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The innervation of FGF-induced additional

limbs in the chick embryo
B. W. Turney, A. M. Rowan-Hull and J. M. Brown
Department of Human Anatomy & Genetics, University of Oxford, South Parks Road, Oxford OX1 3QX, UK

Abstract

Motoneurones that supply the vertebrate limb innervate their muscle targets in a highly reproducible manner. As
development proceeds, these limb-specific motoneurones send out axons, which grow towards the developing
limb and then congregate at its base to form the plexus. In the plexus, in response to unknown positional cues,
these axons rearrange, often changing their original spatial relationships, before sorting out to emerge in the
defined nerve trunks that innervate the limb. Several proposals have been put forward to explain how this repro-
ducible innervation pattern is achieved. These include (1) that early differences in the motoneurone identity dictate
their future axonal trajectories, (2) that axons actively respond to attractive or repulsive positional cues provided
by the limb bud itself, or (3) that motor axons are passively deployed, following pathways of least mechanical resist-
ance. We have addressed the question of the relative roles of motoneurone identity and the signals that the axons
encounter on their journey towards the limb bud. Using the developing chick embryo as our experimental model
we tested the effect of providing an additional limb target for motor axons leaving the flank level of the spinal
cord. To do this we placed FGF-soaked beads in the presumptive flank of 2-day-old chick embryos. This treatment
induces an additional limb containing muscles. We investigated whether such additional limbs are innervated and
by which neurones. We show that rather than the additional limbs being solely supplied by axons diverted from
the two existing limb plexuses, motoneurones that normally supply the flank alter their trajectories to enter the
induced limb. Once in the limb, axons respond to positional cues within the bud to generate the stereotypical inner-
vation pattern. Our results show that the tendency of ‘flank’ motoneurones to innervate flank can be overcome
by the presence of an additional limb.

Key words chick wing bud; innervation.

Introduction

The muscles of the limb must be innervated in an accu-
rate, precise and reproducible fashion to ensure co-
ordinated movement. The motoneurones that innervate
the limb muscles are spatially arranged in the embry-
onic spinal cord. After they are born, motoneurones
settle into motor columns within the cord, which occupy
defined locations along the anterior—posterior (AP)
and transverse axis of the embryo (Levi-Montalcini,
1950; Landmesser, 1978; Fig. 1). Motoneurones that lie
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within the Medial Motor Column (MMC) innervate
dorsal and ventral muscle targets in the body wall and
flank, whilst those within the Column of Terni (CT), a
motor column extending over thoracic and rostral
lumbar levels (Levi-Montalcini, 1950), project into the
sympathetic chain. Motoneurones that innervate
muscles in the paired limb buds lie in the Lateral Motor
Columns (LMC) which are only present at brachial and
lumbar regions (limb bud levels) of the embryo. Detailed
mapping experiments by Landmesser and colleagues
showed that there is a topographical relationship
between the location of motoneurone cell bodies within
the LMC and the limb muscles that they innervate
(Landmesser, 1978; Lance-Jones & Landmesser, 1981a;
Fig. 1). Motoneurones in the medial part of the LMC
(LMC,,) innervate ventral limb muscle targets, whereas
those within the lateral LMC (LMC) innervate dorsal
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Fig. 1 The topographical relationship between the position of motoneurone cell bodies in the spinal cord and their muscle
targets in the developing limb bud. (A) Schematic diagram showing the organization of the motor columns (depicted as coloured
boxes) in the vertebrate spinal cord. Motoneurones located in the Medial Motor Column (MMC) innervate dorsal and ventral
targets in the flank and body wall. This column is subdivided into medial (MMC,, light blue) and lateral (MMC; dark blue)
portions. Motoneurones in the Column of Terni (CT; green) innervate visceral targets. At limb bud levels (brachial and lumbar)
the lateral motor column (LMC) contains the motoneurones that innervate the limb bud. It is subdivided into the medial part
(LMC,,) which sends out axons to ventral muscle targets (shown in yellow), and the lateral LMC (LMC,) which houses motoneurones
that innervate dorsal muscle targets (shown in red). (B) Transverse section through the embryo at limb bud levels (brachial or
lumbar) showing the axonal trajectories originating from motoneurones in the MMC,, (blue), LMC,, (yellow) and LMC_ (red).

targets. Further, motoneurones that innervate the same
limb muscle are clustered into motor pools, which occupy
characteristic locations along the anterio-posterior axis
of the LMC (Landmesser, 1978; Hollyday, 1980). The LMC
motoneurones send out axons that grow out through
the anterior portion of the adjacent somites forming
discrete spinal nerves (Fig. 2; Keynes & Stern, 1984). These
nerves enter the somatopleure (comprising ectoderm
and underlying lateral plate mesoderm) and congreg-
ate at the base of the limb forming the plexus
(brachial or lumbar), then undergo a ‘waiting period’
during which time undefined changes occur in the limb
bud necessary to permit them to enter (Wang & Scott,
2000). Within the plexus the motor axons rearrange, in
response to unknown positional cues, before emerging
in defined nerve trunks that innervate the limb
(Landmesser, 1978; Lance-Jones & Landmesser, 1981a;
Tosney & Landmesser, 1985; Fig. 2).

A combination of embryo and molecular manipula-
tion experiments has supported a series of hypotheses
to explain how the highly reproducible innervation
pattern of the limb is achieved. One possibility is that
early differences in the specification of motoneurone
identity, as defined by differential gene expression,
govern their future trajectories (Tsuchida et al. 1994;
Lin et al. 1998; Liu et al. 2001). In the chick embryo, a
critical period for motoneurone specification has been

defined as being just after neural tube closure at stage
14-15 (embryonic day 2; Hamburger & Hamilton, 1951;
Matise & Lance-Jones, 1996). This coincides with the
stabilization of differential LIM homeodomain protein
expression in each motor column subtype (Tsuchida
et al. 1994). Undefined signals from the flanking
paraxial mesoderm regulate LIM protein expression (Ensini
et al. 1998), which may co-ordinate motoneurone spec-
ification in the cord with their peripheral dorsoventral
(DV) targets. LIM proteins are also required for accurate
dorsal/ventral pathway choices at the limb bud base
(Kania et al. 2000). Recent progress has been made in
understanding the basis of the arrangement of the
motor pools within the LMC. Experiments in the mouse
and chick show that changing Hox gene expression
disrupts axonal projections from defined motor
pools (Tiret et al. 1998; Bell et al. 1999; Liu et al. 2001).
In addition, perturbing the expression of MN-cad, a
type Il cadherin, affects how the motor pools that
normally express this protein segregate (Price et al.
2002).

Experimental evidence also shows that the emerging
axons are exposed to a series of positional cues that are
encountered along their route through the paraxial
mesoderm, somatopleure and then within the limb
bud itself. Chick grafting experiments exclude limb
bud-level paraxial (somitic) mesoderm as the source of
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Fig. 2 Normal innervation pattern of the developing chick wing bud. The innervation pattern has been detected by whole-mount
immunohistochemistry with the 3A10 antibody. (A) stage 20; (B) stage 22; (C) stage 24, showing the location of the plexus (P);
(D) stage 25 showing dorsal (D) and ventral (V) trunks; (E) stage 26; (F) stage 28; (G) stage 34; (H) stage 36; (I) whole-mount
cartilage stain with Alcian green to show the cartilage skeleton of the stage 36 chick embryo wing. In all cases the dorsal view
of the wing bud is shown, and in the older stages (E-H) the ventral pattern of nerves is not visible in these preparations. In A-D,
there is a small patch of non-specific staining in the anterior-distal wing mesenchyme. ax = axillaris; bls = brachialis longus
superior; rp = radialis profundus; rl = radialis lateralis; pt = patagiales; mc = metacarpales; sc = scapula; ¢ = coracoid; h = humerus;

r = radius; u = ulna and 2,3,4 refer to the three wing digits.

specific guidance information, because if the somites
are removed by y-irradiation, the major nerve pathways
remain unaffected and still form in the muscleless limbs.
However, local nerve-muscle branches are absent, thus
implicating muscles in short-range nerve/target re-
cognition (Lewis et al. 1981; Lance-Jones, 1988). The soma-
topleure is likely to be the primary source of positional
cues, because when it is displaced anteriorly, prior to
axon outgrowth and limb bud formation, motoneurones
show parallel shifts in trajectory (Landmesser & Dias,
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1991). Many possible candidates to provide the basis of
these cues, for example netrins, semaphorins/collapsins,
hepatocyte growth factor, neuropilins, Eph/ephrins as
well as components of the extracellular matrix, are
differentially expressed in the developing chick embryo
at the time when axons are travelling towards the
developing limb (Oakley & Tosney, 1991; reviewed in
Varela-Echavarria & Guthrie, 1997; Stoeckli & Landmesser,
1998). For example, the ephrin receptor, EphA7, is
expressed by cells flanking the specific sites where axons
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penetrate the developing cartilaginous limb girdles
to enter the limbs (Araujo et al. 1998). Furthermore,
expression of EphA7 is integrated with DV patterning
of the limb bud itself since removal of the dorsal ecto-
derm results in rapid loss of EphA7 expression (Araujo
et al. 1998). This manipulation is accompanied by the
failure of the limb plexus to converge properly at the
base of the bud, thus implicating correct EphA7 expres-
sion in normal plexus organization. Once within the
limb bud itself it is known that motor axons are sensi-
tive to anterio-posterior positional information (Lance-
Jones & Landmesser, 1981b; Stirling & Summerbell,
1985, 1988) and so may be using cues related to, or regu-
lated by, positional signals that pattern the limb itself.

A further possibility is that nerve guidance in the
limb bud is a non-specific passive process, with moto-
neurones following pathways of least mechanical resist-
ance (Horder, 1978), which may create the stereotyped
anatomical innervation pattern. These routes seem
related to limb bud identity, since the pattern of nerves
within a limb bud is characteristic of the limb type
(Stirling & Summerbell, 1983), and even foreign moto-
neurones can follow them (Swanson & Lewis, 1982). Ex-
periments by Straznicky (1963) showed that when the
limbs are left in situ, and sections of the spinal cord are
grafted from non-limb levels into brachial or lumbar
sites (limb bud levels), the nerves still grow into the
limb along the characteristic pathways, and form an
apparent normal innervation pattern. Similarly, when
limb buds are transplanted to ectopic sites on the body
they show patterns of innervation that resemble normal
limbs (Swanson & Lewis, 1982; Stirling & Summerbell,
1983).

Not only can limbs be innervated in characteristic
patterns by ‘foreign’ neurones but there is also evidence
that neurones do not actively seek specific target muscles
in the periphery. When the DV axis of the chick wing
bud is reversed (by transplanting the right wing on to
the left side thus maintaining the anterio-posterior
orientation), the incoming nerves innervate any muscle
they encounter (Stirling & Summerbell, 1985). Further
experimental support for the passive guidance model
comes from chick experiments in which the limbs were
modified so that they had a double complement of
dorsal thigh musculature. Neurones that normally innerv-
ated the ventral muscles (from the LMC,) innervated
the dorsal muscles that were now in place on the ven-
tral half of the limb bud (Lance-Jones, 1988). Together,
these experimental data suggest that the characteristic

and stereotyped pattern of innervation in the limb
itself is independent of the type of neurone innervating
the limb and that neurones can innervate non-target
muscles. To date, the exact nature of these non-specific
pathways remain uncharacterized, although recently
interest has focused on possible associations between
the extending nerve axons and developing blood
vessels, since in the adult the innervation and vascular
patterns show intriguing correspondence (Mukouyama
et al. 2002).

It seems likely that elements of all these possibilities
are deployed along the axon’s route towards and
within the limb. The challenge remains to establish the
relative roles of each and to characterize how one set
of guidance mechanisms interacts with the others. For
example, the molecular identity of a motoneurone may
affect how repulsive or attractive cues are perceived and
responded to (Kania et al. 2000). We have begun to
address this question by investigating the relationship
between the presence of a limb bud and the outgrowth
of motoneurones to innervate it. We have done this
by implanting fibroblast growth factor (FGF)-soaked
beads into the presumptive flank of stage 13/14 chick
embryos. This treatment induces an additional limb
(Cohn et al. 1995), which contains muscles (Ohuchi &
Noji, 1999). Thus, this approach enables the role of
differential gene expression by the motoneurones in
the spinal cord to be distinguished from guidance cues
in the limb bud. We have analysed whether these extra
limbs are innervated, and used retrograde tracing
techniques to establish the location of the motoneurone
cell bodies in the spinal cord. Finally we have also estab-
lished whether the anterio-posterior orientation of the
innervation pattern is in register with that of the induced
limb bud.

Materials and methods

Embryo manipulation

Fertile Hen’s eggs were obtained from Winter Farm
(Royston, Herts., UK) and were incubated in a humidi-
fied incubator at 38 °C until they reached stage 13/14
(embryonic day 2; Hamburger & Hamilton, 1951).
Heparin beads (Sigma H5263) were soaked for 1 h with
1 mg mL™" FGF-4 (R & D systems), then implanted into
the chick embryos by cutting a small slit in the lateral
plate mesoderm adjacent to somites 21-25 (future
flank), using techniques as described by Cohn et al.
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(1995). The manipulated embryos were then returned
to the incubator and incubated for either a further 48,
72 or 120 h.

Immunohistochemistry

Nerve axons were revealed by whole-mount immuno-
histochemistry with the 3A10 antibody (Developmen-
tal Studies Hybridoma Bank, lowa, USA; DSHB), which
detects a neurofilament-associated protein. Selected
embryos were fixed in 4% paraformaldehyde for 3 h,
then treated with 3% H,O, in PBS and dehydrated in
100% methanol, all at room temperature. After this
the embryos were rehydrated in PBS containing 0.1%
Triton X-100 (PBTx), then preblocked in 10% goat
serum in PBTx, before incubating with a 1 : 25 dilution
of the 3A10 antibody for at least 24 h at 4 °C. Embryos
were washed extensively in PBTx prior to preblocking
as before, then incubated with a peroxidase-conjugated
goat anti-mouse antibody (Jackson Laboratories) over-
night at 4 °C at a 1: 100 dilution. Following repeated
washes in PBTx at room temperature the embryos were
placed in 0.1 m Tris pH 7.5 prior to reacting with DAB in
the presence of 0.001% H,O, to visualize the pattern of
antibody staining. After the reaction had completed
the embryos were cleared in first 50% then finally 80%
glycerol in PBS.

Embryos analysed with the LIM1/2 antibody (DSHB)
were fixed in 4% PFA, then rinsed in PBS and placed in
40% sucrose overnight. They were then embedded in
1.5% agar (Gibco) containing 5% sucrose, frozen on
dry ice and then cryosectioned. The sections were
placed in PBS at 37 °C to remove the agar, then rinsed
in PBTx before preblocking with 10% goat serum in
PBTx. Sections were incubated in a 1 : 50 dilution of the
LIM1/2 antibody. Antibody labelling was detected with
an FITC-conjugated secondary antibody (Jackson Labo-
ratories). Prior to mounting in Citifluor, sections were
briefly counterstained by rinsing in PBS containing
0.001% DAPI. Sections were viewed by epifluorescence.

Retrograde tracing

Embryos chosen for axonal tracing experiments were
labelled in ovo with the retrograde tracer horseradish
peroxidase (HRP; Sigma type VI). This was done by
making a small cut through the chorionic and amniotic
membranes so that the additional limb became acces-
sible. A small quantity of 40% HRP in H,O was injected
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into the dorsal side of the limb through a drawn glass
microcapillary (Clarke Instruments). The egg was
resealed and placed back in the incubator for 6 h to
allow time for the HRP to be transported back along
the axons to the motorneuron cell body in the spinal
cord. Labelled embryos were then fixed overnight in
2% glutaraldehyde, then infiltrated overnight with
20% sucrose in PBS prior to frozen sectioning. Sections
were processed in DAB and H,0, to detect the HRP.
Those sections containing HRP were mounted in DPX,
and analysed by light microscopy.

Embryos used for whole-mount in situ hybridization
were fixed overnight in 4% paraformaldehyde, and
then hybridized with the EphA7 probe (Araujo et al.
1998; kindly provided by A. Nieto and M. Ros), using
methods as described by Wilkinson (1992).

Results

Normal innervation pattern of the chick wing bud

The motor axons that innervate the chick wing bud
emerge from the spinal cord and extend towards the
wing in spinal nerves (XII to XVII; Roncali, 1970). These
begin to grow towards the wing base from stage 20
(Hamburger & Hamilton, 1951; embryonic day 3; Fig. 2A),
and once there congregate to form the plexus (Fig. 2B,C).
The axons then wait for approximately 24 h before
finally entering the wing bud at stage 25/6 (4.5 days
incubation), branching to follow either a dorsal or a
ventral trajectory (Fig. 2D). Over the next 5 days the
definitive nerve trunks are established as the axons
make a further series of reproducible branches across
the three axes of the growing limb, AP, DV and proximo-
distal (Fig. 2E-G, Roncali, 1970). The definitive adult
innervation pattern is established by stage 36 (10 days
of incubation, Fig. 2H) as are other elements of the
limb bud, for example the cartilaginous skeleton
(Fig. 2I).

FGF-induced additional limbs are innervated

FGF4-soaked beads were placed in a small slit cut in the
presumptive flank (adjacent to somites 21-25) of stage
13/14 chick embryos (Fig. 3A). This treatment led to the
formation of an additional limb structure (Cohn et al.
1995; Fig. 3B). Depending upon the exact site of the
implanted bead either discrete additional wings or legs
grew (19/47), or less complete limbs formed which in
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Fig. 3 FGF-induced additional limb buds are innervated and the plexus on the manipulated side of the embryo is altered. (A) FGF-
4-soaked beads (depicted by red dot) were implanted into a stage 13/14 (embryonic day 2) chick embryo. This treatment led to
the formation of an additional limb structure (arrowed in B). (C) Dorsal view of a whole-mount in situ with the EphA7 riboprobe,
showing up-regulation of EphA7 expression in the additional bud (red asterix), compared to the contralateral, non-manipulated,
side (red arrow). (D) Whole-mount immunohistochemistry with 3A10 shows that additional outgrowths are innervated (arrowed)
and that the plexus on the manipulated side of the embryo (black asterix; right-hand side) is altered compared to the
contralateral side (left; E). Ventral view. Extent of plexus marked by yellow lines.

some cases fused with either the normal wing or
the leg (28/47; Cohn et al. 1997). By 72 h after bead
implantation, expression of the EphA7 tyrosine kinase
receptor was up-regulated in the additional limb bud,
compared to the contralateral flank (n = 5; Fig. 3C). In
order to assay whether these additional limbs were
innervated, manipulated embryos were incubated for
5 days after bead implantation, then whole-mount
immunohistochemistry performed with the 3A10
antibody (n = 47). We found that even in cases in which
only a small additional structure formed as a result of
FGF treatment, axons could be seen growing into the
extra outgrowth (for example, Fig. 3D). In addition,
these smaller outgrowths led to alterations in the
overall appearance of the brachial plexus on the

manipulated side of the embryo (Fig. 3E), such that
spinal nerves that would normally supply the flank
were instead drawn towards the extra bud.

Motoneurones that innervate the flank are diverted
from their normal trajectories and enter the additional
limb

Discrete additional limbs formed after FGF bead
implantation were also innervated (Fig. 4A,B; n = 19).
In these cases, whole-mount immunohistochemistry sug-
gested that these axons originated from motoneurones
that would normally innervate the flank (Fig. 4B).
To confirm this, five ectopic limbs were injected with
the retrograde axonal tracer, HRP. These were then
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Fig. 4 FGF-induced limbs are innervated by flank level motoneurones, which are responsive to its anterio-posterior orientation.
(A) Schematic diagram of stage 13/14 chick embryo showing location of the implanted FGF-4 bead in the presumptive flank
(red dot). (B) Whole-mount immunohistochemistry with 3A10 showing axons from flank levels of the spinal cord enter the
additional limb (arrowheads). (C) Transverse section of the spinal cord showing HRP-labelled motoneurones on the side of the
FGF-induced additional limb at flank levels (arrowhead). (D,E) Transverse section of a stage 26 chick embryonic spinal cord at wing
bud level counterstained with DAPI (D) and reacted with the LIM1/2 antibody (E). The LMC, which expresses LIM1 is outlined by
dots. Additional staining outside the LMC, is due to LIM2-positive neurons. (F,G) Transverse section of a stage 26 chick embryonic
spinal cord at the level of the additional limb counterstained with DAPI (F) and reacted with the LIM1/2 antibody (G). LIM1

is not expressed by the MMC motoneurones (arrowed). (H) Whole-mount antibody staining with 3A10 showing reversed
anterio-posterior orientation of the major nerve bundles in the additional bud (asterix and arrows). A and A’ = anterior;

P and P' = posterior.
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processed to reveal the location of the HRP-labelled
motoneurone cell bodies in the spinal cord. HRP-labelled
motoneurones were not found within the LMC, but
instead were present at flank levels of the spinal cord
within the MMC (Fig. 4Q).

Motoneurones that enter the additional limb from
flank levels of the spinal cord do not express LIM-1

Tsuchida et al. (1994) showed that the motor columns
within the spinal cord differentially express LIM homeo-
domain proteins. In particular, motoneurones lying in
the LMC,, which innervate dorsal muscle limb targets,
can be distinguished since they express LIM-1 (Fig. 4D,E).
Therefore, to investigate whether the altered behaviour
of the MMC motoneurones at the level of the addi-
tional limb reflected a change in molecular identity we
looked for up-regulation of LIM-1 in these neurons, but
no such change was detected (n = 3; Fig. 4F,G).

Flank level motoneurones are responsive to
the anterio-posterior orientation of the
additional limb bud

Cohn etal. (1995) showed that the orientation of
ectopic limbs induced by FGF are reversed anterior-
posteriorly compared to normal limbs (Figs 3B and 4H).
As the innervation pattern in the normal wing bud is
polarized across this axis (Fig. 2E-H) we were able to
test whether the axons in extra limb buds responded
to its anterio-posterior orientation. We show that, in
well-formed ectopic wings, in keeping with their reversed
orientation the anterio-posterior pattern of nerve
branches is inverted too (Fig. 4H). This reversed inner-
vation pattern is not obvious in all of the additional
limbs (e.g. Figure 4B), and it is likely in these instances
that the identity of the extra bud is less well formed or
a wing/leg mosaic (see Ohuchi & Noji, 1999).

Discussion

We have addressed the problem of how the vertebrate
limb bud is innervated in such a highly reproducible
and accurate fashion. We have investigated this pro-
blem by providing an additional limb target for flank
level motoneurones, which would not normally inner-
vate a limb. Using this approach we have been able to
test whether such motoneurones can respond to the
presence of the extra limb, and if so whether they send

out axons which then trace out an innervation pattern
that resembles that of the normal limb. Further, this
method allows us to start to investigate the relative
roles of the interacting sets of guidance mechanisms
that appear to work together to guide the axons accu-
rately to their muscle targets. We chose to create the
additional limb by applying an FGF-soaked bead to the
flank of the embryo at a stage prior to normal limb
initiation. This approach has the advantage that the
intervention is at the time when motoneurones are first
starting to emerge from the spinal cord. Further, it is likely
to be less disruptive than the ‘cut and paste’ experi-
ments employed previously (Straznicky, 1963; Hollyday,
1981), which may affect the axon’s ability to grow out.

We found that in all cases where an extra limb struc-
ture formed, it was innervated. Even if the additional
structure had fused with the existing limbs and was not
fully formed, nerve fibres grew into it, showing that
the presence of the additional bud exerted a powerful
attractive force for axons. This is in keeping with in
vitro experiments in which explants of ventral spinal
cord cultured with pieces of limb bud mesenchyme send
out axons that grow towards the limb tissue (Ebens et al.
1996). HGF/SF is expressed by the early limb mesen-
chyme and was identified by the authors as being the
source of the limb-derived chemoattractive ability. We
also showed that expression of the tyrosine kinase
receptor EphA7 was expressed by the ectopic buds. This
is in keeping with its proposed role in channelling
axons into the limb bud (Araujo et al. 1998).

Our retrograde labelling experiments showed that
the spinal nerves that grew into the additional limbs
arose from flank levels of the spinal cord rather than
being diverted from the existing LMC motoneurones.
Therefore, the presence of the additional limb was able
to divert them from their normal trajectories. Accord-
ing to their lack of LIM-1 expression, these motoneu-
rones maintained a different identity to motoneurones in
the LMC_ which normally innervate dorsal muscles in the
limb. Therefore motoneurones that have a different iden-
tity from LMC_ motoneurones can still grow into the limb,
be responsive to the anterio-posterior orientation of the
bud and respond to the cues that result in an innervation
pattern which certainly resembles that of the normal
limb supplied by LMC neurones. Our results support
retrograde tracing experiments with supernumerary
limbs by Hollyday (1981), who showed that although
foreign neurones were innervating these limbs they did
so in an orderly fashion across the anterio-posterior (AP)
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axis. She found that the AP position of a motor pool in
the spinal cord that supplied the supernumerary limb
depended on the AP position and orientation of that
limb. Therefore limb tissue plays an important role in
shaping the branching pattern of the peripheral nerves
that supply it. Our data do not address whether dorsal/
ventral targets in the additional limb are selectively
innervated. This is still an area of doubt since Hollyday's
data suggest that there is selective innervation of dorsal/
ventral muscle targets whereas Stirling & Summerbell’s
(1985) data do not (see Introduction).

We have not tested whether the innervation pattern
in the FGF-induced additional limbs is fully functional.
Supernumerary limbs do move but only do so in a
limited and uncoordinated fashion (Straznicky, 1963).
This suggests that although the gross anatomical pat-
tern of the extra limb approximates that of the normal
it is not completely accurate or that LMC motoneurones,
with their particular molecular identity and central
connections, are specifically required for normal and
co-ordinated motor function.

Studying the mechanisms of guidance of motor
axons in the developing limb bud is complicated by the
combination of genetic and epigenetic guidance cues,
making it difficult to tease out their relative contributions
to the acquisition of the stereotyped accurate anatomical
innervation pattern. The process of limb innervation
clearly involves interactions between motoneurone axons
with intrinsic differences or identities, with the proper-
ties of the local environment of the limb into which they
grow. The creation of an innervated additional limb, in
which foreign axons from non-limb axial levels and
non-limb motor columns can still produce grossly normal
innervation pathways within the limb bud mesen-
chyme, may be a good means of separating out the
different mechanisms required to accurately innervate
a limb bud. In the future, this experimental approach
may enable the contributions of motoneurone identity,
positional cues and passive deployment to be placed in
an ordered hierarchy of importance for achieving
accurate innervation of the vertebrate limb bud.
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