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During normal development chick motoneurons have been shown 
to project selectively to appropriate muscles by responding to a 
series of cues, both specific and nonspecific, within the limb. 
We tested the ability of motoneurons from another avian species, 
the Japanese quail, to respond to these cues by transplanting 
chick limb buds onto quail embryos and quail limb buds onto 
chick embryos between stages 17% and 19. Feulgen staining, 
which distinguishes chick from quail cells on the basis of nu- 
clear chromatin, revealed that all limb tissue, including muscle, 
was of donor origin, indicating that the migration of somite- 
derived muscle precursor cells had been completed by the time 
of transplantation. 

Normal quail motoneuron pools for most muscles were located 
in the same relative positions as homologous chick pools. In 
chick-quail chimeras we found that the motoneuron pools of 
one species selectively innervated the homologous muscles in 
the limb of opposite species with considerable precision. This 
was determined by defining the segmental innervation pattern 
of the muscles electrophysiologically and by retrogradely label- 
ing motoneuron pools with HRP. Selective innervation was con- 
firmed by using the functional activation patterns of the moto- 
neuron pools as an additional means of identifying motoneurons. 
We conclude that any limb-derived cues required by motoneu- 
rons to project to their appropriate muscles must be similar in 
chick and quail and that the growth cones of both species must 
have similar detector systems for responding to these cues. 

Only 7 spinal segments were found to innervate the quail limb 
(versus 8 for the chick), resulting in an anterior shift in the 
spinal segments innervating several posterior quail muscles. In 
chick-quail chimeras these muscles were innervated by seg- 
ments that innervate the homologous muscle in the opposite 
species and, therefore, by different segments than would nor- 
mally innervate them. These observations are discussed with 
respect to the way that positional values might be assigned to 
cells in the developing lumbosacral cord and hindlimb, and it is 
suggested that these results are incompatible with the assign- 
ment of positional values on a strict segmental basis. 

Motoneurons innervating chick hindlimb muscles are precisely 
connected with specific muscles and consistently form discrete 
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clusters, or motoneuron pools, in a characteristic position in 
both the rostrocaudal and transverse plane of the lateral motor 
column (Hollyday, 1980; Landmesser, 1978a). These motoneu- 
rons have been shown to selectively innervate their target mus- 
cles even from very early developmental stages (Hollyday, 1983; 
Landmesser, 1978b; Landmesser and Morris, 1975) and even 
if the positions of motoneurons in the cord or target muscles in 
the limb have been altered by small cord reversals (Lance-Jones 
and Landmesser, 1980b), small anterior-posterior (Lance-Jones 
and Landmesser, 198 1 b), or dorsal-ventral limb shifts (Ferguson, 
1983) and anterior-posterior reversal of the wing (Stirling and 
Summerbell, 1983). Further, deletion of some spinal cord seg- 
ments (Lance-Jones and Landmesser, 1980a) or limb segments 
(Whitelaw and Hollyday, 1983) does not alter this selective 
innervation. Based on these results, it has been proposed that 
motoneurons are specified for particular peripheral targets prior 
to axonal outgrowth and that there exist in the limb chemical 
cues that motoneurons can use to selectively grow to their targets 
(Ferguson, 1983; Lance-Jones and Landmesser, 1980a, b, 1981a, 
b; Whitelaw and Hollyday, 1983). It is possible that the purport- 
ed chemical cues would be similar between related species, al- 
lowing motoneurons from one species to selectively innervate 
homologous muscles in a limb from a related species. We tested 
this possibility for avian lumbosacral motoneurons by creating 
chick-quail chimeras. 

Chick-quail chimeras have been successfully used to analyze 
other developmental processes, specifically neural crest migra- 
tion and differentiation (Le Douarin, 1980, 1982). In these ex- 
periments, it has been assumed that the migration patterns of 
neural crest cells of one species transplanted into the second 
species are identical to normal patterns. There have been, how- 
ever, only a few reports describing selective neural innervation 
between species. After transplantation of quail eyes into the 
chick, quail retinal fibers grew to the chick tectum and subserved 
an at least partially functional pupillary light reflex (Heaton, 
1973). It was recently reported that chick retinal fibers were able 
to grow to quail tectum transplanted either homo- or hetero- 
topically (Alvarado-Mallart and Sotelo, 1984). Finally, Harris 
(1980) has shown in amphibia that eyes from one species of 
salamanders can form at least roughly correct retinotopic pro- 
jections on the tectum of a second species. In the visual system, 
it is generally agreed (Fraser and Hunt, 1980) that much of the 
detailed ordering of the retinal-tectal projection results from 
interactions between retinal afferents. 

Therefore, while the above reports indicate that the general 
cues defining spatial axes are similar between 2 related species, 
we considered it worthwhile to investigate interspecies neural 
projections in a system where the connectivity of individual 
motoneuron pools could be assayed in more detail, and in which 
motoneurons must diverge from one another and respond to a 
series of cues, both specific and nonspecific, in forming their 
appropriate projection patterns (Landmesser, 1984). Although 
quail have smaller hindlimbs than chicks, the limbs are com- 
posed of homologous muscles with very similar spatial arrange- 
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ments (Tanaka and Landmesser, 1986). Therefore, we created 
chick-quail chimeras by transplanting legs between speci’es and 
assessed motoneuron projection patterns by electrophysiologi- 
cal means and by retrograde labeling of motoneurons with HRP, 
first in normal quail and then in chick-quail chimeras. 

We found that the segmental innervation patterns and mo- 
toneuron pool distributions in the quail are very similar to the 
chick, with only some minor exceptions, and, further, that chick 
or quail motoneurons were able to selectively innervate ho- 
mologous muscles in the limb of the opposite species. This 
suggests that there are common chemical cues in chick and quail 
limbs and/or that motoneurons can respond to the cues of dif- 
ferent species. The chick-quail chimera is therefore a good sys- 
tem in which to examine the dependency of motoneuron cell 
death on target size, because motoneurons selectively innervate 
homologous muscles of different size. Cell death of lumbosacral 
motoneurons in quail and chick-quail chimeras is reported in 
the accompanying paper (Tanaka and Landmesser, 1986). A 
preliminary report of these findings has been published in ab- 
stract form (Tanaka and Landmesser, 1984). 

Materials and Methods 

Embryonic surgery 
Fertile White Leghorn chick and Japanese quail eggs were incubated in 
a forced-draft incubator at 38°C. At stages 16r/z-19, as defined by Ham- 
burger and Hamilton (195 I), and using the same criteria for quail em- 
bryos, embryonic surgery was performed on 203 embryos (98 chick 
hosts, 105 quail hosts) in a sterile box. (Most of the embryos actually 
reported on in the present study were operated on between stages 17% 
and 1 SYz.) A small hole was made in the shell, the shell membrane and 
amnion opened, and the right limb bud of a chick or quail embryo 
was transplanted to the right side of an embryo of the other species, the 
right limb bud of which had been previously removed. Following the 
operation, the hole in the egg was sealed with a coverslip and the egg 
returned to the incubator until stages 25-38. Of these embryos, 76 
survived to these stages and developed essentially normal limbs; of 
these, we studied 31 embryos further. The remaining embryos were 
used in the study reported in the accompanying paper. 

Electrophysiology 
Embryos were decapitated and eviscerated, and a ventral laminectomy 
was performed after placing the embryos in a bath of oxygenated Tyrode 
solution at room temperature (18-22°C). The limbs were skinned and 
the muscles freed of connective tissue. The sciatic and crural plexuses 
were usually dissected so that the spinal nerve contribution to each 
could be visualized. To determine the peripheral projection patterns of 
quail and chick-quail chimeras, the electrical activity resulting from 
spinal nerve stimulation was recorded with a suction electrode from 
each muscle at room temperature. For recording the activation patterns 
of motoneuron pools during movement sequences, the embryos were 
left for several hours in oxygenated Tyrode solution at ca. 30°C. The 
thoracic or cervical cord was then stimulated with single shocks at 10 
min intervals, each shock setting off a sequence of hindlimb kicks. The 
EMG activity associated with these kicks was recorded with suction 
electrodes. Detailed electrophysiological techniques have been de- 
scribed previously (Landmesser, 1978a; Landmesser and O’Donovan, 
1984a). 

Anatomical analysis 
To determine the location of motoneurons innervating a particular mus- 
cle, we labeled them retrogradely with HRP. After pressure injection of 
10% HRP into the muscle, the embryos were incubated for 5 hr at 33- 
34°C and then the cord and limb were fixed in 2% glutaraldehyde. The 
cords were processed, reacted for HRP, and sectioned according to the 
previously published procedures (Landmesser, 1978a). The temperature 
of the 5 hr incubation was found to be critical for obtaining a granular 
HRP reaction product, which facilitates identification of labeled mo- 
toneurons. In chick embryos, such granular staining was obtained as 
low as 32°C as previously reported (Landmesser and O’Donovan, 1984b), 
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Figure 1. EMG recordings from ischioflexorius (A) and caudilioflex- 
orius (I?) muscles at stages 35-37 in control quail and chick, and quail 
host and chick host chimera embryos. Stimulation of spinal nerve LS 
3 elicited a response from the ischioflexorius in the control quail and 
quail host-chick limb, whereas the ischioflexorius was activated by LS 
3 and 4 in the control chick and chick host-quail limb. The caudilio- 
flexorius contracted when LS 5, 6, and 7 were stimulated in the control 
quail and quail host-chick limb, and when LS 6,7, and 8 were stimulated 
in the control chick and chick host-quail limb. Arrows indicate the time 
of stimulus. Scales: 20 msec and 0.2 mV, except for control quail LS 6 
and 7, where they are 1 mV, and for quail host-chick limb LS 5, 6, and 
7 in B, where they are 0.4 mV. 

whereas a slightly higher temperature (34°C) was necessary in quail. 
The labeled motoneurons were counted in every third section in serial 

IO-pm-thick sections at a total magnification of x 630. -Histograms 
showing the number of labeled cells for each 30 Frn increment of cord 
allowed localization of the pool along the anteroposterior axis. To lo- 
calize a pool in the transverse plane, camera lucida drawings were made 
for a series of sections at a given level. The sections were aligned by the 
central canal and the outer boundaries of the white matter, and a dot 
was made at the position of each stained cell. 

Feulgen staining 
To determine the distributions of chick and quail cells in chimeras, we 
fixed the chimeras in Bouin’s solution, dehydrated them in a graded 
series of ethanol, and embedded them in paraffin. The lo-pm-thick 
serial sections were stained with the Feulgen method, which allows chick 
and quail cells to be recognized by differences in their nuclear chromatin 
distribution (Le Douarin, 1980, 1982). Six quail embryos that had re- 
ceived a chick limb transplant at stages 17-l 8 Yz were assayed between 
stages 26 and 28. We wished to determine how much of the limb was 
of donor origin at this stage, since this is shortly after axons have invaded 
the limb buds, forming muscle nerves, and is the period when axons 
would be expected to respond to limb-derived guidance cues. Two chick 
embryos with quail limbs were assayed at similar stages, In addition, 2 
donor quail limbs were assayed at stages 35-36, confirming that all limb 
tissue at this stage, including muscle, was of donor origin. 
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Table 1. Segmental innervation patterns in chick, quail, and chick-quail chimeras 

Muscle LS 1 LS 2 LS 3 LS 4 LS 5 LS 6 LS I LS 8 

Sartorius 
Chick 
Quail 
Chick host-quail limb 
Quail host-chick limb 

Adductor 
Chick 
Quail 
Chick host-quail limb 
Quail host-chick limb 

Femorotibialis 
Chick 
Quail 
Chick host-quail limb 
Quail host-chick limb 

Ischioflexorius 
Chick 
Quail 
Chick host-quail limb 
Quail host-chick limb 

P. iliotibialis 
Chick 
Quail 
Chick host-quail limb 
Quail host-chick limb 

Caudilioflexorius 
Chick 
Quail 
Chick host-quail limb 
Quail host-chick limb 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X X 

X 

X X 

X X 

X X 

X X 

X X X 

X X X * 

X X X 

X X X * 

Innervation patterns for each muscle represent recordings from 3-6 embryos. Symbols: X, large responses from segment; 
x, weak and/or occasional responses from segment; *, does not normally innervate the limb in quail. 

Results 

Lumbosacral segmental innervation and motoneuron pool 
localization in quail embryos 
Quail hindlimbs are smaller than chicks’ from about stage 30 
on (Hamburger and Hamilton, 195 l), but they have a very 
similar arrangement of homologous muscles, as shown in the 
accompanying paper (Tanaka and Landmesser, 1986). How- 
ever, unlike the chick hindlimb, which is innervated by 8 lum- 
bosacral segments (LS l-8), the quail limb receives innervation 
from only 7 segments, LS 8 projecting posteriorly toward the 
tail. 

In order to determine the segmental distribution of quail mo- 
toneurons innervating specific thigh muscles, we recorded EMGs 
from a series of quail thigh muscles following sequential spinal 
nerve stimulation at stages 35-37 and compared them with 
EMGs recorded from chick thigh muscles. In general, the dis- 
tributions were very similar between the 2 species (Table l), as 
previously reported chick distributions indicate (Landmesser, 
1978a, b; Landmesser and Morris, 1975). For example, the 
sartorius and adductor muscles were innervated by LS 1 and 2 
in both species; similarly, the femorotibialis was innervated by 
LS 2 and 3, and the p. iliotibialis by LS 4 and 5 in both chick 
and quail. 

In contrast, the segmental innervation of the quail caudilio- 
flexorius differed from that of the chick. In the chick the caudilio- 
flexorius is innervated by LS 6, 7, and 8; however, in the quail, 
where LS 8 does not innervate the limb, the innervation is 
shifted anteriorly, LS 5, 6, and 7 contributing (Fig. 1B). The 
innervation of the ischioflexorius (Fig. lA), the muscle imme- 
diately adjacent to the caudilioflexorius, is also shifted; in the 
chick it is innervated by LS 3 and 4, whereas LS3 alone con- 
tributes in the quail. The innervation of the intervening acces- 
sory muscle is also shifted, arising from LS 5 and 6 in the chick 
and in the quail from predominately LS 4 and 5, with a small 
contribution from LS 6. (The accessory muscle data are not 
included in Table 1 because we did not determine the inner- 
vation of this muscle in chick-quail chimeras.) 

While EMG recording provides a good estimation of seg- 
mental motoneuron distribution within the cord, it does not 
provide a detailed distribution of motoneurons innervating each 
muscle. We therefore determined the spatial distribution of sev- 
eral motoneuron pools (sartorius, adductor, and caudilioflexo- 
rius) by retrograde labeling with HRP. 

Confirming the electrophysiological data, motoneurons in- 
nervating the quail sartorius and adductor were found predom- 
inately in LS 1 and 2 (Fig. 2). In the chick the sartorius pool is 
situated more anteriorly than the adductor, arising from the 
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Figure 2. Location of motoneuron 
pools projecting to the control quail 
sartorius and adductor muscles, A, 
Histograms indicate rostrocaudal po- 
sition of HRP-labeled motoneurons 
following injection of a stage 37 sar- 
torius and a stage 36 adductor. B, 
Camera lucida drawings of cross sec- 
tions of the cord, showing position of 
labeled motoneurons in transverse 

posterior half of the last thoracic segment through the anterior 
half of LS 2. The adductor pool begins only in the posterior half 
of LS 1 and extends through all of LS 2, a small number of cells 
even occurring in LS 3 (Landmesser, 1978a). Figure 2A shows 
that a similar relationship was found for the quail sartorius and 
adductor pools. The camera lucida drawings in the same figures 
indicate that for the quail and chick, both motoneuron pools 
had similar distributions in the transverse plane of the cord as 
well, the adductor pool being situated medially, the sartorius 
laterally (Fig. 2B). 

The caudilioflexorius pool was situated laterally in both the 
chick and quail, but, supporting electrophysiological results, the 
quail pool was shifted anteriorly. In the chick, most ofthe caudil- 
ioflexorius motoneurons are located in LS 7 and 8, with only a 
small proportion (less than 10%) in LS 6 (Landmesser, 1978a, 
b). In the quail, caudilioflexorius motoneurons are mainly lo- 
cated in LS 6 and 7, the proportion in LS 6 being substantial 
(Fig. 3, A, B).’ Although EMG recordings indicated that LS 5 
also innervated the caudilioflexorius in the quail, albeit to a 
minor extent, we failed to label any neurons in LS 5 following 
HRP injection into the muscle. This is probably because we had 
intentionally reduced the size of the HRP injections to prevent 
leakage to adjacent muscles. Nevertheless, based on both EMG 
data and retrograde labeling, it is clear that the main segmental 
source of innervation for this muscle is shifted anteriorly in the 
quail. In summary, despite slight anterior shifts for several mus- 
cles, the position of quail motoneuron pools was similar to 
homologous chick pools in both anterior-posterior and medio- 
lateral position. 

plane. 

Segmental innervation and motor pool location in 
chick-quail chimeras 
We tested whether chick motoneurons, which have been shown 
to innervate chick limb muscles selectively, could innervate 
homologous quail muscles selectively. The size difference be- 
tween chick and quail limb buds at early developmental stages 
is not as great as at older stages, and it is therefore possible to 
make chick-quail chimeras that possess a hindlimb of the op- 
posite species in which motoneuron projection patterns can be 
examined. 

We found that chick motoneurons selectively innervated ho- 
mologous muscles in the quail with considerable precision. For 
example, the quail sartorius and adductor were innervated by 
chick LS 1 and 2, the femorotibialis by LS 2 and 3, and the p. 
iliotibialis by LS 4 and 5 (see Table 1). Similar observations 
were made for quail motoneurons innervating chick limbs. Of 
special interest are the ischioflexorius and caudilioflexorius, be- 
cause their segmental innervation pattern is different in quail 
and chick. We found that the quail ischioflexorius was inner- 
vated primarily by chick motoneurons in segments LS 3 and 4, 
the position of the normal chick ischioflexorius pool (Fig. 1A). 
It should be recalled that the quail ischioflexorius pool is nor- 
mally restricted to LS 3. Indeed, when quail cords innervated 
chick limbs, only LS 3 projected to the ischioflexorius (Fig. 1A). 
Similarly, the quail caudilioflexorius was innervated by chick 
motoneurons in the normal position of the chick caudilioflex- 
orius pool (LS 6, 7, 8; Fig. 1B); in quail, the caudilioflexorius 
pool is located in LS 5, 6, and 7, and it was these segments that 
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Figure 3. Quail caudilioflexorius. 
Location of the motoneuron pool in- 
nervating the control quail caudilio- 
flexorius muscles at stage 361/z. A, 
Histogram indicates the rostrocaudal 
position of HRP-labeled motoneu- 
rons on the right side. B, Camera lu- 
cida drawings of cross sections of the 
cord, showing the position of labeled 
motoneurons in the transverse plane. 
(LS 6R and LS 6C correspond to the 
rostra1 and caudal portions of seg- 
ment LS 6, respectively.) 

A.Rostrocaudal position 

r5B P = Lumbosocral spinal segment 
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d 
_o Right: 

z 30 4 Quail limb (iransplanted side) 
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Lumbosacral spinal segment 

contributed to the innervation of the chick caudilioflexorius in 
chimeras. In summary, these results indicate that chick and quail 
motoneurons selectively innervated homologous muscles in 
limbs of the opposite species. 

Further support for this possibility was obtained by deter- 
mining motoneuron pool position via retrograde labeling with 
HRP. In 12 chimeric embryos we injected the same muscles in 
both limbs and assayed motoneuron pool position. An example 
of chick motoneuron pools innervating chick host and trans- 
planted quail sartorius muscles in one such embryo is shown in 
Figure 4. It is clear that the 2 pools are situated in very similar 
positions, localized in LS 1 and 2 along the anteroposterior axis, 
in an extreme lateral position in LS 1, then shifting more me- 
dially in LS 2 (Fig. 4, A, B). This is the normal location of the 
chick sartorius pool (Landmesser, 1978a, b). Another example 
is shown in Figure 5, where in this case quail motoneurons that 
innervate the chick adductor are found more medially in the 

A. Rostrocaudal position 

Left- 

30 Chick limb (Host side) 

n n 
B. Transverse position 

Right: 
(transplantedside) 

Left: 
( host side.) 

K ,i,, 0 LS3 ’ 
Lumbosacml spinal segment 

Figure 4. Chick sartorius pools in chimera. Location of chick moto- 
neuron pools innervating, the sartorius muscles in a chick host left limb 
and in a transplanted quail right limb. Both sartorius muscles of a stage 
35 chick host, which had received a stage 18 quail limb transplant at 
stage 18, were injected with HRP. A, Histograms indicate rostrocaudal 
position of HRP-labeled motoneurons. B, Camera lucida drawings of 
cross sections of the cord, showing the position of motoneurons in 
transverse plane. 
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B. Transverse position 

LS6R 

LSGC 

normal location of the quail adductor. Similar results were found 
for the other 7 embryos that were injected. 

We can therefore conclude that chick motoneuron pools se- 
lectively innervate homologous muscles in the quail limb and 
that quail motoneurons behave similarly when growing into a 
chick limb. 

Motoneuron activation patterns in chick-quail chimeras 
Additional support for the proposition that chick motoneurons 
innervate homologous quail muscles with considerable preci- 
sion was obtained by assaying the activation patterns of these 
motoneurons during movement sequences. It has previously 
been shown in isolated chick spinal cord-hindlimb preparations 
that many of the muscles are activated in a highly characteristic 
manner during walking-like movement sequences, which are 
elicited by thoracic or cervical cord stimulation (Landmesser 
and O’Donovan, 1984a). It was also found that when chick 
motoneuron pools innervate foreign chick muscles, they develop 
their original activation patterns. For example, sartorius mo- 
toneurons projecting to a caudilioflexorius muscle are still ac- 
tivated with the characteristic sartorius pattern (Landmesser and 
O’Donovan, 1984b). 

We therefore recorded EMGs in isolated spinal cord-hind- 
limb preparations obtained from chicks, quails, and 3 chick- 
quail chimeras. Figure 6A shows a typical control chick sequence 
with alternating activity in the sartorius (a flexor) and antago- 
nistic caudilioflexorius (an extensor). We did not extensively 
characterize normal quail motoneuron pool activation. How- 
ever, of the quail muscles that we assayed, all were found to 
behave similarly to homologous muscles in the chick. Quail 
muscles activated as extensors were the caudilioflexorius, p. 
iliotibialis, femorotibialis, adductor, and ischioflexorius, where- 
as the sartorius and anterior iliotibialis were activated as flexors. 

We then recorded in chick-quail chimeras from the following 
4 quail muscles that were innervated by chick motoneurons: 
sartorius, femorotibialis, ambiens, and p. iliotibialis. In all cases, 
we found the activation patterns indistinguishable from normal 
chick patterns. This can be seen in the example shown in Figure 
6B, where the quail sartorius is activated with a typical sartorius 
activation pattern (compare with Fig. 6A), exhibiting a long 
silent period during extensor activation. In this case the sartorius 
is clearly activated out of phase with the contralateral chick 
caudilioflexorius. In isolated cord preparations, homologous 
muscles in both limbs are activated in tight synchrony, allowing 
for easy comparison between limbs (Landmesser and O’Don- 
ovan, 1984a). If any extensor motoneurons, or flexor motoneu- 
rons with shorter silent periods, had innervated the sartorius, 
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Figure 5. Quail adductor pools in chimera. Location of quail moto- 
neuron pools innervating the adductor muscles in a quail host limb (left) 
and in transplanted chick limb (right). Both adductor muscles of a stage 
35% quail host, which had received a stage 17% chick limb transplant 
at stage 18, were injected with HRP. A, Histograms indicate rostrocaudal 
position of HRP-labeled motoneurons. B, Camera lucida cross section 
of the cord, showing the position of labeled motoneurons in the trans- 
verse plane. 

they would have been activated during the silent period and 
should have been easily detectable. In addition, since the sar- 
torius is the only chick muscle with such a long silent period 
(approximately 500 msec) and long burst durations (>2 set), 
the observation of such activation patterns in the quail sartorius 
is strong evidence that this muscle was innervated essentially 
exclusively by sartorius motoneurons. 

Determination of the species origin of components in 
transplanted limbs in chimeric embryos 
The results presented thus far provide evidence that motoneu- 
rons of one species are able to recognize cues of the second 
species, using these to project to homologous muscles in the 
transplanted limb. However, it is still possible that the growth 
cones of, for example, chick motoneurons were not responding 
to quail cues but to chick signals laid down by chick somite cells 
that had migrated into the limb to form muscle (Chevallier et 
al., 1977). Since quail cells can be distinguished from chick cells 
by Feulgen staining due to their more condensed nuclear chro- 
matin (Le Douarin, 1980, 1982) we examined chimeric limbs 
in both quail and chick hosts. 

We found in all cases that the boundary between cells derived 
from host and those from the transplanted limb was sharp and 
coincided with the base of the limb (Fig. 8). In general, the host- 
transplant boundary extended from the indentation at the dorsal 
base of the limb ‘and ran in a ventral-medial direction toward 
the mesonephros. As shown in ‘the example in Figure 7, quail 
host tissue surrounded the proximal spinal nerve (Fig. 74, but 
the tissue adjacent to the nerve in the plexus region was essen- 
tially all of donor or chick origin (Fig. 74 Since it is difficult 
to visualize nerves with the Feulgen stain at low magnification, 
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6. 
QUAIL SART CHIMERA 

5SEC 

Figure 6. EMG activity recorded from hindlimb muscles in the iso- 
lated cord preparations; control chick (A) and chick host-quail limb 
chimera (B). The sartorius muscle in transplanted quail limb is clearly 
activated out of phase with the contralateral chick caudilioflexorius in 
the same manner as the control shown in A. During a series of hindlimb 
movements elicited by a single stimulus to the cervical cord at the 
beginning of the trace, the sartorius muscle in transplanted quail limb 
is activated out of phase with the contralateral chick caudilioflexorius 
in the same manner as in the control shown in A. It should be noted 
that there is often coactivation at the start of a movement sequence and 
that good alternation takes several cycles to develop. 

a comparable section from a plastic-embedded embryo is shown 
in Figure 7b, where the lighter-staining nerves in the plexus 
region (p) are readily apparent. Although mesenchyme cells dis- 
tal to the transplant boundary were all of donor origin, nuclei 
of host origin were common within the nerve proper and appear 
to be glial cells that had migrated out along the nerves. Also, in 
most cases, the host-donor boundary in the skin was located 
more distally than that for the internal tissue (Fig. 7a, arrow). 

These results indicate that by the stages the limbs were transT 
planted (stages 17-18%) they had already been populated by 
somitic cells and that subsequent migration of host cells of so- 
mitic or other origin was minimal (see also C. Lance-Jones and 
C. Lagenaur, unpublished observations, 1986). In some cases, 
a few quail nuclei were found slightly distal to the host-trans- 
plant boundary, as indicated by arrows in Figure 8b. The bound- 
ary was also located slightly more distally at posterior levels, as 
would be predicted from the anterior-to-posterior sequence in 
the onset of somite cell migration into the limb. Thus, while 
some of the most posterior proximal thigh was of host origin, 
the cells surrounding the sciatic and crural plexuses and virtually 
all of the mesodermal cells within the limb proper were of donor 
origin. 

Since distinction between quail and chick nuclei is more dif- 
ficult at the later stages (stage 36) used to assess specificity of 
innervation, most of these limbs were not subjected to Feulgen 
staining. Nevertheless, since these embryos had been operated 
at the same stages and with the same surgical technique as the 
Feulgen-stained series, we are reasonably confident that these 
limbs were also composed of essentially donor tissue. 

Discussion 
Segmental motoneuron innervation patterns and motoneuron 
pool distributions for quail thigh muscles were very similar to 
those previously described for the chick (Hollyday, 1980, Land- 
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Figure 7. Boundary between host and transplant tissue in a chimera. a, Transverse, Feulgen-stained section through the lumbar region of a stage 
26 quail host that had received a stage 18 chick limb transplant at stage 17. The dotted line indicates the spinal nerve and plexus. The boundary 
between host and transplant tissue (solid he) occurs at the limb base slightly proximal to the plexus region, although host skin cells have grown 
out further into the limb (their distal extent is indicated by an arrow). b, Plastic section from a similarly staged embryo at the same level to show 
more clearly the course of the spinal nerve and position of the plexus with respect to the limb base. dr, dorsal root ganglion; p, plexus. c and d, 
Higher magnification views of part of Figure 8 to show the nuclear differences that allow chick and quail cells to be distinguished. c is from the 
plexus region in a, its approximate position being denoted by an m-row. The cells bordering the plexus all contain the dispersed chromatin characteristic 
of chick nuclei (some are indicated by arrows). d is from a more proximal level, indicated by double arrows in a, and shows that the cells surrounding 
the spinal nerve at this level all contain the condensed chromatin characteristic of quail cells (see arrows). 

messer, 1978a). The motoneuron pools for homologous muscles 
are situated in similar relative positions in most tetrapods (see 
Bennett, 1983, for review), the quail being no exception. Lateral 
pools project to muscles derived from the dorsal muscle mass, 
medial pools to muscles derived from the ventral muscle mass. 
In addition, anterior pools tend to innervate anterior muscles; 
posterior pools, posterior muscles. 

In contrast, the number of spinal segments innervating limbs 
is quite variable. For example, the chick hindlimb is innervated 
by 8 spinal segments, the pigeon and quail by 7, and the ostrich 
by 11 (Streeter, 1904). The number of spinal segments that 
innervate a limb appears to be correlated with the number of 
somites adjacent to the limb bud at the time of axon outgrowth, 
and therefore to the relative size of the limb along the anterior- 
posterior axis. 

In this study, we showed that chick (or quail) motoneuron 
pools were able to selectively innervate homologous muscles in 
the opposite species with considerable precision. This is con- 
sistent with recent, less direct evidence (Kinutani and Le Dou- 
arm, 1985) indicating relatively normal behavior of hatched 
chicks following quail neural tube transplants in the wing region. 
Our observations lead us to conclude that chick and quail must 
have similar chemical cues in their limbs and common detector 
systems for those cues on their motoneuronal growth cones. 
This might be expected, as these are 2 rather closely related 
species. Indeed; out of more than 100 monoclonal antibodies 
raised against chick spinal cord, and which stained chick neu- 
ronal tissue either alone or in combination with other tissues, 
only 1 antibody was found that did not cross-react with quail 
(H. Tanaka, unpublished observations). Since this antibody 
stained neuronal fibers, it should be a useful marker for following 
chick fiber projections in chick-quail chimeras. 

Since previous studies have shown that axons sort out in the 
plexus region at the base of the limb to occupy characteristic 
positions based on their identity (Lance-Jones and Landmesser, 
198 1 a, b), it is possible that axons entering the transplanted 
limbs had already accomplished this by responding to proximal 

host-derived cues. Clearly, the plexus region of the transplanted 
limbs appeared to be entirely of donor origin. However, we 
cannot exclude the possibility that a small number ofundetected 
host cells were responsible for the initial sorting out of axons 
in the plexus region. Nevertheless, evidence based on limb ma- 
nipulations (Lance-Jones, 1986; Lance-Jones and Landmesser, 
198 lb; Whitelaw and Hollyday, 1983), as well as on the be- 
havior of growth cones in control limbs (K. Tosney and L. 
Landmesser, unpublished observations), strongly suggests that 
additional cues within the limb are required for axons to project 
to their correct targets. Since the transplanted limbs were en- 
tirely of donor origin, we conclude that whatever cues are used 
by axons in the avian limb, including target-specific as well as 
less specific permissive cues, these must be readable by the 
motoneuron growth cones of a related species. 

In attempting to understand the way in which such recognition 
molecules may be distributed, it is especially interesting to con- 
sider the innervation patterns we observed in chimeras for mus- 
cles whose segmental innervation differs between the 2 species 
(i.e., the caudilioflexorius and ischioflexorius). Several recent 
studies have suggested a segmental basis for such recognition 
molecules. Preganglionic autonomic fibers in rodents have been 
shown to have a preference for innervating autonomic ganglion 
cells (Nja and Purves, 1977a, b; Purves et al., 1981) or even 
transplanted intercostal muscles (Wigston and Sanes, 1985) from 
similar segmental levels. Furthermore, Beresford (1983) has 
shown that individual chick wing muscles are derived from a 
characteristic subset of the somites that contribute to the wing, 
and these muscles in turn appear to be innervated by neurons 
from the segmental levels (Landmesser, 1984) adjacent to those 
somites. Similar observations have recently been made for the 
chick hindlimb (C. Lance-Jones and C. Lagenaur, unpublished 
observations, 1986). Thus, it has been hypothesized that an early 
determinative event assigns the same positional values (Wolpert 
et al., 1975) to cells at each segmental level. 

What sort of innervation pattern would be expected if posi- 
tional markers were assigned on a rigid segmental basis? If the 
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Figure 8. A, Transverse Feulgen-stained section of lumbar region from another stage 26 quail host that had received a stage 19 chick limb 
transplant at stage 17. B, Higher magnification of the region indicated by the asterisk in A. Host quail cells (characterized by more condensed 
chromatin) formed a clear boundary with the transplanted chick limb (arrowheads). This boundary is indicated by a line in the inset in B. A few 
host quail cells that had migrated a short distance into the chick limb are indicated by arrows. A, x 25; B, x 370. 

somitic contribution patterns observed for the wing (Beresford, 
1983) hold for the hindlimb, as they appear to (C. Lance-Jones 
and C. Lagenaur, unpublished observations, 1986), we would 
expect the quail caudilioflexorius to have markers for LS 5, 6, 
and 7. Thus, we might expect that chick neurons in LS 5, 6, 
and 7 would innervate this quail muscle. However, we found 
that the entire chick caudilioflexorius pool, primarily in LS 7 
and 8, innervated the quail muscle. Similarly, the chick caudilio- 
flexorius was innervated by quail motoneurons in LS 5, 6, and 
7. A similar set of observations was made for the ischioflexorius, 
which receives innervation from LS 3 and 4 in the chick but 
only from LS 3 in the quail. 

These observations are not consistent with a model in which 
positional values are assigned on a strict segmental basis or with 
one in which growth cones simply track along and/or selectively 
innervate soniite cells derived from the same segmental level. 
They would, however, be consistent with a model in which an 
entire set of positional values is assigned along the anterior- 
posterior extent of the row of cells (neural tube, somite, etc.) 
adjacent to the limb or limb field. Thus, if the distribution of 
values were relative, a different absolute number of somites or 
spinal segments would not be relevant, and we would expect 
the most posterior cells to bear the most extreme value in both 
quail and chick. This would be compatible with chick caudilio- 
flexorius motoneurons selectively innervating a quail caudilio- 
flexorius muscle composed of a different somitic complement. 
It is also possible that positional labels are borne not by the 

somitic cells themselves, but by the connective tissue compo- 
nents derived from the lateral plate mesoderm. However, again, 
similar reasoning to that followed above would suggest that these 
cells must also bear labels that are distributed in a relative 
manner across the entire anteroposterior extent of the limb bud, 
rather than on a segmental basis. 

C. Lance-Jones and C. Lagenaur (unpublished observations, 
1986) have recently directly tested whether somite cells bear 
labels that allow them to be recognized by motoneurons from 
the same segmental level. They found for chick hindlimb mus- 
cles a good correspondence between the segmental source of 
muscle precursor cells and of innervation. However, following 
surgical reversal of strips of somites along the anterior-posterior 
axis, motoneurons were found to innervate their original mus- 
cles even though these were now populated by somite cells from 
different segmental levels. Their results indicate that if somite 
cells bear recognition markers, they must obtain these after 
populating the limb bud. Alternatively, they suggest that the 
markers may actually be borne by the non-muscle connective 
tissue components of the limb. Our observations are compatible 
with either possibility with the proviso that positional values 
be assigned in a coordinate manner across the entire limb field. 

Since chick and quail are closely related, we do not know 
whether interspecies selective innervation will occur in more 
distantly related species (see also Harris, 1980). However, the 
fact that such selective innervation occurs may be relevant to 
the rapidly developing area of brain implants (Bjorklund et al., 
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1983). If suitable embryonic tissue of the same species is not 
available for implant, similar tissue from a closely related seecies 
might be used. Finally, since we have obtained selective inter- 
species innervation of homologous muscles that differ markedly 
in size, we can test the hypothesis that cell death serves primarily 
to quantitatively match a neuronal population with its target. 
This is the topic of the subsequent paper (Tanaka and Land- 
messer, 1986). 
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