those in non-triceps (pectoralis and 
subscapularis) motoneurons. 

The differences in the latencies suggest that, just as in normal 
frogs, muscle afferents established monosynaptic connections 
with motoneurons, while cutaneous afferents did not. The fact 
that muscle afferents made monosynaptic connections with mo- 
toneurons suggests that they projected into the ventral neuropil 
(see preceding section). 

The specificity of the connections made by transplanted sen- 
sory neurons was further assessed by comparing the amplitudes 
of EPSPs evoked in different groups of motoneurons by stim- 
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Figure 12. Amplitude histograms for monosynaptic EPSPs produced 
by subscapularis muscle afferents in subscapularis, pectoralis, and tri- 
ceps (medial and internal/external) motoneurons. Subscapularis affer- 
ents differ from medial triceps afferents (Fig. 11) in that they project 
approximately equally to all 3 groups of motoneurons. 

ulating sensory fibers from different muscles. In normal frogs, 
stimulation of medial triceps muscle afferents produces EPSPs 
in triceps motoneurons that are, on average, 13 times larger 
than those produced in subscapularis and pectoralis motoneu- 
rons, even though all 3 types of motoneurons are located in 
overlapping regions of the spinal cord (Frank and Westerfield, 
1982a). By contrast, subscapularis muscle afferents project to 
all 3 types of motoneurons. A similar pattern was apparent in 
frogs in which forelimb muscles were innervated by sensory 
neurons in the transplanted thoracic ganglia, as illustrated by 



1546 Smith and Frank * Specification of Transplanted Neurons 

Table 2. Amplitudes of synaptic potentials produced by transplanted sensory neurons in brachial motoneurons 

Average EPSP amplitude (mV) 

M. tri. M. tri. M. tri. Sub. Sub. Sub. 

Animal 
1 
m. tri. 

1 
i.e. tri. 

1 1 
sub./pec. sub. 

1 
pet. 

1 
m./i.e. tri. RP” SF 

840823 

850109 

850121 

850128 

850402 

850417 

850430 

850528 

851113 

860220 

860225 

860317 

0.62 k 0.54 

(5) 
1.25 k 0.61 

(4) 
2.99 + 1.56 

(3) 
- 

2.09 

(1) 
2.09 + 0.82 

(6) 
0.94 t 0.11 

(4) 
- 

1.50 k 0.99 

(3) 
1.35 t 0.48 

(4) 
0.73 k 0.70 

(3) 
0.00 

(1) 

0.10 & 0.07 

(4) 
1.57 k 0.86 

(3) 
2.40 k 1.48 

(5) 
0.21 k 0.20 

(6) 
0.92 k 0.31 

(7) 
1.48 k 0.86 

(8) 
0.26 + 0.17 

(7) 
1.92 + 0.19 

(6) 
1.52 f 0.95 

(8) 
0.98 + 0.49 

(5) 
0.49 f 0.23 

(3) 
0.15 k 0.56 

(7) 

0.02 + 0.06 

(2) 
0.01 * 0.01 

(4) 
0.40 f 0.30 

(9) 
0.00 + 0.01 

(5) 
0.01 + 0.01 

(3) 
0.06 + 0.06 

(3) 
0.06 + 0.08 

(4) 
0.10 f 0.04 

(4) 
0.07 k 0.10 

(5) 
0.13 IL 0.20 

(13) 
0.02 k 0.02 

(4) 
0.02 Ik 0.02 

(8) 

0.00 

(1) 
0.21 ? 0.22 

(3) 
1.01 + 0.84 

(4) 
0.22 k 0.25 

(2) 
- 

0.17 

(1) 
0.57 + 0.35 

(3) 
0.05 + 0.05 

(2) 
0.61 iz 0.50 

(5) 
0.47 + 0.32 

(9) 
0.95 

(1) 
0.03 k 0.03 

(4) 

0.07 

(1) 
- 

1.21 k 1.12 

(3) 
0.00 

(1) 
0.16 -t 0.05 

(3) 
0.30 

(1) 
- 

0.09 + 0.04 

(2) 
0.31 + 0.23 

(3) 
0.73 f  0.79 

(2) 
0.08 k 0.11 

(2) 
0.07 2 0.10 

(4) 

0.02 + 0.02 59 * 11.5 

(7) 
2.08 k 0.73 50 iz 7.6 

(4) 
2.00 f  0.85 54 + 9.7 

(6) 
0.27 + 0.37 55 + 9.2 

(2) 
0.01 54 + 8.6 

(1) 
1.01 -t 0.83 54 ? 10.3 

(9) 
0.16 k 0.10 53 k 9.8 

(9) 
0.08 zk 0.07 53 k 8.6 

(5) 
0.43 + 0.44 60 k 11.0 
(11) 
0.52 + 0.32 53 k 8.6 

(9) 
0.26 + 0.10 48 t 6.6 

(4) 
0.10 + 0.05 53 + 10.8 

(7) 

0.76 

0.99 

0.86 

0.98 

0.99 

0.96 

0.79 

0.95 

0.95 

0.87 

0.95 

0.89 

y Average amplitude of monosynaptic EPSPs produced by medial triceps and subscapularis afferents in different populations of motoneurons. Numbers in parentheses 
are number of motoneurons sampled. 

b Average resting potential of motoneurons. 
c Specificity index (see text for definition). 

the records shown in Figure 9 and by the amplitude histograms 
in Figures 11 and 12. Stimulation of medial triceps afferents 
(Fig. 11) produced large EPSPs in homonymous, medial triceps 
motoneurons (average amplitude, >0.70 + 0.21 mV, n = 24)’ 
and in motoneurons supplying the synergistic, internal and ex- 
ternal heads of the triceps muscle (average amplitude, 1.45 + 
0.13 mV, n = 45). Projections of medial triceps afferents onto 
subscapularis and pectoralis motoneurons were much less strong 
(average amplitude, 0.14 f 0.03 mV, n = 45). Subscapularis 
muscle afferents (Fig. 12) produced EPSPs in subscapularis mo- 
toneurons (average amplitude, >0.58 f 0.10 mV; n = 22)’ and 
pectoralis motoneurons (average amplitude, 0.45 f 0.16 mV, 
n = 16) and also in triceps motoneurons (average amplitude, 
0.84 f 0.11 mV, n = 54). Thus, subscapularis afferents projected 
to all 3 types of motoneurons, just as in normal frogs. Data for 
individual frogs are given in Table 2. 

The preference of triceps afferents for triceps motoneurons 
can be more readily appreciated if results for individual frogs 
are considered separately and normalized to take into account 
the number of triceps fibers present. A convenient measure of 
the specificity of the projections is the “specificity index” (SI): 

2 Values for homonymous projections probably underestimate the true mag- 
nitude of the homonymous input because submaximal stimulus intensities were 
used to avoid activating the motoneuron (see Frank and Westerfield, 1982a; Licht- 
man and Frank, 1984). 

SI-l- 
average triceps EPSP in non-triceps motoneurons 

average triceps EPSP in triceps motoneurons 

In normal animals, responses evoked in non-triceps motoneu- 
rons are much smaller than responses evoked in triceps mo- 
toneurons; consequently, the ratio of the response amplitudes 
is small and the SI is close to 1.0 (0.73-0.95; Sah and Frank, 
1984). If the amplitudes of the responses evoked in the 2 pop- 
ulations of motoneurons were the same, the ratio of response 
amplitudes would be 1.0 and the SI, zero. Figure 13 shows the 
specificity indices for frogs with transplanted ganglia plotted 
against the estimated numbers of sensory fibers in the medial 
triceps nerves. The specificity indices for all 12 frogs are greater 
than 0.79, indicating at least a 4-fold preference for triceps over 
non-triceps motoneurons. This preference is apparent even in 
frogs in which only a few triceps afferents were present. For 
example, the single transplanted sensory neuron innervating the 
medial triceps muscle in frog 851028 (see Table 2) produced 
EPSPs of 60-160 /IV in internal/external triceps motoneurons 
(n = 6) but did not produce detectable responses in subscapularis 
and pectoralis motoneurons (< 10 pV; n = 5). Thus, despite the 
reduced numbers of sensory neurons innervating the medial 
triceps muscles, the central projections of these neurons appear 
to be just as specific as those of triceps sensory afferents in 
normal frogs. 
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Discussion 

Thoracic sensory neurons that were transplanted to the brachial 
level in tadpoles innervated both skin and muscles in the fore- 
limb and made synaptic connections with specific types of neu- 
rons in the brachial spinal cord. Sensory neurons innervating 
muscles formed monosynaptic connections with motoneurons, 
while those innervating skin did not. Moreover, afferents from 
the triceps muscle projected more strongly to triceps motoneu- 
rons than to subscapularis and pectoralis motoneurons, while 
afferents from the subscapularis muscle projected to all 3 types 
of motoneurons. Thus, transplanted thoracic sensory neurons 
made central connections like sensory neurons in DRG 2 in a 
normal frog. 

At the time they were transplanted, the thoracic ganglia con- 
tained sensory neurons that had already innervated the trunk 
and formed projections to the thoracic spinal cord. They prob- 
ably also contained sensory neurons that had not yet formed 
axons and cells that were still dividing. We do not know which 
of these cells innervated the forelimb. Dupin (1984) reported 
that when ciliary ganglion cells from quail embryos were trans- 
planted into the neural crest migratory pathway in less mature 
chick embryos, only the cells that were still dividing migrated 
and participated in the formation of neural crest derivatives. In 
the present study, the transplanted cells were not required to 
migrate but only to form new central and peripheral processes. 
Since previous studies have shown that both the central and 
peripheral processes of sensory neurons are able to regenerate 
after transection (see, for example, Katzenstein and Bohn, 1984; 
Sah and Frank, 1984; Liuzzi and Lasek, 1985), it seems possible 
that differentiated neurons may have survived. The fact that 
intact neurons were present in ganglia examined 2-14 d after 
transplantation supports this suggestion. 

Thoracic ganglia are normally composed predominantly of 
cutaneous sensory neurons. Although a few thoracic sensory 
neurons innervate axial muscles (probably less than 1%; C. Smith, 
unpublished observations), these muscles do not contain spin- 
dles (Ceccherelli, 1904). When transplanted to the brachial level, 
thoracic sensory neurons innervate forelimb muscles, such as 
the medial triceps and subscapularis muscles, which do contain 
spindles. The transplanted neurons that innervate spindles in 
these muscles may be neurons that would normally be cutaneous 
afferents. The possibility that individual neurons might be ca- 
pable of becoming either cutaneous or muscle afferents is in- 
teresting because cutaneous and muscle afferents terminate at 
different sites in the spinal cord. Cutaneous afferents terminate 
in the dorsal horn, while spindle afferents project more ventrally, 
into the vicinity of motoneurons. 

An alternative explanation is that thoracic ganglia initially 
contain neurons prespecified to innervate spindles but which 
normally die. Previous studies have shown that as many as half 
of the sensory neurons generated degenerate during normal de- 
velopment in amphibians (Prestige, 1965; Bibb, 1977, 1978) 
and other vertebrates (Hamburger and Levi-Montalcini, 1949; 
Hughes and Carr, 1978; Hamburger et al., 1981). Although the 
time course of cell death in thoracic ganglia of bullfrog tadpoles 
has not been described, studies on lumbosacral ganglia in Rana 
pipiens (Bibb, 1977, 1978) indicate that the number of ganglion 
cells (probably including both neurons and non-neuronal cells) 
reaches a peak at stage XII and falls to the adult level by stage 
XVI. If the time course ofcell death in thoracic ganglia is similar, 
then most of our successful ganglion transplantations were done 
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Figure 13. Specificity indices (S.Z., see text for definition) plotted as 
a function of the number of medial triceps spindle afferents. Each point 
represents an animal in which the triceps muscle was innervated by 
transplanted sensory neurons. The number of sensory fibers was esti- 
mated from extracellular recordings (see Table 1). Values for normal 
frogs are from Sah and Frank (1984). The fact that the specificity indices 
are greater than 0.5 indicates that triceps afferents projected more than 
twice as strongly to triceps than non-triceps motoneurons in all 12 
animals. 

prior to the major period of cell death. Recently, Davies et al. 
(1986) have reported that cranial muscle afferents are dependent 
on trophic factors produced by muscle for their survival in vitro. 
By analogy, spinal ganglia may contain neurons prespecified to 
innervate muscle spindles that require trophic factors produced 
by muscles containing spindles. Such neurons would normally 
die in thoracic ganglia because axial muscles do not contain 
spindles, but they would survive if transplanted to the brachial 
level and allowed to innervate forelimb muscles. 

Few sensory neurons survived in ganglia transplanted after 
stage XIV. The reason for this massive degeneration is uncer- 
tain. Muscle spindle afferents might be absent because neurons 
capable of innervating spindles are reduced in thoracic ganglia 
at these later stages. However, cutaneous afferents should be 
present and capable of innervating forelimb skin. The neurons 
may have died because they were at a stage in development 
during which they required contact with their targets for their 
survival (Hamburger and Levi-Montalcini, 1949; Hughes and 
Carr, 1978; Hamburger and Yip, 1984). Another possible ex- 
planation is that the sensory neurons were unable to obtain 
sufficient nutrients before their blood supply was reestablished. 
The capsule surrounding the ganglion in younger tadpoles is 
thinner and may allow better diffusion of nutrients into the 
ganglion. 

By showing that sensory neurons derived from midthoracic 
levels can innervate the forelimb, the present findings rule out 
the possibility that the fates of sensory neurons are completely 
specified by their segmental origins. A similar conclusion was 
reached by Le Dourain and colleagues on the basis of studies 
in which neural crest cells were removed from quail embryos 
at stages prior to their migration and transplanted to different 
positions in chick embryos of the same ages (see Le Dourain, 
1982, for review). The transplanted crest cells migrated along 
pathways appropriate to their positions in the host embryos and 
formed structures normally derived from neural crest at those 
positions. Other studies suggest that the fates of neural crest 
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cells may be determined, at least in part, by chemical factors 
produced by cells along their migratory pathways or at their 
destinations (reviewed by Patterson, 1978; Le Dourain, 1982). 

A possible explanation of the formation of appropriate central 
connections by transplanted sensory neurons is that chemical 
factors in the vicinity of the DRG determine sensory neurons’ 
choices of targets. However, the finding that sensory neurons in 
DRG 3 innervate the forelimb and form synaptic connections 
appropriate for forelimb afferents following removal of DRG 2 
(Frank and Westerfield, 1982b) indicates that sensory neurons 
do not have to be in DRG 2 in order to form projections char- 
acteristic of DRG 2 neurons. Moreover, we have recently found 
that sensory neurons in DRG 4 also project to the brachial spinal 
cord and form connections characteristic of forelimb afferents 
when their peripheral axons are rerouted into the forelimb (Smith 
and Frank, 1987). The finding that sensory neurons can form 
novel projections when their cell bodies are in their normal 
positions rules out the possibility that their fates are completely 
determined by their locations. Clearly, the identity of the pe- 
ripheral target is important. Does the peripheral target simply 
promote the survival of sensory neurons whose connections are 
prespecified or does it actually specify these connections? 

To explain the present findings entirely by a hypothesis in- 
volving strict prespecification of sensory neurons requires pos- 
tulating that thoracic ganglia initially contain sensory neurons 
specified for forelimb targets, such as the medial triceps muscle 
and subscapularis muscle, and the corresponding central targets, 
such as a subset of brachial motoneurons. They must contain 
this diverse set of neurons in addition to all the neurons needed 
for their normal thoracic targets. Moreover, thoracic ganglia 
probably also contain sensory neurons that can innervate the 
hindlimb and form connections characteristic of hindlimb af- 
ferents since thoracic sensory neurons innervating supemu- 
merary hindlimbs mediate appropriate behavioral responses 
(Miner, 1956; Mendell and Hollyday, 1976). While we do not 
know how many sensory neurons are generated in the thoracic 
ganglia, we think it unlikely that the number is sufficiently large 
to include neurons prespecified for targets in the trunk and both 
limbs as well. 

Instead, we favor the hypothesis that the central connections 
of sensory neurons are specified by their peripheral targets. For 
example, peripheral tissues may have distinctive chemical labels 
that cause the sensory neurons contacting them to acquire their 
own distinctive labels, as suggested by the original hypothesis 
of peripheral specification (Weiss, 1942; Sperry and Miner, 1949; 
Miner, 1956). Peripheral tissues are known to produce chemical 
factors that influence the development of neurons in spinal and 
autonomic ganglia (see reviews by Levi-Montalcini and Ange- 
letti, 1968; Patterson, 1978; Le Dourain, 1982; Berg, 1984). 
While, at present, there is no direct evidence that different tissues 
have distinctive, labels, the fact that motoneurons selectively 
innervate appropriate muscles (Lance-Jones and Landmesser, 
1980a, b, Whitelaw and Hollyday, 1983) suggests that their 
axons are guided by chemical labels in their pathways or target 
muscles. Sensory neurons might respond to these labels by de- 
veloping affinities for specific central neurons. This hypothesis 
is in keeping with evidence that chemical labels are important 
in the formation of connections in other parts of the nervous 
system (Sperry, 1963; Fraser and Hunt, 1980; Bonhoeffer and 
Huf, 1982) and would account for the specificity of the con- 
nections formed by sensory neurons innervating either normal 
or novel targets. 
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