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Naturally Occurring Cell Death and Differentiation of Developing 
Spinal Motoneurons Following Axotomy 
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The purpose of this study was to examine the effects of axon 
transection on the development and differentiation of spinal 
motoneurons in the bullfrog (Rana catesbeiana) tadpole. The 
3 ventral roots (VRs) that innervate the hindlimb were tran- 
sected, and the animals were killed 6-7 weeks later (rein- 
nervation took place within 3 weeks). At early stages of 
development, axotomy resulted in an increase in the number 
of spinal motoneurons on the operated side. By histological 
criteria, these motoneurons appeared more differentiated 
than those in normal tadpoles. Axotomy was effective in 
increasing motoneuron number only during the period of nat- 
urally occurring cell death. Similar effects were seen when 
the transected VRs were ligated to prevent regeneration. 
Hindlimb amputation without VR transection had no effect 
on motoneuron number or differentiation. Thus, target re- 
moval is neither a necessary nor a sufficient condition for 
hyperplasia of the lateral motor column. 

An extreme loss of spinal motoneurons was seen if the 
operated tadpole entered into metamorphic climax during 
the 6-7-week postoperative survival period. Motoneuron loss 
occurred although the injured motoneurons had reconnected 
to the hindlimb. In contrast, tadpoles allowed to survive up 
to 6 months showed no loss of motoneurons if they did not 
enter metamorphic climax. 

From these data, it appears axon transection in developing 
spinal motoneurons exerts its effects on motoneuron number 
and differentiation by altering the metabolic state of the mo- 
toneuron (axon reaction) rather than by depriving it of con- 
tact with its target. 

Limb amputation during early stages of motoneuron develop- 
ment in chick or frog leads to a profound loss of spinal moto- 
neurons (Vulpian, 1868; von Gudden, 1870; Shorey, 1909; Det- 
wiler, 1933; May, 1933; Hamburger, 1934, 1958) around the 
time of naturally occurring cell death (Beaudoin, 1955; Hughes, 
1961; Prestige, 1967; Hamburger, 1975; Decker, 1978). Mo- 
toneuron death following amputation is usually attributed to 
the loss of access to limb-derived trophic factors at stages when 
motoneurons are dependent upon these factors for survival 
(Landmesser, 1980; Oppenheim, 198 1; Purves and Lichtman, 
1985). However, in frog, prior to this amputation-induced loss, 
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there is a paradoxical increase in motoneuron number on the 
operated side (Beaudoin, 1955; Hughes, 196 1; Prestige, 1967; 
Decker, 1978). 

Limb amputation performed after axonal outgrowth, in ad- 
dition to removing a possible source of trophic support, also 
injures motoneurons by truncating their axons. Axotomy and 
the subsequent regenerative response cause profound changes 
in virtually every aspect of motoneuron functioning (Lieberman, 
197 1; Grafstein, 1975; Watson, 1976). The question then arises 
whether the effects attributed to loss of the target in frog are, at 
least in part, a consequence of injury to the cell rather than loss 
of access to a limb-derived trophic factor. 

The bullfrog tadpole offers important advantages for answer- 
ing this question. Its large size makes surgical manipulations 
possible from the earliest stages of motoneuron differentiation. 
In addition, larval development is extremely protracted in bull- 
frog (l-3 years; Dickerson, 1969; Viparina and Just, 1975) 
permitting events to be more precisely resolved in time than in 
faster-developing species. Thus, possible causal relations based 
on observations of temporal contiguity are more easily evalu- 
ated in bullfrog than in faster-developing animals, such as the 
anurans Xenopus laevis and Rana pipiens or chick. 

The major findings of this study are: (1) Temporary discon- 
nection of motoneurons from the hindlimb by transection of 
the ventral roots (VRs) leads to hyperplasia of the lateral motor 
column (LMC) on the operated side; (2) extreme loss of mo- 
toneurons occurs only if operated tadpoles advance into meta- 
morphic climax during the postoperative period; (3) this loss 
occurs despite reconnection to the hindlimb and is not tem- 
porally related to the period of naturally occurring cell death; 
(4) hindlimb amputation alone has no effect on motoneuron 
number or state of motoneuron differentiation. 

Materials and Methods 
Animals. Bullfrog (Rana cutesbeiana) tadpoles were obtained from Car- 
olina Bioloaical SUDD~V (Burlinaton. NC) and Wm. A. Lemberaer Co. 
(Oshkosh, WI). Animals were-classified by developmental stage ac- 
cording to the criteria of Taylor and Kollros (1946) for R. pipiens. 
According to this scheme, tadpoles are staged primarily on the basis of 
hindlimb morphology, beginning with the onset of independent feeding 
at stage I. Stages 1-V arelimbbud stages; foot paddle stages extend 
from VI to X. During the nremetamorohic staaes (XI -XVII). the hind- 
limb becomes prog&sively larger and is of m&e‘use to the’animal for 
swimming and pushing against obstacles. Stages XVIII-XXV, the meta- 
morphic stages, begin with degeneration of the cloaca1 tailpiece. The 
forelimbs emerge at stage XX (defined as metamorphic climax), and 
the tail undergoes progressive degeneration until it is completely re- 
sorbed at stage XXV. 

The effects of ventral rhizotomy were first noticed in the course of 
another study (Fare1 and Bemelmans, 1986). Eighteen of the 32 rhi- 
zotomized tadpoles older than stage XII at death described in the present 
paper were included in the earlier work. In addition, 10 of the tadpoles 
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in which VRs were ligated are also reported upon in another context 
(Fare1 and Wray, 1989). 

Unlike the situation in chick, in which innervation occurs after limb 
musculature is fairly well differentiated (Heaton, 1977) the first axons 
invade the hindlimb in bullfrog while the limb bud is still histologically 
homogeneous (stage III; Letinsky, 1974). Stage IV tadpoles were the 
youngest available from suppliers. Consequently, all the operations re- 
ported here occurred after substantial innervation of the hindlimb. 

Surgical procedures. Tadpoles were anesthetized by immersion in 
0.02% ethyl m-aminobenzoate (MS-222, Sigma). Following a dorsal 
laminectomy over the cauda equina, dorsal roots (DRs) were gently 
deflected with a glass probe, and VRs deriving from segments 8, 9, and 
10 [numbered followina the system of GauDD (1896-1904). according 
to which the hindlimb;s innervated by these 3 VRs] were transected 
with fine scissors. The cut ends of the roots were separated, providing 
assurance that the transection was complete. No attempt was made to 
appose the cut ends of the roots. Animals in which the DRs were in- 
advertently stretched or cut were discarded. 

In one group of 15 tadpoles, regeneration of VRs 8 and 9 was pre- 
vented by placing double ligatures of 11-O suture on the proximal stumps 
of the severed roots. The cut ends of the root were then separated as 
far as possible. In a few instances, the small size of VR 8 made it possible 
to apply only one suture. 

Another group of 27 tadpoles received large applications of HRP at 
several sites in the thigh in order to determine when reinnervation of 
the hindlimb occurred. HRP was recrystalized onto insect pins that were 
inserted into the hindlimb after the tissue was disrupted with fine forceps 
(Fare1 and Bemelmans, 1985, 1986). 

Histoloaical Drocedures. Following a 6-7-week survival period, tad- 
poles were anesthetized and perfused intracardially with j% glutaral- 
dehyde in 0.1 M sodium phosphate buffer (pH 7.2) and the lumbar 
enlargement of the spinal cord was removed. The tissue was postfixed 
in the same solution for 24 hr, rinsed in phosphate buffer, dehydrated 
in ethanol, and embedded in paraffin for serial sections or in methac- 
rylate. Tissue was sectioned at 5 or 6 pm for tadpoles younger than stage 
VIII and at 8 pm for older tadpoles. The lumbar enlargements of post- 
metamorphic frogs were sectioned at 10 pm. Paraffin sections were 
stained with thionin, and methacrylate sections were stained with to- 
luidine. 

Tissue from tadpoles that had received HRP applications was reacted 
en bloc with diaminobenzidine and embedded in paraffin according to 
previously described procedures (Fare1 and Bemelmans, 1985). 

Countingprocedures. Cytological characteristics relevant to counting 
change over development (Farel, 1987). At early stages of development, 
the nuclei of most motoneurons lack a defined nucleolus and instead 
have clumps of basophilic material (Fig. 1). As development proceeds, 
motoneurons of this type are less apparent, and the frequency of mo- 
toneurons typical of the adult increases. The nuclei of these mature- 
appearing motoneurons contain a single, well-defined nucleolus. For 
less differentiated (type-L) profiles, a motoneuron was counted if at least 
3 distinct basophilic clumps could be seen within the nucleus. For more 
differentiated (type-M) profiles, motoneurons were counted if a nucleo- 
lus could be identified. Nuclear and nucleolar diameters were measured 
at the caudal border of the entry zone of each of the lumbar roots. All 
profiles meeting the criteria to be counted were measured in l-3 sections 
taken from each entry zone. This procedure resulted in measurements 
of at least 50 profiles on each side of each animal. 

At early stages of development, both type-L and type-M motoneurons 
can be retrogradely labeled with HRP from either the hindlimb or the 
VR. As development proceeds, fewer type-L profiles can be labeled from 
the target; however, type-L profiles still can be labeled from the VR 
until metamorphic climax (Fare& 1987). These data provide assurance 
that type-L profiles are indeed motoneurons. 

Separate factors to correct for double counts were computed for each 
class of profile following Konigsmark’s (1970) modification of Aber- 
crombie’s (1946) formula. Among tadpoles, correction factors ranged 
from .38 to .63 for type-L profiles and from .67 to .84 for type-M profiles. 
In 72 of 8 1 animals in which motoneurons were counted following VR 
transection, both sets of correction factors were within 5% of each other 
on the 2 sides. The remaining tadpoles had correction factors within 
10% of each other. Motoneurons were counted in alternate sections and 
the totals doubled. All data are reported on counts corrected in this 
way. 

Counting procedures were those previously used (Farel, 1987). Be- 
cause the LMC at its poles is not easily distinguishable from the mantle 

zone in young animals, motoneurons were counted only in the region 
ofthe LMC between the caudal borders of DRs 8 and 10. This procedure 
has the potential disadvantage that motoneuron pools do not have a 
constant position relative to root entry zones (Cruce, 1974). However, 
this disadvantage is unlikely to introduce a systematic error and is 
outweighed by the advantage of allowing counts to be compared over 
the entire range of development. 

Statistical significance was tested using Student’s t test (2-tailed) at 
the 0.05 level. 

Results 
Regeneration of motor axons 
VR transection disconnects motoneurons from their targets; 
however, this condition persists only until the severed axons 
regrow to the hindlimb. To determine ho+ long the motoneu- 
rons were disconnected from their targets, 27 tadpoles received 
large HRP applications in the proximal limb segment 13-28 d 
following VR transection. None of the 9 tadpoles from stages 
IV-VIII that received HRP 13 d after rhizotomy had retro- 
gradely labeled motoneurons. However, all but one of the tad- 
poles (stages IV-XVI) that received HRP 16 or more d post- 
operatively had abundant labeled motoneurons. Thus, 
motoneuron axons regenerated to the hindlimb within 3 weeks 
of ventral rhizotomy. 

Effects of VR transection on motoneuron number 

Transection of VRs in tadpoles led to one of 2 outcomes, de- 
pending on whether the tadpole advanced beyond stage XX 
during the 6-7-week postoperative survival period. Tadpoles 
that did not reach stage XX during the postoperative survival 
period showed an increase in motoneuron number that de- 
pended on the stage at the time of VR transection. An example 
of one such tadpole that was operated on at stage VI and killed 
at stage VIII is shown in Figure 1. As can be seen in the higher 
power micrographs of the LMC, the operated side (Fig. 1C) 
shows a substantial increase in the number of motoneurons. 

In contrast, Figure 2 illustrates a section taken from an animal 
operated on at stage XVII and killed as a juvenile frog 6 weeks 
later. In this animal, the number of motoneurons on the op- 
erated side is substantially reduced from that seen on the un- 
operated side, although the postoperative survival time was the 
same as that for the tadpole shown in Figure 1. Operated tad- 
poles that advanced beyond stage XX often showed evidence 
ofdegenerating motoneurons (Fig. 20. The loss ofmotoneurons 
in this tadpole is unlikely to be related to the normal process 
of naturally occurring cell death, which is over by stage XI (Farel, 
1987). 

Comparison with normal tadpoles 

Effect of rhizotomy on total motoneuron number. Figure 3 shows 
the number of motoneurons found on the 2 sides of the spinal 
cord 6-7 weeks following ventral rhizotomy plotted against stage 
at death. Individual values are represented by filled or open 
circles. Mean values and 95% confidence intervals obtained 
from normal tadpoles are represented by the solid and dotted 
lines, respectively (from Farel, 1987). The differences in the 
mean numbers of motoneurons on the operated side and values 
obtained in normal tadpoles are statistically significant at each 
stage through stage X, except for stage VII, where the difference 
failed to reach significance (0.05 < p < 0.1). No differences in 
motoneuron number were found after stage X. In contrast, mean 
motoneuron number on the unoperated side is not significantly 
different from that seen in normal tadpoles at any stage. Thus, 
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Figure I. A, Low-power micrograph of a cross-section through the lumbar spinal cord of a stage VIII tadpole whose lumbar VRs were transected 
6 weeks previously on the right side at stage VI. B, C, Higher-power micrographs of the LMCs on the unoperated (B) and operated (c) sides. The 
open and closed arrows in (B) indicate type-M and type-L profiles, respectively. Note the greater number of motoneurons on the operated side. 
Scale bar: A, 85 pm; B, C, 15 pm. 
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Figure 2. A, Low-power micrograph of a cross-section through the lumbar spinal cord of a juvenile frog whose lumbar VRs were transected on 
the right side 6 weeks previously at stage XVIII. Note the hypoplasia on the operated side. Arrow indicates an apparently degenerating motoneuron 
shown at higher power in C. B, C, Higher-power micrographs of the LMCs on the unoperated (B) and operated (C) sides. Scale bar: A, 100 pm; 
B, C, 10 pm. 
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Figure 3. Total motoneuron number on the operated (top) and un- 
operated (bottom) sides of tadpoles subjected to transection of VRs 8- 
10 and allowed to survive 6-7 weeks. Motoneuron number is plotted 
against the stage at death. Solid line indicates mean values obtained in 
a study of normal tadpoles (Fare& 1987). Dotted lines indicate &95% 
confidence intervals for normal values. Solid circles represent animals 
operated on as tadpoles and killed after onset of metamorphic climax. 
Open circles represent animals killed before climax. 

motoneuron number is increased by ventral rhizotomy on the 
operated side, but motoneuron number is unchanged on the 
intact side. This lack of a contralateral effect is in contrast to 
the results of Kett and Pollack (1985), who found that hindlimb 
amputation in R. pipiens increased motoneuron number on the 
unoperated side, although to a lesser degree than found ipsilat- 
erally. 

The stages when motoneuron number is increased by ventral 
rhizotomy correspond to the developmental period when the 
processes of naturally occurring cell death are operating (prior 
to stage XI; Farel, 1987). This finding is consistent with the 
conclusion derived from studies of hindlimb amputation that 
motoneuron number is increased by sparing some motoneurons 
from cell death (Beaudoin, 1955; Hughes, 196 1; Prestige, 1967; 
Hamburger, 1975). Alternatively, axotomy could increase the 
rate of proliferation; however, this possibility is not consistent 
with the failure to find labeled motoneurons when 3H-thymidine 
was injected throughout the postoperative survival period (Fare1 
and Bemelmans, 1986). 

Motoneuron number was not reduced by prior axotomy un- 
less metamorphic climax (emergence of the forelimbs from the 
body wall at stage XX) occurred during the 6-7-week postop- 
erative survival period (filled circles). This injury-induced mo- 
toneuron loss will be discussed below. 

Effect of rhizotomy on motonewon dlflerentiation. Two classes 
of motoneurons can be identified in the LMC of tadpoles (Fig. 
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Figure 4. Type-L motoneuron number on the operated (top) and un- 
operated (bottom) sides of tadpoles subjected to transection of VRs 8- 
10 and allowed to survive 6-7 weeks. Motoneuron number is plotted 
against the stage at death. Solid line indicates mean values obtained in 
a study of normal tadpoles (Farel, 1987). Dotted lines indicate +95% 
confidence intervals for normal values. Solid circles represent animals 
operated upon as tadpoles and killed after onset ofmetamorphic climax. 
Open circles represent animals killed before climax. 

1). Members of each class can be retrogradely labeled with HRP 
from the hindlimb or VR (Fare& 1987). Type-M motoneurons 
are characterized by a single large nucleolus and relatively abun- 
dant cytoplasm. Type-L motoneurons typically have only a thin 
rim of cytoplasm and, instead of a defined nucleolus, clumps of 
basophilic material within the nucleus. The proportion of type- 
L motoneurons declines and that of type-M motoneurons in- 
creases as development proceeds (Farel, 1987). The effects of 
rhizotomy on the numbers of type-L and type-M motoneurons 
are shown in Figures 4 and 5, respectively. Prior to stage X, 
most of the preparations had fewer type-L motoneurons on both 
the operated and the unoperated sides of the spinal cord than 
the mean value obtained in normal tadpoles. However, Stu- 
dent’s t tests comparing the mean number of type-L motoneu- 
rons at each stage with that obtained from normal tadpoles failed 
to reach statistical significance except at stage VII, where the 
number of type-L motoneurons on the operated side was sig- 
nificantly less than that found in normal tadpoles. Although 
these differences failed to reach significance on the unoperated 
side, the possibility exists that these data reflect a weak contra- 
lateral effect of ventral rhizotomy. 

Although the effects of axotomy on type-L motoneuron num- 
ber are fairly inconsequential, a substantial increase in the num- 
ber of type-M motoneurons is seen during the period of naturally 
occurring cell death (Fig. 5). This increase in more differentiated 
profiles accounts for the augmentation in total motoneuron 
number. The axotomy-induced shift of motoneurons to a more 
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Figure 5. Type-M motoneuron number on the operated (top) and un- 
operated (bottom) sides of tadpoles subjected to transection of VRs 8- 
10 and allowed to survive 6-7 weeks. Motoneuron number is plotted 
against the stage at death. Solid line indicates mean values obtained in 
a study of normal tadpoles (Farel, 1987). Dotted lines indicate +95% 
confidence intervals for normal values. Solid circles represent animals 
operated upon as tadpoles and sacrificed after onset of metamorphic 
climax. Open circles represent animals killed before climax. 

differentiated appearance stands in contrast to findings obtained 
in R. pipiens, in which axotomy was reported to delay moto- 
neuron differentiation (Beaudoin, 1955; Kett and Pollack, 1985). 

Comparison of operated and unoperated sides 

Considerable variability is seen in motoneuron number, even 
in normal tadpoles (Farel, 1987; Sperry, 1987). By plotting the 
ratio of motoneurons on the operated and the unoperated sides, 
the effects of intrasubject variability can be reduced. Figure 6 
shows the postoperative ratios for type-M, type-L, and total 
motoneuron number plotted as a function of preoperative (up- 
per row) and postoperative (lower row) stage. For animals that 
did not develop to stage XX during the postoperative survival 
period (open circles), a clear stage-dependent effect of rhizotomy 
can be seen on ratios of type-M and total motoneuron numbers, 
whether data are plotted as a function of pre- or postoperative 
stage. However, the ratio of type-L motoneurons is not system- 
atically affected by rhizotomy. 

The unusual effect produced in tadpoles that developed be- 
yond stage XX during the 6-7-week postoperative survival pe- 
riod (filled circles) is shown in Figure 6. Each of the 10 tadpoles 
in this category was operated on at stages after motoneuron 
number has stabilized in normal animals (Farel, 1987). From 
the upper row, it can be seen that tadpoles operated on at the 
same stage do not show substantial motoneuron loss unless they 
advance beyond stage XX during the postoperative survival 

period. From the lower row, it is clear that death at an advanced 
stage is not the determining variable. For example, axotomized 
juvenile frogs (open circles) showed no evidence of motoneuron 
loss, but juvenile frogs that underwent rhizotomy as tadpoles 
(filled circles) showed substantial loss. 

Long-term survival following axotomy 

The results described thus far show that developing motoneu- 
rons do not die following disconnection from the hindlimb un- 
less they enter into metamorphic climax during the 6-7-week 
postoperative survival period. Motoneuron death following ax- 
otomy thus appears to be a stage-dependent rather than a time- 
dependent process. To test this possibility further, 4 stage V 
tadpoles were rhizotomized, allowed to survive for 6 months, 
and killed. The tadpoles ranged from stage V to stage VII at 
death. The mean operated/unoperated ratios (+ SEM) of type- 
M, type-L, and total motoneurons were, respectively, 1.49 + 
0.2, 1.19 f 0.09, and 1.26 f 0.1. Thus, motoneuron number 
following ventral rhizotomy remains elevated for up to 6 months, 
providing support for the hypothesis that motoneuron death 
after rhizotomy depends on the developmental state of the tad- 
pole rather than the postoperative time elapsed. 

Comparison of hindlimb amputation and ventral rhizotomy 

Ventral rhizotomy increases the number of motoneurons in the 
lumbar enlargement, but this increase may be the result of tem- 
porary disconnection from the hindlimb or from damage to the 
proximal motoneuron axons. To distinguish between these pos- 
sibilities, 6 stage VIII tadpoles were subjected to unilateral hind- 
limb amputation (HLA). These data are shown in Figure 7 
together with data from normal stage VIII tadpoles (from Farel, 
1987) and from stage VIII tadpoles that had undergone ventral 
rhizotomies (VRT). Hindlimb amputation had no substantial 
effect on motoneuron number or on the proportion of type-M 
and type-L motoneurons. Because amputation removed the dis- 
tal portions of motor axons, these data also show that moto- 
neuron axotomy per se is not sufficient to trigger the changes 
leading to an increase in motoneuron number on the operated 
side. 

A fourth group of stage VIII tadpoles underwent both am- 
putation of the hindlimb and VR transection (HLA+VRT) in 
order to confirm that motoneuron number would increase in 
the absence of the hindlimb. These tadpoles showed an even 
greater increase than when ventral root transection was per- 
formed alone. The difference in motoneuron number between 
tadpoles that underwent ventral root transection alone and com- 
bined with amputation is statistically significant for the type-M 
category. The reasons for this difference are not clear, but, given 
the small numbers of tadpoles (5-7) in each group, sampling 
error is a likely source of this difference. 

Eflects of preventing motor axon regeneration 

Reinnervation of the hindlimb takes place within 3 weeks of 
VR transection. The purpose of the following series of experi- 
ments was to determine the effect on motoneuron survival of 
blocking hindlimb reinnervation for the duration of the post- 
operative survival period. Following transection of VRs 8, 9, 
and 10 in 15 tadpoles, VRs 8 and 9 were ligated to prevent 
regeneration. The technical difficulty of this procedure pre- 
vented the ligation of all 3 VRs. Because the poles of the LMC 
were excluded from analysis, most of the motoneurons that were 
in the region of analysis were those whose axons were ligated. 
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The efficacy of the ligation was confirmed by the virtual absence 
of retrogradely labeled motoneurons when HRP was placed in 
limb regions normally innervated by the ligated roots. A com- 
parison of the number of retrogradely labeled motoneurons in 
these animals with data obtained from normal tadpoles (Fare1 
and Bemelmans, 1985) shows that the thigh receives only 6-8% 
of its normal innervation following ligation of VRs 8 and 9 
(Fare1 and Wray, 1989). 

Transection followed by ligation typically had the same effect 
as transection alone, increasing motoneuron number and the 
proportion of type-M profiles (Fig. 8). Cumulative results of 
these experiments are shown in Figure 9, in which ratios on the 
operated and unoperated sides are plotted against postoperative 
stage. Although the numbers are too few for quantitative com- 
parisons, these data show that the increase in motoneuron num- 
ber occurs when reinnervation of the hindlimb is prevented 
(open circles). Further, the loss of motoneurons in tadpoles that 
advance to metamorphic climax during the postoperative sur- 
vival period also takes place when motoneuron axons are ligated 
following transection to prevent regeneration (closed circles). 

Motoneuron numbers on the unoperated sides of these tad- 
poles were within the normal ranges for their stages at death. 

Discussion 
The major findings of this paper are that transection of moto- 
neuron axons during the period of naturally occurring cell death 
results in an increase in the number of motoneurons in the 
lumbar LMC. This increase persists for at least 6 months fol- 
lowing transection, but ifthe tadpole enters metamorphic climax 

during the postoperative survival period an extreme loss of 
motoneurons occurs. Similar results have been obtained follow- 
ing hindlimb amputation in other anuran species and generally 
have been interpreted in the context of the motoneuron’s re- 
quirement for a survival factor that derives from the target. 
However, several aspects of the present results make it difficult 
to fit either the increase in motoneuron number or the subse- 
quent decrease into such a context. 

Previous studies of motoneuron number following amputation 

Prestige (1967) suggested that Xenopus motoneurons respond 
to amputation of the innervated hindlimb in a manner depen- 
dent on their phase of development. The most immature (phase 
I) motoneurons are unaffected by limb removal. Phase II mo- 
toneurons die within 3-4 d of amputation for want of trophic 
support from the hindlimb. Phase III motoneurons are the most 
mature and die after their stores of the putative limb-derived 
trophic factor are depleted. The number of motoneurons sur- 
viving amputation thus would depend on the relative propor- 
tions of phase I, II, and III motoneurons present at the devel- 
opmental stage in which amputation took place and the 
postoperative survival period. Prestige (1967) found that mo- 
toneuron number did increase lo-12% (mean values for tad- 
poles operated on at stages 57 or 61) following amputations 
among tadpoles whose hindlimbs were removed after the period 
of massive cell death (stages 54-56; Hughes, 1961; Prestige, 
1967). Among these animals, up to 75% of the motoneurons on 
the operated side were classified as undergoing chromatolysis, 
an aspect of the axon reaction. Another aspect of the axon 
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Figure 7. Motoneuron number in stage VIII tadpoles. Data are shown 
for normal tadpoles, tadpoles that had undergone unilateral hindlimb 
amputation 6-7 weeks previously (HLA), tadpoles that had undergone 
unilateral transection of VRs 8-10 6-7 weeks nreviouslv CVRT). and 
tadpoles that had the hindlimb amputated on the same side on which 
VRs 8-10 were transected. Note the lack of effect of hindlimb ampu- 
tation alone. 

reaction is swelling of the nucleolus (Edstrom, 1959), which was 
used as the criterion for counting by Prestige. Because no cor- 
rection factor for double counts was used, the possibility exists 
that the modest increases in motoneuron number seen in Xen- 
opus may be an artifact of the counting procedure. 

Beaudoin (1955) performed amputations in R. pipiens tad- 
poles at stages when the hindlimb is just being innervated. He 
concluded that motoneurons whose target has been removed 
differentiate more slowly than normal motoneurons. Thus, these 
motoneurons do not become dependent on limb-derived factors 
at the same time as motoneurons on the unoperated side. Con- 
sequently, the process of naturally occurring cell death is re- 
tarded until differentiation proceeds to the stage in which the 
axotomized motoneurons are dependent on the target for sur- 
vival. At this time, virtually all target-deprived motoneurons 
die. Decker (1978) extended Beaudoin’s (1955) findings by per- 
forming amputations at several different stages after hindlimb 
innervation and, on the basis of these results, concluded that 
the response of R. pipiens motoneurons to loss of their target 
is, as in Xenopus, dependent on their stage of development [see 
also Kett and Pollack (1985) and Stebbins and Pollack (1986) 
for further elaboration of these results]. 

Axotomy-induced increase in motoneuron number 

In the present study, an increase in motoneuron number was 
found following motoneuron axotomy. The stages when rhi- 
zotomy was effective in increasing motoneuron number corre- 
sponded to the stages of naturally occurring cell death (Farel, 
1987). This correspondence implies that axotomy rescues mo- 
toneurons from the action of mechanisms that reduce moto- 
neuron number. In chick, agents that block neuromuscular 
transmission appear to rescue all motoneurons from naturally 
occurring cell death (Pittman and Oppenheim, 1979). to deter- 
mine whether axotomy is as effective in preventing motoneuron 
death in bullfrog as neuromuscular blocking agents are in chick 
requires experiments in which limb reinnervation is prevented 
in tadpoles that continue to develop during the postoperative 
survival period. Two tadpoles advanced from stages VI to VIII 
following VR ligation. Both these tadpoles had motoneuron 

numbers typical of stage VIII animals on the unoperated side 
and numbers typical of stage VI animals on the operated side. 
These preliminary results are consistent with the hypothesis that 
axotomy is rescuing all injured motoneurons from cell death. 

The possibility that axotomy affects motoneuron proliferation 
is unlikely since repeated injections of 3H-thymidine through 
the postoperative survival period following rhizotomy fail to 
label any LMC motoneurons at stages in which an increase in 
motoneuron number is found (Fare1 and Bemelmans, 1986). 
The histological changes apparent in motoneurons on the op- 
erated side made them appear more differentiated than moto- 
neurons on the unoperated side or those in normal animals 
(compare the numbers of type-L and -M motoneurons in Figs. 
4 and 5). This finding is inconsistent with Beaudoin’s (1955) 
suggestion that the increase in motoneuron number found fol- 
lowing hindlimb amputation is due to delayed differentiation 
of motoneurons on the operated side. 

In bullfrog, hindlimb amputation had no effect on motoneu- 
ron number or differentiation, in contrast to results obtained 
with other amphibian species. In bullfrog, then, removal of the 
target is not a sufficient condition for hyperplasia of the LMC. 
Conversely, experiments in which an increase in motoneuron 
number was found following transection or ligation of the VRs 
show that removal of the hindlimb is not a necessary condition 
for the increase in motoneuron number to be manifested. These 
experiments do not support the hypothesis that disconnection 
from the hindlimb is responsible for the transient increase in 
motoneuron number seen following hindlimb amputation. 

Axotomy-induced loss of motoneurons 
Motoneuron loss occurred only when the operated tadpole en- 
tered into metamorphic climax during the postoperative sur- 
vival period. If motoneurons were dying because they had ex- 
hausted their stores of a limb-derived survival factor (Prestige, 
1967), then one would expect motoneuron loss to be dependent 
on survival time. However, loss was independent of postoper- 
ative survival time, as evidenced by the fact that tadpoles rhi- 
zotomized at the same stage and allowed to survive for the same 
amount of time showed loss of motoneurons only if they ad- 
vanced to stage XX. Further, operated tadpoles allowed to sur- 
vive for up to 6 months showed no loss of motoneurons if they 
did not enter metamorphic climax. 

By the time of their death, motoneurons had reformed con- 
nections with the hindlimb (Fare1 and Bemelmans, 1986), so it 
is doubtful that deprivation of contact with the target played a 
role in cell loss. Motoneuron loss also occurred when the VRs 
were transected and ligated, eliminating the possibility that mo- 
toneuron loss at metamorphic climax was dependent on a signal 
from the peripheral target. 

Most of the tadpoles in which motoneuron loss was found 
had advanced beyond the stage of naturally occurring cell death 
at the time of rhizotomy. Thus, mechanisms operating during 
the period of massive cell death are unlikely to have acted to 
reduce motoneuron number after axotomy. 

Conclusion 

Ventral rhizotomy affects the number and histological appear- 
ance of spinal motoneurons, but these changes are not a con- 
sequence of depriving the motoneurons of access to putative 
survival factors supplied by the hindlimb. A more likely expla- 
nation of the present results is that the somatic reaction pro- 
duced by axotomy disrupts developmental processes that would 
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Figure 8. A, Low-power micrograph of a cross-section through the lumbar spinal cord of a stage VIII tadpole whose lumbar VRs were transected 
on the right side 6 weeks previously at stage VI. VRs 8 and 9 were ligated at the the time of transection. Note the hyperplasia on the operated 
side. B, C, Higher-power micrographs of the LMCs on the unoperated (B) and operated (C) sides. Scale bar: A, 65 pm; B, C, 30 pm. 
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Figure 9. Ratio of motoneurons on the operated and unoperated sides 
of the spinal cord plotted against postoperative stage for tadpoles that 
had undergone transection of VRs 8-10 and ligation of VRs 8 and 9. 
Graphs are presented for type-M (top), type-L (center), and total (bottom) 
motoneurons. Filled circles represent animals that were operated on as 
tadpoles and killed after entering metamorphic climax. Open circles 
represent animals killed before climax. 

normally reduce the number of motoneurons during the period 
of naturally occurring cell death (Prestige, 1967). Axotomy has 
profound effects on the metabolism (Sinicropi et al., 1982; Sini- 
cropi and McIlwain, 1983), excitability (Farel, 1978, 1980) and 
morphology (Price and Porter, 1972; Rosenthal and Cruce, 1984) 
of adult frog motoneurons. 

In chick, limb amputation leads to extensive depletion of the 
LMC (e.g., Hamburger, 1934, 1958) during the period of nat- 
urally occurring cell death (Hamburger, 1975). Amputation in 
these experiments did not truncate motoneuron axons because 
the operations were performed before motor axons had invaded 
the hindlimb (Heaton, 1977). However, motor axons lacking a 
target may form a dense neuroma (Hamburger, 1958; Oppen- 
heim et al., 1978) or continue their growth in abnormal direc- 
tions (Tosney and Landmesser, 1984). To the extent that the 
normal export of substances synthesized in the soma is dis- 
rupted, motoneuron survival may be impaired (Hamburger, 
1958, 1968). 

In contrast to results obtained in other anuran species (see 
above), limb amputation in bullfrog tadpoles does not have a 
discernible effect on motoneuron number or histological ap- 

pearance. This discrepancy in results is not readily explicable if 
one assumes that amputation has its effects because it deprives 
motoneurons of access to a target-derived trophic substance. 
However, the consequences of axotomy are very variable among 
different classes of neurons (Lieberman, 197 1; Watson, 1976) 
and this variability could well account for the differences in the 
effects of axotomy among the various species. For example, the 
severity of the axon reaction varies inversely with the distance 
from the cell body at which the axon is transected (McIlwain 
and Farel, 1979). Limb amputation in R. pipiens and X. laevis 
might remove a greater proportion of motoneuron axon length 
than does the same operation in the much larger bullfrog, and, 
consequently, the changes induced in motoneuron somata might 
be sufficient to protect them from the mechanisms of naturally 
occurring cell death. 

The hypothesis that motoneuron number following ventral 
rhizotomy depends on aspects of the axon reaction is unsatis- 
fying in that the particular aspects of the axon reaction that are 
important cannot yet be specified. One promising avenue may 
be opened by recent findings (Schwartz and Kay, 1987; Martin 
et al., 1988) suggesting that, at least in certain situations, nat- 
urally occurring or programmed cell death depends on RNA 
and protein synthesis. Axotomy may prevent cell death by de- 
laying or preventing the required synthetic activities. 

To argue that aspects of the axon reaction protect motoneu- 
rons from naturally occurring cell death, one also has to assume 
either that the protective effect of the axon reaction continues 
after axons have regenerated to the hindlimb or that motoneu- 
rons are only susceptible to the mechanisms producing cell death 
during a certain period of their development. The survival of 
chick motoneurons until hatching when they have been pro- 
tected through the period of naturally occurring cell death by 
neuromuscular blocking agents (Oppenheim, 1984) provides 
support for this second possibility. 

Motoneurons whose axons have been previously transected 
may die at metamorphosis because of residual effects of the 
axon reaction combined with the stress entailed in the meta- 
morphic process, perhaps associated with the precipitous rise 
in serum levels of thyroxine at climax (Regard et al., 1978; 
Mondou and Kaltenback, 1979). For example, frog motoneu- 
rons have receptors sensitive to the excitatory neurotransmitter 
agonist N-methyl-D-aspartate (McClellan and Farel, 1985; King 
et al., 1987). This agonist also has.neurotoxic effects, which are 
more potent if the neuron is metabolically stressed (Novelli et 
al., 1988). Activation of these receptors, normally benign in the 
metamorphosing tadpole, may result in the death of a moto- 
neuron that has been previously axotomized. 
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