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Abstract 

This is a report on the development of the lateral motor column (LMC) in the limbless mutant chick embryo. 
The limbless mutant was used to study the effects of the absence of a periphery on the developing nervous 
system. The limbless mutant provides a unique opportunity to compare the effects on the LMC of deletion of 
a limb caused by the genotype with those seen following surgical removal of the limb primordium. Cell counts 
of the total number of motoneurons in the LMC at both the brachial and lumbar levels were done in a large 
series of limbless embryos and on their normal siblings. In normal embryos, a substantial loss of LMC 
motoneurons was observed during the course of normal development. At the brachial level, 54% of the initial 
LMC cell population was lost between day 6 and day 18. At the lumbar level, 40% of the initial population was 
lost between the 6th and 12th days of development with no further loss through day 18. An even more massive 
cell loss was observed in the limbless mutant LMC at both brachial and lumbar spinal cord levels between day 
5 and day 12. This resulted in the elimination of at least 85% of the motoneurons that were initially present 
in the limbless LMC. Our data demonstrate that the effects of peripheral deprivation on LMC development in 
the limbless mutant are similar to those seen following surgical removal of the periphery. The initial production 
of motoneurons and assembly of the LMC did not appear to be significantly affected by the mutation, while 
the subsequent degeneration of LMC motoneurons is greatly accelerated and increased in comparison to the 
normal. 

A large number of the motoneurons produced in the limb- 
innervating segments of the chick embryo spinal cord die during 
the course of normal development. Prior to obvious degenera- 
tion there are no known morphological or biochemical differ- 
ences between motoneurons that are destined to die and those 
that will survive (Chu-Wang and Oppenheim, 1978a; Oppen- 
heim et al., 1978). Prior to the period of naturally occurring 
cell death nearly all of the motoneurons in the lateral motor 
column (LMC) sprout axons that pass out of the spinal cord 
via the ventral root and project to muscles in the limb that are 
appropriate for their position within the LMC (Chu-Wang and 
Oppenheim, 1978b; Oppenheim et al., 1978; Lance-Jones and 
Landmesser, 1981; Oppenheim, 1981a; Hollyday, 1983). Be- 
cause of this phenomenon, theories that have been used to 
explain the occurrence of cell death in the LMC have focused 
on the relationship between the developing motor nerves and 
the developing limb musculature. Most prominent among the 
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current theories is the “competition hypothesis” which postu- 
lates that certain motoneurons will die as a result of their 
inability to compete successfully with other motoneurons for a 
limited number of synaptic sites on the surface of the devel- 
oping musculature or for a limited amount of some “trophic 
substance” supplied by the developing muscles (for reviews, see 
Oppenheim, 1981b; Cunningham, 1982). 

The chick lumbar LMC has been investigated most exten- 
sively. At this level assembly of the LMC is completed by day 
6. Between days 6 and 10, 40% of the motoneurons are lost. 
After this time no further attrition of motoneurons is observed 
through 5 days posthatching (Hamburger, 1975; Oppenheim et 
al., 1978). At the brachial level the degeneration of LMC 
motoneurons is both more protracted and more extensive. 
Between days 6 and 10, 30% of the motoneurons in the LMC 
undergo degeneration. In the next 11 days an additional 30% 
of the motoneurons are lost, so that by the time the embryo 
hatches only 40% of the initial population of LMC motoneurons 
remain (Oppenheim and Majors-Willard, 1978). 

Complete removal of the periphery results in the death of 
nearly all of the motoneurons in the LMC. Surgical extirpation 
of the presumptive leg bud tissue in the chick during the 2nd 
day of development has little, if any, effect on the early stages 
of formation of the LMC. On day 6 of incubation the LMC on 
the experimental side contains nearly a normal complement of 
motoneurons when compared to the contralateral, control side. 
However, over the next 2 to 3 days a massive degeneration of 
motoneurons occurs. By day 9 only a small remnant of the 
LMC remains on the operated side, consisting of 10% of the 
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original population of motoneurons (Hamburger, 1958; Oppen- 
heim et al., 1978). The final number of motoneurons in the 
LMC is roughly proportional to the amount of limb musculature 
that survives the extirpation (Hamburger, 1934). Extirpation 
of a limb bud increases the number of motoneurons that degen- 
erate in the LMC, but the period over which this degeneration 
occurs is approximately the same as that seen in normal em- 
bryos, occurring between 6 and 9 days of development (Ham- 
burger, 1975). This observation, plus the fact that no morpho- 
logical or biochemical differences have been noted between the 
control and the experimental side prior to the period of cell 
death (Oppenheim et al., 1978), has led to the suggestion that 
the mechanisms regulating cell death following surgical removal 
of the periphery might possibly be the same as those regulating 
naturally occurring cell death (Hamburger, 1975). 

Our current investigation involves a re-examination of the 
effects of the lack of a periphery on the development of the 
LMC in the chick embryo. The object of our study is the 
limbless chicken first described by Prahlad et al. (1979). This 
mutant provides an excellent model for studying the effects of 
absence of the periphery on the developing LMC because it 
does not involve any experimental manipulation of the embryo 
prior to the time when it is sacrificed. Therefore, the outgrowing 
axons will encounter peripheral tissues that have not been 
altered by surgery. Briefly, the limbless mutation is an autoso- 
ma1 recessive mutation with 100% penetrance, such that homo- 
zygous limbless chicks develop with no limbs at all four sites 
but with limb girdles present. The limb buds actually develop 
normally until Hamburger and Hamilton’s (1951) stage 18, at 
which point the apical ectodermal ridge fails to form and the 
limb bud mesoderm begins to die. By stage 22 massive necrosis 
is evident throughout the limb bud mesoderm. At stage 23 the 
entire limb bud is necrotic; few living cells are evident. By stage 
24 there is no evidence of an appendage at any of the limb sites 
(J. F. Fallon, J. M. Frederick and B. K. Simandl, submitted for 
publication). We present data concerning the development of 
the LMC in both homozygous limbless embryos and their 
normal siblings at both the brachial and lumbar spinal cord 
levels. In addition, observations concerning the trajectory of 
the spinal nerves in the linbless mutant will be presented. 

Materials and Methods 
Embryos were obtained from the flock of heterozygous limbless 

carriers maintained at the University of Wisconsin, Madison. All 
embryos were incubated in a forced-draft incubator at 37°C and were 
left untouched until they were sacrificed. Embryos were sacrificed at 4, 
4.5, 5, 5.5, 6, 7, 8, 9, 10, 11, 12, and 18 days of incubation and at that 
time were assayed for their phenotype by simply noting the presence 
or absence of limbs. Those embryos in which no limbs were present 
represented the homozygous limbless embryos and were grouped to- 
gether and designated “limbless” in the subsequent analysis. Those 
embryos where the presence of normal limbs was noted were designated 
“normal” and were used as the control embryos in the subsequent 
analysis. It is stressed that control embryos consisted of both homo- 
zygous normal embryos and heterozygous limbless carriers obtained 
from the same flock of chickens as the homozygous limbless embryos. 
The majority of the 4- through 12-day embryos were fixed whole 
overnight in 70% ethanol, 40% formaldehyde, and glacial acetic acid in 
a ratio of 17:2:1 and were then stained in hematoxylin en bloc according 
to the method of Wenger (1951). In some of the 12-day and all of the 
18-day embryos, the spine was dissected free after fixation, decalcified, 
and then prepared in the same manner as were the whole embryos. A 
few embryos at each of the early stages were silver stained en bloc 
according to the method of Levi-Montalcini (1949). All embryos were 
embedded in paraffin, serially sectioned, and mounted on slides for 
viewing with the light microscope. Sections were cut at 8 Frn for 4- 
through B-day embryos and at 12 pm for the older embryos. 

Staging. Embryos younger than 9 days of incubation were staged 
according to the Hamburger (1948) spinal cord stage series. To do this, 
camera lucida drawings of the cross-sectioned spinal cord were made 
at approximately the level of the middle of the 15th spinal segment of 

the brachial spinal cord. At the lumbar level drawings were made at 
approximately the level of the middle of the 26th segment. This was 
done for all 4.5 through B-day embryos that were used for cell counts. 
The criteria of Hamburger (1948) were then used to assign a spinal 
cord stage to each of the embryos. Hamburger and Hamilton’s (1951) 
stage numbers were also assigned to these embryos according to the 
synchronization of the two-stage series in Hamburger (1958). There- 
fore, our data for the 4.5- through g-day embryos will be presented 
according to both the spinal cord stage and the Hamburger and Ham- 
ilton (1951) stage in addition to the days of incubation. Data for the 
lo- through 18-day embryos will be presented according to the days of 
incubation and will be correlated with the Hamburger and Hamilton 
(1951) stages. 

Cell counts. Motoneuron cell counts were done on a large series of 
embryos ranging from 4.5 to 18 days of incubation. Only those cells 
that were within the LMC as identified according to the criteria of 
Hamburger (1975) were counted. Motoneurons were not only identified 
by their position within the LMC, but also by their histological ap- 
pearance. They were characterized by their large size, dark stain, and 
the presence of one or more dense nucleoli. Only those motoneurons 
with at least one visible nucleolus were counted. In 4.5- to 5.5-day 
embryos every sixth section was counted at x 1000 magnification. In 
6- to S-day embryos every eighth section was counted at X 1000. In 9- 
to 12-day embryos every tenth section was counted at x 400, and in 
18-day embryos every tenth section was counted at x 250. All cell 
counts were done directly in the light microscope using a lOOsquare 
ocular grid. In most embryos the left or right side was selected at 
random, and only one side was then counted. In some embryos both 
sides were counted, and no significant difference was observed between 
the two sides (M. E. Lanser and J. F. Fallon, unpublished observations). 
In the cases where both sides were counted, one side was selected at 
random for use in the subsequent analysis. 

The mean number of motoneurons per section was calculated by 
dividing the total number of cells counted by the number of sections 
that were counted. The mean number of motoneurons per section was 
then multiplied by the total number of sections included in the length 
of the LMC to yield the total number of motoneurons in the LMC. No 
correction was made to account for nuclear splitting since the section’s 
thickness was always larger than the nucleolar diameter (Konigsmark, 
1970; also see Chu-Wang and Oppenheim, 1978a, b). Nevertheless, 
because no correction was made for the double counting of nuclei, our 
absolute cell counts might actually be slight overestimates of the 
number of LMC motoneurons; however, because we are comparing 
embryos that have been identically prepared, consistent increases in 
the absolute numbers should have little effect on the relative results 
(see also Hollyday and Hamburger, 1976). 

Statistical comparison of limbless embryos with their normal siblings 
at each stage was done using the Student’s two-tailed t test. Degener- 
ating cells were identified by the presence of dense, pyknotic nuclear 
debris. Although no precise counts of degenerating cells were done, 
their presence and extent were noted on each section that was counted. 
Also, the distribution of the spinal nerves was noted in both the 
hematoxylin- and the silver-stained material. 

Results 

Lateral motor column cell counts are listed in Table I, and 
the data for the brachial level are illustrated in Figure 1. 

Normal embryos. Cell counts in the normal embryos were in 
general agreement with previously published accounts of LMC 
development for normal chick embryos (see Hamburger, 1975; 
Oppenheim and Majors-Willard, 1978). The LMC attained its 
maximum complement of motoneurons between the 5th and 
6th days of development at both the brachial and lumbar levels. 
Subsequent degeneration of the brachial LMC resulted in the 
loss of 27% of the motoneurons between days 6 and 10, followed 
by the loss of approximately another 27% of the initial cell 
population in the next 8 days. By day 18, 54% of the initial 
population of LMC motoneurons had been lost. At the lumbar 
level only about 40% of the initial population of motoneurons 

was lost during development. The period of cell loss was not as 
long as at the brachial level, being completed by the 12th day 
of development when approximately 60% of the initial popu- 
lation of motoneurons remained. 
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TABLE I 
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Motoneuron cell counts of both brachial and lumbar lateral motor columns in both wild-type and limbless embryos 

Day 4.5 
Stage 24” 

(4nlO) 

Brachial 

Wild-type 13,318 
14,016 
12,945 

13,767 
12,087 

Mean 
Percentage of survival 
Limbless 

13,227 

11,289 
13,351 
12,553 

9,567 

Mean 
Percentage of survival 

Lumbar 
Wild-type 

11,690 

Mean 

Percentage of survival 
Limbless 13,952 

14,687 

Mean 
Percentage of survival 

14,319 

Day 5.0 to 6.0 
Stage 25 to 

(5112 t:5PSnll) 

15,056 
13,557 
14,523 

17,096 
15,485 
15,987 

13,812 
14,179 
14,390 

14,898 

13,526 
11,621 
11,462 

10,192 
11,184 
15,085 

10,021 
9,776 

11,857 

8,785 
10,074 

8,557 

9,496 
10,895 

93.2 

16,915 
17,173 

17,976 
19,354 
16,475 

18,908 
19,288 
19,971 
18,145 

18,816 
18,302 

17,448 
14,216 

13,626 
13,788 
10,995 

16,487 
14,106 
16,909 

14,696 

Day 6.5 to 7.5 Day 8.0 to 8.5 
Stage 30 to Stage 34 to 

33 35 
(7nl to 7nlO) (81111 to 8dn) 

Day 10 Day 12 Day 18 
Stage 36 Stage 38 Stage 44 

11,952 
13,548 
14,806 

12,174 
15,136 
12,375 

13,331 
89.5 

6,006 
5,211 
5,102 

5.009 

a The top number indicates Hamburger and Hamilton’s (1951) stage; the number in parentheses indicates Hamburger’s (1948) spinal cord 
stage. 

Limbless embryos. In contrast to the normal embryos which limbless LMC (13, 227 versus 11,190). This difference was not 
reached a peak LMC cell population between 5 and 6 days of statistically significant (p > 0.1). However, between days 5 and 
development, the limbless mutant LMC attained its maximum 6, when formation of the normal LMC is being completed 
complement of motoneurons at the brachial level almost a full (Hamburger, 1975; Hollyday and Hamburger, 1977), the limb- 
day earlier, at 4.5 days. While at this stage the assembly of the less brachial LMC actually showed a 7% loss of motoneurons. 
normal LMC has not yet been completed (Hamburger, 1975; Since during this same interval the normal LMC has continued 
Hollyday and Hamburger, 1977), comparable cell counts of to add motoneurons, the difference between the normal and 
presumptive LMC motoneurons in limbless and normal em- limbless embryos increased to such an extent that by the 6th 
bryos demonstrated the presence of fewer motoneurons in the day of development there were approximately 4000 fewer mo- 

13,231 
15,217 
12,069 

14,999 
12,276 

13,558 
91.0 

3,657 
3,753 
3,493 

3,658 
3,558 

5,332 3,624 1,894 1,698 
45.6 31.0 16.2 14.5 

8,842 9,697 
11,365 8,107 
12,439 8,265 

11,222 

10,882 9,322 
73.0 62.6 

1,931 
1,770 
1,980 

7,004 

6,618 

6,811 
45.7 

1,540 
1,856 

9,431 11,052 

10,541 11,078 

9,657 
12,108 

10,434 

57.0 
1,822 
2,557 

2,690 
2,388 

2,364 1,899 

11,064 

60.4 
1,896 
1,903 

16.0 12.9 
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Fifty-four percent of the initial normal population was lost by 
the 18th day at the brachial level, while 40% of the initial 
population was lost by the 12th day at the lumbar level. Figures 
2 through 4 illustrate the degeneration of the brachial LMC in 
normal and limbless embryos. 

8 

6 

Degenerating cells were observed in the LMC of both limbless 
and normal embryos at 4.5 days of development, but their 
occurrence was extremely rare. Beginning at 5 days of devel- 
opment and continuing through the 8th day, large numbers of 
degenerating cells were seen in the LMC of limbless embryos. 
While necrotic cells were also observed in normal embryos at 
these stages, there appeared to be fewer dead cells than were 
observed in the limbless embryos. While a quantitative analysis 
of cell death was not done as part of the present investigation, 
it did appear that the number of degenerating cells observed at 
any given stage was roughly proportional to the number of 
motoneurons lost from the LMC during that stage as indicated 
by the cell counts. 

00 
DAYS: 4 6 8 IO 12 14 16 18 20 

STAGE: 24 28 34 36 38 40 42 44 46 

Figure 1. Development of the brachial LMC. The mean numbers of 
motoneurons in the brachial LMC from Table I are nlotted for both 
normal (upper curve) and limbless mutant (lower curve) embryos as a 
function of the developmental age of the embryos in days of incbbation. 
It can be seen that degeneration of the normal brachial LMC begins 
during the 6th day of development and continues at least through the 
18th day of development. & the other hand, degeneration of the 
limbless brachial LMC, while beginning at approximately the same time 
as in the normal, is completed earlier, at least by the 12th day of 
development. Also notice that degeneration of the normal LMC is 
initially much more gradual than that seen in the limbless mutant 
which exhibits a very precipitous degeneration between 5.5 and 7 days 
of development. 

toneurons in the limbless LMC at both the brachial and lumbar 
levels, a difference that was highly significant (p < 0.001). At 
all stages investigated after the 6th day of development (days 
6.5 to 7.5, 8.0 to 8.5, 12, and 18), the limbless LMC contained 
significantly fewer motoneurons when compared to the normal 
(p c 0.001). 

The developing spinal nerves in the limbless mutant appeared 
to travel along appropriate pathways as they approached the 
vacant limb site until they reached the shoulder girdle, at which 
point they seemed to end abruptly (Fig. 5). Occasionally, small 
nerve bundles were observed leaving the terminal portion of 
the spinal nerve, and sometimes even approaching the body 
wall, but it was impossible to ascertain whether these were 
composed of motor nerve axons. A “neuroma,” a structure 
consistently found in embryos that have had a limb bud sur- 
gically extirpated (Hamburger, 1958; Oppenheim et al., 1978), 
was never observed in limbless embryos. During the 6th day of 
development a large amount of cellular debris was seen in the 
terminal nerve bundle and was coincident with the period of 
massive cell loss in the limbless LMC. This observation was in 
general agreement with electron microscopic evidence of phag- 
ocytic cells containing axonal debris in the area of the neuroma 
on day 5, following leg bud extirpation (Oppenheim et al., 
1978). Finally, it was observed that the limbless embryos also 
possessed a grossly apparent reduction in size of the spinal 
ganglia and dorsal horns when compared to normal embryos at 
both 12 and 18 days of development. 

Discussion 

Between days 6.0 and 7.5 of development over one-half of 
the total number of motoneurons that were present in the 
limbless brachial LMC at 4.5 days of development underwent 
degeneration, so that by the end of the 7th day of development 
only about 45% of the motoneurons remained. Continued de- 
generation of motoneurons during the 8th day of development 
accounted for the loss of an additional 15% of the 4.5-day 
population, leaving only about 30% of the initial population of 
motoneurons intact by the end of day 8. In contrast, during the 
7th and 8th days of development in normal embryos the bra- 
chial LMC exhibited only a 10% reduction in motoneuron 
number. In other words, while degeneration of the brachial 
LMC in the normal was only about 20% completed by the end 
of the 8th day of development, it was over 80% completed in 
the limbless mutant. By day 12, when degeneration of the 
normal brachial LMC was only 70% completed, degeneration 
in the limbless LMC had ceased. Hence, at the brachial level 
cell death in the limbless LMC was greatly accelerated when 
compared to the normal. However, at the lumbar level degen- 
eration was completed in the LMC of both the limbless and 
normal embryos by the 12th day of development. 

The observations presented in this report indicate that the 
failure of the periphery to develop in the limbless mutant chick 
embryo appears to have little, if any, effect on the initial 
production of motoneurons or their migration into the LMC 
and initial differentiation. Rather, the lack of periphery exerts 
its effect on the subsequent survival of these motoneurons, 
accelerating and increasing the amount of cell death. Our data 
indicate that LMC development in the limbless mutant is 
similar to LMC development following surgical extirpation of 
the limb primordium. However, there is one significant differ- 
ence between the two. This difference is the observation that 
the spinal nerves of the limbless mutant follow a ventrolateral 
trajectory that is quite unlike the direct ventral projection with 
neuroma formation seen following extirpation (Hamburger, 
1958; Oppenheim et al., 1978). 

In summary, at both the brachial and lumbar levels of the 
limbless mutant 85% of the initial population of motoneurons 
was lost by day 12. In normal embryos there was both a different 
time course and extent of LMC degeneration at the two levels. 

Motoneuron survival. While the absence of a periphery in- 
creases the number of cells dying at the earliest stages of LMC 
degeneration, it seems as though this absence is not causing 
cells to die any earlier in the limbless LMC than in the normal. 
This conclusion is supported by the observation that degener- 
ating cells were observed in both the limbless and the normal 
LMC at 4.5 days (stage 24). While fewer cells are present in 
the limbless brachial LMC when compared to the normal LMC 
at 4.5 days, it cannot presently be determined whether this is 
due to “hypoplasia” or “hyperthanasia” of motoneurons in the 
limbless LMC (cf. Hamburger, 1975). The apparent loss of cells 
in the brachial LMC of the limbless mutant between day 4.5 



The Journal of Neuroscience LMC Development in the Limbless Mutant Chick Embryo 2047 

Figure 2. Cross-section through segment 15 of the brachial spinal cord in 5.5-day normal (a) and limbless (b) chick embryos. The LMC is the 
dark cluster of cells located in the ventrolateral portion of the spinal cord and is indicated by the arrowheads. Note the diminished size of the 
LMC in the limbless compared to the normal. Magnification: a, x 136; b, x 157. 

Figure 3. Cross-section through segment 15 of the brachial spinal cord in 7.5-day normal (a) and limbless (b) chick embryos. The LMC is the 
dark cluster of cells in the ventrolateral portion of the spinal cord and is indicated by the arrowheads. Note the great disparity in size of the 
limbless and normal LMCs. Also, compare the limbless LMC with that at 5.5 days (Fig. 2b) and notice the reduction in size. Contrast this with 
the normal which shows little decrease in size between 5.5 (Fig. 2a) and 7.5 days. Magnification: a, X 126; b, X 122. 

Figure 4. Cross-section through segment 15 of the brachial spinal cord in 12&y normal (a) and limbless (b) chick embryos. The LMC is the 
dark cluster of cells located in the ventrolateral portion of the spinal cord and is indicated by the arrowheads. Despite the difference in appearance 
between the two, they are from the same developmental stage and spinal cord level. Note the continued shrinkage of the LMC in the limbless 
mutant which now consists of a small cluster of only a few cells, and compare to the normal, which is still a large cluster of cells. Magnification: 
a, x 80; b, x 59. 

and days 5 to 6 (stages 25 to 29) most likely can be attributed motoneuron number is seen because of the continued migration 
to the large number of motoneurons undergoing degeneration of motoneurons into the LMC. Clearly, the lack of a periphery 
at these early stages of the cell death period. This is in contrast exerts its effect on the survival of motoneurons. The precise 
to the normal brachial LMC, where relatively few motoneurons mechanisms that mediate this effect await further investiga- 
undergo degeneration at these early stages and an increase in tion; however, given the differing temporal patterns of LMC 
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the same time interval in normal and limbless embryos and in 
embryos that have had a leg bud surgically removed (Ham- 
burger, 1958, 1975; Oppenheim et al., 1978). It is not clear why 
brachial LMC motoneurons die over a shorter interval following 
peripheral deletion than in normal embryos. Furthermore, it is 
not clear why naturally occurring cell death in the brachial 
LMC occurs over a longer time interval than in the lumbar 
LMC. The reasons for the protracted time course of degenera- 
tion in the normal brachial LMC when compared to the normal 
lumbar LMC or the brachial and lumbar LMCs following 
peripheral deletion require further investigation. 

In normal chick embryos the wing musculature develops from 
cells derived from the somites adjacent to the developing wing 
bud (Chevallier et al., 1977; Christ et al., 1977). The myogenic 
cells of the somite begin migration into the somatopleure in 
the region of the future wing bud at stage 13 (Jacob et al., 
1978). The presumptive myoblasts are present in the wing bud 
but are histologically indistinguishable from other mesenchy- 
ma1 cells in the limb bud until stage 24, when myoblast differ- 
entiation and segregation into dorsal and ventral muscle masses 
begins (Sullivan, 1962; Chevallier et al., 1977; Bennett et al., 
1980, 1983; also see Bennett, 1983; Hollyday, 1983). Lateral 
motor column motoneurons are born from stage 17, when the 
limb buds first form, through stage 24 (Hollyday and Ham- 
burger, 1977). Between stages 18 and 22 the outgrowing axons 
of these motoneurons collect at the tip of the myotome. At 
stage 23 the axons arrive at the limb bud base, and finally at 
stage 24 the axons enter the limb bud (see Hollyday, 1983). 

In limbless chick embryos the limb buds appear to develop 
normally until stage 18, at which point the apical ectodermal 
ridge fails to form. Subsequently, between stages 18 and 24, the 
entire limb bud mesoderm undergoes massive necrosis, such 
that by the end of stage 24 there is no limb bud tissue at all 
four sites (J. F. Fallon, J. M. Frederick, and B. K. Simandl, 
submitted for publication). Therefore, at the time when axons 
would be expected to grow into the developing limb bud (stage 
24), there is no recognizable limb bud tissue in limbless embryos, 
although the limb girdle elements and some associated muscu- 
lature remain. Gross dissection of 18-day limbless embryos 

Figure 5. Pathways of the spinal nerves in a 4.5-day normal (a) and reveals that all limb muscles derived from the dorsal and ventral 
a 5-dav limbless (b) embryo that were en bloc silver stained. Note the 
similarity between the trajectory of the spinal nerves as they approach 

muscle masses in the wing bud, including M. pectoralis, are 
absent; while those girdle muscles derived from the axial sys- 

the vacant limb site in the limbless mutant and in the normal. The 
arrows indicate the spinal nerves. There appears to be no obvious 

tem, e.g., M. rhomboideus superficialis, are intact (for normal 

difference between the limbless mutant and the normal until the limb 
chick developmental anatomy, see Sullivan, 1962). In addition, 

girdle is reached. At this point the axons in the limbless mutant appear 
there are muscles associated with the pelvic girdle in the 

to end in an abrupt manner, while those in the normal exhibit the 
limbless mutant. Identification of the muscles in this region is 

characteristic dorsal and ventral branching pattern into the limb. complicated by the fact that all limb skeletal elements are 
Magnification X 28. absent, although it does appear that obturator externus and 

possibly gluteus superficialis and profundus are present (for 
normal chick anatomy, see Chamberlain, 1943). Although no 
studies comparable to Sullivan (1962) are available for the leg 

degeneration in limbless and normal embryos at the brachial musculature, it is reasonable to speculate that these muscles 
level, it is not unreasonable to speculate that different mecha- are derived from axial elements of the myotome as opposed to 
nisms may be responsible for the bulk of motoneuron degen- the dorsal and ventral muscle masses of the leg bud. 
eration in the two cases. It may be that primary interaction Eighty-five percent of the motoneurons initially present in 
with the periphery normally stabilizes the entire population of the LMC at both the brachial and lumbar levels die during the 
motoneurons and is requisite for their initial survival. The course of development of the limbless mutant chick embryo. 
failure to establish this interaction due to the absence of a This result is nearly the same as the 90% reduction in moto- 
periphery could then result in an accelerated cell death pattern neuron number observed in the LMC following surgical removal 
due to the increased number of dying cells during the early of the wing (Hamburger, 1958) or the leg (Hamburger, 1958; 
stages of the cell death period. Oppenheim et al., 1978) primordium. Previous reports (Ham- 

Although cell death in limbless and normal brachial LMCs burger, 1934) have indicated that the number of motoneurons 
appears to begin at the same time, the subsequent course of remaining in the LMC following wing bud extirpation is roughly 
this process is markedly different in the two. In the brachial proportional to the amount of muscle tissue that survives the 
LMC, cell death occurs over a longer time interval in normal operation. More recent studies have indicated that the moto- 
embryos than in limbless embryos or in embryos that have had neurons which die following segmental deletion of hindlimb 
a wing bud surgically removed (Hamburger, 1958; Oppenheim 
and Majors-Willard, 1978). This should be compared with the 

structures are those which would be expected to innervate the 
missing structures based on their position within the LMC 

lumbar LMC, where cell death is completed over approximately (Whitelaw and Hollyday, 1983). 
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Extensive degeneration of the LMC in the limbless mutant 
precludes direct comparison to motor pool maps of the normal 
chick limb innervation pattern (see Hollyday, 1980). However, 
it is possible to make some general conclusions based on the 
rostrocaudal distribution of surviving motoneurons in the limb- 
less LMC. At both the brachial and lumbar levels it is apparent 
that the greatest number of surviving motoneurons are located 
in the more rostra1 segments of the LMC (M. E. Lanser and J. 
F. Fallon, unpublished observations). This is where one would 
expect to find motoneurons that innervate the more proximal 
muscles in the normal limb, such as those associated with the 
shoulder girdle (Hollyday, 1980). While not ruling out the 
possibility that the LMC motoneurons which survive the period 
of cell death following limb bud extirpation are innervating 
residual limb musculature, Oppenheim et al. (1978) have sug- 
gested that there may be a small number of LMC cells that 
may not be dependent on their innervation target for survival. 
More specific information regarding the peripheral innervation 
targets of the surviving motoneurons in the limbless mutant by 
utilizing both retrograde and anterograde transport of horse- 
radish peroxidase (HRP) is now being sought. 

Development of the LMC in limbless chickens resembles the 
transient existence of the LMC seen during development of 
snake-like, limbless reptiles (Anguis fragilis) described by Ray- 
naud et al. (1977). The development of the LMC in both limbless 
chickens and the limbless reptiles differs from that observed in 
true snakes such as Tropidonotus tessellata and Python reticu- 
latus, where a distinct LMC is never produced (Raynaud et al., 
1977). The nervous system of snakes shows no capacity to 
innervate a limb during development. In contrast, the nervous 
systems of limbless chickens and of apodal reptiles do show this 
capacity, but it is never realized, presumably due to motoneuron 
degeneration resulting from a primary failure of limb develop- 
ment. 

Spinal nerve trajectory. A consistent and possibly significant 
difference observed between the limbless mutant and embryos 
that have had their limb buds surgically removed is in the 
peripheral distribution of the outgrowing axons. Even in em- 
bryos where the lateral body wall has reformed following the 
extirpation, the outgrowing axons end in a characteristic neu- 
roma and do not approach the vacant limb site (Oppenheim et 
al., 1978). In all cases that we have investigated, the outgrowing 
axons in limbless mutant embryos approach the vacant limb 
site in a ventrolateral trajectory resembling that seen in the 
normal control embryos (see Fig. 5). 

It is obvious that the outgrowing axons in the two cases 
encounter radically different conditions upon leaving the spinal 
cord and approaching the periphery. In normal embryos, out- 
growing axons gather at the ventral tip of the myotome at stage 
18 and remain there until stage 23, at which point they begin 
to invade the limb bud tissue (Hollyday, 1983). In embryos 
where the limb bud has been surgically removed prior to stage 
18, the outgrowing axons do not encounter any limb bud tissue. 
In the limbless mutant there is a limb bud present during the 
period of axon outgrowth and residence at the tip of the 
myotome. Although the limb bud is undergoing degeneration 
during stages 19 to 22, it is, nonetheless, present and may 
influence the developing motor axons. The formation of a 
neuroma following extirpation of the limb primordium and its 
absence following failure of the periphery to develop in the 
limbless mutant may be due to the damaging effect of surgical 
intervention on axonal pathway signals. However, it is not 
possible to rule out other plausible explanations. One possibility 
is that the periphery, which is present for a longer time in the 
limbless mutant than in embryos that have had a limb bud 
surgically removed, may exert a tropic effect on the outgrowing 
axons. 

Since the limbless gene affects the apical ectodermal ridge (J. 
F. Fallon, J. M. Frederick, and B. K. Simandl, submitted for 

publication) the possibility exists that the nervous system, 
which is derived from the ectoderm, is also affected by the gene. 
Considering the similarity of our results to those seen in the 
LMC following limb bud extirpation (Hamburger, 1958; Oppen- 
heim et al., 1978), we feel this is unlikely. However, it is now 
possible to address directly whether the gene affects the nervous 
system because we have developed a technique to permit wing 
development in homozygous limbless embryos (J. L. Carrington 
and J. F. Fallon, submitted for publication). We plan to use 
this technique to investigate further the effects of the periphery 
on the development of the LMC in the limbless mutant. 
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