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The quantitative matching hypothesis of neuronal cell death 
was tested for the chick hindlimh by determining the relation- 
ship between myotube number at the onset of motoneuron cell 
death and the number of motoneurons that survive in chicks, 
quail, and chick-quail chimeras. Hindlimb buds, which differ 
in size between the 2 species, were exchanged at stages 16%- 
19, myosin ATPase-stained myotubes in selected thigh muscles 
were counted during the cell death period (stages 30-34), and 
lumbosacral motoneurons were counted following the cell death 
period (stage 38). 

No quail motoneurons were rescued when quail cords inner- 
vated chick limbs. When chick cords innervated quail limbs, 
the number of surviving motoneurons was significantly de- 
creased but not to quail values. We consider that this occurred 
because chicks develop more slowly than quail, and we found 
that transplanted chick limbs were developmentally younger than 
the contralateral quail limb at the onset of motoneuron cell death 
and contained fewer myotubes. Similarly, transplanted quail 
limbs contained more myotubes at the onset of cell death than 
normal stage 30 quail limbs. An excellent correlation was ob- 
tained during normal development of both species between the 
number of myotube clusters at the onset of cell death and the 
number of surviving motoneurons. This correlation was also ob- 
served for chick-quail chimeras, and when the data points were 
plotted for control chick, control quail, chick host-quail limb, 
and quail host-chick limb, the correlation coefficient was 0.996. 
This strongly suggests that some parameter closely related to 
myotube number limits the number of motoneurons that will 
survive. 

A proposal consistent with our observations is that motoneu- 
ron survival is dependent on the uptake of a myotube-derived 
trophic factor that can only be taken up at synaptic sites and 
that the number of such sites is limited and directly related to 
myotube number. In conclusion, our observations strongly sup- 
port a quantitative-matching component in the process of neu- 
ronal cell death. However, since we were unable to rescue any 
neurons, we cannot exclude the possibility that some proportion 
of neurons normally dies for reasons other than peripheral com- 
petition. 
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Naturally occurring neuronal cell death is a well-described phe- 
nomenon common to many parts of the developing nervous 
system (for reviews, see Cowan et al., 1984; Cunningham, 1982; 
Hamburger and Oppenheim, 1982; Lamb, 1984; Oppenheim, 
1981). In many vertebrate species, approximately half of the 
motoneurons in the lumbar lateral motor column die during a 
short span of time called the cell death period-embryonic days 
(E) 6-9 in the chick (Hamburger, 1975; Lamb, 1981a; Lance- 
Jones, 1982; Oppenheim et al., 1978). The extent of motoneuron 
cell death can be modified by the target; almost all of the mo- 
toneurons die after limb ablation (Hamburger, 1958; Lamb, 
198 la; Oppenheim et al., 1978; Prestige, 1967) or in a limbless 
mutant chick (Lanser and Fallon, 1984) whereas the addition 
of a supernumerary limb increases the number of surviving 
motoneurons by about lo-30% (Hollyday and Hamburger, 
1976). These results support the idea that neuronal cell death 
is a process to properly match the size of a neuronal population 
to the size of its postsynaptic target (Hamburger, 1975; Ham- 
burger and Oppenheim, 1982). Additional support for this hy- 
pothesis is derived from the observation that the post-cell death 
number of chick motoneurons is closely correlated with the 
number of their target myotubes during the period of cell death 
(McLennan, 1982). 

If cell death is due solely to an inadequate amount ‘of target, 
as some have suggested, it should be possible to prevent cell 
death by sufficiently increasing the target size. However, exper- 
iments in which target size was approximately doubled resulted 
in rescue of only about 50% or less of the motoneurons that 
would normally die (Boydston and Sohal, 1979; Hollyday and 
Hamburger, 1976; Hollyday and Mendell, 1976; Narayanan and 
Narayanan, 1978). A similar degree of rescue (i.e., approxi- 
mately 40%) was found in the ciliary ganglion when the neuronal 
population was decreased by more than half (Pilar et al., 1980). 
In contrast, when embryos were chronically exposed to neu- 
romuscular blocking agents (Creazo and Sohal, 1979; Laing, 
1982; Pitman and Oppenheim, 1978,1979) or GMP (Weill and 
Greene, 1984) motoneuron cell death was dramatically, and in 
some cases completely, prevented. These experiments indicate 
that motoneurons are not inevitably programmed to die, but 
that the regulation of cell death may be more complex than 
previously considered. 

An alternative explanation for cell death is that it is a means 
for removing neurons that have failed to establish appropriate 
connections (Lamb, 1979, 1980). Although Lamb (1979, 1980, 
198 la, b) has presented some evidence supporting this hypoth- 
esis (see also Laing, 1982), it is also apparent that m’any’ neurons 
establish peripheral projections with considerable precision (Fare1 
and Bemelmans, 1985; Hollyday, 1983; Lance-Jones and Land7 
messer, 198 la; Landmesser, 1978) that wrongly projecting mo- 
toneurons do not inevitably die (Hollyday, 1981; Lance-Jones 
and Landmesser, 198 1 b; Landmesser and O’Donovan, 1984; 
Straznicky, 1983; Summerbell and Stirling, 198 1) and that ini- 

2889 



2890 Tanaka and Landmesser Vol. 6, No. IO, Oct. 1986 

tially diffuse projections may be made more precise by collateral 
retraction rather than by cell death (O’Leary et al., 198 1): 

When attempting to place these sometimes conflicting obser- 
vations in context, it is important to recognize that a compli- 
cating feature of most experimental paradigms to double target 
size is that many motoneurons will innervate foreign targets, as 
is true of supernumerary limbs (Hollyday, 198 1; Morris, 1978). 
In addition, although the control limbs in such animals are 
innervated by a subset of the normal spinal nerves, these nerves 
may preferentially innervate their original targets. Thus, their 
effective peripheral target may be less than what is apparent. 

One way to avoid these difficulties is to cause motoneurons 
to innervate targets that are smaller or larger than normal, but 
of the same specificity. Limb transplants between the closely 
related avian species of chick and quail seemed ideal because 
although quail have significantly smaller limbs than chicks, their 
muscles are selectively innervated by homologous chick mo- 
toneurons (Tanaka and Landmesser, 1986). Thus, in the present 
study we have examined lumbosacral motoneuron cell death in 
chicks, quails, and chick-quail chimeras, and have correlated 
this with myotube number. We found that, for the quail, both 
the number of motoneurons and the number of myotube clusters 
at the end of the cell death period were approximately half the 
chick value. In addition, there was a good correlation between 
the number of motoneurons and the number of myotube clusters 
in chick-quail chimeras. Our results therefore appear to support 
the quantitative matching hypothesis of cell death. A brief report 
of these findings has appeared elsewhere (Tanaka and Land- 
messer, 1984). 

Materials and Methods 

Embryonic surgery 
Fertile eggs from white Leghorn chicks and Japanese quail were incu- 
bated in a forced-draft incubator at 38°C. At stages 16-19, as defined 
by Hamburger and Hamilton (195 l), and using the same criteria for 
quail embryos, embryonic surgery was performed on 203 embryos (98 
chick host, 105 quail host) as previously described (Tanaka and Land- 
messer, 1986). Briefly, a right limb bud of either chick or quail was 
transplanted to the right side of an embryo of opposite species, whose 
right limb bud had been previously removed. Of these embryos, 76 (34 
chick host, 42 quail host) survived to stages 25-38 and had essentially 
normal limbs. Forty-five embryos were used in this study; the remainder 
were used in the study reported in the preceding article (Tanaka and 
Landmesser, 1986). 

Motoneuron counting 
Control chicks and quails at stages 29, 38, and 42, and chick-quail 
chimeras at stages 36-37’/2 were decapitated, eviscerated, and the lum- 
bar spinal cords were fixed in Bouin’s solution, dehydrated in a graded 
series of ethanol, and embedded in paraffin. Serial 1 O-pm-thick sections 
were stained with hematoxylin, celestin blue, and eosin-orange. Counts 
were made on every 6th (stages 29 and 38) or 10th (E16) section at 
x 630 (stages 29 and 38) or x400 (E16). At stage 29 all profiles, and at 
stage 38 and 42 only large cell profiles, which contained a nucleus and 
were located in the lateral motor column (LMC), were counted. Total 
numbers of motoneurons were corrected according to the modified 
method of Abercrombie (1946) (Smolen et al., 1983). The rostra1 and 
caudal ends of the lateral motor column were determined by the mid- 
points between the last thoracic and first lumbosacral (LS 1) spinal 
ganglia and between LS 7 and 8 (quail) or LS 8 and 9 (chick). 

Myotube cluster counting 
Embryonic limbs from stage 30-34 embryos were frozen in a mixture 
of 2-methylbutane and dry ice and 15 pm serial cross sections of the 
thigh were made. In all cases, including the chimeras, the stage was 
taken as that of the stage of the host embryo. The sections were stained 
for ATPase (Guth and Samaha, 1970; McLennan, 1983a). Sections were 
preincubated in acidic (pH 5.0) buffer for 30 min, incubated in a reaction 
mixture containing 2.7 mM ATP, 50 mM KCl, 18 mM CaCl,, and 50 
rnM Sigma #221 alkaline buffer for 2 hr at 37°C with a change to fresh 

solution after 1 hr, and subsequently in 1% CaCl,, followed by 1% 
ammonium sulfide. The number of myotubes within several predom- 
inately slow (sartorius, external adductor), predominately fast (internal 
adductor, posterior iliotibialis), and mixed (ischioflexorius, iliofibularis) 
muscles (McLennan, 1983a; M. Vogel and L. Landmesser, unpublished 
observations, 1986) were counted using camera lucida drawings of sec- 
tions selected for the maximum width of each muscle in question. 

A primary aim of the present study was to quantify the peripheral 
target available to motoneurons during the period ofcell death. Although 
a number of parameters could conceivably have been quantified (in- 
cluding, for example, total volume), we chose to count myotube clusters 
for the following reasons. First, others have found a roughly 1: 1 ratio 
between myotube clusters at the onset of cell death, and the number of 
surviving motoneurons in both chick limb (McLennan, 1982) and quail 
superior oblique muscle (Arumugam and Sohal, 1985). Further, it has 
recently been shown that motoneurons do not invade the developing 
hindlimb muscle masses until myotube formation occurs between stages 
29-31; in fact, axon ramification within the target is temporally cor- 
related with the formation of mature myotubes that express NCAM 
(neural cell adhesion molecule) on their cell surfaces (Tosney et al., 
1986) and that stain for myosin ATPase (L. Landmesser, unpublished 
observations). 

We counted myotube clusters rather than myotubes primarily for 
practical reasons. Briefly, during the cell death period, muscle cleavage 
in the avian limb has been completed, and individual muscles consist 
of clusters of muscle cells separated from each other by considerable 
extracellular space. Each cluster is formed by a single, large, more dif- 
ferentiated primary myotube, together with a variable number ofclosely 
associated differentiating myotubes and/or myoblasts (McLennan, 1982, 
1983~; see also Ammugam and Sohal, 1985). Myotube clusters were 
easily distinguished, gave reproducible results, and were similar for a 
given muscle when counted at different proximal-distal levels. In con- 
trast, the associated cells stained variably for myosin ATPase and also 
varied in number along the proximodistal axis, making them difficult 
to quantify. For example, in Figure 4, arrowheads point to profiles that 
we counted as single myotube clusters. We did not count the much 
smaller profiles (indicated by arrows) as these were seen only in the 
youngest limbs when primary myotube formation was still in progress, 
and they did not run the full length of the muscle. Thus, even though 
they stain for myosin ATPase, they appear to be myoblasts or muscle 
precursor cells. It should be stressed that we counted myotube clusters 
primarily because this appeared to be the most reproducible way of 
quantifying the peripheral target during the cell death period. The values 
we obtained were similar to those previously reported for the chick limb 
(McLennan, 1982), and the ratio of myotube clusters to surviving mo- 
toneurons that we obtained is similar to that reported by Arumugam 
and Sohal for the quail superior oblique muscle during a comparable 
developmental period. 

Results 

Chick and quail embryos d@er in size of lateral motor 
column and thigh muscles 
Chick and quail are closely related species whose homologous 
muscles exhibit similar spatial relationships. However, a cross 
section through the thigh at stage 34 (Fig. 1) reveals that the 
quail limb is considerably smaller than the chick, as are its 
component muscles. Figure 2 shows that the quail lateral motor 
column is similarly reduced when compared to the chick. To 
quantify these differences we made counts of the numbers of 
motoneurons and myotubes during the cell death period. 

Motoneuron cell death in control chick and quail embryos 
Motoneurons in the LMC were counted both before and after 
the cell death period (Fig. 3, Table 1). In the chick, the corrected 
means prior to cell death (19,245 at E6, stage 29) and after cell 
death (9409 at E12, stage 38) were similar to previously pub- 
lished values (Hamburger, 1975; Oppenheim et al., 1978). Using 
the same counting procedure, we found that quail motoneuron 
numbers were reduced sharply between E5 and El0 (stages 29- 
38). A small number of cells were lost later between days 10 
and 16, as occurs in the chick (Okado and Oppenheim, 1984). 
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Figure 1. Transverse sections of chick (A) and quail (B) limbs at midthigh level stained with myosin ATPase at stage 34. Both slow and fast 
fibers are stained after preincubation at pH 5.0. The chick limb is clearly larger than the quail. Dark spots represent a single or a small cluster of 
myotubes. SA, sartorius; FM, femorotibialis; P. IT, posterior iliotibialis; ZF, iliofibularis; ZS, ischioflexorius; int (internal) and ext (external) ADD, 
adductor; CA, caudilioflexiolius. x 73. 

The quail motoneuron cell death period thus occurs during the 
same embryonic stages as does the chick. Both before (stage 29) 
and after (stage 38) the cell death period, quail motoneurons 
numbered only abo’ut half the chick value. The ratio of surviving 
motoneurons in both species was quite similar, 48.9% (chick) 
and 50.5% (quail). At these stages, there were no significant 
differences in size between chick and quail motoneurons. Thus, 
in both quail and chick, about twice as many motoneurons are 
produced as ultimately survive. 

Motoneuron cell death in chick-quail chimeras 
To examine the effects of target size on motoneuron cell death, 
chick-quail chimeras were used to change the target size without 
altering selective innervation of individual muscles (see preced- 
ing paper, Tanaka and Landmesser, 1986). We counted the 
motoneurons in the LMC of chick-quail chimeras after the cell 
death period and reasoned that if motoneuron cell death were 
involved solely in achieving selective innervation (Lamb, 1979, 
1980, 198 la, b) motoneuron numbers would not be altered 
when a lateral motor column innervated a limb of different size. 
Alternatively, if the quantitative matching hypothesis held, we 
would expect that the chick motoneurons innervating a quail 

limb would be reduced to approximately half the control num- 
ber. Similarly, based on control values in both species, quail 
motoneuron cell death should be decreased by approximately 
75% following innervation of a chick limb. 

We found that for the chick host, the mean number of mo- 
toneurons on the side innervating the quail limb was signifi- 
cantly reduced (8 106 transplant side vs 10,041 host side) but 
not to control quail values (5652). When quail cords innervated 
chick limbs, motoneuron numbers were not significantly altered 
(4454 transplant side vs 5771 host side; Mann-Whitney test; 
see Table 2). 

These results do not appear to support either hypothesis of 
cell death. For example, no quail motoneurons were rescued 
when they innervated the apparently larger chick limbs. How- 
ever, we also noticed that the transplanted chick limbs were not 
larger and were, in fact, often smaller than the contralateral quail 
host limbs. Based on Hamburger and Hamilton staging criteria, 
we found that these limbs were also developmentally younger 
than the contralateral quail limbs. This was presumably due to 
the slightly different rates of development in the 2 species; chicks 
hatching after 21 d, quail after only 18. In fact, by stages 34- 
38, control chicks incubated at the same time as the transplant 

Figure 2. Transverse sections of chick (A) and quail (B) cords at stage 38. Motoneurons in the LMC are clearly distinguished by their large size 
and darkly stained cytoplasm. x 220. 
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DEVELOPMENTAL STAGES 

Figure 3. Changes in numbers of motoneurons in the chick (filled 
circles) and quail (open circles) LMCs (means + SD). Developmental 
rates are slightly different between chick and quail, chicks hatching after 
2 1 d incubations and quails after 18 d. 

donors were found to be l-3 stages younger than quail similarly 
incubated. Furthermore, the transplanted quail limbs were found 
to be developmentally older than the host chick limbs. 

In Figure 4, cross sections at the thigh level, stained for myosin 
ATPase, are shown for 2 chick-quail chimeras. It can be seen 
that the muscles of the transplanted quail limb (Fig. 4B) are as 
well formed as those in the chick host limb (stage 30; Fig. 4A) 
but are at a more mature developmental stage. For example, 
although many of the primary myotubes are small and stain 
only weakly for ATPase in the chick limb (for example, in the 
internal and external adductor shown at higher magnification 
in Fig. 4C), they are well developed in the quail limb (Fig. 40). 
Similarly, in a quail host, the chick adductor (Fig. 4E) can be 
seen by the same criteria to be younger than the host quail 
adductor (Fig. 4F). In addition, the 2 heads of the adductor are 
more fully cleaved in the more “mature” limbs (Fig. 4, D, fl 
than in the “younger” limbs (Fig. 4, C, E). Such differences in 
developmental stage were also apparent when using feather germ 
or digit development to stage the limbs. 

We excluded the possibility that motoneuron numbers might 
be less than expected in donor limbs because of some direct 
effect of the operation. We found that when a chick limb was 
removed and replaced or placed onto a second chick embryo, 
neither the stage of the limb nor post-cell death motoneuron 
numbers differed from control values (Table 2). This was also 
found in earlier studies when chick limbs were rotated about 
the anterior-posterior axis (Landmesser and O’Donovan, 1984). 

These observations suggested that transplanted limbs devel- 
oped accordingto their innate schedule and that this might cause 
transplanted limbs to be smaller or larger than the control host 
limbs during the cell death period. This in turn may have con- 
tributed to the unexpected results we obtained on motoneuron 
numbers. This possibility was supported by myotube counts. 

Number of myotube clusters in chick-quail chimeras and 
control embryos 
The number of myotube clusters in various chick hindlimb 
muscles during the cell death period has been shown to be closely 
correlated with the numbers of motoneurons that innervate them 
at the end of the cell death period (McLennan, 1982). Therefore, 

Table 1. Cell counts of motoneurons in the lumbar LMC 

Correc- 
Ani- tion Corrected 
mals Stage Raw counts factor counts n 

Chick 29 26,007 k 573 0.74 19,245 + 424 2 
38 14,702 + 1532 0.64 9409 t 980 4 

Quail 29 15,127 t- 186 0.74 11,194 + 138 4 
38 8074 k 536 0.70 5652 f  375 6 
42 6473 k 489 0.70 4531 f  342 4 

we counted myotubes to examine the correlation between post- 
cell death motoneuron numbers and the target size. Following 
myosin ATPase histochemistry, myotube clusters are clearly 
defined and easily counted (Fig. 4). However, individual my- 
otubes were difficult to distinguish, so we chose to quantify the 
target size by counting myotube clusters [arrowheads in Fig. 4, 
C, E; other small stained profiles (arrows) were not counted] 
for many of the major thigh muscles: sartorius, adductor, is- 
chioflexorius, iliofibularis, and posterior iliotibialis. We selected 
predominantly slow (sartorius, external adductor), predomi- 
nantly fast (internal adductor, posterior iliotibialis), and mixed 
(ischioflexorius, iliofibularis) muscles. Distributions of fast and 
slow fibers in chick and quail muscles were similar with only 
minor exceptions. For example, the quail sartorius has more 
fast fibers than chick. 

Counts were made in host embryos ranging between stages 
30 and 34 for several reasons. First, this was done during the 
cell death period when target size would be expected to have 
its most important effect if it is indeed a factor in regulating cell 
death. Second, it has been shown that myotube formation at 
these stages is autonomous and not dependent on innervation 
(Harris, 1981; McLennan, 1983~; Phillips and Bennett, 1984) 
whereas at later stages, secondary myotube formation requires 
innervation, and uninnervated primary myotubes atrophy and 
die. The numbers of myotube clusters in most muscles gradually 
increased between stages 30-34 in both chick and quail. There 
were no significant differences in development among different 
muscles. The ratios of the total number of myotube clusters at 
stage 34 to those at stage 30 were very similar for chick and 
quail: 2.48 and 2.62, respectively (Table 3). Chicks contained 
more myotubes at both stages, the ratio of chick to quail being 
2.19 at stage 30 and 2.08 at stage 34. These results show that 
in both chick and quail, myotube numbers increase to approx- 
imately the same extent during the cell death period, somewhat 
more than doubling. 

The number of myotube clusters in chimeras is shown in 
Tables 4 and 5. Since we averaged myotube numbers between 
stages 30 and 33, for both quail and chick the host values are 
somewhat larger than the stage 30 control values for the same 
species (Table 3). However, it is readily apparent that the trans- 
planted quail limbs (staged on the basis of the host chick em- 
bryo) contain more myotubes than similarly staged quail hosts, 
also shown in Tables 4 and 5. This supports the idea that trans- 
planted quail limbs were developmentally older than the control 
limbs at the time of sacrifice of the host chick embryo. Similarly, 
transplanted chick limbs on quail hosts contained considerably 
fewer myotubes than the contralateral control quail limb or than 
quail limbs from unoperated stage 30 embryos, and were ap- 
parently developmentally younger. 

We were unable to correct for this age disparity at the onset 
of cell death by intentionally placing older limbs on younger 
embryos. We found that the maximal age disparity at the time 
of surgery compatible with the development of normally formed 
and successfully innervated donor limbs did not appreciably 
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Figure 4. Myosin ATPase staining of the thigh muscles in chick host chimera (A-D) and quail host (E, fl. A stage 19 quail limb was transplanted 
onto a stage 18 chick embryo. Four days later, when the host chick was at stage 30, both limbs were sectioned and stained (A-D). The transplanted 
quail limb (B) developed as well as the host chick limb (A). In fact, based on feather germ and digit development, it was older than the chick limb. 
Supporting this, it was only slightly smaller than the chick limb. In addition, the chick host adductor (C) had many small, differentiating, primary 
myotubes (arrows), whereas the myotubes were more mature in the transplanted quail adductor (D). (In D the muscles have been photographically 
reversed from B. The asterisk indicates the same position in both figures.) Similarly, when a chick limb was transplanted onto a quail host, the 
transplanted chick adductor (E) was less mature than the host quail adductor (i.e., it contained more smaller immature myotubes and the 2 heads 
were less fully cleaved). It is, in fact, quite similar in appearance to the stage 30 chick limb (A, C), although the quail host in this case was stage 
33 (F). In this case, a stage 18% chick limb was transplanted onto a stage 19 quail, and the muscles stained when the host quail was at stage 33. 
A and B, x 40; C-F, x 130. 

alter the age of the limb at the onset of cell death (stage 30). values of 1441 + 98 compared to 1551 + 278 for the chick. 
The possibility of using a different species, Bobwhite quail, which Therefore, we would have expected at best only a modest rescue 
has a longer incubation period than the chick, was also explored. of Bobwhite quail motoneurons following innervation of a chick 
However, preliminary counts of the number of myotubes in limb, and we did not pursue this line of experimentation further. 
comparable Bobwhite thigh muscles at stage 30-31 produced Nevertheless, from the standpoint of testing the quantitative 
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Table 2. Cell counts pf motoneurons in the lumbar LMC of chick-quail chimeras 

Stages 
Animals fixed 

Chick host 
1 36 

2 36 

3 36% 

4 36% 

5 37% 

Mean + SD 
Corrected mean f SD 

Stages operated 
Host Donor Host side Operated side 

Differ- 
ence 
( w 

18 19 15,471 12,398 -20 

18% 18% 17,837 14,008 -21 

17% 17% 15,444 14,058 -9 

18 18% 16,787 12,212 -27 

17 19 12,904 10,656 -17 

15,689 t 1850 12,666 + 1419 

10,041 + 1184 8106 + 908a -19 

Quail host 
1 36 17% 18% 10,235 7720 -25 

2 36 17 19 1642 6319 -12 

3 36% 16% 17 8513 6984 -18 

4 31 18% 18% 8450 5604 -34 

5 37 17 19 6378 4768 -25 

Mean ? SD 8244 + 1407 6363 + 1171 
Corrected mean -t SD 5771 -t 985 4454 k 820b -23 

Control (chick host-chick donor) 
1 37 18 18 13,292 12,992 -2 

2 36 18 18 15,053 15,019 0 

n Chick host, p > 0.05. 

b Quail host, p < 0.05. 

matching hypothesis, the most meaningful comparison is the 
ratio of myotube numbers at the time of cell death to the num- 
bers of motoneurons that ultimately survive. In Figure 5, the 
mean number of myotubes for each of the 4 cases (chick host- 
chick limb, chick host-quail limb, quail host-quail limb, and 
quail host-chick limb) is plotted against the mean post-cell death 
number of motoneurons for each case. It can be seen that there 
is an excellent correlation, the correlation coefficient being 0.996. 
Thus, there is a significant correlation (r, < 0.01) between the 
number of myotube clusters during the motoneuron cell death 
period and the final, post-cell death number of motoneurons. 

McLennan (1982) found a roughly 1: 1 ratio between the num- 
ber of myotube clusters during the motoneuron cell death period 
and the number of surviving motoneurons. We did not count 
all myotubes in the limb and, instead, compared the relationship 
between myotube number from a representative group of mus- 

cles to the total number of motoneurons. Nevertheless, a com- 
parison of myotube cluster values for individual muscles with 
previously published values for their motoneuron pools (Land- 
messer, 1978) indicates a myotube/motoneuron ratio of be- 
tween 1 and 2. We found that for predominately fast muscles 
the ratio was closer to 1 (posterior iliotibialis, 1.18; caudilioflex- 
orius, 1.04), whereas for muscles that were predominately slow 
at the onset of motoneuron cell death, the ratio was closer to 2 
(sartorius, 1.90; iliofibularis, 1.78; femorotibialis, 1.78). Thus, 
the overall ratio would be expected to fall somewhere between 
1 and 2. A close to 1: 1 ratio has also been reported for the duck 
superior oblique muscle (Arumugam and Sohal, 1985). 

Discussion 
One of the most widely accepted explanations for naturally oc- 
curring cell death is that it serves to match the size of a neuronal 

Table 3. Numbers of myotube clusters in chick and quail thigh muscles 

Muscles 

Sartorius 
Adductor 

Internal 
External 

Ischioflexorius 
P. iliotibialis 
Iliofibularis 

Chick Ouail 

Stage 30 Stage 34 
Stage 
34130 

338 + 60 709 + 93 2.10 

181 k 39 406 + 39 2.24 

251 + 69 759 f 128 2.95 

120 t 26 271 f 44 2.26 

202 + 40 572 f 151 2.83 

374 f 65 933 k 76 2.49 

Stage 30 Stage 34 
Stage 
34/30 

Chick stage/ 
quail stage 
Stage Stage 
30130 34/34 

132 k 27 251 k 26 1.90 2.56 2.82 

126 -t 16 286 + 5 2.27 1.44 1.42 
84 + 26 303 k 24 3.61 3.06 2.50 

54+ 16 60 f 5 1.11 2.22 4.52 

149 + 42 427 k 16 2.87 1.36 1.34 

127 + 28 432 + 33 3.40 2.94 2.16 

Total 1473 ? 249 3648 k 434 2.48 671 t 101 1759 + 93 2.62 2.19 2.08 

All cases are n = 4. Means f SD are shown. 
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Table 4. Numbers of myotube clusters in chick-quail chimera thigh muscles 

Chick host Quail host 

Host chick Transplanted Quail/ Host quail Transplanted Chick/ 
Muscles limb quail limb chick limb chick limb Quail 

Sartorius 345 k 57 205 + 34 0.59 172 + 24 164 + 12 0.95 

Adductor 
Internal 191 + 41 215 & 75 1.13 162 ? 45 131 * 53 0.81 
External 272 f 67 164 k 63 0.60 129 k 50 115 k 52 0.89 

Ischioflexorius 130 + 24 44* 10 0.34 50 2 8 87 k 18 1.74 

P. iliotibialis 236 k 63 202 k 80 0.86 206 k 72 164 k 30 0.80 

Iliofibularis 377 * 74 245 + 87 0.65 164 k 61 124 k 53 0.76 

Total 1551 ? 278a 1075 + 307a 0.69 883 IL 220b 785 + 121b 0.89 

Chick host (n = 7; host stages: 30, 30, 30, 31, 31%, 32%, 32%). Quail host = 6; host (n 
33). Means + SD are shown. 

stages: 301/z, 3OV2, 31, 31, 32, 

“p < 0.01. 
h rJ > 0.05. 

population to the size of its target (for reviews, see Cowan, 1973; 
Cunningham, 1982; Hamburger and Oppenheim, 1982; but see 
Lamb, 1984). In the PNS, complete early removal of a target 
results in death of almost all of the innervating neurons (Ham- 
burger, 1958; Lamb, 1981a; Landmesser and Pilar, 1974; Op- 
penheim et al., 1978; Prestige, 1967), indicating that neurons 
need to interact with their targets to survive. However, these 
studies reveal little about the relevance of the size-matching 
hypothesis to normal development. 

Less drastic reductions in the size of the target have provided 
support for the size-matching hypothesis. For example, Habgood 
et al. (1984) have recently shown that surgical reduction in the 
size of the mouse soleus muscle during the first few postnatal 
weeks results in a good correlation between the number of my- 
ofibers that remained and the number of surviving neurons. 
Their measure of dependency of motoneurons on the target (i.e., 
the fractional loss of motoneurons per fractional loss of muscle 

fibers) varied with age, being 0.8 during the first postnatal week. 
Although this is after the normal motoneuron cell death period 
(Lance-Jones, 1982) the dependency factor extrapolated back 
to the period of cell death was 1. 

Also consistent with the size-matching hypothesis, an increase 
in the size of a target rescues neurons, but the extent of rescue 
is generally less than one would predict from the increases in 
target size (Hollyday and Hamburger, 1976; Hollyday and Men- 
dell, 1976). However, as discussed earlier (Pilar et al., 1980) 
and in the introduction, the interpretation of these results is 
complicated because many neurons in this situation will inner- 
vate foreign targets, and uniform innervation of the available 
target is unlikely to occur (Hollyday, 1981; Lance-Jones and 
Landmesser, 198 lb; Morris, 1978). By using chick-quail chi- 
meras we were able to circumvent this problem and make sev- 
eral observations that support the size-matching hypothesis. 

First, we have extended the observations made by McLennan 

Table 5. Total numbers of myotube clusters in thigh muscles of chick-quail chimeras 

Animals 
Stages 
examined 

Stages operated 

Host Donor Host side 

Differ- 
ence 

Operated side (%) 

Chick host 
1 
2 
3 
4 
5 
6 
7 

Mean & SD 

Quail host 
1 
2 
3 
4 
5 
6 

Mean -t SD 

30 18 19% 
30 19 19 
30 19’/2 19% 
31 19Y2 18 
3 1% 19Y2 18 
32’/z 18 19 
32% 18 17% 

3oL/z 17% 17% 
30% 17Y2 17% 
31 18’/2 18 
31 18 19 
32 17% 18% 
33 19 18’/2 

1257 661 -47 
1269 1135 -11 
1612 697 -57 
1832 1239 -32 
1340 1049 -22 
1586 1221 -23 
1962 1521 -22 

1551 + 278 1075 * 307 -31 

788 673 -15 
753 705 -6 
830 809 -3 
928 671 -28 
694 940 +35 

1302 914 -30 

883 + 220 785 k 121 -8 
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(1982) on the chick to a second species and have shown that 
for both species there is an excellent correlation between the 
number of myotubes at the time of cell death and the number 
of motoneurons that will eventually survive. In addition, this 
correlation was maintained in experimentally created chick- 
quail chimeras. Taken together, these observations provide rather 
strong evidence for the size-matching hypothesis, and they sug- 
gest that some factor proportional to the number of myotube 
clusters may regulate cell death. A similar correlation has been 
found between the number of granule cells and the number of 
their target Purkinje cells when this number was genetically 
altered in chimeric Lurcher mice (Wetts and Herrup, 1983). 

Unambiguous confirmation of the size-matching hypothesis 
would have been provided if we had been able to rescue ap- 
proximately 75% of quail motoneurons by providing them with 
a chick limb containing a markedly increased number of my- 
otubes. While we were unable to accomplish this, we consider 
the most tenable explanation for our failure to rescue any quail 
motoneurons, and for the survival of more motoneurons than 
expected when chick cords innervated quail limbs, to be that 
the transplanted limbs continued to develop according to their 
innate timetable. In fact, we found that transplanted chick limbs 
at the onset of cell death contained fewer myotubes than ex- 
pected, whereas the converse was true of quail limbs. For this 
explanation to be valid, we would also expect that the onset of 
motoneuron cell death should occur according to the innate time 
schedule of the cord and not be delayed when quail cords in- 
nervated the younger chick limbs. Most of the chimeras studied 
at the onset of cell death were frozen for myosin ATPase staining 
of myotubes, so that the cords were unsuitable for motoneuron 
counting. However, in 1 quail host embryo, processed for Feul- 
gen staining just after the onset of cell death (stage 30) we found 
that the number of motoneurons per section at 2 different levels 
of the lumbosacral enlargement did not differ significantly be- 
tween the sides innervating the quail or chick limb (56.6 -t 6.1 
for the quail side vs 56.1 + 5.5 for the chick side at LS 2, and 
66.4 -t 8.3 for the quail side and 71.9 f 7.7 for the chick at LS 
5). This suggests that the onset of cell death was not delayed on 
the side of the cord innervating the chick limb. 

In contrast to these observations that appear to support the 
size-matching hypothesis, Sperry and Grobstein (1985) failed 
to rescue any Xenopus motoneurons when they greatly increased 
the limb size by delaying metamorphosis with the thyroxine 
antagonist PTU. It should be noted that although the individual 
muscle fibers were considerably enlarged by the PTU treatment, 
the number of muscle fibers did not differ from control values. 
In an earlier study, Decker and Kollros (1969) were able to 
rescue Rana motoneurons when they created enlarged limbs by 
delaying metamorphosis by hypothermia. Unfortunately, in this 
case, muscle fiber number was not quantified. 

Observations such as these emphasize the importance of de- 
termining what aspect of the target is actually involved in reg- 
ulating motoneuron death. By analogy to NGF-sensitive neuron 
survival (for review, see Thoenen and Barde, 1980), developing 
myotubes may produce a trophic factor required by motoneu- 
rons during a critical period. In culture, chick motoneurons have 
been shown to require some substance derived from muscle 
(Nurcombe et al., 1984; Tanaka and Obata, 1983) and under 
the appropriate culture conditions, this requirement is age de- 
pendent, only becoming manifest at the time of cell death (H. 
Tanaka, unpublished observations). The results of Sperry and 
Grobstein (1985) show that such a purported factor is not ap- 
parently available to motoneurons in direct proportion to mus- 
cle fiber volume. However, if under normal circumstances there 
are a limited number of synapses that can be made on each 
myotube, and if motoneurons are only able to take up adequate 
amounts of trophic substance from synapses, then one would 
expect a correlation between myotube number and the number 
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Figure 5. Mean number of myotube clusters during the cell death 
period plotted against the mean post-cell death number of motoneurons, 
and regression line was calculated for chick host-chick limb, chick host- 
quail limb, quail host-quail limb, and quail host-chick limb. The cor- 
relation coefficient (r = 0.996) indicates a highly significant correlation. 

of surviving motoneurons, although not necessarily a 1: 1 cor- 
relation. We have, in fact, found that the ratio appears to differ 
for predominately fast and predominately slow muscles. 

This explanation is consistent with our own results and those 
of Sperry and Grobstein reported above. It is also consistent 
with several studies showing that motoneuron cell death can be 
prevented by blocking functional activity. Pittman and Oppen- 
heim (1979) found that chronic application of neuromuscular 
blocking agents prevented chick motoneuron cell death. This 
treatment also prevents the formation of secondary myotubes, 
arresting myotube numbers to those present at the onset of cell 
death (McLennan, 1983~). However, such myotubes are hy- 
perinnervated, i.e., there is an increased number of synaptic 
sites per muscle fiber (Oppenheim, 1984). Similar results were 
obtained by Harris and McCaig (1984) who blocked motoneu- 
ron cell death in mouse embryos by TTX application. This 
treatment also blocked the production of secondary myotubes, 
but since motor unit size was unaltered, these myotubes must 
also have been hyperinnervated. Thus, while inactivity may 
result in changes in muscle metabolism, including enhanced 
production of trophic factors, the number of synaptic sites per 
muscle fiber is also clearly increased. Taken together, these ob- 
servations suggest that the number of available synaptic sites 
may be the parameter that is actually regulating motoneuron 
number and that under normal conditions of activity this would 
be proportional to myotube number. In any case, these consid- 
erations clearly emphasize the need to quantify myotube num- 
ber and other parameters dependent on it, such as the number 
of synaptic sites, at the time of motoneuron death. We are 
currently attempting to quantify synaptic sites by visualizing 
them through the combined use of a monoclonal antibody spe- 
cific for nerve fibers and fluorescent-labeled oc-bungarotoxin to 
locate postsynaptic receptor clusters (L. Dahm and L. Land- 
messer, unpublished observations). At later stages, the number 
of muscle fibers may have been subsequently affected both by 
the level of activity (Harris and McCaig, 1984; McLennan, 
1983c), as well as the number of innervating neurons (Betz et 
al., 1980) and even hormone levels. Sohal and his coworkers 
have recently reported in experiments similar in design to our 
own (Sohal and Yamashita, 1985; see also Sohal et al., 1985) a 
failure to rescue any quail trochlear neurons when they inner- 
vated the larger duck trochlear muscles. To interpret this result 
as for or against the size-matching hypothesis, it will be nec- 
essary to quantify duck trochlear myotubes during the actual 
cell death period. 
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A challenge to the size-matching hypothesis has been pro- 
vided by Lamb’s (1980, 198 1 b) observation that a single: Xen- 
opus limb could be innervated by both ipsi- and contralateral 
lateral motor columns and could support as much as double the 
normal complement of motoneurons. Although in a similar 
experimental paradigm, a single chick eye was unable to support 
increased cell numbers when innervated by 2 isthmo-optic nu- 
clei (O’Leary and Cowan, 1984), taken at face value the obser- 
vations of Lamb are in apparent conflict with a simple size- 
matching hypothesis. More recently, Lamb and his colleagues 
(Denton et al., 1985) have reported that in such dually inner- 
vated limbs, the number of synaptic sites per muscle fiber was 
not altered, at least at later stages, and that motor unit tensions 
were on average reduced. This indicates that the surviving mo- 
toneurons had made a smaller number of synapses than normal. 
They also reported preliminary evidence that muscle fiber num- 
ber, again at later stages, was unchanged, but no data were 
presented. In this case, it is clearly important to determine my- 
otube number and the number of synaptic sites at the time of 
the cell death period. If it proves to be the case that the number 
of myotubes and the number of synaptic sites during the cell 
death period are unaltered, it will be necessary to modify the 
size-matching hypothesis. Since activity (Thompson et al., 1979) 
and even the pattern of activity (Thompson, 1983) have been 
shown to affect the withdrawal of polyneuronal innervation, it 
is possible that asynchronous activation of the 2 motoneuron 
pools innervating a given muscle in Lamb’s experiment (Lamb, 
198 1 b) would allow the persistence of synapses that would oth- 
erwise be withdrawn. In addition, other factors, such as inter- 
actions between motoneurons centrally, may need to be con- 
sidered. 

In summary, until more details are known about the quan- 
titative relationships in dually innervated limbs during the cell 
death period, the study of Lamb, while intriguing, does not 
provide convincing evidence against a size-matching hypothe- 
sis. At the same time, while our results provide rather strong 
support for the size-matching hypothesis, until the bulk of mo- 
toneuron cell death can be prevented by increasing the size of 
the target, it will be necessary to consider that some neurons 
that die do so for reasons other than peripheral competition. 
The extent to which peripheral competition, in contrast to other 
factors such as afferent input and level of activity, affects cell 
death may vary greatly in different parts of the nervous system. 
Neuron cell death may also contribute to a sharpening of specific 
projections, although the original observations of Lamb made 
on Xenopus limbs of considerable numbers of projection errors 
that were removed during the cell death period (Lamb, 1976, 
1979) have not been replicated in studies on Rana (Fare1 and 
Bemelmans, 1985). 

Finally, even if one accepts some form of the size-matching 
hypothesis, one may wonder why neurons are overproduced in 
such large numbers. From an evolutionary point of view it has 
been speculated that an overproduction of neurons would allow 
for compensatory matching following either an increase or de- 
crease in the size of the target (Katz and Lasek, 1978). Never- 
theless, a su?ey of cell death in different species and different 
parts of the nervous system shows that in many cases the neu- 
ronal population is reduced by 40-60%, apparently much more 
than would be needed to match the natural variation in target 
size. It was especially striking that in both the chick and the 
quail the pre-cell death number of motoneurons was almost 
exactly twice the final number, the percent of surviving moto- 
neurons being 48.9% in the chick, and 50.5% in the quail. 

It is possible that some aspect of the matching or innervation 
process simply requires this excess of neurons in order to insure 
that all target cells are innervated (see, for example, McLennan, 
1983b). However, another possible explanation can be proposed 
(see also Hamburger and Oppenheim, 1982). This is more spec- 

ulative since we know little about the details of motoneuron 
proliferation (i.e., to what extent mitotic divisions are sym- 
metrical, the length of the mitotic cycle, etc.) or how it is reg- 
ulated. However, the modest variability in pre-cell death num- 
ber of neurons indicates that proliferation is tightly regulated. 
In addition, the bulk of the 20,000 lumbar motoneurons in the 
chick are generated during a very short period, approximately 
1.5-2 d (Hollyday and Hamburger, 1977). If one assumes that 
the lateral motor column is generated from a small number of 
precursor cells that each undergo a fixed number of symmetrical 
divisions, then if one began with 80 cells (i.e., 10 cells/approx- 
imately 1 OO-pm-long segment), 6 divisions would produce 5 120 
cells, 7 divisions 10,240 cells, and 8 divisions 20,480 cells. 
Similarly, with 200 precursors, one would have values of 6400, 
12,800, and 25,600 cells for these last 3 divisions. Thus, to 
ensure a moderate excess of cells to meet the demands of the 
target matching process, it may be necessary to generate ap- 
proximately twice as many cells as required. 

Another reason for a large excess of cells may be to compen- 
sate for slight temporal mismatches in the rate of development 
between cord and limb. Surprisingly, it was recently observed 
that, in the chick limb at the onset of cell death, most moto- 
neurons have failed to penetrate very far into the developing 
muscle masses, and many growth cones are within major nerve 
branches (Tosney and Landmesser, 1985). Thus, if the onset of 
cell death occurs according to an innate schedule of the spinal 
cord, as our preliminary results indicate, many cells may enter 
their period of dependency on the periphery before being in a 
position to compete effectively for target-derived trophic factor 
and/or synaptic sites (see also Harris and McCaig, 1984). Any 
lag in limb development would greatly exaggerate this effect. 

In conclusion, we have provided several pieces of evidence 
consistent with the quantitative matching hypothesis ofcell death. 
Our results further suggest that some parameter that is propor- 
tional to the number of myotubes at the onset of cell death, such 
as the number of synaptic sites, may determine the number of 
neurons that will survive. However, a number of other factors 
may influence cell death, including afferent input, levels of ac- 
tivity, and even the appropriateness of connections; thus, in 
different parts of the nervous system, varying proportions of 
cells may die for each of these reasons. 
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