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Survival of Motoneurons in the Brachial Lateral Motor Column 
of Limbless Mutant Chick Embryos Depends on the Periphery 
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Motoneuron survival in the embryonic spinal cord is influenced 
by the presence or absence of the developing limb bud. We have 
recently begun a reexamination of the relationship between limb 
absence and motoneuron survival in a nonsurgical limb deletion 
model, the limbless mutant chick embryo. As in surgically limb- 
deleted normal embryos, only 10% of the motoneurons that are 
intially produced in the limbless mutant lateral motor column 
(LMC) survive the embryonic period (Lanser and Fallon, 1984). 
We now report’ that, when supplied with a normal periphery 
(i.e., a normal limb bud), more than 40% of the motoneurons 
initially produced in the limbless LMC survive the embryonic 
period. Motoneuron cell counts in one-winged limbless embryos 
reveal that over 3.5 times as many motoneurons survive the cell 
death period in the LMC on the side with the limb than on the 
opposite, limbless side. This demonstrates the dependence of 
embryonic LMC motoneurons on the developing limb for sur- 
vival and indicates that the limbless mutant is an appropriate 
model for studying the death and survival of LMC motoneurons 
during development. Using the limbless mutant to study LMC 
motoneuron survival eliminates the complication of possible di- 
rect surgical effects on motoneuron death. In addition, we found 
that a substantial effect of the wing on rescuing LMC motoneu- 
rons was exerted prior to the 6th day of embryonic development. 
Normally, little cell loss occurs in the brachial LMC during this 
time. Accordingly, motoneuron death in the limb-deprived 
brachial LMC, whether in surgically limb-deleted normal em- 
bryos or in genetically limbless embryos, is accelerated with 
respect to cell death in the normal brachial LMC. 

Since cell death was first established as an integral part of the 
development of specific nerve centers (Hamburger and Levi- 
Montalcini, 1949), the phenomenon of naturally occurring neu- 
ronal death has been widely documented but incompletely 
understood (for a historical review, see Oppenheim, 198 1). One 
neuronal population where cell death has been extensively stud- 
ied is the lateral motor column (LMC) of the spinal cord (see 
Lamb, 1984, for review). The LMC contains the motoneurons 
that innervate the muscles of the vertebrate limb. It has been 
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repeatedly demonstrated that the number of motoneurons in 
the LMC is related in some way to the size of the peripheral 
field, i.e., the developing limb bud (Hamburger, 1934; Shorey, 
1909; for review, see Oppenheim, 198 1). The periphery is thought 
to determine LMC motoneuron number by regulating the amount 
of motoneuron death that occurs. The reduction in motoneuron 
number observed following limb bud extirpation is thought to 
represent an increase in the normal amount of motoneuron 
death (Hamburger, 1958, 1975; Laing, 1982a, b; Lamb, 1981; 
Oppenheim et al., 1978; Prestige, 1967). Conversely, the in- 
crease in motoneuron number seen following limb bud addition 
is thought to be caused by a decrease in the amount of death 
that normally occurs (Hamburger, 1975; Hollyday and Ham- 
burger, 1976; Hollyday and Mendel, 1976; Lamb, 1979; Ma- 
heras and Pollack, 1985). 

Although the increased motoneuron death following surgical 
limb bud removal may represent a simple numerical enhance- 
ment of the normally occurring phenomenon, evidence in sup- 
port of this assumption is only circumstantial (Chu-Wang and 
Oppenheim, 1978a, b; Oppenheim et al., 1978; for review, see 
Hamburger and Oppenheim, 1982). The induced loss of mo- 
toneurons following peripheral deletion may differ in qualitative 
as well as quantitative ways from naturally occurring motoneu- 
ron death (Lamb, 1984; Lanser and Fallon, 1984). 

Surgical manipulation of the developing chick limb bud seems 
to have no effect on the production, migration, or initial differ- 
entiation of motoneurons in the developing spinal cord (Chu- 
Wang and Oppenheim, 1978a, b; Hamburger, 1958; Hollyday 
and Hamburger, 1976; Oppenheim et al., 1978). Nerve trajec- 
tories are unaltered after surgical displacement ofthe developing 
limb bud (Stirling and Summerbell, 1977) and appropriate con- 
nections with the target musculature are established (Hollyday, 
198 1; Hollyday et al., 1977; Whitelaw and Hollyday, 1983). 
However, surgical intervention might have undetected effects 
on the developing motoneurons that predispose them to a de- 
generative fate. The acceleration of motoneuron death after sur- 
gical removal of the periphery (Laing, 1982a; Oppenheim et al., 
1978) might reflect a basic difference in the cell death process 
itself. One possibly significant observation in limb bud-extir- 
pated embryos is that the outgrowing spinal nerves end abnor- 
mally in a “neuroma” that is far removed from the normal limb 
attachment site (Hamburger, 1958; Oppenheim et al., 1978; but 
see Tosney and Landmesser, 1984). This may contribute to, or 
be indicative of, changes in the neurons themselves. 

Recently, in order to circumvent possible direct surgical ef- 
fects on motoneuron survival, we have begun an analysis of 
LMC development in the limbless mutant chick embryo (Fallon 
et al., 1983; Lanser and Fallon, 1984). The limbless mutation 
results in the failure of limb development at all 4 sites (Fallon 
et al., 1983; Prahlad et al., 1979). The phenotypic expression 
of the limbless gene appears to be mediated through an effect 
on the ectodermal cell layer. Embryos homozygous for the limb- 
fess gene do not form an apical ectodermal ridge (Fallon et al., 
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Table 1. Peripheral and host relationships for experimental and control groups 

Host Normal host Limbless host 

Side Left Right Right Let-t 
Periphery Unoperated (normal wing) Operated (normal wing) Operated (normal wing) Unoperated (no wing) 
Group Normal control Experimental control Experimental Limbless control 

1983). Subsequently, the limb bud fails to grow beyond stage 
20, and the underlying mesodermal cells die (Fallon et al., 1983). 
In addition to the absence of limbs in limbless embryos, ab- 
normalities have been noted in the limb girdles (J. F. Fallon, 
B. K. Simandl, and J. L. Carrington, unpublished observations). 
It is also well documented that there is an increased loss of 
motoneurons from both the brachial and lumbar LMCs of limb- 
less embryos (Fallon et al., 1983; Lanser and Fallon, 1984; and 
present report). We previously speculated that this additional 
cell loss was due to the absence of limbs in these embryos. 
However, the possibility remained that the increased motoneu- 
ron death was caused by a pleiotropic effect of the mutant gene 
on the neuroectodermally derived motoneurons. The present 
experiments were designed to test the response of the mutant 
LMC to a normal limb in the periphery. By replacing the affected 
ectoderm in the region of the future wing bud before expression 
of the limbless gene was apparent, we were able to distinguish 
the effects of the gene on limb development from the possible 
effects on motoneuron survival. 

Materials and Methods 
Normal White Leghorn embryos were obtained from Sunnyside Poultry 
Farm, Inc., Oregon, WI. Limbless mutant embryos were obtained from 
a flock of heterozygous limbless carriers maintained at the University 
of Wisconsin-Madison. All eggs were incubated in a forced-draft in- 
cubator at 37-38°C. Eggs were removed at 2.5 d of incubation, win- 
dowed according to standard techniques, then resealed and reincubated 
until the desired stage for operation was attained. All embryos were 
staged according to the series of Hamburger and Hamilton (195 1). 

Epithelial grafts 
We utilized a pre-limb bud stage recombinant procedure to permit 
normal wing development as early as possible in limbless embryos (de- 
scribed in detail in Carrington and Fallon, 1984). With this method, 
the ectoderm from the prospective right wing region of developing em- 
bryos was removed at stage 15. Stage 15 is before limb buds form and 
before brachial LMC motoneurons are born in chick embryos (Hollyday 
and Hamburger, 1977). The host ectoderm opposite somites 14 to 21 
was first lightly stained with Nile Blue A, then removed with glass 
needles and a forceps. A block of flank mesoderm and ectoderm was 
removed from a normal donor embryo and treated with EDTA to 
separate the 2 tissues. The donor ectoderm was then grafted to the 
denuded host presumptive right wing mesoderm. In both normal and 
limbless host embryos, normal recombinant right wings formed in the 
majority of cases (Carrington and Fallon, 1983; Fallon et al., 1983; J. 
L. Carrington and J. F. Fallon, unpublished observations). 

A series of grafts was made to embryos from limbless heterozygote 
matings. After grafting, the embryos were reincubated and allowed to 
develop until 6, 12, or 18 d, when they were taken from the egg and 
prepared for motoneuron counting as described below. The wings from 
the graft site were removed and examined separately for completeness 
by staining with Victoria blue to reveal their cartilage structure in whole- 
mount preparation. Since our purpose was to test the effect of a normal 
periphery on development of the limbless LMC, only those wings that 
appeared normal both on gross inspection and on examination of their 
cartilage structure were included in the present study. An exception was 
made for a single 12 d limbless embryo that had a slight separation of 
the distal phalanges of digits 3 and 4. Cell counts for this embryo 
indicated no effect on motoneuron survival, and it was included in the 
data analysis along with the other experimental embryos. 

Controls 

Three sets of control data were obtained for this experiment. 

1. Limbless control. Since ectoderm grafts resulted in the development 
of normal right wings in limbless hosts, the unoperated left sides of these 
same embryos provided data on the development of the brachial LMC 
under limbless peripheral conditions. 

2. Normal control. Since the ectoderm grafts were done at stage 15, 
when normal and limbless embryos were indistinguishable, three-fourths 
of the experiments were done on phenotypically normal hosts. The 
unoperated left sides of the normal hosts provided data on the devel- 
opment of the normal LMC. 

3. Experimental control. The operated right sides of these same nor- 
mal hosts allowed us to assess the effect of the ectoderm grafting pro- 
cedure on motoneuron survival. Comparing the right (operated) LMCs 
of normal and limbless hosts allowed us to determine the effects of the 
limbless genotype on LMC development. To further clarify the rela- 
tionships between the experimental and control groups, they are listed 
in Table 1 by the type of host and the peripheral conditions. 

Wing bud grafts 
Because of the technical difficulty of the ectoderm grafting procedure, 
and to permit identification of the host phenotype at the time of op- 
eration, a second method was devised to permit wing development in 
limbless embryos. With this method, the regressing right wing bud of a 
limbless host was removed surgically at stage 19 or 20. At this stage, 
the limbless mutation first becomes evident as a dip in the normally 
smooth contour of the wing bud tip (Fallon et al., 1983). Right wing 
buds were also removed from comparably staged normal donor embryos 
by dissecting them free with a glass needle just lateral to the edge of the 
somites. The normal donor wing bud was then grafted, in normal po- 
sition and orientation, to the vacant host site in a limbless embryo by 
pinning it in place with a piece of fine platinum wire (diameter, 0.025 
mm). This resulted in the development of normal right wings in limbless 
embryos. The left (unoperated) LMC again served as the limbless con- 
trol. These embryos were reincubated and allowed to develop until 12 
or 18 d, when they were removed and processed in the same manner 
as the embryos that received ectoderm grafts. In a few preliminary 
experiments, quail wing buds were used as grafts to both normal and 
limbless hosts. The unique heterochromatin marker visible in the quail 
cell nuclei after reacting with the Feulgen reagent (LeDouarin and Barq, 
1969) allowed us to determine which tissues were derived from the 
grafted wing bud. These embryos were allowed to develop until 10 d; 
they were then fixed and stained en bloc with the Feulgen reagent ac- 
cording to the method of Canington and Fallon (1984). After staining, 
these embryos were prepared for viewing in the light microscope as 
described below. 

Tissue preparation 

The method of tissue preparation was as described previously (Lanser 
and Fallon, 1984) and is summarized here. All tissues were fixed (first 
for a few hours on ice., then overnight at 4°C) in a solution of 95% 
alcohol, 40% formaldehyde and glacial acetic acid in a ratio of 17:2: 1. 
Six- and 12-d embryos were eviscerated and then fixed as above. Af- 
terward, the tissues were stained en bloc with hematoxylin according to 
the method of Wenger (195 1). In 18 d embryos, the brachial spine was 
dissected free prior to fixation, and decalcified prior to staining. The 
tissues were embedded in paraffin and serially sectioned in a plane 
transverse to the long axis of the spinal cord. The sections were mounted 
on albumen-coated slides for viewing in the light microscope. Six-day 
embryos were sectioned at 8 pm; lo-, 12-, and 18-d embryos at 12 pm. 
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Motoneuron counts 
Living and dead motoneurons were counted in the brachial LMC ac- 
cording to the method of Hamburger (1975). LMC motoneurons were 
identified not only by their location, but also by their histological ap- 
pearance. Living motoneurons were characterized by their large size, 
dark stain, and the presence of at least one dense nucleolus within the 
lightly stained nucleus. Degenerating motoneurons were counted only 
if distinctly pycnotic. Every 8th section was counted at x 1250 in 6 d 
embryos. Every 10th section was counted at x 400 in 12 d embryos and 
at x 250 in 18 d embryos. All counts were done directly in the light 
microscope with the aid of a 400-square ocular grid. The total number 
of motoneurons in the brachial LMC was determined by calculating the 
average number of motoneurons per section counted and multiplying 
by the total number of sections in the brachial LMC. The calculation 
was done separately for living and dead motoneurons in each LMC. No 
correction was made for the double counting of nuclei because the 
section thickness was always much larger than the nucleolar diameter 
(Konigsmark, 1970; see also Lanser and Fallon, 1984). A degeneration 
index was also calculated for each LMC. This was obtained by dividing 
the number of dead motoneurons by the total number of motoneurons 
(living plus dead) in the LMC (see Hamburger, 1975). 

Data analysis 
The brachial LMC motoneuron population normally peaks on the 6th 
day of embryonic development (approximately stage 28) and is sub- 
sequently depleted by a prolonged phase of cell death (I-sing, 1982a; 
Lanser and Fallon, 1984; Oppenheim and Majors-Willard, 1978). 
Therefore, motoneuron counts at 6 d should yield the maximum initial 
brachial LMC population. Since there is little or no overlap between 
the periods of LMC assembly and LMC depletion (Hamburger, 1975; 
Hollyday and Hamburger, 1977), cell counts at later stages should ac- 
curately reflect the number of cells lost from the LMC, presumably due 
to cell death. The rate at which dead cells are removed from the LMC 
is not known. However, the sampling interval in the present study (6 
d) virtually eliminates the possibility that the same dead cell could be 
counted twice. Therefore, counts of dead motoneurons at any stage 
provide an estimate of the rate of cell death occurring in the LMC at 
the time of fixation. In addition, the degeneration index provides an 
estimate of the rate of cell loss occurring in the LMC as a percentage 
of the total number of cells present at a given time. 

The rostrocaudal distribution of motoneurons within the brachial 
LMC was determined by the method of Oppenheim and Majors-Willard 
(1978). This was done by dividing the LMC into 10 equal segments, 
referred to as “bins” (Laing, 1982b), along the rostrocaudal length of 
the column. The number of motoneurons in each bin was determined 
by multiplying the average number of motoneurons per section counted 
within the bin by the total number of sections spanned by the bin. 

Statistical comparisons of cell counts (living or dead) from the right 
and left sides of the same host embryos, e.g., the right (operated) and 
left (unoperated) sides of limbless hosts, were done using the Wilcoxon 
signed rank test for paired samples. For comparisons of cell counts 
obtained from different host embryos, e.g., the right (operated) side of 
normal hosts and the right (operated) side of limbless hosts, the Mann- 
Whitney Utest for independent random samples was used. Comparisons 
of the degeneration indexes from different host embryos were done using 
Student’s t test for independent random samples. Comparisons of the 
degeneration indexes from both sides of the same hosts were done using 
Student’s t test for paired differences. 

Results 

General 
The ectoderm grafting procedure resulted in the development 
of well-formed wings on the right side of limbless host embryos. 
There was no visible effect on the left, unoperated side. The 
experimentally produced wings on limbless embryos appeared 
to move normally and looked normal in every respect. Exam- 
ination of the histological sections revealed a striking asym- 
metry. All structures on the right side of limbless embryos that 
were provided with a normal ectoderm, including the proximal 
wing musculature, appeared normal in size and composition. 

+ 

Figure 1. Cross section through the brachial spinal cord of a 12 d 
experimental limbless embryo. The section is at the level of segment 15 
in a limbless host that had a normal ectodetm grafted to the right wing 
region at stage 15. The LMCs are indicated by the arrows. More mo- 
toneurons are present on the side where the wing is present (right) than 
on the opposite limbless side (left). In addition, the absence of a wing 
is reflected in the size of the dorsal horn of the spinal cord (brackets), 
which is smaller on the left than on the right side. x 82. 

The left, limbless side was dramatically hypoplastic. The asym- 
metry extended to the vertebrae and spinal cord, where normal- 
appearing dorsal root ganglia, dorsal horns, and lateral motor 
columns were present on the right and corresponding hypo- 
plastic structures on the left (Fig. 1). 

The same general results were obtained with wing bud grafts. 
Examination of 10 d normal and limbless hosts with grafted 
quail wings revealed that only structures associated with the 
wing contained graft tissue. These included all of the wing skel- 
etal elements, part of the shoulder girdle, and all of the wing 
musculature, including the entire pectoralis and the intrinsic 
shoulder muscles (Sullivan, 1962). Interestingly, the 10 d grafted 
quail wings were seen to contain some cells of chick origin. 
These were always located in close association with nerve bun- 
dles and were presumably Schwann cells, which are known to 
be of neural crest origin (LeDouarin, 1980). 

Motoneuron survival 
Cell counts of the total number of living and dead motoneurons 
in the brachial LMC are listed in Tables 2 and 3, respectively. 

Normal hosts 
At each of the times investigated, there was no statistically sig- 
nificant differences between the total number of living moto- 
neurons in the LMCs on the ectoderm-grafted right side (ex- 
perimental control) and the unoperated left side (normal control) 
of normal hosts (day 6: p = 0.250, day 12: p = 0.624, day 18: 
p = 0.876). Combining the data for both sides, 57% of the 
motoneurons initially present in the normal brachial LMC died 
between 6 and 18 d of embryonic development. Fifty-three 
percent of these were lost between days 6 and 12 and another 
4% between days 12 and 18. In other words, about 9275 mo- 
toneurons died between 6 and 12 d and roughly another 725 
between 12 and 18 d. Both sides of normal hosts exhibited a 
low level of cell death at both 6 and 12 d (Table 3). No statis- 
tically significant differences were noted between the 2 sides for 
either the number of dead cells or the degeneration index [day 
6: p = 0.7 18 (cells), p > 0.5 (degeneration index); day 12: p = 
0.438 (cells), p > 0.2 (degeneration index)]. 
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Table 2. Mean number of living motoneurons in the bra&al LMC 

Days Normal hosts Limbless hosts 

incuba- Type of Normal Experimental Limbless 
tion operation” control control Experimental control 

6 Epi 17,362 + 821 17,728 k 1098 15,646 f 1400 12,604 + 1244 
(n = 5) (n = 5) (n = 6) (n = 6) 

12 Epi 8205 + 965 8239 f 1065 7244 k 1108 1930 f 473 
(n = 10) (n = 10) (n = 7) (n = 7) 

Bud 6352 f 688 1833 zk 339 
(n = 8) (n = 8) 

18” Epi + bud 7478 -t 1092 7564 k 713 6618 f 1268 1849 + 1045 
(n = 4) (n = 4) (n = 3) (n = 3) 

The mean number of motoneurons, MD, and the number of LMCs counted (n) are given for each group. 
* Epi, epithelial grafts: Bud, wing bud grafts. 
h All of the 18 d normal hosts received epithelial grafts; 2 of the 3 limbless hosts received wing bud grafts. 

Limbless hosts: Ectoderm grafts 
Limb1e.w control (left) LMC. Development of the brachial LMC 
on the unoperated left side of limbless hosts was comparable to 
our previously published results on brachial LMC development 
in limbless embryos (Lanser and Fallon, 1984). Eighty-five per- 
cent of the initial population of motoneurons in the limbless 
control brachial LMC was lost between days 6 and 12. Little 
additional cell loss occurred through day 18. In other words, 
approximately 10,670 cells were lost between days 6 and 12 and 
about 80 cells between days 12 and 18. Both the degeneration 
index and absolute counts of dead motoneurons indicated that 
there was a high rate of cell loss occurring in the limbless LMC 
on day 6 and a relatively low rate on day 12 (Table 3). 

Experimental (right) LMC. Development of the LMC on the 
ectoderm-grafted right side of one-winged limbless hosts was 
similar to normal LMC development. Fifty-eight percent of the 
initial motoneuron population died between day 6 and day 18. 
There was a 54% loss of motoneurons between 6 and 12 days 
and another 4% between 12 and 18 days. Approximately 8350 
motoneurons were lost between 6 and 12 days and roughly 
another 630 cells between days 12 and 18. As in the normal 
embryos, there was a relatively low level of cell death on both 
day 6 and day 12 (Table 3). 

Experimental vs limbless control (right vs le#) LMCs. Com- 
paring the LMCs on the ectoderm-grafted right and unoperated 
left sides in one-winged, ectoderm-grafted limbless hosts al- 
lowed us to determine the effect of a normal periphery on mo- 

toneuron survival in the limbless LMC. First, there were more 
motoneurons present in the right than in the left LMCs at each 
stage investigated (Table 2; day 6: p = 0.016, day 12: p = 0.008, 
day 18: p = 0.125). Second, the presence of normal wings on 
the right side diminished the percentage of the initial population 
lost from the LMC during the embryonic cell death period (58 
vs 85%). Third, the presence of wings reduced the absolute 
number of cells lost from the limbless LMC between 6 and 12 
d from 10,670 to 8350-a reduction of 2320 motoneuron deaths. 
Conversely, 550 more cells died in the limbless LMC between 
12 and 18 d when a wing was present (630 vs 80). 

Considering this third point; if the presence of a wing pre- 
vented 2320 motoneurons from dying in the limbless LMC 
between 6 and 12 d, the only way to account for the presence 
of 5300 more motoneurons in the right than the left limbless 
LMC on day 12 is to presume the wing had an effect before the 
6th day. Indeed, on day 6 there were almost 3000 more mo- 
toneurons in the right LMC than in the left. In addition, on day 
6 both the total number of dead motoneurons and the degen- 
eration index were significantly decreased in the limbless LMC 
when a wing was present (cells: p = 0.0 16; degeneration index: 
p < 0.001). This suggests that the additional motoneurons in 
the experimental LMC were prevented from dying by the de- 
veloping wing bud before the 6th day. On day 12 there actually 
appeared to be more dead cells on the right than on the left (p = 
0.016), but this was not reflected in the degeneration index 0, 
> 0.05). 

Table 3. Mean number of dead motoneurons in the bra&al LMC 

Days 
incuba- Type of Normal hosts Limbless hosts 
tion operation” Normal control Experimental control Experimental Limbless control 

6 Epi 87.8 (0.50) + 64.4 (0.38) 8 1.8 (0.46) + 46.8 (0.26) 117.2 (0.74) + 20.7 (0.10) 355.0 (2.75) f 81.9 (0.65) 
(n = 5) (n = 5) (n = 6) (n = 6) 

12 Epi 22.4 (0.28) f 19.9 (0.24) 36.0 (0.50) k 46.2 (0.69) 37.6 (0.49) +- 37.4 (0.46) 4.1 (0.21) k7.5 (0.37) 
(n = 10) (n = 10) (n = 7) (n = 7) 

Bud 17.0 (0.26) +- 21.1 (0.32) 4.9 (0.27) k 7.3 (0.38) 
(n = 8) (n = 8) 

The mean number of dead motoneurons, *SD, and the number of L.MCs counted (n) are given for each group. The numbers in parentheses are the degeneration index, 
and its standard deviation, for each group. No degenerating motoneurons were observed in any of the I8 d embryos. 
0 Epi, epithelial grafts; Bud, wing bud grafts. 
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Limbless hosts vs normal hosts. By comparing the LMCs on 
the ectoderm-grafted right sides of limbless and normal hosts 
(experimental and experimental control), any direct effect of the 
limbless gene on motoneuron number could be detected. There 
were about 2000 fewer motoneurons in the right limbless LMC 
than in the right normal LMC on day 6, and about 1000 fewer 
on day 12 (Table 2). As a percentage of normal, the right limbless 
LMC contained about 89% as many cells on both day 6 and 
day 12. Neither of these differences was statistically significant 
(day 6: p = 0.126; day 12: p = 0.088). However, when the data 
from both 6 and 12 days were pooled for each of the 2 groups 
(and scaled appropriately to account for the loss of cells between 
6 and 12 days), it was apparent that there were fewer motoneu- 
rons in the right limbless LMC (where a normal wing was pres- 
ent) than in the right normal LMC (p = 0.0106). This slight 
hypoplasia most likely represents a pleiotropic effect of the limb- 
less gene. The number of dead motoneurons in the right LMCs 
of limbless and normal hosts was similar on both 6 and 12 d 
Cp = 0.3788 and p = 0.8 126, respectively). However, because 
of the presence of fewer living cells, there was a slight increase 
in the degeneration index of the right limbless LMC compared 
to the right normal on day 6 (0.74 vs 0.46, 0.02 < p < 0.05). 
This was no longer apparent on day 12 (0.49 vs 0.50, p > 0.8). 

Limbless hosts: Wing bud grafts 
Grafting a normal wing bud to the right side of a limbless embryo 
at stage 20 had an effect on motoneuron survival similar to that 
seen after grafting a normal ectoderm at stage 15. Over 3.5 times 
as many motoneurons were present on day 12 in the LMC on 
the wing bud-grafted right side than on the unoperated left side 
(p = 0.004). Comparing the (operated) right LMCs in wing bud- 
and ectoderm-grafted limbless hosts revealed that the 2 oper- 
ations rescued about the same number of motoneurons in the 
limbless LMC through day 12 (p = 0.156). However, exami- 
nation of the rostrocaudal distribution of motoneurons in the 
2 LMCs revealed that there may have been subtle differences 
not indicated by the total motoneuron counts (Fig. 2). It is 
apparent that following wing bud grafting there was a shift in 
the motoneuron population toward more caudal levels of the 
LMC. This altered distribution may have been due to the fact 
that despite our efforts to pin the graft in a normal position it 
might have healed slightly posterior to the host wing site. This 
could have been due to extrinsic factors beyond our control, 
such as the adjacent beating heart. 

Discussion 
In this report we have demonstrated that the presence of a 
normal wing prevents the increased loss of brachial motoneu- 
rons that normally occurs in the limbless LMC. This indicates 
that the increased loss of motoneurons from the limbless LMC 
is not due to an effect of the gene on motoneuron survival but 
is secondary to the absence of limbs. We previously found that, 
in the absence of limbs, the limbless LMC developed like the 
limb-deleted normal LMC, i.e., motoneuron death was in- 
creased and accelerated compared to normal (Lanser and Fallon, 
1984). In this report we have also demonstrated that the ac- 
celeration of motoneuron death in the limbless LMC is pre- 
vented by the developing limb bud. Through this series of stud- 
ies we have eliminated the possibility that surgery or the 
formation of a neuroma after surgical limb removal (see Ham- 
burger, 1934; Oppenheim et al., 1978) directly influences mo- 
toneuron death. Accordingly, because of the similarities in the 
development of genetically normal and genetically limbless 
LMCs, we conclude that the additional cell loss that occurs after 
target deletion is not a direct result of the mode of peripheral 
elimination (i.e., surgery or cell death), but is caused by the 
absence of the limb. These studies confirm the dependence of 

BIN NUMBER 

Figure 2. Rostrocaudal distribution of living motoneurons in the right 
and left LMCs of one-winged limbless embryos. The mean number of 
motoneurons for each bin in the brachial LMC was plotted from rostra1 
(I) on the left to caudal(10) on the right. The vertical bars indicate the 
SEM. The open dots indicate data for day 6; the solid dots indicate data 
for day 12. The solid lines illustrate the limbless left LMC data (the 
unoperated side of a limbless host); the dashed lines illustrate the limbless 
right LMC data (the operated side of a limbless host) after ectoderm 
grafting; and the dotted line indicates the limbless right LMC data after 
wing bud grafting. The effect of a normal wing on the survival of mo- 
toneurons in the limbless bra&al LMC is already apparent throughout 
the rostrocaudal extent of the column on day 6. On day 12, after much 
cell loss has occurred, the survival-enhancing effect of the wing is ap- 
parent after both ectoderm grafting (dashed line, solid dots) and wing 
bud grafting (dotted line, solid dots). Comparison of the results of wing 
bud and ectoderm grafting procedures at day 12 indicates that, despite 
similar effects on the total survival of motoneurons, there is an apparent 
decreased survival in the rostra1 bins after wing bud grafting. 

LMC motoneurons on the limb bud for survival during em- 
bryonic development. 

Another experimental embryogenetic system that has been 
exploited in much the same way as the limbless chick embryo 
is the eyeless axolotl (first described by Humphrey, 1969; for 
review, see Harris, 1983). Harris (1982) has shown that several 
irregularities of the central visual centers, and the abnormal dark 
body pigmentation seen in the mutants, are corrected by the 
transplantation of normal eyes to eyeless salamanders. He con- 
cluded that these defects were not the result of a pleiotropic 
gene effect but were due to the lack of some information nor- 
mally provided by the developing eye. Similarly, we have shown 
that the increased cell loss in the limbless LMC is corrected by 
a normal limb. We conclude that the death of limbless moto- 
neurons is not due to a gene effect but results from the absence 
of some information normally provided by the developing limb 
bud. We believe that the limbless mutant can be utilized in much 
the same way as the eyeless axolotl to further our understanding 
of neural development. The normal development of the limbless 
LMC in both the presence and absence of the developing limb 
bud makes it an appropriate model for studying embryonic 
neuronal death. Limbless embryos may be useful for future work 
on LMC motoneuron death because they possess a consistent 
degree of limb elimination without the complicating variability 
and mortality necessarily accompanying surgical limb removal. 

In this study we observed that the effect of a wing bud on 
rescuing motoneurons in the limbless LMC was apparent as an 
increased cell number on day 6. In addition, the presence of a 
wing decreased the number of dead motoneurons present in the 
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limbless LMC on day 6. We therefore conclude that the devel- 
oping wing bud influences motoneuron survival in the limbless 
LMC by preventing the death of motoneurons before the 6th 
day of embryonic development. These data further illustrate the 
previously documented acceleration of motoneuron death in 
the target-deprived brachial LMC (Laing, 1982a; Lanser and 
Fallon, 1984). The bulk of cell loss in the limbless brachial LMC 
occurs between 4.5 and 8 d of development (Lanser and Fallon, 
1984). Normally, the bulk of cell death in the brachial LMC 
occurs after 8 d (Laing, 1982a; Lanser and Fallon, 1984; Op- 
penheim and Majors-Willard, 1978). Only about 10% of the 
initial population of motoneurons is lost before this time (Lanser 
and Fallon, 1984). These observations, along with the present 
results, indicate that in the absence of the developing limb bud, 
most of the cells that die in the LMC do so before the bulk of 
cell death normally would have occurred. Therefore, the limb 
bud promotes motoneuron survival before the time when most 
LMC motoneurons normally begin to die. 

A question that arises is whether the acceleration of moto- 
neuron death in the absence of the limb bud represents a mod- 
ification of the normal mechanisms that govern neuronal death 
and survival, or whether it reflects the expression of mechanisms 
that are different from those that normally cause cell death. 
Hamburger and Yip (1984) studying sensory neurons in the 
chick embryo dorsal root ganglion (DRG), also found that cell 
death was accelerated in the absence of the developing wing 
bud. Their interpretation was that the accelerated cell death 
represented a modification of the normal mechanisms, where 
death is thought to result from the competition for trophic mac- 
romolecules supplied by the periphery. Work by Carr and Simp- 
son (1982) in the DRG indicates that the interactions between 
embryonic sensory neurons and the periphery are more com- 
plicated than previously proposed, and they suggest a role for 
local as well as distant trophic factors in mediating neuron sur- 
vival. The question of whether the accelerated death of moto- 
neurons in the absence of the developing limb bud is the same 
as normal motoneuron death remains open. This question is of 
central importance to understanding the phenomenon of em- 
bryonic neuronal death. Future studies using limbless embryos 
might help resolve this issue. 
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