
The “Waiting Period” of Sensory and Motor Axons in Early Chick
Hindlimb: Its Role in Axon Pathfinding and Neuronal Maturation

Guoying Wang and Sheryl A. Scott

Department of Neurobiology and Anatomy, University of Utah School of Medicine, Salt Lake City, Utah 84132

During embryonic development motor axons in the chick hind-
limb grow out slightly before sensory axons and wait in the
plexus region at the base of the limb for ;24 hr before invading
the limb itself (Tosney and Landmesser, 1985a). We have inves-
tigated the role of this waiting period by asking, Is the arrest of
growth cones in the plexus region a general property of both
sensory and motor axons? Why do axons wait? Does eliminating
the waiting period affect the further development of motor and
sensory neurons?

Here we show that sensory axons, like motor axons, pause in
the plexus region and that neither sensory nor motor axons
require cues from the other population to wait in or exit from the
plexus region. By transplanting older or younger donor limbs to
host embryos, we show that host axons innervate donor limbs on

a schedule consistent with the age of the grafted limbs. Thus,
axons wait in the plexus region for maturational changes to occur
in the limb rather than in the neurons themselves. Both sensory
and motor axons innervate their appropriate peripheral targets
when the waiting period is eliminated by grafting older donor
limbs. Therefore, axons do not require a prolonged period in the
plexus region to sort out and project appropriately. Eliminating
the waiting period does, however, accelerate the onset of natu-
rally occurring cell death, but it does not enhance the develop-
ment of central projections or the biochemical maturation of
sensory neurons.
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The overall time course and sequence of events in the development
of motor (Landmesser, 1988, 1994) and sensory neurons (Scott,
1992a) has been described in detail, although the underlying reg-
ulatory mechanisms are far from understood. In the chick hind-
limb, sensory axons grow out together with, but slightly later than,
motor axons (Tosney and Landmesser, 1985a; Landmesser and
Honig, 1986). Motor axons grow as far as the base of the limb and
then pause for 24 hr in the plexus region before growing into the
limb itself (Tosney and Landmesser, 1985a). Within the plexus
region the axons destined for particular peripheral targets come
together, sort out, and make specific pathway choices (Lance-Jones
and Landmesser, 1981; Tosney and Landmesser, 1985b,c). Both
motor and sensory neurons project accurately to their appropriate
peripheral targets from their earliest outgrowth (for review, see
Landmesser, 1988, 1994; Scott, 1992b). Once axons reach their
peripheral targets, both motor and sensory neurons undergo a
period of programmed cell death that serves to match the size of
the neuron population with its target (Oppenheim, 1991). Periph-
eral targets continue to influence the further differentiation of
sensory neurons. For example, target muscles can determine the
central projections of muscle afferents (Wenner and Frank, 1995).
Moreover, cross-innervation studies in adult rodents show that the
peripheral target can influence the biochemical phenotype of sen-
sory neurons (McMahon and Gibson, 1987).

A remaining enigma in this well documented developmental
sequence is the waiting period of axons as they invade the limb.
The reasons for and the functional consequences of this waiting
period are unknown. Whether the arrest of growth cones in the

plexus region is a general property of both sensory and motor
axons is unknown also. We have begun to investigate the waiting
period in the context of the normal development of motor and
sensory neurons. In particular, we have asked, Do sensory neurons
also pause in the plexus region before invading the limb? Do
neurons wait in the plexus region for maturational changes in the
limb or in the neurons themselves? Do neurons require the waiting
period to project accurately to their appropriate peripheral targets?
How does elimination of the waiting period affect the further
differentiation of the neurons? Our results indicate that sensory
neurons, like motor neurons, pause for ;1 d in the plexus region.
An analysis of axon outgrowth in embryos with transplanted older
limbs showed that axons wait in the plexus region for maturational
changes to occur in the limb. Neither population, however, requires
the waiting period to project accurately to its peripheral targets.
Elimination of the waiting period, which results in precocious
innervation of peripheral targets, accelerates the onset to naturally
occurring cell death, but it does not influence the development of
central connections or the maturation of some biochemical prop-
erties of sensory neurons.

Some of this work has been presented in abstract form (Scott and
Wang, 1999; Wang and Scott, 1999a).

MATERIALS AND METHODS
General
Fertile White Leghorn chick eggs from a local supplier were incubated in
a humidified forced-draft incubator at 38°C. Embryos were staged accord-
ing to Hamburger and Hamilton (1951) at the time of surgery and at death.

Embryonic surgery
Several types of surgical manipulations were performed on embryos be-
tween stage (St.) 15 and St. 22 [embryonic days 2.5–3.5 (E2.5–E3.5)]. A
window was cut in the shell over the embryo. The vitelline and amniotic
membranes over the posterior part of the embryo were torn open, and the
area was stained lightly with 0.5% sterile neutral red in Ringer’s solution
(Scott, 1984). The desired portion of the tissue was excised with sharpened
tungsten needles, as described below. The embryo was moistened with
several drops of Ringer’s solution. Eggs were sealed with paraffin and a
coverslip and returned to the incubator until the desired stage.

Motor and sensory neuron removal. To test whether sensory neurons
require motor neurons to wait in or exit from the plexus region, we
eliminated motor neurons at St. 17–18 by aspirating the ventral two-thirds
of the neural tube, leaving the dorsal one-third of the neural tube (includ-
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ing neural crest) intact, as described previously (Landmesser and Honig,
1986; Scott, 1988; Wang and Scott, 1999b). To test whether motor axon
outgrowth is influenced by sensory axons, we eliminated sensory neurons
by removing the neural crest at St. 15–16 (Scott, 1984), leaving the ventral
neural tube intact.

Heterochronic limb transplantation. Older donor limb buds were prepared
from St. 21–22 embryos by severing the limb bud adjacent to the lateral
boundary of the somites. Then donor limb buds were transferred to
younger (St. 17) host embryos from which one limb bud similarly had been
removed. Conversely, younger limb buds were transplanted from St. 17–18
donors to older St. 21–22 hosts. In each case the undisturbed contralateral
host limb bud served as a control for the grafted limb. As a further control,
several St. 17 or St. 21 embryos received sham operations in which one
limb bud was simply removed and replaced. Moreover, in a few donor
embryos we removed the whole neural tube opposite somites 22–31 at St.
15–16 before axon outgrowth. Denervated donor embryos were allowed to
develop to St. 21–22, when their aneural limbs were transplanted to normal
St. 17 hosts.

To determine the extent of limb tissue that was transplanted, in partic-
ular whether or not the plexus region was derived from transplanted or
host tissue, in a few cases we transplanted an older quail limb bud onto a
younger chick host. Embryos with obvious abnormalities or that did not fit
the criteria described in Results were discarded.

Retrograde labeling
To analyze the peripheral and central innervation patterns in transplanted
limbs, we retrogradely labeled sensory and/or motor neurons with DiI [2.5
mg/ml in dimethylformamide (DMF); Molecular Probes; Eugene, OR] in
operated embryos at St. 29–34. Embryos were removed from the eggs and
placed in a bath of oxygenated Ringer’s solution at room temperature. The
embryos were decapitated and eviscerated, and a ventral laminectomy was
performed. Dorsal root ganglia (DRGs) from the last thoracic (T7) to the
fourth lumbosacral (LS4) segment or selected hindlimb muscles (sartorius,
femorotibialis, or adductor) were exposed and injected with DiI. After
injection the embryos were maintained in oxygenated Ringer’s solution at
28°C for 6 hr, when they were fixed in 4% paraformaldehyde. Then the
embryos were stored in paraformaldehyde at 37°C for another 2–3 weeks
to allow for thorough retrograde labeling.

Injected embryos were observed first as whole mounts with fluorescence
optics to assess the overall pattern of transported dyes. Subsequently, a
region of the embryo containing the spinal cord and DRGs from T6
through the lumbosacral enlargement was cut out and embedded in gela-
tin–albumin. Blocks were hardened overnight with 1% glutaraldehyde and
serially sectioned at 80 mm with a vibratome. To observe the mediolateral
distribution of motor neurons and the central projections of sensory
neurons in the spinal cord, we cut the blocks transversely; to observe the
segmental distribution of motor and sensory neurons, we cut other blocks
longitudinally. Sections were mounted in 90% glycerol /10% PBS contain-
ing 0.1% p-phenylenediamine (Johnson and Nogueira Araujo, 1981) to
retard fading. Labeling was viewed with a Zeiss Axioskop microscope or
an Olympus Fluoview confocal scanning laser microscope.

Immunohistochemistry
To distinguish between sensory and motor axons in single sections, we
double-labeled sections, using one antibody that stains all axons [3A10,
1:100; Developmental Studies Hybridoma Bank (DSHB), University of
Iowa, Iowa City, IA] and a second antibody that labels only sensory axons
(anti-trkC; kindly provided by Dr. F. B. Lefcort, Department of Biology,
Montana State University, Bozeman, MT). Axons that stained with 3A10,
but not with anti-trkC, were considered to be motor neuron axons. Quail
cells were identified with QCPN (1:50; DSHB). To examine the biochem-
ical maturation of sensory neurons, we stained sections with anti-substance
P (1:200; PharMingen, San Diego, CA) or anti-trkA (1 mg/7 ml; provided
by Dr. Lefcort).

Normal and operated embryos from St. 20–26 were fixed in 4% para-
formaldehyde for several hours to overnight (depending on the stage),
cryoprotected in 20% sucrose in PBS, and sectioned with a cryostat. For
staining with all antibodies except anti-trk, the sections were incubated for
1 hr at room temperature in PBS containing 5% normal goat serum (NGS)
and 0.1% Triton X-100. Then the sections were incubated at 4°C overnight
in primary antibody diluted in the same buffer. Immunoreactivity was
detected by using FITC, rhodamine, and/or Texas Red-conjugated second-
ary antibody. Anti-trkC and anti-trkA staining was amplified with Tyra-
mide Signal Amplification (TSA, New England Nuclear, Boston, MA).

Cell death
To analyze cell death of motor and sensory neurons in embryos with
heterochronic limb transplants, we fixed embryos from St. 28–36 in Bouin’s
solution for at least 24 hr, dehydrated them in graded ethyl alcohol, and
embedded them in paraffin. Transverse 8–10 mm sections were stained
with cresyl violet or thionine. In one-half of the operated embryos motor
neurons were counted in every tenth section of both sides of the embryo
from segment LS1 through LS8, as described by Clarke and Oppenheim
(1995). In the other half the motor neurons were counted only in segment
LS3. To estimate the size of DRGs, which was taken as an indication of
sensory neuron number, we measured the diameter of the largest profile of

the LS3 DRG on both the experimental and control sides, using Image-1
software (Universal Imaging, West Chester, PA).

In addition, apoptotic motor and sensory neurons were identified with
TUNEL staining in paraffin sections by using an In Situ Cell Death
Detection kit (catalog #1684795, Roche Molecular Biochemicals, India-
napolis, IN). Labeled motor and sensory neurons were counted in every
third section throughout segment LS3 on both sides of the embryo.

RESULTS
Sensory and motor axon outgrowth through the
plexus region
Normal axon outgrowth
During normal development the motor axons grow as far as the
base of the hindlimb and then pause for 24 hr in the plexus region
before invading the limb itself (Tosney and Landmesser, 1985a).
To determine whether sensory axons, which grow out slightly later
than motor axons (Tosney and Landmesser, 1985a; Landmesser
and Honig, 1986) (Fig. 1), also wait in the plexus region, we
compared the time course of sensory axon growth into the limb
with that of all axons and of motor neurons in embryos from St.
20–25. Sensory axons were identified with anti-trkC, as described
in Materials and Methods.

The pattern of early sensory axon growth closely parallels that of
all axons. Outgrowth of sensory axons from rostral lumbosacral
dorsal root ganglia (DRGs LS1–3) is obvious by St. 21, and many
axons have arrived at the plexus region by St. 22 (Fig. 2D). They
did not emerge from the plexus region and enter the limb proper
until late St. 24 (Fig. 2E,F). Thus, sensory axons like motor axons
wait in the plexus region for ;24 hr before advancing into the limb.

Sensory axon outgrowth in the absence of motor neurons
Both anatomical evidence (Tosney and Landmesser, 1985b) and
experimental evidence (Landmesser and Honig, 1986; Scott, 1988)
suggest that motor axons may direct sensory axon outgrowth. Thus,
sensory axon growth may be arrested in the plexus region simply
because motor axons pause there for 1 d. To test this possibility, we
removed motor neurons at St. 17, before axon outgrowth, and
charted the timing of sensory axon outgrowth in the absence of
motor neurons. Fifteen of the 70 operated embryos survived and
were missing motor neurons from at least segments LS1–3. No
ventral horn formed in the operated region, but DRGs developed
normally (arrows, Fig. 2G–I).

Sensory axon outgrowth in the absence of motor neurons was

Figure 1. Sensory axons grow out slightly later than motor axons. Shown
is a transverse section through the spinal cord and plexus region of a St. 22
embryo stained with 3A10 to label all neurons and stained with anti-trkC to
label sensory neurons. Motor axons are labeled only with 3A10 and appear
green; sensory axons are double-labeled and appear yellow. Note that
sensory axons lag only slightly behind motor axons.
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indistinguishable from normal. Sensory axons reached the plexus
region at approximately St. 21 (data not shown) and accumulated
in this region during St. 22 (Fig. 2G) and St. 23 (Fig. 2H). They
began to exit the plexus region late in St. 24 (data not shown) and
clearly had begun to grow into the limb by St. 25 (Fig. 2 I).
Moreover, in the absence of motor neurons the sensory axons
diverged into dorsal and ventral branches like normal. Thus, sen-
sory axons can grow to the plexus region, pause there, and exit
appropriately from this region on schedule without cues from
neighboring motor neurons.

Motor axon outgrowth in the absence of sensory neurons
Because sensory axons grow out slightly later than motor axons
(Tosney and Landmesser, 1985a; Landmesser and Honig, 1986)
(see Fig. 1), we asked whether motor axons pause to allow sensory
axons to catch up before invading the limb. To approach this
question, we eliminated sensory neurons by removing the dorsal
half of the neural tube including the neural crest opposite somites
22–31 at St. 15–16, leaving the ventral neural tube intact, and

charted the time course of motor axon outgrowth. Seven of the 15
operated embryos survived and were missing DRGs LS1–3 (or
more). As illustrated in Figure 2J–L, in the absence of sensory
neurons the motor axons grew out, paused, and invaded the limb
normally.

Sensory and motor axon outgrowth after heterochronic
limb transplantation
Together, these results show that sensory and motor axons can
grow to, wait in, and exit from the plexus region independently of
each other. We next asked why these axons wait in the plexus
region and what allows them to leave. Are outgrowing axons too
immature to respond to permissive cues in the limb, or is the limb
itself not yet favorable for axon growth? To distinguish between
these possibilities, we analyzed axon growth and the waiting period
in embryos in which we grafted an older St. 21–22 limb bud onto a
younger St. 17 host. If axons from younger embryos grow directly
into the older limb without stopping in the plexus region, this
would suggest that axons pause to allow maturational changes to

Figure 2. Transverse sections through embryos of different stages show the timing of sensory and motor axon outgrowth. A–C, Sections stained with 3A10
to show normal outgrowth of all axons (both sensory and motor). D–F, Sections stained with trkC to show normal outgrowth of sensory axons. G–I, Sensory
axon outgrowth in the absence of motor neurons. After early removal of the ventral neural tube the lateral motor column is missing, but DRGs (arrows)
still develop. J–L, Outgrowth of motor axons in the absence of sensory neurons. After neural crest removal, DRGs are missing, but the lateral motor
column develops normally. Note that axon outgrowth in each condition is similar to that of the normal control axons shown in the top row.
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occur in the limb. Conversely, failure of axons to invade the older
limb until the host reaches St. 24–25 would suggest that younger
axons are incapable of responding to cues from the limb, and the
waiting period enables maturational changes to occur in the axons.

Eighty-five of the 260 operated embryos survived and had
normal-appearing transplanted limbs. Embryos in which the trans-
planted limb was deformed or developed a hemorrhagic clot were
discarded. In addition, five chick hosts successfully received quail
limb bud transplants. Further, 14 St. 17–18 embryos, all of which
survived, received sham operations in which the limb bud simply
was removed and replaced.

As described previously (Swanson and Lewis, 1982), the grafted
hindlimbs developed according to their own autonomous timeta-
ble. Thus, at the time of analysis the grafted limb was larger and
one to three stages more mature than the host limb, as illustrated
in Figure 3, A and B. However, because early developmental stages
are shorter than later stages, as the embryos matured the absolute
difference in the number of stages between the host and grafted
limbs became smaller. Anti-quail antibody staining showed that the
entire limb, including part of the plexus region, was derived from
transplanted tissue (Fig. 3C). Thus, axons from the host embryo
encountered older, more mature tissue as they exited from the
plexus region and entered the transplanted donor limb.

The initial outgrowth of axons toward the plexus region was

nearly identical on both the operated and control sides of the
embryo. For example, in the embryo shown in Figure 4A (St. 22
host: St. 23.5 graft), axons have reached the plexus region but have
not entered either limb. Similar results were obtained in four
additional embryos in which the donor limb was St. 24 or younger.
Analysis of slightly older embryos showed that axons innervated
grafted limbs on a schedule dictated by age of the limb rather than
the age of the host, as illustrated in Figure 4B. In this embryo the
axons have grown into the grafted St. 25 limb but still are waiting
like normal in the plexus region of the St. 23 host limb. Innervation
of the grafted and host limbs is indistinguishable from innervation
of normal St. 25 and St. 23 limbs, respectively. Similar results were
obtained in three other St. 23 host: St. 25 transplant embryos. This
pattern was maintained at later stages; innervation of donor limbs
(St. 27–28) was more extensive than that of the younger hosts (St.
25–26) (n 5 5; Fig. 4C), as previously reported (Swanson and
Lewis, 1982).

Together, these results suggest that axons wait in the plexus
region for maturational changes to occur in the limb. However, the
plexus region in donor limbs already had been invaded by axons
when the limb bud was excised. This early innervation could alter
the plexus region, thereby allowing host axons to exit prematurely
after heterochronic transplantation. To eliminate this possibility,
we transplanted aneural St. 21 limb buds (see Materials and Meth-

Figure 3. After transplantation of older donor limbs, grafted limbs (lef t in each panel) develop normally and are more mature than host limbs. A, An
embryo immediately after transplantation of a St. 22 limb bud to a St. 17 host embryo. B, The embryo shown in A has developed to St. 23, whereas the
transplanted limb is now St. 25. C, The plexus region is partly included in the transplanted tissue. Shown is a transverse section through an embryo in which
a quail limb bud was transplanted to a younger chick host. Quail tissue is identified with antibody QCPN.

Figure 4. Axons from the host embryo grow into donor limbs (lef t in each panel) on a schedule appropriate for the age of the transplanted limb. A, Axons
have not yet grown into the St. 23.5 transplanted limb or St. 22 host limb. B, Axons have begun to grow into the St. 25 grafted limb but are still waiting
in the plexus region of the host St. 23 limb. C, Axons have grown more extensively into the St. 27.5 grafted limb than into the St. 25 host limb. D, Axons
have grown into the St. 24.5 aneural transplanted limb and have distributed normally, whereas they have not yet left the plexus region in the host St. 23
limb. E, Axons from a St. 25 host embryo have accumulated in the plexus region of the St. 22 donor limb, but only a few axons (arrow) have entered the
immature limb.
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ods) to normal St. 17 hosts. In all six embryos that were examined,
axons innervated the donor limb on a schedule appropriate for the
transplanted limb (Fig. 4D). Moreover, axons diverged into dorsal
and ventral bundles, as in normal embryos. Thus, the accelerated
innervation of grafted older limbs does not result from their
previous innervation.

To test further whether the waiting period is attributable to
maturational changes in the neurons or in the limb, in a few cases
we grafted younger limb buds onto older donor embryos (n 5 7).
From the results described above, we expected that host axons
would wait in the plexus region until the transplanted limb reached
St. 24–25, regardless of the age of the host. Indeed, most host axons
grew out and accumulated in the plexus region of the younger
transplanted limb. However, a few axons escaped this region and
projected into the grafted limb despite its relatively immature age,
as shown in Figure 4E. Nevertheless, innervation of these young
limbs always lagged behind that of the older host limb. Further
examination of control embryos receiving sham operations at St. 21
(see below) indicated that this operation resulted in the death of
some host neurons, most likely neurons whose axons were severed
during surgery. Thus, embryos in which younger limb buds were
transplanted onto older hosts were not studied further.

Specificity of sensory and motor neuron projections
after heterochronic limb transplantation
During normal development the axons from different segmental
levels come together within the plexus region and sort out before
projecting selectively to their respective peripheral targets (Tosney
and Landmesser, 1985b). As described above, we have shown that
the waiting period of axons in the plexus region essentially can be
eliminated by transplanting an older limb bud onto a younger host
embryo. In these embryos the axons grow into the transplanted
limb with little or no delay. Thus, we have used this preparation to
ask whether the waiting period is essential for motor and sensory
neurons to establish their appropriate peripheral projections.

To investigate this, we injected DiI into the sartorius, femo-
rotibialis, or adductor muscle of eight embryos with grafted limbs
that were one to two stages older than their St. 30–32 hosts. The
rostrocaudal distributions of labeled sensory and motor neurons
innervating host and donor muscles were identical, as shown in the
longitudinal section in Figure 5A. Similar results were obtained in
one additional embryo sectioned longitudinally and in six embryos
sectioned transversely. Moreover, the transverse sections of oper-
ated embryos showed that the mediolateral distribution of motor
neurons innervating transplanted limbs was also normal. For ex-
ample, adductor motor neurons innervating host and donor limbs
were located medially (Fig. 5B), whereas sartorius motor neurons
were located laterally (Fig. 5C). Thus, the peripheral projections of
motor and sensory neurons are established appropriately when
axons grow into the limb without first pausing within the plexus
region. The possibility exists, however, that there are subtle
changes in innervation patterns [for example, changes in spatial

relationships among sensory and motor axons in peripheral
nerves (Honig et al., 1998)] when the waiting period is eliminated.
Such changes would not have been detected with the techniques
used here.

Maturation of motor and sensory neurons after
premature innervation of peripheral targets
Sensory and motor axons grow into grafted limbs several stages
earlier than into host limbs after heterochronic transplantation of
older donor limbs. To determine whether this premature innerva-
tion of peripheral targets accelerates neuronal maturation, we
analyzed three aspects of neuronal development in operated em-
bryos—programmed cell death, the development of central projec-
tions of sensory neurons, and the biochemical maturation of sen-
sory neurons.

Programmed cell death
A cursory examination of transverse sections of operated embryos
suggested that premature innervation of grafted limbs affected
programmed cell death. The lateral motor column (LMC) and
DRGs that innervated older, donor limbs appeared smaller than
the respective control neuron populations (Fig. 6A–D). In contrast,
the size of the LMC and DRGs was similar on the two sides of
sham-operated embryos (data not shown), indicating that the ap-
parent reduction in the size of the LMC and DRGs after hetero-
chronic limb transplants resulted from the early innervation of
targets in older donor limbs rather than from the surgery itself. To
quantify these apparent differences, we counted surviving motor
neurons in the LMC throughout the entire lumbosacral region in
six embryos and in segment LS3 in five additional embryos (Table
1). Cell counts confirmed that at most stages that were examined
fewer motor neurons innervated the older transplanted limb. The
difference in the number of motor neurons innervating the two
limbs was not distributed across the entire LS region but instead
was concentrated within one to two spinal segments in each em-
bryo, again suggesting that this difference was not simply an artifact
of surgery. There was a tendency for the biggest differences be-
tween control and experimental LMC to occur at more rostral
segmental levels in younger embryos and at progressively more
caudal levels in progressively older embryos, mirroring the normal
rostrocaudal progression of cell death (Gould et al., 1999). For
example, in embryo WP110 (St. 28: St. 29) the greatest difference
occurred in segment LS1 (host /graft 5 1.23), whereas in embryo
WP174 (St. 36: St. 361) the greatest difference occurred in seg-
ment LS7 (host /graft 5 1.68). Moreover, examination of the LMC
in a single segment, such as LS3, suggested that cell death occurred
independently in control and experimental LMC but that pro-
grammed cell death had a head start on the experimental side. The
difference in the number of LS3 motor neurons innervating host
and donor limbs in very young or relatively old embryos was
negligible, but it was significant at St. 30–32 ( p 5 0.003; paired
Student’s t test). These results are explained most easily if cell

Figure 5. Sensory and motor axons project to the appropriate peripheral targets when the waiting period is eliminated by transplantation of an older
donor limb. A, Longitudinal sections through the spinal cord and DRGs show that sensory and motor neurons innervating femorotibialis muscle in
host (lef t) and donor (right) limbs are located in the same segments. Photographs are from adjacent sections of the same embryo. B, C, Transverse
sections show that motor neurons innervating the adductor muscle in host and donor limbs are located medially ( B), whereas sartorius motor
neurons are located laterally ( C).
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death had not yet begun at LS3 in the youngest embryos, was well
underway among motor neurons innervating St. 31–32 donor limbs,
and was complete on both sides of the oldest embryos.

Sensory neuron survival was assayed by measuring the diameter
of the largest profile of DRG LS3 on both sides of all operated
embryos. On average, DRG LS3 was ;10% larger on the control
side (Table 1), suggesting that cell death also began earlier among
sensory neurons innervating older donor limbs.

To verify that programmed cell death indeed did occur earlier in
neurons innervating older limbs, we performed TUNEL staining
on sections of four embryos with grafted older limbs. Apoptotic
cells were observed in the LMC and DRGs on the operated side
before the onset of cell death on the control side, and apoptotic
cells were more abundant in the LMC and DRGs on the oper-
ated side at all stages that were examined (St. 28-St. 32) (Fig. 6 E,
Table 2).

Together, these results show that early target innervation accel-
erates the onset of programmed cell death. Possible mechanisms
responsible for triggering cell death prematurely are discussed
below. Similar analyses were not performed in embryos with trans-
planted younger limbs, because motor neurons were depleted after
sham operations performed at St. 21–22.

Central projections and biochemical maturation of
sensory neurons
It is well established that peripheral targets can influence the
development and specificity of central connections of muscle affer-
ents (Wenner and Frank, 1995). Thus, we asked whether premature
innervation of peripheral targets also accelerates the establishment
of central projections of sensory neurons. To test this possibility, we
injected DiI into individual muscles (n 5 8) or DRGs (n 5 8) in
embryos with grafted older limbs and examined the central pro-
jections of sensory neurons in transverse sections. During normal
development sensory afferents at lumbosacral levels begin to arrive
at the edge of the spinal cord (the dorsal root entry zone, or
DREZ) by St. 25 but do not grow appreciably into the future gray
matter until after St. 30 (Lee et al., 1988; Davis et al., 1989; Sharma
et al., 1994). The development of central projections followed this
time schedule on both control and operated sides, despite the fact
that sensory neurons reached their peripheral targets several stages
earlier on the operated side. For example, as shown in Figure 7A,
sensory axons have not left the DREZ on either side of this St. 29
embryo, although they innervate a St. 31 transplanted limb. At later
stages, once axons begin to invade the gray matter, the central
projections are nearly identical on both sides, as illustrated in
Figure 7B (St. 32 host: St. 34 graft). Similar results also were
observed in the eight other embryos that were examined for selec-
tivity of peripheral projections (see above).

Several biochemical markers of sensory neurons begin to appear
at approximately the time that axons reach their peripheral targets,
suggesting that the acquisition of these markers may be triggered
by target innervation. For example, substance P (New and Mudge,
1986) and trkA (this study) are first detectable in lumbosacral
DRGs at approximately St. 24–25, and staining becomes more
robust at later stages. To investigate whether the appearance of
these biochemical markers can be accelerated by early innervation
of peripheral targets, we stained frozen sections of embryos with
heterochronic limb transplants with anti-substance P and anti-trkA
at selected embryonic stages. There was no obvious difference in
expression of either substance P (Fig. 7C) or trkA (Fig. 7D) in
DRGs on the host and experimental sides, although these DRGs
innervated St. 25–26 and St. 27–28 limbs, respectively.

DISCUSSION
Although “waiting periods” have been well documented in several
systems (Tosney and Landmesser, 1985a; Shatz et al., 1990; Sharma
and Frank, 1994), neither their underlying mechanisms nor their
functional significance is well understood. The experiments de-
scribed here address these issues for sensory and motor axons that
wait in the plexus region of the hindlimb during embryonic devel-
opment. By transplanting older or younger donor limbs to host
embryos, we have shown that axons wait in the plexus region for
maturational changes to occur in the limb rather than in the
neurons themselves. Neither sensory nor motor axons require a
prolonged delay in the plexus region to project to their appropriate
peripheral targets. Furthermore, our results suggest that premature
target contact can accelerate the onset of programmed cell death
but does not enhance the development of central connections or
biochemical maturation of sensory neurons.

Functional significance of the waiting period
Timing of sensory and motor outgrowth
Tosney and Landmesser (1985a) first described the waiting period
of motor axons in the plexus region in the chick hindlimb. Their
observation that outgrowth of sensory axons lags behind that of
motor axons (see Fig. 1) suggested, however, that sensory axons
might enter the limb without pausing in the plexus region. We have
shown that this is not the case. Sensory axons reach the plexus
region only slightly later than motor axons, wait for ;1 d, and then
advance into the limb with the motor axons. Moreover, by elimi-
nating either motor or sensory neuron precursors, we have shown
that the timing of outgrowth of each population is unaffected by the
presence or absence of the other. These observations are consistent

Figure 6. Innervation of older donor limbs accelerates the onset of natu-
rally occurring cell death among motor (A, B) and sensory (C, D) neurons.
Both the lateral motor column (A) and DRGs (C) that innervate older
donor limbs (A, St. 32; C, St. 33) are smaller than those innervating the
respective control host limbs (B, St. 30; D, St. 31). A and B are from a single
representative section of segment LS3. C and D show the largest profile of
DRG LS3 on each side of one operated embryo. There were no differences
in the size of the lateral motor column or DRGs after sham operations
(data not shown). E, TUNEL staining of a transverse section through a St.
29 embryo with an older donor St. 32 limb (lef t). Apoptotic motor and
sensory neurons are more abundant among neurons innervating the older
donor limb.
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with our previous findings that sensory and motor innervation
patterns can develop independently in embryonic chick hindlimbs
(Wang and Scott, 1999b).

What cues are responsible for the waiting period?
Why do axons wait in the plexus region and what allows them to
leave? One possibility is that outgrowing axons are too immature to
respond to permissive cues in the limb. Alternatively, the limb may
not yet be favorable for axon growth. Our data from heterochronic
limb transplants support the latter hypothesis. Axons from host
embryos innervated donor limbs on a schedule dictated by the age
of the limb. This finding is consistent with previous work by
Swanson and Lewis (1982), who mapped innervation patterns in
embryos after heterochronic wing transplants. Our studies, how-
ever, focused on the initial ingrowth of axons into the limb, whereas
the earlier studies examined embryos at stages when innervation
patterns were well established. Thus, we have shown that the
accelerated development observed in earlier studies is attributable
to axons growing into older donor limbs without first pausing in the
plexus region.

Our findings are also consistent with the observation that in vitro
motor neurons will not grow on slices of limb taken from St. 22
embryos, but they will grow readily on slices from older embryos

(Landmesser, 1988), as if the younger limb tissue either lacks
attractive factors or expresses inhibitory factors.

The molecular nature of the signals that permit axons to leave
the plexus region and invade the limb is unknown. Candidates
include inhibitory and permissive molecules for which the expres-
sion pattern changes at approximately the time that axons grow
into the limb [e.g., chondroitin-6-sulfate (Oakley and Tosney,
1991), ephA7 (Araujo et al., 1998), semaphorin III (Wright et al.,
1995), various isoforms of laminin (Lentz et al., 1997)]. Clearly,
discovering the signals that control axon growth into the limb and
the mechanisms that regulate their expression is a challenging task.

Functional consequences of eliminating the
waiting period
Specificity of target innervation
The plexus is an important region in which axons destined for
individual targets come together, sort out, and make specific path-
way choices (Lance-Jones and Landmesser, 1981; Tosney and
Landmesser, 1985b,c). During normal development axons spend
;1 d in the plexus region before projecting to their respective
targets. Here we have shown that this prolonged delay is not
required for axons to project accurately to their appropriate pe-
ripheral targets. The distributions of motor and sensory neurons
retrogradely labeled from individual muscles in host and older
transplanted limbs were indistinguishable, despite the fact that
axons grew into the donor limbs with little or no delay. Whether the
waiting period can be eliminated in other systems without affecting
the accuracy of target innervation is unknown.

Neuronal maturation
After transplantation of older donor limbs, host neurons project to
limbs that are one to three stages more mature than host limbs.
Because peripheral targets clearly can influence some aspects of
neuronal phenotype [e.g., neuronal survival (Calderó et al., 1998),
peptide expression (McMahon and Gibson, 1987), central connec-
tivity (Wenner and Frank, 1995)], we asked whether innervation of
older, more mature targets that occurs after heterochronic limb
transplantation would accelerate neuronal maturation.

Programmed cell death
For example, programmed cell death of motor and sensory neurons
normally is regulated by their peripheral targets (Hollyday and
Hamburger, 1976; Carr and Simpson, 1978; Calderó et al., 1998).
We found that fewer healthy motor and sensory neurons and more
apoptotic neurons innervated older donor limbs than innervated
the control limb in the same embryo. Several lines of evidence

Table 1. Relative number of motor and sensory neurons innervating older donor and host limbs

Embryo
Limb stages
Host:Grafted

Host/Grafted

Motor neurons
in LS1–LS8

Motor neurons
in LS3 DRG LS3

WP 97 St. 27:St. 29 — 1.03 1.15
WP 110 St. 28:St. 29 1.05 1.11 1.05
WP 148 St. 30:St. 31 1.08 1.23 1.27
WP 101 St. 30:St. 31 1.10 1.14 1.26
WP 120 St. 30:St. 31 — 1.15 1.17
WP 122 St. 30:St. 31 — 1.34 1.12
WP 135 St. 31:St. 32 — 1.79 1.36
WP 136 St. 31:St. 33 1.13 1.22 1.09
WP 149 St. 30:St. 32 1.14 1.16 —
WP 167 St. 36:St. 361 — 1.04 1.11
WP 174 St. 36:St. 361 1.08 0.98 0.90
Sham 3 St. 30:St. 30 1.03 1.04 1.00
Sham 4 St. 32:St. 32 0.99 1.00 1.04

Surviving motor neurons were counted throughout segments LS1–LS8 in six embryos and in segment LS3 in an additional five embryos with older donor limbs (WP) and in
two sham-operated (Sham) embryos. The diameter of the largest profile of DRG LS3 also was measured. —, Not done. Values are expressed as the ratio of host /grafted.

Table 2. Relative number of apoptotic motor and sensory neurons in
embryos with older donor limbs

Limb stages

Embryo
Grafted:
Host Grafted/Host

Motor neurons
WP 142 St. 31:St. 29 2.59
WP 145 St. 30:St. 28 3.14
WP 160 St. 31:St. 28 5.06
Sham 7 St. 28:St. 28 0.88

Sensory neurons
WP 142 St. 31:St. 29 3.76
WP 160 St. 31:St. 28 7.25
WP 161 St. 30:St. 28 1.60
Sham 7 St. 28:St. 28 1.09

Apoptotic motor and sensory neurons identified with TUNEL staining were counted
in segment LS3 in four embryos with older donor limbs (WP) and in one control
sham-operated embryo and were expressed as the ratio of grafted/host.
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indicate that these differences reflect the precocious onset of cell
death. First, decreased production of neurons is unlikely to con-
tribute to the observed differences because the periphery does not
appear to influence neuron proliferation (Hollyday and Ham-
burger, 1976; Calderó et al., 1998). Second, neuron number was not
altered in sham-operated embryos. Third, the numbers of surviving
motor neurons on each side of operated embryos were similar to
values previously reported for embryos of the same age as the
respective limbs (Calderó et al., 1998). Finally, the overall pattern
of neuronal survival, as described in Results, mirrored the general
rostrocaudal progression of cell death (Gould et al., 1999). Such
consistencies would not be expected if the reduction in neuron
number were an artifact of surgery.

Why does innervation of older donor limbs trigger the early
onset of neuronal cell death? The most parsimonious explanation
is that axons that innervate older donor limbs contact peripheral
targets earlier than usual. During normal development the neurons
require target-derived neurotrophic factors for survival (Oppen-
heim, 1991). Production of neurotrophic factors and neuronal de-
pendence on these factors first appear at approximately the time
that axons contact peripheral targets (Davies et al., 1987; Vogel and
Davies, 1991). In vitro, premature exposure to neurotrophic factors
triggers premature dependence on these factors (Vogel and Davies,
1991). Thus, in our experiments the precocious innervation of
transplanted limbs most likely caused the precocious dependence
of host neurons on limb-derived trophic factors, thereby accelerat-
ing the onset of naturally occurring cell death.

Central projections and biochemical maturation of
sensory neurons
During normal development sensory neurons also observe a wait-
ing period before projecting to targets in the spinal cord (Lee et al.,
1988; Davis et al., 1989; Sharma et al., 1994). This waiting period
was still observed by sensory neurons in operated embryos. Central
projections developed on schedule and were not accelerated by
premature innervation of older donor limbs. This perhaps is not
surprising, because cells in the dorsal horn express inhibitory
molecules such as collapsin (Shepherd et al., 1996, 1997) when
sensory axons first arrive there. Growth-promoting molecules such
as slit2 protein (Wang et al., 1999) begin to appear and collapsin
disappears (Shepherd et al., 1996, 1997) at approximately the time
that axons invade the gray matter. Whereas it is clear that periph-
eral targets can determine the central connections of sensory neu-
rons (Wenner and Frank, 1995), our results show that precocious

innervation of these targets does not promote sufficient maturation
of either sensory neurons or the spinal cord to accelerate the
establishment of central connections.

Similarly, expression of substance P and trkA in DRG neurons
was not obviously enhanced by innervating the older donor limbs.
This finding is surprising in light of the observation that the
peripheral target can regulate expression of substance P in mature
animals (McMahon and Gibson, 1987). What normally triggers
expression of substance P is unknown. Our results with trkA,
however, are consistent with the observation that expression of
trkA in developing sensory neurons is not modulated by NGF
(Davies et al., 1995), which normally is produced by targets of
NGF-dependent neurons. Further experiments will be necessary to
elucidate the mechanisms and signals that regulate the appearance
of these biochemical markers in sensory neurons. Clearly, simple
contact with a peripheral target is not sufficient.

Much is still unknown about target influences on neuronal dif-
ferentiation. Here we have shown that our ability to manipulate the
relative timing of target innervation can be exploited to discrimi-
nate between direct target-related and intrinsic events in neuronal
development. The molecular signals responsible for target influ-
ences remain to be elucidated.

REFERENCES
Araujo M, Piedra ME, Herrera MT, Ros MA, Nieto AM (1998) The

expression and regulation of chick EphA7 suggests roles in limb pattern-
ing and innervation. Development 125:4195–4204.
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