
Peripheral Target Regulation of the Development and Survival of
Spinal Sensory and Motor Neurons in the Chick Embryo
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Unilateral limb-bud removal (LBR) before the outgrowth of sen-
sory or motor neurons to the leg of chick embryos was used to
examine the role of limb (target)-derived signals in the devel-
opment and survival of lumbar motoneurons and sensory neu-
rons in the dorsal root ganglia (DRG). After LBR, motor and
sensory neurons underwent normal initial histological differen-
tiation, and cell growth in both populations was unaffected.
Before their death, target-deprived motoneurons also ex-
pressed a cell-specific marker, the homeodomain protein
islet-1. Proliferation of sensory and motor precursor cells was
also unaffected by LBR, and the migration of neural crest cells
to the DRG and of motoneurons into the ventral horn occurred
normally. During the normal period of programmed cell death
(PCD), increased numbers of both sensory and motor neurons
degenerated after LBR. However, whereas motoneuron loss
increased by 40–50% (90% total), only ;25% more sensory
neurons degenerated after LBR. A significant number of the
surviving sensory neurons projected to aberrant targets in the
tail after LBR, and many of these were lost after ablation of both
the limb and tail. Treatment with neurotrophic factors (or muscle

extract) rescued sensory and motor neurons from cell death
after LBR without affecting precursor proliferation of either
population. Activity blockade with curare failed to rescue mo-
toneurons after LBR, and combined treatment with curare plus
muscle extract was no more effective than muscle extract
alone. Treatment with the antioxidant N-acetylcysteine rescued
motoneurons from normal cell death but not after LBR. Two
specific inhibitors of the interleukin b1 converting enzyme (ICE)
family of cysteine proteases also failed to prevent motoneuron
death after LBR. Taken together these data provide definitive
evidence that the loss of spinal neurons after LBR cannot be
attributed to altered proliferation, migration, or differentiation.
Rather, in the absence of limb-derived trophic signals, the
affected neurons fail to survive and undergo PCD. Although
normal cell death and cell death after target deprivation share
many features in common, the intracellular pathways of cell
death in the two may be distinct.
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The regulation of vertebrate neuronal development and survival
by target-derived signals is a recurring conceptual theme in
neurobiology that began with the demonstration by Shorey (1909)
that the amputation of limb-bud targets of spinal sensory and
motor neurons in the chick embryo results in the loss of those
neurons that normally innervate the limbs. After removal of the
forelimb bud on embryonic day (E)2, Shorey observed the ab-
sence of peripheral brachial nerves and a marked reduction in the
size of the brachial ventral horn and dorsal root ganglia (DRG)
on E6. She mistakenly attributed these deficits to a failure of
neuronal differentiation and rejected the possibility that the limb
normally promotes neuronal survival. Although later attempts by
Hamburger, Levi-Montalcini, and others to repeat her experi-
ment were successful in that a hypoplasia and loss of neurons
were observed (for review, see Oppenheim, 1981), these studies
led to a different interpretation of the cell loss. After several

replications of the basic limb-removal experiment in the 1930s
and 1940s (Oppenheim, 1981), it was finally concluded that limb-
derived trophic signals regulate the motor and sensory neurons
that survive and successfully innervate their synaptic targets. At
about the same time, it was discovered that a proportion of motor
and sensory neurons undergo a period of normal or naturally
occurring programmed cell death (PCD), and this led to the
realization that the cell loss after limb removal was merely an
exaggeration of this normal process. This in turn led to the
suggestion that the limb provides trophic signals that promote and
maintain neuronal survival (Hamburger and Levi-Montalcini,
1949), which was an important conceptual framework (the neu-
rotrophic hypothesis) for the eventual discovery of nerve growth
factor (NGF) (Oppenheim, 1996a).

Despite the considerable evidence supporting the idea that only
the later survival and not the proliferation, migration, or initial
differentiation of limb-innervating neurons is affected by removal
of peripheral targets (Hamburger, 1958; Carr and Simpson,
1978a,b; Oppenheim et al., 1978), reports have continued to
appear arguing against this idea (Lanser and Fallon, 1984, 1987;
Lanser et al., 1986; Phelan and Hollyday, 1991). A related issue
that has emerged in the context of target removal experiments is
the extent to which developing sensory and motor neurons (MNs)
depend on target-derived trophic signals for their survival versus
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trophic support from other sources (e.g., afferents, glia, hormonal,
paracrine–autocrine, etc). For example, the selective removal of
afferent input to various developing neuronal populations in-
creases PCD in the face of apparent normal interactions of these
cells with sources of target-derived trophic support (Oppenheim,
1991; Linden, 1996). However, in the absence of target cells
(muscle, skin) virtually all limb-innervating MNs and large num-
bers of sensory neurons undergo PCD (Carr and Simpson,
1978a,b; Oppenheim et al., 1978; Oakley et al., 1997). Therefore,
if MNs do require nontarget-derived trophic support, for exam-
ple, such support does not appear to be sufficient for their survival
after limb-bud removal (LBR). Alternatively, the absence of
targets may alter the ability of MNs to gain access to or respond
to these other sources of trophic support. If, in fact, muscle-
derived trophic support is both necessary and sufficient for nor-
mal MN survival, then it should be possible to rescue virtually all
MNs from normal PCD and from PCD after target ablation by
treatment with muscle extracts or with putative muscle-derived
trophic molecules. Similarly, if the sensory neurons that are lost
after LBR reflect the absence of target-derived trophic support,
then they should also be rescued by treatment with the neurotro-
phins (NGF, BDNF, NT-3), trophic factors that are known to be
required for the survival of these neurons (Snider, 1994). In this
paper, we have attempted to reexamine the issue of what aspects
of sensory and motor neuron development (e.g., proliferation,
migration, differentiation, survival) are affected by peripheral
target ablation and the extent to which treatment with putative
target-derived trophic signals can compensate for target removal.
In examining these issues, we return again to the use of the almost
century-old model of LBR, which remarkably is still able to
provide new insights into neuron-target interactions.

MATERIALS AND METHODS
LBR. Unilateral removal of the right LBR was performed on E2.5, which
corresponds to stages 16–18 of the Hamburger–Hamilton stage series
(Hamburger and Hamilton, 1951), using the surgical methods described
previously (Chu-Wang and Oppenheim, 1978; Oakley et al., 1997). Only
those embryos later observed to have a complete absence of the leg and
pelvic girdle were used for further analysis (see Fig. 1). Complete
deletion of all limb musculature leads to a disruption of normal nerve
patterns in the plexus of the lumbosacral region, with the more anterior
segments (L1–2) forming thoracic-like patterns and the more posterior
segments projecting aberrantly toward the tail (see below). Because
unilateral LBR in the chick has no effect on the development of con-
tralateral sensory or motor neurons (Oppenheim et al., 1978), the con-
tralateral side was used as an internal control (together with sham LBR)
for comparison with the effects of LBR on development and survival.

More than 125 embryos that met the criteria for complete LBR (listed
above) were used in the experiments described below. Control eggs and
embryos underwent all of the same manipulations as the LBR group
except for actual removal of the limb-bud (sham LBR). In a separate
group of embryos both the right limb-bud and tail-bud were removed at
the same time.

Quantitative analysis of neuron numbers and size. Control and LBR
embryos were removed from the shell, decapitated, and immediately
placed in either Carnoy’s or Bouin’s fixative. After fixation for 6–24 hr,
the lumbosacral or thoraco–lumbosacral region, including vertebra and
adjacent DRG, was dissected and processed for paraffin embedding,
sectioned serially at 6–12 mm, and stained with either thionin or hema-
toxylin–eosin as described previously (Chu-Wang and Oppenheim,
1978). Motoneurons were counted in every tenth section through the
entire lumbar enlargement, and DRG cells were counted in every fifth
section through the third lumbar segment (L3) according to a previously
described, reliable counting method (Clarke and Oppenheim, 1995).
Pyknotic MNs and DRG cells were counted in the same sections used for
healthy (surviving) cell counts (Clarke and Oppenheim, 1995). We used
only those DRG cells (L3) and MNs that met the above criteria for cell
counts and estimated cell size from measures of nuclear diameter using

a previously described method in which nuclear diameter has been shown
to be proportional to soma diameter (Oppenheim et al., 1992).

Distribution of peripheral nerves. In an attempt to examine possible
aberrant projection patterns of peripheral sensory and motor nerves after
LBR, a whole-mount procedure was used for visualizing peripheral
axons. Whole chick hindlimb preparations were stained with TUJ1, a
monoclonal antibody that recognizes a neural-specific form of b-tubulin
(Lee et al., 1990; Easter et al., 1993), using a modification of the
whole-mount procedure of Dent et al., (1989). E10 embryos were washed
in PBS, decapitated, and eviscerated, and the thoracic and lumbosacral
regions of the spinal cord were exposed via ventral laminectomy. After
the spinal cord and sympathetic chains were removed, the embryos were
hemisected along the midline, and the hindlimbs were isolated. These
preparations were fixed and permeabilized for 4 hr in a 4:1 mixture of
methanol /dimethyl sulfoxide (Dent’s fixative) at 220°C and bleached in
10% H2O2 (in Dent’s fixative) for 1–2 d at room temperature. The tissue
was rehydrated through a graded methanol series and washed extensively
in PBS. After they were blocked for 2 hr in Tris-buffered saline contain-
ing 0.4% Triton X-100 (Sigma, St. Louis, MO) and 20% horse serum, the
hindlimbs were incubated for 18 hr in affinity-purified TUJ1 (1 mg/ml in
blocking buffer) at 4°C. After five washes in PBS containing 0.02%
Tween 20 (PBST) (USB, Cleveland, OH), the preparations were incu-
bated in an HRP-conjugated secondary antibody (3 ml /ml in blocking
buffer) (Jackson ImmunoResearch, West Grove, PA) for 18 hr at 4°C.
After three washes in PBST and three washes in 0.1 M phosphate buffer,
the tissue was preincubated for 30–60 min in phosphate buffer contain-
ing 0.5 mg/ml diaminobenzidine (DAB) and 5 mg/ml nickel ammonium
sulfate. The DAB reaction was initiated by adding 3% H2O2 (10 ml /ml)
and run for ;30 min with gentle agitation. The hindlimbs were then
washed in PBS, completely dehydrated through a graded methanol series,
and cleared by soaking in a 1:2 mixture of benzyl alcohol /benzyl benzo-
ate. All washes and incubations were performed with gentle shaking. The
TUJ1 antibody was a generous gift from Dr. Anthony Frankfurter
(University of Virginia).

In addition to the b-tubulin labeling, we also analyzed the pattern of
peripheral axons originating from lumbar level DRG by injecting these
ganglia with a lipophilic dye. After ventral laminectomy, all of the lumbar
DRG on both sides were pressure-injected with 1,19-dioctadecyl-
3,3,39,39-tetramethylindocarbocyanine perchlorate (DiI; 5 mg/ml in 90%
ethanol, 10% dimethyl sulfoxide) (Molecular Probes, Eugene, OR) (see
Honig and Hume, 1986) using broken micropipettes. These preparations
were then fixed in 4% paraformaldehyde for 18 hr at room temperature,
transferred to fresh fixative, and held at 37°C for 2–3 weeks.

Proliferation. To examine possible changes in the proliferation of cells in
the spinal cord and DRG after LBR or trophic factor treatment (see
below), bromodeoxyuridine (BrdU) (Sigma) was used as a marker of cells
entering S-phase of the mitotic cycle. After a 2–4 hr pulse of a nontoxic
dose of BrdU (10 mg) administered onto the chorioallantois through a
window in the shell, embryos were killed, staged, fixed (Carnoy’s), and
embedded in paraffin, and serial sections (6 mm) were labeled with an
antibody against BrdU (Sigma) as described (Oakley et al., 1997). Because
reductions in both MNs and sensory neurons after LBR first occur after
E4, E3.5 was the earliest age examined for changes in BrdU labeling.
BrdU-labeled cells with a complete and distinct nuclear membrane were
counted in every other section through the L3 region of the spinal cord and
in the L3 DRG. For the analysis of BrdU incorporation in the L3 DRG of
embryos treated with trophic factors (see below), a 2–4 hr pulse of BrdU
was delivered at the same time as the final treatment with trophic factor on
E5 (stage 26–27). We estimate that at least 20–30% of all dividing cells are
labeled by this procedure (Oakley et al., 1997).

Trophic factor and drug treatments. Control and LBR embryos were
treated with various neurotrophic molecules that included NGF,
neurotrophin-3 (NT-3), brain-derived neurotrophic factor (BDNF),
insulin-like growth factor 1 (IGF-1), ciliary neurotrophic factor (CNTF),
basic fibroblast growth factor (bFGF), glial cell line-derived neurotro-
phic factor (GDNF), and hepatocyte growth factor–scatter factor (HG-
F–SF). Except for NGF, which was purified from mouse salivary gland
and generously provided by Eugene Johnson (Washington University),
all of the other factors were human recombinant molecules generously
provided by Amgen (Thousand Oaks, CA) (NT-3, BDNF, bFGF,
CNTF), Cephalon (IGF-1), and Genentech (San Francisco, CA) (HGF–
SF). Embryos were treated daily with optimal doses (5–10 mg) of each
factor on the basis of previously published studies of sensory and MN
survival (Neff et al., 1993; Oppenheim et al., 1993, 1995, 1997) by
administration onto the chorioallantois. In addition, separate groups of
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control and LBR embryos were treated with tissue extracts (150 mg) from
E10 chick embryo skeletal muscle (CMX) or brain (CBX) that were
prepared according to previously described methods (Oppenheim et al.,
1988, 1993; Johnson et al., 1995). Control embryos received equal vol-
umes of saline, bovine serum albumin, or cytochrome C.

To examine the role of activity blockade on MN cell death, one group
of LBR embryos was treated daily with suboptimal doses (1 mg) of the
paralytic agent D-tubocurarine (Curare, Sigma) or with curare plus either
optimal (150 mg) or suboptimal (75 mg) doses of CMX from E4 to E7 and
killed on E7.5. These experiments were designed to test whether curare
potentiates the effects of CMX on MN survival after LBR (Hory-Lee
and Frank, 1996). Finally, to examine possible mechanisms of cell death
after LBR, some embryos were treated either with the antioxidant
N-acetylcysteine (NAC, Sigma) or with two different cell-permeable
inhibitors of the interleukin b1 converting enzyme (ICE) family of
cysteine proteases, Boc-aspartyl (OMc)-fluoromethylketone (BAF) (En-
zyme Systems Products, Dublin, CA) and Ac-DEVD-CHO (Bachem
Biosciences, King of Prussia, PA) on E4, E5, and E6. Both NAC and the
ICE inhibitors were administered at doses (40 mg/d for ICE inhibitors;
30–60 mM d for NAC) previously shown to be optimal for inhibiting MN
PCD on E8 in control embryos (Milligan et al., 1995; Li et al., 1997; M.
Burek and R. Oppenheim, unpublished data). Healthy (surviving) or
dying (pyknotic) sensory or motor neurons (or both) were counted after
treatment with curare, NAC, BAF, and DEVD as described above.

Islet-1 immunocytochemistry. A monoclonal antibody (4D5) was used
to examine the expression of a specific member of the islet family (islet-1)
of LIM homeoproteins according to a previously described procedure
(Yaginuma et al., 1996). Islet-1 is expressed by all classes of spinal MNs
and is a reliable and specific marker for the early identification of MNs
in the ventral spinal cord (Tuschida et al., 1994). This provided an
independent means for assessing early MN differentiation after LBR.
The number of islet-1-positive MNs per section was determined in the L3
segment both ipsi- and contralateral to the LBR on E4.5 (stage 25),
before the onset of either normal or LBR-induced MN PCD.

RESULTS
Sensory and motor neurons differentiate normally
after LBR
The differentiation of both sensory and motor neurons appeared
normal after LBR (Figs. 1, 2). Motoneuron size, based on nuclear
diameter, was similar on the ipsi- and contralateral sides before or
at the onset of cell death (data not shown). Although there was a
small but statistically significant decrease in sensory neuron size
ipsilateral to LBR on E5.5 when neurons in both the ventral-
lateral (VL) and dorsal-medial (DM) regions were included,
because most of the early dying sensory neurons are VL cells, this
difference most likely reflects the greater depletion of the large
VL cells at this time after LBR (Fig. 3). In fact, when measures
of neuronal size were restricted to the DM region, no difference
was found between the DRG ipsi- and contralateral to the LBR
(data not shown). The number of MNs per section in L3 express-
ing the MN-specific marker islet-1 on E4.5 (Fig. 3) was also
similar on the two sides [95 6 11 (n 5 4) ipsilateral vs 99 6 13
(n 5 4) contralateral]. In a previous paper (Oppenheim et al.,
1978), MNs were also shown to undergo normal ultrastructural
and biochemical differentiation after LBR. Additionally, chick
DRG sensory neurons have also recently been shown to display a
normal pattern of neurotrophin receptor (trk) expression after
LBR (Oakley et al., 1997). Taken together, these data support the
argument that the absence of peripheral targets does not affect
the early differentiation of either sensory or motor neurons (but
see Campagna et al., 1997).

The survival of sensory and motor neurons is
differentially affected after LBR
Motoneurons
MNs in the lumbar spinal cord begin to undergo normal PCD on
E5–5.5, and MNs continue to be lost until approximately E12

(Fig. 4). After LBR, MN loss shows a similar trend beginning on
E5 and continuing until E9–10. However, whereas normal PCD
of MNs results in a loss of 50% of the initial population, after
LBR .90% of the target-deprived MNs are lost. Dying pyknotic
MNs are first observed on E5.5 in both the control (contralateral)
and LBR (ipsilateral) lateral motor column (LMC) or ventral
horn (Fig. 4, inset) and reach peak numbers on E7.5. However, the
number of pyknotic cells in the ipsilateral LMC is significantly
increased by LBR at all ages from E5.5 to E9.5.

Sensory neurons
Although for convenience we have only systematically examined
sensory neuron development and survival in the L3 DRG, both
normal development and the effects of LBR appear similar in all
limb-innervating DRG (our unpublished observations). In the
normal contralateral L3 DRG, sensory neurons achieve peak
numbers on E7.5, decrease by 31% between E7.5 and E9.5, and
then decrease by an additional 25% between E9.5 and E15.5 (Fig.
5). No further loss occurs between E15.5 and E18.5. From an
examination of the number of healthy surviving DRG cells, it
appears that normal PCD begins on E7.5. However, a separate
analysis of pyknotic neurons shows that, in fact, dying cells can be
observed as early as E4.5 and they exhibit two peaks, one on E6.5
and the second on E8.5 (Fig. 5, inset). After LBR, dying sensory
neurons show a similar trend with two peaks, one on E5.5 and
another on E8.5. However, in the LBR situation, there are sig-
nificant increases in the number of dying cells on E4.5, E5.5, E7.5,
and E8.5 compared with the contralateral control DRG (Fig. 5).
In accord with a previous study of PCD in brachial (forelimb-
innervating) DRG (Hamburger et al., 1981), we have also ob-
served that the early period of cell death that peaks on E5.5
(LBR) or E6.5 (control) is restricted almost entirely to early
differentiating sensory neurons in the VL region of the DRG,
whereas the later period of DRG cell death, peaking on E8.5,
is restricted to later differentiating neurons in the DM region of
the DRG.

One major difference between the development of sensory and
motor neurons in the chick embryo is that virtually all MNs are
born (i.e., become postmitotic) before the onset of normal PCD
(Hollyday and Hamburger, 1977), whereas sensory neurons con-
tinue to proliferate until approximately E7 (Carr and Simpson,
1978a,b), such that neuronal generation and degeneration in the
DRG overlaps for ;3 d. Accordingly, because new sensory neu-
rons are being generated while at the same time others are dying,
it is not until after E7.5, when neuron generation ceases but cell
death continues, that a net loss of healthy surviving DRG cells is
observed (Fig. 5). Because of this temporal overlap, it remains a
formal possibility that LBR affects either sensory neuron gener-
ation or survival (or both). The effects of LBR on sensory neuron
proliferation are described below.

Another difference between sensory and motor neurons is the
extent of their survival after LBR. As described above, after
LBR virtually all MNs undergo PCD. By contrast, in the same
embryos, almost 50% of the peak number of sensory neurons
present on E7.5 are maintained up to E18.5 in the apparent
absence of all limb-derived trophic support. In fact, by E18.5,
there are only 25% fewer sensory neurons in LBR versus control
ganglia. This surprising result, which has also been reported in
the earlier literature (Hamburger, 1934; Levi-Montalcini and
Levi, 1942; Bueker, 1943, 1947; Hamburger and Levi-Montalcini,
1949), raises several important questions, which we address
below.
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LBR does not modify the proliferation of sensory or
motor neurons after LBR
Although .95% of all lumbar MNs are generated before E4.5
(Hollyday and Hamburger, 1977; Burek et al., 1996) because after
LBR MN numbers decrease relative to controls between E4.5
and E5.5 (Fig. 4), we cannot entirely exclude the possibility that
LBR may affect the proliferation of late generated MNs. To
examine this, we have used BrdU immunocytochemistry to label
cells in the L3 segment of the spinal cord that are in S-phase of
the cell cycle (Fig. 3). After a 2–4 hr pulse of BrdU, the total
number of labeled cells was compared between the ipsilateral
(LBR) and contralateral (control) sides of the spinal cord. As
shown in Figure 6, at no time from E3.5 to E7.5 were any

differences observed. Similar results were obtained when the
analysis was confined to the ventral half (basal plate) of the spinal
cord (data not shown). From these data, we conclude that up to
E7.5 LBR is without effect on the generation of motoneurons (or
of any other cell type) within the spinal cord.

As noted above, and in sharp contract to MNs, the generation
and degeneration of sensory neurons in the DRG overlaps be-
tween E4.5 and E7.5. An analysis of BrdU labeling of sensory
neurons after LBR shows that, with the exception of E7.5, there
were no differences in numbers of BrdU-labeled cells between
ipsilateral and contralateral L3 DRG (Fig. 7). Because the gen-
eration of sensory neurons ceases on E7.5, later ages were not
examined. Because the early peak in pyknotic cells (E5.5) is not

Figure 1. Transverse sections of the L3 spinal cord on E6 ipsilateral ( A) and contralateral ( B) to LBR. c, Central canal; DRG, dorsal root ganglion;
LMC, lateral motor column; N, notochord. Note the almost complete absence of the LMC in A. Scale bar, 25 mm. C, Transverse section of E8 lumbar
region. Note the complete absence of limb muscle (asterisk) ipsilateral to LBR. Scale bar, 100 mm. D, E, The L3 DRG on E8 ipsilateral ( D) and
contralateral to LBR. A comparison of D and E (also see Fig. 2D,E) shows survival of many sensory neurons. Scale bar, 20 mm.
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accompanied by a difference in BrdU-labeled cells, this supports
the idea that the loss of limb-derived signals does not cause the
death of proliferating precursors but rather affects only differen-
tiating neurons. However, because both normal and LBR-
induced loss of sensory neurons occurs on E7.5 and later (Fig. 5),
it is possible that the decreased number of ipsilateral BrdU-
labeled cells at this time reflects an effect of target regulation on
neuronal proliferation. Although we cannot completely exclude
this, for reasons discussed in detail below, we think that it is
considerably more likely that in fact this reflects an indirect effect
on non-neuronal proliferation in the DRG caused by the in-
creased PCD of sensory neurons after LBR.

Sensory neurons make aberrant peripheral axonal
projections after LBR
As noted above, after LBR virtually all MNs undergo degener-
ation, whereas there is only a 25% decrease in the number of

sensory neurons that survive up to 1 week after cessation of the
normal period of PCD on E12.5. In a previous paper, Bueker
(1947) found a similar proportion of sensory neuron survival in
adult chickens after embryonic LBR. There are several possible
explanations for this rather remarkable ability of large numbers of
sensory neurons to survive indefinitely in the apparent absence of
their peripheral targets. (1) The surviving neurons may represent
cells that normally project to nonlimb targets such as dorsal skin
or cells that are visceral afferents. LBR would not be expected to
deprive these neurons of their normal targets. (2) After LBR,
many sensory neurons with normal limb targets may project their
axons aberrantly to nonlimb targets where they receive sufficient
trophic support, and (3) the surviving neurons may normally (or
aberrantly after LBR) be maintained by autocrine- or paracrine-
derived trophic support from neurons or non-neuronal cells in the
DRG (Acheson et al., 1995). In an attempt to assess the first two

Figure 2. Transverse sections of the lumbar lmc on E18 ipsilateral ( A) and contralateral ( B) to LBR. Scale bar, 24 mm. C, Low-power photomicrograph
of E18 lumbar spinal cord after LBR. Scale bar, 80 mm. D, E, The L3 DRG on E18 ipsilateral (D) and contralateral (E) to LBR. Scale bar (shown in
D for D and E): 30 mm.
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possibilities, we have examined the axonal projections of surviv-
ing sensory neurons after LBR.

To assess the effects of limb-bud deletion on the peripheral
projections of sensory neurons, we used the TUJ1 antibody to
label axons in whole mounts of chick hindlimbs at E10. In the
absence of developing limb tissues, the normal pattern of periph-
eral projections was altered dramatically (Fig. 8). In all embryos
examined (n 5 5), neither the crural plexus nor the sciatic plexus
developed normally (compare Fig. 8, A and B). Instead, the most
anterior lumbar segments (L1 and L2) projected axons anteriorly

into the thoracic body wall, whereas axons from the rest of the
lumbar DRG joined together to project posteriorly to the tail
region in a large nerve trunk (Fig. 8B) (also see Tosney and
Landmesser, 1984). Within the tail region, most of these axons
formed a novel plexus, with no obvious target (see below). A
minority of these posteriorly directed axons joined the otherwise
normal pudendal plexus (Fig. 8B). Examination of the pattern of
skin innervation in LBR embryos showed that in all cases limb-
bud deletion prevented the formation of the two major cutaneous
nerves of the thigh: the lateral (compare Fig. 8, C and D) and

Figure 3. Transverse section (6 mm) of
the L3 DRG ipsilateral to LBR on E5
(A). vl, Ventral-lateral; dm, dorsal-me-
dial; dr, dorsal root; arrows, pyknotic
cells in the vl region. Asterisks delineate
the boundary between vl and dm. Scale
bar, 10 mm. B, Islet-1 immunoreactivity
of lumbar MNs on E4.5 after LBR (lef t
side). A few immunopositive cells (inter-
neurons?) are located in dorsal spinal
cord (arrows). n, Notochord; c, central
canal. Scale bar, 30 mm. C, BrdU immu-
noreactivity on E4.5 in lumbar spinal
cord and DRG (asterisks) after LBR
(lef t side). Note the larger number of
immunopositive cells in the dorsal half
of spinal cord. lmc, Lateral motor col-
umn. Scale bar, 30 mm.
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medial (not shown) femoral cutaneous nerves. However, in all
experimental limbs, the remaining skin was innervated nonethe-
less, mainly by branches of the dorsal rami of each spinal nerve
(Fig. 8D). In addition, in all cases the more posterior regions of
remaining skin also received innervation from some of the axons
that formed the novel nerve plexus in the tail region of these
embryos (Fig. 8D). To be certain that these novel nerve patterns
were formed, in fact, by axons derived from lumbar sensory
ganglia, we injected DiI into lumbar DRG to orthogradely label
sensory axons. This procedure confirmed that the axons within
the novel tail plexus and those that supplied the skin over the
deletion site were derived from lumbar level DRG (n 5 2; not
shown).

These observations support the first two possibilities described
above in that after LBR there is, in fact, a substantial projection
of lumbar sensory axons to dorsal skin as well as aberrant pro-
jections to the tail that are never found in control embryos. If, in
fact, the aberrant projections to the tail contribute to the survival
of sensory neurons, then combined LBR plus tail ablation should
result in an increased loss of sensory neurons compared with
LBR alone. As shown in Figure 9, there is significantly more cell
loss in the L3 DRG (60%) after the combined ablation compared
with LBR alone (40%). By comparison, tail-bud ablation alone
had no effect on the survival of L3 DRG cells, and neither the
combined ablation nor tail ablation alone had any effect on MN
survival when compared with LBR. These results indicate that
sensory neurons but not MNs are capable of deriving trophic
support from the developing tail-bud.

Specific trophic agents or tissue extracts rescue
sensory and motor neurons from PCD after LBR
Motoneurons
In previous studies, we have shown that several different neuro-
trophic factors representing distinct gene families, as well as
tissue extracts from CBX or CMX, can rescue sensory and motor
neurons from normal PCD in the chick embryo in vivo (Oppen-
heim et al., 1988, 1991, 1993, 1995, 1997; Neff et al., 1993; Johnson
et al., 1995). We have replicated some of those results here and
have compared the effects of these same agents on cell death after
LBR. Daily treatment of control embryos with the following
agents (5–10 mg) from E6 to E9 promoted the survival of lumbar
MNs: BDNF, IGF-1, GDNF, CNTF, HGF–SF, CMX, and CBX
(Fig. 10), whereas bFGF, NT-3, and NGF were without effect
(data not shown). By contrast, only CMX and GDNF were able
to rescue a significant number of MNs from LBR-induced cell
death (Fig. 11). However, neither CMX nor GDNF were able to
rescue all the MNs that die after LBR, although CMX was
significantly more effective than GDNF. After LBR the number
of surviving MNs on E7.5 was 7100 6 815 saline, 12,300 6 1877
CMX, and 8910 6 1253 GDNF versus 15,516 6 906 contralateral
saline control. As shown in Figure 12, after LBR MNs are lost
along the entire rostral-caudal extent of the lumbar enlargement
(L1–8), and CMX rescued MNs in all but the most caudal region.
Finally, CMX and GDNF were also the only factors that pro-
moted normal MN survival on both the ipsilateral and contralat-
eral (control) side after treatment from E5 to E7. This suggests

Figure 4. Lumbar motoneuron numbers in segments L1–8 (mean 6 SD) ipsilateral (LBR, solid circle) and contralateral (open circle) to LBR. * p , 0.01;
** p , 0.001; t tests. Inset, Pyknotic lumbar motoneurons (mean 6 SD) ipsilateral (LBR, solid circle) and contralateral (open circle) to LBR. * p , 0.05;
** p , 0.001; t tests. The SDs that were smaller than the symbols are not shown.

362 J. Neurosci., January 1, 1998, 18(1):356–370 Calderó et al. • Target Regulation of Neuronal Survival



that the other factors that were effective after treatment from E6
to E9 (Fig. 10) act primarily after E7 during the middle to later
stages of the normal period of PCD of MNs (see Discussion).
Hepatocyte growth factor was unique among all the factors tested
in that it rescued MNs during normal cell death (E6–E10) and on
the contralateral (control) side after LBR but failed to promote
survival ipsilateral to LBR.

Sensory neurons
As reported previously (Oppenheim et al., 1993), all three of the
neurotrophins (NGF, BDNF, and NT-3) promote the survival of
sensory neurons in the L3 DRG of control embryos after daily
treatment (5–10 mg) from E5.0 to E9.0 (Fig. 13), whereas the
other factors tested, including CMX and CBX, were ineffective
(data not shown). Similarly, the neurotrophins were also the only
factors tested that promoted the survival of sensory neurons after

Figure 5. Sensory neuron numbers (mean 6 SD) in the L3 DRG ipsilateral (LBR, solid circle) and contralateral (open circle) to LBR. * p , 0.01;
** p , 0.001; t tests. Inset, Pyknotic neurons (mean 6 SD) in the L3 DRG ipsilateral (LBR, solid circle) and contralateral (open circle) to LBR. * p ,
0.01; ** p , 0.001; t tests.

Figure 6. BrdU-labeled cells (mean 6 SD) in the lumbar spinal cord
ipsilateral (LBR) and contralateral (CON ) to LBR.

Figure 7. BrdU-labeled cells (mean 6 SD) in the L3 DRG ipsilateral
(LBR) and contralateral (CON ) to LBR. * p , 0.01; t test.

Calderó et al. • Target Regulation of Neuronal Survival J. Neurosci., January 1, 1998, 18(1):356–370 363



LBR. In the DRG of both the control and LBR animals, NGF
rescued more neurons than either NT-3 or BDNF, and the
combination of all three neurotrophins was more effective than
each one alone. However, even the combination of neurotrophins
failed to rescue all sensory neurons. This was true for embryos
examined on either E7.5 (data not shown) or E10 (Fig. 13).
Therefore, the incomplete rescue of sensory neurons on E10 is
not likely caused by a failure of neurotrophins to sustain rescued
neurons after E7.5. It is also important to note, however, that the
combined treatment restored a normal complement of sensory
neurons in the absence of any other limb-derived factors (i.e.,
there is not a significant difference between ipsilateral–combo vs
saline contralateral). Because it is also clear that the combined
treatment rescued more cells on the contralateral side, it seems
likely that the combination of endogenous and exogenous neuro-
trophins is responsible for the increased survival in this situation.

To determine whether treatment with the neurotrophins (NGF,
NT-3, BDNF) altered the proliferation of sensory neuron pre-
cursors after LBR, we examined BrdU incorporation on E5.5
(stage 27) after treatment with two doses of a single neurotrophin

administered at stage 25 (E4.5) and stage 27 (E5.5). Although this
is a period of active neurogenesis in the DRG (Carr and Simp-
son, 1978a,b), neither LBR nor neurotrophin treatment signifi-
cantly altered the number of BrdU-labeled cells in the L3 DRG
(Fig. 7, Table 1). From this, we conclude that changes in neuronal
proliferation cannot account for the increased number of sensory
neurons after treatment with NGF, NT-3, or BDNF.

Activity blockade does not promote MN survival
after LBR
In previous studies, activity blockade with curare during the
normal period of MN PCD was found to rescue most of the MNs
(Pittman and Oppenheim, 1978, 1979), whereas curare treatment
after LBR failed to prevent the target deprivation-induced loss of
MNs. Because two recent studies have reported that curare plus
CMX has additive effects on MN survival in vitro (Hory-Lee and
Frank, 1996; Oppenheim et al., 1996), we have examined this
same combination in vivo in the LBR model. As shown in Table
2, either optimal or suboptimal doses of curare alone had no effect
on MN survival after LBR, whereas in the same embryos an

Figure 8. Peripheral nerve patterns in whole mounts of normal and experimental limbs as revealed by staining with the TUJ1 antibody. A and B are
focused on the medial aspect of each preparation to show nerve projection patterns; C and D are focused on the lateral aspect to show skin innervation
in the same limbs. A, Normal pattern of peripheral nerve projections. Lumbar segments L1–L3 largely contribute axons to the crural plexus (c), which
gives rise to many peripheral nerves of the limb including the prominent obturator nerve (o). Lumbar segments L3–L8 all contribute axons to the sciatic
plexus ( s). The more caudal segments contribute axons to the pudendal plexus ( p). f, Femur. B, After limb-bud deletion, neither the crural plexus nor
the sciatic plexus develops. L1 and L2 typically project axons anteriorly toward thoracic segments (arrowheads). L2–L8 all project axons posteriorly
toward the tail, where they form a novel plexus (arrows) and contribute to the pudendal plexus (double arrowhead). Dashed lines indicate connections
broken during processing; dr indicates dorsal roots. The spinal cord and sympathetic chains were removed for clarity. C, Normal patterns of skin
innervation on the lateral surface of the thigh. The crural plexus ( C) gives rise to the lateral femoral cutaneous nerve (lfc), which branches (arrowheads)
to provide much of the cutaneous innervation of the lateral thigh. The more proximal skin receives axons from the dorsal rami ( d) of each spinal nerve.
f, Femur. D, After limb-bud deletion, the lateral femoral cutaneous nerve does not develop, and the remaining skin is innervated by branches from dorsal
rami (d). Some axons also reach the skin over the deletion site from the novel plexus in the tail region (arrow). Scale bar, 1 mm.
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optimal dose of curare promoted MN survival on the contralat-
eral control side. Furthermore, the combination treatment of
curare 1 CMX was no more effective in rescuing MNs than
CMX alone (LBR ipsilateral side) or of either CMX or curare
alone on the contralateral control side (Table 2). These results
indicate that in vivo activity blockade with curare doesn’t poten-
tiate the effects of CMX on the survival of either normal or
peripherally deprived (LBR) MNs between E4 and E6.5.

NAC and the ICE inhibitors BAF and DEVD do not
promote MN survival after LBR
Previous in vitro studies have suggested that the loss of trophic
support may induce a net increase in intracellular reactive oxygen
species that could trigger PCD (Kane et al., 1993; Buttke and
Sanstrom, 1994). In support of this idea, treatment with the
antioxidant NAC has been shown to promote the survival of
trophic factor-deprived sympathetic neurons and glial cells in
vitro (Mayer and Noble, 1994; Ferrari et al., 1995; Greenlund et
al., 1995). As shown in Figure 14, daily treatment of chick em-
bryos with 30–60 mM NAC after LBR failed to prevent MN loss

when embryos were examined on E6.5 (Fig. 14). Interestingly, in
the same embryos, however, the small amount of normal PCD
that occurs on the contralateral control side by E6.5 was signifi-
cantly reduced by NAC as measured by a decrease in pyknotic
MNs and an increase in surviving MNs.

In a recent paper (Milligan et al., 1995), we reported that

Figure 9. The number of surviving motoneurons (MNs) and sensory
neurons (mean 6 SD) in L3 DRG on E9.5 after LBR ( L), tail ablation
(T ), or L 1 T. *p , 0.01 (L 1 T vs L). Numbers in bars are sample size.

Figure 10. Lumbar motoneuron numbers (mean 6 SD) on E10 after
daily treatment of normal control embryos with saline (SAL) or different
trophic agents from E6 to E9. *p , 0.001; t test (vs SAL). Numbers in
bars 5 sample size (embryos). See Materials and Methods and Results.

Figure 11. Lumbar motoneurons numbers (mean 6 SD) on E7.5 ipsilat-
eral (LBR) and contralateral (CON ) to LBR after daily treatment with
trophic factors from E4 to E7. *p , 0.05; **p , 0.001 (vs saline LBR);
***p , 0.0025 (vs saline CON); t tests. See Materials and Methods and
Results.
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treatment of embryos after LBR with the ICE protease inhibitors
Ac-YVAD-CHO or Ac-YVAD-CMK failed to prevent MN
death induced by limb removal, although these same inhibitors
were effective in reducing the normal PCD of MNs between E6

and E10. To further examine the possibility that the death of
MNs after LBR may be mediated by a non-ICE pathway, we have
treated LBR embryos with two additional inhibitors of ICE
family proteases, BAF and DEVD. Although both BAF and
DEVD rescue MNs from normal PCD on E8 (Li et al., 1997),
neither agent was able to prevent the MN death induced by LBR
or the early cell death contralateral to LBR on E6.5. (Table 3).
Taken together, these data on ICE inhibitors support the argu-
ment that MN death after LBR may be mediated by intracellular
pathways distinct from those involved in normal PCD.

DISCUSSION
One of the most striking features of the spinal cord of embryos
after LBR is the reduction in the number of surviving sensory
and motor neurons that would normally have innervated the
missing limb. Because the surgical removal of the limb-bud is
performed at a stage before the onset of peripheral axon projec-
tions by either sensory or motor neurons, this deficit cannot be
attributed to axotomy-induced injury. Although it is not possible
to entirely exclude an indirect surgery-related effect, this seems
highly unlikely, because even in the absence of surgery a similar
phenotype is observed in the avian genetic mutant limbless
(Lanser and Fallon, 1984, 1987; Oppenheim et al., 1990). Accord-
ingly, the most reasonable explanation for the decreased number
of motor and sensory neurons after LBR is the absence of
critically important limb-derived signals. In this paper we have
examined several different ways in which these putative limb-
derived signals might influence the development of innervating
neurons.

Sensory and motor neurons undergo normal
differentiation after LBR
The decrease in numbers of phenotypically normal-appearing
sensory neurons and MNs after LBR could be attributable, in
principle, to several different factors, including altered prolifera-
tion, migration, differentiation, or survival. Previous studies have
provided evidence against an effect of LBR on differentiation by
showing that peripherally deprived MNs appear histologically
normal at the light and electron microscopic level and project
axons and undergo normal biochemical maturation (Hamburger,
1958; Oppenheim et al., 1978). In this paper, we have confirmed
and extended these observations by showing that MN cell size is
normal after LBR and that at least one MN specific marker, the
islet-1 member of the LIM homeoprotein family (Tuschida et al.,
1994), is expressed normally in peripherally deprived MNs before
the onset of PCD. Taken together, these various lines of evidence
support the argument that a failure of differentiation cannot
account for the decreased numbers of surviving MNs after LBR.
A similar argument can also be made for sensory neurons. With
the appropriate controls (see Results), the size of sensory neurons
in the DRG is unchanged after LBR. The histological differen-
tiation of target-deprived sensory neurons was also indistinguish-
able from control neurons at the onset of PCD. Additionally, in a
recent study it was found that despite the reduction in the number
of sensory neurons, the topographic pattern of neurotrophin
receptor expression of surviving DRG cells is normal after LBR
(Oakley et al., 1997). These results indicate that LBR does not
perturb the growth or early differentiation of sensory neurons.

Precursor proliferation of sensory and motor neurons
is not controlled by the target
In the present study, LBR was performed at a stage before the
completion of cell proliferation of the precursors of both spinal

Table 1. Counts of BrdU-labeled cells (mean 6 SD) in L3 DRG at E5.5

Treatment Contralateral (control) Ipsilateral (LBR)

Sal 217 6 53(4) 258 6 41(4)
NGF 239 6 61(4) 240 6 50(4)

Sal 256 6 49(4) 224 6 43(4)
NT3 242 6 45(4) 274 6 52(4)

Sal 277 6 57(4) 249 6 48(4)
BDNF 260 6 60(4) 245 6 57(4)

Values in parentheses represent sample size. Sal, Saline.

Figure 12. The number (mean 6 SD) of lumbar motoneurons on E7.5
ipsilateral (LBR) and contralateral (C ) to LBR along the rostral-caudal
axis after daily treatment with muscle extract (CMX ) or saline (SAL)
from E4 to E7. *p , 0.05; **p , 0.01; t tests. See Materials and Methods
and Results.

Figure 13. The numbers of sensory neurons in the L3 DRG on E9.5
ipsilateral (LBR) and contralateral (CON ) to LBR after daily treatment
from E4 to E9 with neurotrophins. 1p , 0.001 LBR versus CON; 2p , 0.01
NGF versus SAL; 3p , 0.01 NGF versus SAL; 4p , 0.01 BDNF versus
SAL; 5p , 0.05 BDNF versus SAL; 6p , 0.05 NT3 versus SAL; 7p , 0.001
COMBO versus SAL and p , 0.01 COMBO versus NGF, BDNF, or NT3;
8p , 0.01 COMBO versus NGF, BDNF, NT3. See Materials and Methods
and Results.
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MNs and DRG sensory cells (Hollyday and Hamburger, 1977;
Carr and Simpson, 1978a,b). Because at least one limb-derived
neurotrophic factor, NT-3, has been implicated in the control of
cell proliferation in avian peripheral ganglia (Kalchiem et al.,
1992; Ockel et al., 1996), we have used BrdU incorporation to
examine the proliferation of precursor cells in the spinal cord and
DRG after LBR. Limb-bud deletion had no effect on the number
of BrdU-labeled cells within the spinal cord at any time from E3.5
to E7.5. Therefore, changes in proliferation cannot account for
the decreased number of MNs that result from LBR. This sup-

ports our observation that there are comparable numbers of
islet-1-labeled MNs present in the LMC ipsi- and contralateral to
LBR on E4.5, a stage when .95% of all MNs have become
postmitotic (Hollyday and Hamburger, 1977). (It is also impor-
tant to note that the presence of normal numbers of both sensory
and motor neurons in the ipsilateral LMC and DRG on E4.5 rules
out an effect of LBR on the migration of postmitotic MNs to the
ventral horn or of neural crest cells to the DRG.)

Similar to MNs, no significant differences were found between
the number of BrdU-labeled DRG cells ipsi- and contralateral to
LBR from E4.5 to E6.5, a period of active neurogenesis in the
DRG (Carr and Simpson, 1978a,b). Although the number of
ipsilateral BrdU-labeled DRG cells was reduced by 37% on E7.5,
this is after the major period of neurogenesis in the DRG and
therefore most likely reflects an indirect effect of LBR on non-
neuronal proliferation caused by increased neuronal loss (Carr
and Simpson, 1978a,b). For example, the proliferation of non-
neuronal Schwann cells is known to be controlled by neuronal-
derived signals (Morrissey et al., 1995; Lemke, 1996). Because
treatment of LBR embryos with NGF, NT-3, or BDNF also
failed to alter the proliferation of sensory neuron precursors (also
see Oakley et al., 1997), we conclude that neither the neuronal
loss after LBR nor the increased numbers of sensory neurons
after LBR plus neurotrophin treatment reflects an alteration of
neuronal precursor proliferation.

Trophic factor treatment rescues sensory and motor
neurons from PCD after LBR
Having excluded an effect of LBR on the proliferation, migration,
and differentiation of sensory and motor neurons, we conclude
that the major, if not the sole, effect of target deletion is on the
maintenance and survival of these neuronal populations. The
most reasonable explanation of this survival effect is the neuro-
trophic hypothesis; that is, that sensory and motor neurons com-
pete for limiting amounts of target-derived trophic factors. In this
scenario, if both normal and LBR-induced PCD is attributable to
trophic factor deprivation, then it should be possible to rescue
target-deprived neurons from PCD after LBR by treatment with
those putative trophic factors thought to normally control the
survival of sensory and motor neurons.

Although a number of different trophic factors and tissue
extracts have been shown to promote the survival of avian MNs
in vitro and in vivo (Oppenheim et al., 1993; Oppenheim, 1996b),
of these only CMX and GDNF were effective in rescuing MNs

Table 2. Effects of CMX and curare on motoneurons (mean 6 SD) on E7.5 after LBR

Treatment Ipsilateral (LBR) Contralateral (control)

Saline (A)10,436 6 970 (10) (H)17,506 6 2011b(10)
CMX (75 mg) (B) 9197 6 1009 (5) (I)17,562 6 1143b (5)
CMX (150 mg) (C)15,434 6 1688a(6) (J)19,704 6 1254c (6)
Curare (1 mg) (D)11,015 6 1114 (6) (K)21,827 6 1249d (6)
Curare (2 mg) (E)10,178 6 995 (5) (L)22,549 6 1377e (5)
CMX (75 mg) 1 curare (1 mg) (F)10,575 6 1200 (5) (M)22,680 6 1087f (5)
CMX (150 mg) 1 curare (2 mg) (G)14,790 6 1123 (5) (N)23,216 6 1281f (5)

Values in parentheses represent sample size.
ap , 0.01; (A vs C).
bp , 0.001; (H, I vs A, B).
cp , 0.05; (J vs H).
dp , 0.05; (K vs H).
ep , 0.01; (L vs H).
fp 5 NS; (M, N vs J, K, L).

Table 3. The number of healthy MNs (mean 6 SD) after treatment
with DEVD or BAF (40 mg)

Treatment

Healthy MNs (E6.5)

Control
(CON) LBR

Saline 16,734 (6617) 10,173a (6738)
n 5 7 n 5 7

DEVD 15,800 (6831) 8540 a (61,843)
n 5 5 n 5 5

BAF 15,462 (6804) 9634a (61,251)
n 5 5 n 5 5

ap , 0.001; t test vs CON. See Materials and Methods.

Figure 14. Pyknotic motoneurons (mean 6 SD) on E6.5–E7.0 ipsilateral
and contralateral to LBR after treatment with NAC or saline (SAL) on
E5 and E6 ( A). *p , 0.01. B, Surviving healthy motoneurons (mean 6
SD) on E6.5–E7.0 after NAC or saline treatment as noted above. *p ,
0.01; t test. See Materials and Methods and Results.
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after LBR. CMX was able to reduce the MN loss after LBR from
71 to 40% compared with saline-treated controls. Because this
substantial rescue effect was attained after treatment with only
one daily dose of CMX from E4 to E7, it seems possible that a
different treatment paradigm (e.g., a continuous source of exog-
enous CMX) might be able to rescue all of the MNs that die after
LBR (see Oppenheim et al., 1993). However, at present we
cannot exclude the possibility that some MNs in this situation die
for reasons other than target-derived trophic factor deprivation.
It is important to point out here, however, that neither CMX nor
any trophic factor so far tested has been able to rescue all of the
MNs that undergo normal PCD between E6 and E10 (Oppen-
heim, 1996b). Therefore, the failure of CMX to rescue all MNs
after LBR is not unique. The failure of several trophic factors to
rescue MNs after LBR despite their ability to promote survival
when administered during the normal period of MN PCD from
E6 to E9 (Oppenheim et al., 1993) could be interpreted as
supporting the argument that normal and LBR-induced MN
death are controlled by entirely different mechanisms. Although
we cannot entirely exclude this, we favor the idea that this may
reflect a developmental regulation of trophic factor dependencies.
In support of this, we have shown previously that BDNF only
promotes normal MN survival when administered during later
(E8–E10) versus earlier (E5–E7) stages of the normal cell death
period, and this effect is correlated with increased MN expression
of trkB after E7 (McKay et al., 1996). The present results with
HGF are interesting in that unlike any other factor tested, HGF
rescued MNs contralateral but not ipsilateral to LBR after treat-
ment from E4 to E7. HGF also rescued MNs from normal cell
death between E6 and E10.

Treatment of embryos after LBR with one or more of the
neurotrophins (NGF, NT-3, BDNF) rescued sensory neurons in
the DRG from both normal and LBR-induced cell death. In
accord with the relative proportion of DRG neurons known to
express one of the trk receptors (Oakley et al., 1997), NGF (trkA)
rescued more neurons than either NT-3 (trkC) or BDNF (trkB),
and the combination of all three neurotrophins rescued more
sensory neurons than any single factor. Because of the temporal
overlap between sensory neuron proliferation and PCD, it is not
possible to determine what proportion of the cells that undergo
normal PCD are rescued in this situation. However, if one com-
pares the peak number of sensory neurons present in the control
L3 DRG on E7.5 (;16,000) with the number present on E10
(.14,000) after the combination neurotrophin treatment (vs
10,000 in control embryos), it is clear that the neurotrophins are
remarkably effective. As was the case with MNs, however, the
neurotrophins were not able to rescue all sensory neurons in
either the normal control or target-deprived (LBR) DRG. After
LBR, the combination neurotrophin treatment resulted in the
survival of 44% more sensory neurons compared with the saline
control.

The failure of trophic factors to rescue all sensory or motor
neurons after LBR (or during normal PCD) can most likely be
attributed to less than optimal supplies of the exogenous (or
endogenous) factors or to a failure to test other known or novel
target-derived factors that may be required by these neuronal
populations. The first possibility is supported by the fact that
exogenous neurotrophins rescue more cells in the contralateral
versus ipsilateral (LBR) DRG (see Results). This suggests that
the trophic factor levels attained by exogenous treatment alone
are probably not saturating or optimal. Furthermore, in a recent
report exogenous NT-3 was shown to rescue virtually all trkC1

sensory neurons in the DRG after LBR (Oakley, 1997). There-
fore, in this situation an exogenous neurotrophin was able to fully
compensate for the loss of target-derived NT-3 (also see Ham-
burger and Yip, 1984).

Aberrant sensory neuron projections after LBR
After LBR, virtually all MNs undergo PCD, whereas 75% of
control numbers of sensory neurons survive for as long as 1 week
after the cessation of normal PCD in the apparent absence of
their peripheral targets. This rather striking difference between
the response of sensory and motor neurons to LBR has been
noted previously (Levi-Montalcini and Levi, 1942; Bueker, 1947)
and was attributed to the survival of a subpopulation of DRG
neurons with normal projections to nonlimb targets (e.g., to the
viscera or dorsal trunk skin and musculature). Other possible
explanations include aberrant projections to other targets, such as
the tail, or autocrine–paracrine trophic support of some sensory
neurons (Acheson et al., 1995). We have observed sensory pro-
jections to both the dorsal trunk (control and LBR) and the tail
(LBR only), and a combined LBR and tail ablation results in an
increased loss (33%) of sensory neurons on E9.5 compared with
LBR alone. Therefore, some but not all of the surviving sensory
neurons after LBR appear to be supported by aberrant projec-
tions to ectopic targets in the tail. It seems likely that the tail-bud
may be a source of NGF. Most of the DRG neurons that survive
after LBR are trkA1 and trkC2 (Oakley et al., 1997). If the tail
was a source of BDNF (or of other factors that promote MN
survival), then MN survival should also be affected after LBR
and tail-bud deletion. Because developing (vs adult) sensory neu-
rons are apparently not dependent on autocrine–paracrine-
derived trophic support (Acheson et al., 1995), it seems most
likely that the residual sensory neurons surviving after ablation of
both the limb and tail represent subpopulations that project to
nonlimb targets such as dorsal trunk and viscera or to the skin
covering the site of the LBR.

Activity blockade and MN survival after LBR
In a previous paper we reported that activity blockade with curare
rescues MNs from normal PCD but is without effect on MN
death after LBR (Pittman and Oppenheim, 1979). From this
evidence, we concluded that activity blockade rescues MNs by a
peripheral (neuromuscular) mechanism rather than by acting
centrally within the spinal cord (also see Oppenheim et al., 1997).
Recently, however, this conclusion has been challenged by the
suggestion that curare rescues MNs by binding to neuronal versus
muscle nicotinic acetylcholine receptors (nAChR) (Hory-Lee
and Frank, 1996). On the basis of an in vitro study, Hory-Lee and
Frank (1996) report that although curare itself does not promote
the survival of cultured MNs, it does potentiate the effects of
CMX. This raises the possibility that the reason curare fails to
rescue MNs from LBR in vivo is the absence of some critical
potentiating signal from the limb muscle targets of MNs. To test
this, we treated embryos with combinations of curare and CMX
after LBR. However, curare 1 CMX was no more effective than
CMX alone in rescuing MNs from LBR. When considered to-
gether with other evidence that supports a peripheral site of
action of activity blockade (Oppenheim et al., 1996, 1997), we
think that it is unlikely that neuromuscular blocking agents pro-
mote MN survival by binding to neuronal nAChRs in the CNS.
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MN death after LBR is not affected by NAC, BAF,
or DEVD
Previous studies have reported that after trophic factor depriva-
tion cultured neurons and glia can be rescued from PCD by
treatment with NAC (Mayer and Noble, 1994; Ferrari et al., 1995;
Greenlund et al., 1995), and we have found a similar effect of
NAC on cultured chick MNs after CMX deprivation (C. Milli-
gan, S. Wang, and R. W. Oppenheim, unpublished data). As
shown here, NAC also promotes normal MN survival in vivo, but
a similar dose fails to prevent MN loss after LBR. Interestingly,
MNs undergoing normal PCD on the contralateral control LMC
of these same embryos are rescued by NAC. Although the mech-
anism by which NAC prevents normal MN death is unknown, it
does not appear to result from increased intracellular glutathione,
because this effect of NAC is not blocked by the potent and
specific glutathione inhibitor buthionine sulfoximine (M. Burek
and R. W. Oppenheim, unpublished data).

Considerable evidence now supports the important role of ICE
family proteases in the PCD of neurons (Schwartz and Milligan,
1996). We previously reported that two peptide inhibitors of ICE,
Ac-YVAD-CHO and Ac-YVAD-CMK, rescued chick MNs from
normal cell death in vitro and in vivo but were ineffective in
preventing MN death after LBR (Milligan et al., 1995). In this
paper we have examined the effects of BAF and DEVD, two
additional inhibitors of ICE family proteases (Graybill et al., 1994;
Thornberry and Molineaux, 1995; Deshmukh et al., 1996). Al-
though both BAF and DEVD are able to rescue MNs from normal
PCD on E8.5 in vivo (Li et al., 1997), they fail to prevent MN death
after LBR. Furthermore, neither inhibitor reduced MN death on
the side contralateral to LBR on E6.5. Because none of the ICE
inhibitors we have tested prevent normal or LBR-induced MN
death on E6.5, this suggests that the intracellular pathway of cell
death is somehow different in this situation. This is somewhat
surprising because cultured MNs are also target-deprived, yet they
show a survival response to ICE inhibitors (Milligan et al., 1995; Li
et al., 1997). One notable difference in the two situations is that
after LBR, MNs never have an opportunity to contact their normal
targets, whereas cultured MNs are removed from the embryo on
E5.5 when they have already begun to innervate the limb. Limb-
derived signals may be necessary for the development of intracel-
lular death pathways mediated by ICE family proteases. Alterna-
tively, because these agents were also ineffective in preventing the
normal death of MNs contralateral to LBR on E6.5, all early dying
MNs may use non-ICE pathways of cell death. Recently, similar
examples of distinct cell death pathways have been described
(Smith and Osborne, 1997). For example, sympathetic neurons and
PC12 cells require a specific caspase (Nedd2) to undergo cell death
after NGF withdrawal but not after downregulation of superoxide
dismutase (Troy et al., 1997); the NGF-dependent survival of
sympathetic but not sensory neurons involves a phosphoinostide-3
kinase signaling pathway (Bartlett et al., 1997); and the induction of
apoptosis in Jurkat cells by the pro-apoptotic bcl-2 family member
Bax also appears to occur independent of ICE-like proteases
(Xiang et al., 1996). Finally, another alternative we cannot exclude
entirely is the possibility that significantly higher doses of, or
combinations of different, ICE inhibitors are required to block
early MN death. Because the morphological features of dying MNs
(e.g., apoptosis) after LBR are indistinguishable from normal
PCD (Oppenheim et al., 1978), however, and because trophic
agents and inhibitors of RNA and protein synthesis rescue MNs in
both situations (Oppenheim et al., 1990; present data) even if

intracellular mechanisms differ for early versus later PCD (i.e.,
NAC, ICE data), the two death pathways share many common
features as well.
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