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in the Forelimb of the Quail Embryo
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Peripheral nerve and vascular patterns are congruent in the adult vertebrate, but this has been disputed in vertebrate
embryos. The most detailed of these studies have used the avian forelimb as a model system, yet neurovascular anatomical
relationships and critical vascular remodeling events remain inadequately characterized in this model. To address this, we
have used a combination of intravascular marker injection, multilabel fluorescent stereomicroscopy, and confocal
microscopy to analyze the spatiotemporal relationships between peripheral nerves and blood vessels in the forelimb of 818
quail embryos from E2 (HH13) to E15 (HH41). We find that the neurovascular anatomical relationships established during
development are highly stereotypic and congruent. Blood vessels typically arise before their corresponding nerves, but there
are several critical exceptions to this rule. The vascular pattern is extensively remodeled from the earliest stage examined
(E2; HH13), whereas the peripheral nerves, the first of which enter the forelimb at E3.5-E4 (HH21-HH24), have a
progressively unfolding pattern that, once formed, remains essentially unchanged. The adult neurovascular pattern is not
established until E8 (HH34). Peripheral nerves are always found to track close and parallel to the vasculature. As they track
distally, peripheral nerves always lie on the side of the vasculature away from the center of the forelimb. Neurovascular
patterns have a hierarchy of congruence that is highest in the dorsoventral plane, followed by the anteroposterior, and lastly

the proximodistal planes. © 2002 Elsevier Science (USA)
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INTRODUCTION

The close spatial relationship between peripheral nerves
and blood vessels in the adult vertebrate is well docu-
mented (Taylor et al., 1994). Neurovascular associations
have also been described in wound healing (Gu et al., 1994,
1995; Kangesu et al.,, 1998; Manek et al., 1993; Waris,
1978a,b), nerve regeneration (Hobson et al., 1997, 2000;
Ramer et al., 2000), and neoplasia (Jang et al., 2000).
Neurovascular congruence must arise during embryonic
development, and understanding its molecular bases would
be of great importance to embryological research. Equally,
such an understanding would have profound implications
for reconstructive surgery and regenerative medicine (Ta-
bata, 2001). However, the reality and generality of this
neurovascular parallelism in embryos is still being disputed
(Bennett et al., 1980; Martin and Lewis, 1989; Piatt, 1942;

! To whom correspondence should be addressed. Fax: (613) 93 48
1391. E-mail: bates_damien@hotmail.com.

300

Spence and Poole, 1994; Swanson and Lewis, 1982; Tello,
1917; Tosney and Landmesser, 1985). Obviously, the first
goal toward understanding neurovascular relationships at a
molecular level is to establish the reality of neurovascular
congruence in an amenable model system by describing, in
spatiotemporal detail, the developmental anatomy. At this
point, in view of the increasing molecular evidence linking
the development of nerves and blood vessels in the embryo
(Roush, 1998; Shima and Mailhos, 2000), meaningful ex-
perimental studies could be initiated.

The avian limb is a classical model for analysis of
vertebrate pattern formation (Tabin, 1991; Tickle, 1991)
and has been used to analyze the peripheral nerve (Holly-
day, 1995; Stirling and Summerbell, 1977; Swanson and
Lewis, 1982) and vascular (Flamme et al., 1995) pattern.
Although there is as yet incomplete information on the
vascular pattern (see below), the neural developmental
pattern in the limb is described in detail (Hollyday, 1995;
Roncali, 1970; Stirling and Summerbell, 1977; Swanson and
Lewis, 1982). In addition, a major advantage of this system
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is its ability to be experimentally manipulated by ablation,
recombination, bead implantation, viral infection, and elec-
troporation (Weaver and Hogan, 2001). Studies describing
the anatomical relationship between peripheral nerves and
blood vessels in the limb of the developing embryo have
been limited principally because their aim was not to
analyze neurovascular pattern but to determine what was
responsible for stereotypic nerve patterns (Bennett et al.,
1980; Martin et al., 1989; Martin and Lewis, 1989; Spence
and Poole, 1994; Tosney and Landmesser, 1985). Thus, in
some studies, the vasculature was not labeled (Bennett et
al., 1980; Tosney and Landmesser, 1985) or was incom-
pletely described; for example, Bennett et al. (1980) refer to
only two capillary networks in the forelimb, where there
are actually four (Seichert and Rychter, 1971, 1972a,b,c).
Conclusions regarding the spatial relationships between
nerves and blood vessels have been largely based on two-
dimensional data obtained from histological sections at
specific time points (Tosney and Landmesser, 1985). This
simplifies the complex three-dimensional structure of a
limb that changes with time (Bennett et al., 1980). It is also
well known that the vasculature is remodeled (Peng et al.,
2000), so it is possible that critical nerve-blood vessel
relationships may have been overlooked because of their
transience (Piatt, 1942). Similarly, conclusions that the
peripheral nerve pattern is unrelated to the vascular pattern
have been based on a few examples of lack of congruence
between nerves and major blood vessels (e.g., subclavian
artery) (Bennett et al., 1980). It may be unjustified to
extrapolate observations of specific, accessible examples
(e.g., whole-mount preparations of dorsal wing skin) (Mar-
tin and Lewis, 1989) to neurovascular patterning in general.

The vascular anatomy of the adult avian forelimb has
been well described (Nickel et al., 1977), but detailed
descriptions of the vascular remodeling that gives rise to
this adult pattern are incomplete (Caplan, 1985; Caplan and
Koutroupas, 1973; Drushel et al., 1985; Feinberg et al.,
1986). The developmental anatomy of the major blood
vessels has only been described in detail to E4.5 (HH25)
(Caplan and Koutroupas, 1973; Coffin and Poole, 1988;
Drushel et al., 1985; Evans, 1909; Feinberg et al., 1986).
Descriptions of vascular anatomy beyond E4.5 are limited
to the capillaries and peripheral venous system, rather than
the arteries which supply them (Seichert and Rychter, 1971,
1972a,b,c).

In view of the importance of neurovascular relationships
and their incomplete description in an experimentally ame-
nable developmental system, we have examined in detail
the spatiotemporal relationship of peripheral nerves and
blood vessels in the forelimb of the quail embryo. We find
that the development of neurovascular pattern is more
complex than previously appreciated, and the mode of
development of peripheral nerves and blood vessels is
different. Nerves project progressively and then remain
relatively static (Hollyday, 1990). The vasculature, on the
other hand, is dynamic with a changing pattern (Evans,
1909). Despite these differences, the pattern of neurovascu-
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lar development is highly stereotypic and congruent. In
general, blood vessels form discrete patterns prior to periph-
eral nerve in-growth, which gives the impression that
nerves follow the vasculature. However, there are several
examples where nerves precede the in-growth and fore-
shadow the trajectory of their corresponding arteries. In
situations where a peripheral nerve is not associated with a
major blood vessel in the anteroposterior (A-P) plane, it is
invariably found to lie on one of four capillary layers in the
dorsoventral (D-V) plane. These capillary layers are related
to (but do not appear to be defined by) the avascular
cartilage in the center of the forelimb, the dorsal and ventral
muscle masses, and the subectodermal avascular zone.
Peripheral nerves maintain a characteristic position in
relation to the blood vessels with which they track. This is
always on the side of the vasculature away from the
geometric center of the forelimb. Finally, neurovascular
patterns have a hierarchy of congruence. Congruence is
highest in the D-V plane, followed by the A-P and proximo-
distal (P-D) planes.

MATERIALS AND METHODS

Quail Microinjection Methods

Quail embryos (Coturnix coturnix japonica) were obtained from
Lago Game (Melbourne, Australia) and incubated at 38°C to
defined stages (Hamburger and Hamilton, 1951) between E2
(HH13) and E15 (HHA41).

Micropipettes (50 wl; Fisher Scientific, NH) were manually
pulled over a flame to a diameter of 5-20 um. India Ink (Pelikan No.
17 Black; Pol Equipment, Sydney, Australia) was diluted 1:1 in PBS
and centrifuged at 4000 rpm for 1 min, and the supernatant was
warmed to 38°C prior to injection. The solution of India Ink was
injected into the embryo as previously described (Caplan and
Koutroupas, 1973; Evans, 1909; Seichert and Rychter 1971,
1972a,b,c). Embryos that were not perfused completely were dis-
carded. Embryos were also perfused with fluorescent dyes for
double-labeling confocal analysis. Both TRITC-conjugated high
mw dextran (undiluted, D-7139; Molecular Probes, OR) and SP-Dil
(4 mg/ml DMSO, D-7777; Molecular Probes) diluted 1/16 in PBS
were used.

Whole-Mount Immunolabeling

Perfused embryos were immediately fixed in 4% paraformalde-
hyde (PFA) and kept overnight at 4°C. Embryos were then washed
three times in PBS before the forelimbs were dissected from the rest
of the embryo. Embryos of E7 (HH32) and older had the dorsal or
ventral ectoderm removed to facilitate antibody penetration. Dor-
sal and ventral cutaneous nerves were analyzed in those specimens
in which the ectoderm was retained. Whole forelimbs were blocked
with 1% bovine serum albumin (BSA; Roche, Sydney, Australia) for
1 h at room temperature on a rocker. All antibodies were prepared
in 1% BSA and 0.1% Triton X-100 (BDH Laboratory Supplies, UK).
Nerves were labeled with TUJ1 (BabCO, Chemicon, Melbourne,
Australia) diluted 1/250 overnight at 4°C on a rocker. Forelimbs
were then washed three times in PBS (5 min each wash) after which
goat anti-Mouse IgG Alexa 488 (Molecular Probes) secondary
antibody diluted 1/100 was applied and left overnight at 4°C on a
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rocker. Forelimbs were again washed three times in PBS before
being cleared in a series of increasing concentrations of glycerol
(BDH Laboratory Supplies, UK) in PBS. Forelimbs were then left in
90% glycerol overnight before being visualized in whole mount.

Image Orientation, Sectioning, and Capture

Whole-mount forelimbs were transferred to a 3-cm petri dish in
90% glycerol for image analysis. Forelimbs were also cut freehand
into thick (50-300 wm) sections by using a sapphire microscalpel
(World Precision Instruments, Melbourne, Australia). Standard
sections were coronal (perpendicular to the P-D and A-P forelimb
axes) and sagittal (perpendicular to the D-V and A-P forelimb axes).
Whole-mount and sectioned forelimbs were visualized with the
Leica MZ FL Ill (Leica Microsystems, Switzerland) fluorescent
stereomicroscope. Images were captured with a Leica DC200
digital camera Il (Leica Microsystems, Switzerland) and processed
with proprietary Leica IM1000 software (Ver 1.10 Release 17).
Images were captured as 1798 X 1438-pixel JPEG files. Either
brightfield, GFP3 fluorescent filter images, or typically both (for
double labeling) were obtained with the specimen in the same
orientation and at the same magnification. The gamma function of
the Leica software was manipulated to reveal the India Ink-labeled
blood vessels with the GFP3 fluorescent filter enabling simulta-
neous analysis of the three-dimensional neurovascular anatomical
relationships.

Image Analysis

JPEG files were subsequently opened in Adobe Photoshop 5.0
(v5.0.2; Adobe Systems Inc., CA). Brightfield images were overlaid
with their Alexa 488 counterparts by using the Photoshop Layer
function. Precise positioning of the overlaid image was achieved by
using a series of blood vessels in both images as fiduciary points.

Confocal Imaging Techniques

The confocal technique has been described in detail elsewhere
(Taylor et al., 2001). Briefly, whole-mount forelimbs were scanned
at 8-um intervals in the transverse plane of the forelimb with the
X10 objective of the confocal microscope (Bio-Rad MRC1024,
mounted on a Zeiss Axioskop fluorescence microscope, with a
Krypton/Argon laser; Bio-Rad Laboratories, Sydney, Australia).
Alexa 488 and TRITC images were recorded simultaneously and
merged by using Bio-Rad proprietary software (Bio-Rad Laborato-
ries, Sydney, Australia).

Frozen Sections

Forelimbs were fixed in 4% PFA overnight at 4°C, washed three
times in PBS, then placed overnight in 30% sucrose in PBS at 4°C.
Forelimbs were then transferred to Tissue Tek cryomolds (Miles
Inc., IN) and oriented in TBS Tissue Freezing Medium (ProSciTech,
Thuringowa, Australia). Then, 20-um sections were cut in either
the coronal or the sagittal plane. Sections were placed on poly-L-
lysine-coated Superfrost PLUS microscope slides (Biolab Scientific,
Auckland, NZ) and allowed to dry overnight at room temperature.
Sections were pretreated for 10 min with 100 ul 1% BSA prior to
application of the primary and secondary antibodies. Blood vessels
were labeled with QH-1 (Developmental Hybridoma Bank, 10) at
1/50 dilution. Peripheral nerves were labeled with 1/200 rabbit
anti-Neurofilament M C-terminal polyclonal antibody (AB1987;
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TABLE 1

Number of Quail Embryos Analyzed at Each Stage
of Development

Fluorescent Confocal

Stage stereomicroscopy? microscopy?
E2 (HH13) 13 4
E2.5-E3 (HH17-HHZ20) 20 4
E3.5-E4 (HH22-HH24) 28 12
E4.5 (HH25) 61 8
E5 (HH26) 137 8
E5.5 (HH27-HH28) 238 5
E6.0 (HH29) 102 7
E6.5 (HH30) 76 8
E7 (HH32) 29 5
E8 (HH34) 28 0
E9-E10 (HH35-HH36) 15 0
E15 (HH41) 10 0

Total 757 (1514 forelimbs) 61 (122 forelimbs)

® The numbers below the heading in each column refer to the
total number of embryos analyzed at each stage of development. In
each embryo, the neurovascular pattern was analyzed in both
forelimbs. Only morphologically normal embryos that were per-
fused and immunolabeled completely were included in this study.

Chemicon Intl., Melbourne, Australia). Both antibodies were pre-
pared in 1% BSA and 0.1% Triton X-100. Goat anti-mouse 1gG
Alexa 546 (1/400; Molecular Probes) and goat anti-rabbit IgG Alexa
488 (1/400; Molecular Probes) were used as secondary antibodies.
Sections were exposed to the primary antibodies under a coverslip
overnight at 4°C and then washed three times in PBS. The
secondary antibodies were then applied and also left overnight at
4°C under a coverslip. After an additional three washes in PBS and
draining, sections were mounted in Fluoroguard Antifade Reagent
(Bio-Rad Laboratories). Image analysis was performed by using an
Axioskop fluorescence microscope equipped with a X20 objective
(Carl Zeiss Inc., Sydney, Australia), a charge-coupled device camera
(Photometrics Image Point, AZ), and IPLAB software (Signal Ana-
lytics, VA).

RESULTS

General

A total of 1636 whole-mount forelimbs in 818 embryos
aged between E2 and E15 (HH13-HH41) were analyzed in
this study (Table 1). The neurovascular pattern obtained by
frozen section immunolabeling of peripheral nerves and
blood vessels was compared with the neurovascular pattern
observed with both whole-mount fluorescent stereomicros-
copy and confocal microscopy. The neurovascular patterns
were similar in each of the methods used (data not shown).
Fluorescent stereomicroscopy proved superior to confocal
microscopy for visualization of neurovascular anatomy in
whole-mount specimens older than E3 (HH20), particularly
in the D-V plane. TUJ1 and anti-neurofilament antibodies
produced equivalent peripheral nerve labeling patterns.
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India Ink was superior to both QH-1 immunolabeling and
fluorescent dye labeling for visualizing the complete fore-
limb vascular anatomy. In particular, the four discrete
capillary layers (labeled I-IV in D-V order), along which
peripheral nerves track, were better visualized when per-
fused with India Ink.

E2 (HH13-HH14)

Prior to HH13, dorsal aorta (DA) and posterior cardinal
vein (PCV) formation has occurred (Coffin and Poole, 1988);
however, capillary plexus down-growth from the Duct of
Cuvier has not yet reached the lateral mesoderm opposite
somites 15-20 that will later give rise to the forelimb
(Chaube, 1959). There are also no branches from the DA
projecting into this region at HH13 (Evans, 1909). Similarly,
neural crest cells and motor axons have not yet migrated
from the neural tube at the level of the prospective forelimb
but by HH14, crest cells and axons are emerging from the
neural tube opposite the anterior border of the forelimbs
(Hollyday, 1983; Teillet and Le Douarin, 1983).

E2.5-E3 (HH17-HH20)

At HH17, a series of arteries branch from the lateral and
dorsal surface of the DA (Evans, 1909). The lateral branches
of the DA supplying the forelimb lie in both segmental and
nonsegmental locations (Fig. 1A). The dorsal intersomitic
artery (ISA) branches of the DA pass dorsomedially between
adjacent somites in a strictly segmental manner to form a
perineural capillary plexus on the lateral aspect of the
neural tube. The intersomitic vein (ISV) drains the perineu-
ral capillary plexus. The ISV is a large vessel that is
flattened anteroposteriorly (craniocaudally) and has a diam-
eter of approximately 30 um in the D-V plane (Fig. 1B). It
drains directly into the PCV, which lies lateral and dorsal to
the DA. Motor axons have emerged from the ventral aspect
of the neural tube and contribute to the formation of
forelimb spinal nerves in a distinct craniocaudal sequence.
They pass laterally as a dorsoventrally flattened and loosely
fasciculated sheet to the ventromedial portion of the
somite. As they pass ventrolaterally, they are restricted to
the anterior half of the somite, as are neural crest cells
(Keynes and Stern, 1984). The most rostral axons within
each spinal segment pass alongside the ventral half of the
ISV (Fig. 1B). Axons did not appear to directly contact the
blood vessels in the intersomitic cleft (ISA and ISV), but
maintained a constant spatial relationship to them. This
observation is consistent with that of Tosney and Land-
messer (1985). Of all the axons which will later contribute
to the formation of the spinal nerve, it is these most rostral
axons (i.e., those positioned alongside the ISV) which have
progressed farthest laterally. The lateral arterial branches of
the DA supplying the forelimb pass ventral to the ISV and
arch over the PCV to form a dense plexus of similarly sized
capillaries in the ventral aspect of the forelimb (Figs. 1B and
1C). Motor axons continue to maintain their close spatial
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relationship to the ISV as they pass laterally and ventrally
to the lateral edge of the somite at HH20. For this reason,
the forelimb motor axons lie dorsal to the forelimb capil-
laries that branch from the DA in the region medial to the
PCV. Lateral to the PCV, both axons and capillaries lie in
the same D-V plane.

E3.5-E4 (HH21-HH24)

The forelimb blood vessel pattern is not static and under-
goes significant remodeling during forelimb development.
Those arteries, which arose from the lateral surface of the
DA in nonsegmental positions, have now regressed. There
are now multiple branches arising from the DA in strictly
segmental positions (Evans, 1909). These branches no
longer arise as a separate lateral branch from the DA, but
arise from a common trunk with the ISA (Fig. 1D). This
common arterial trunk is consistently located on the cra-
nial side of the corresponding ISV (Spence and Poole, 1994).
The ISA passes obliquely and ventromedially under the ISV
toward the neural tube. Here, it joins the perineural capil-
lary plexus on the caudal side of the ISV. The ISA also gives
rise to capillary branches that form a vascular plexus
surrounding each spinal nerve. Like the spinal nerves, this
capillary plexus is restricted to the anterior half somite
(data not shown). Further laterally, the neurovascular
bundle between each somite is arranged so the arteries lie
cranial to the veins and the veins lie cranial to their
corresponding spinal nerves (Fig. 1D). In the D-V plane,
however, nerves lie dorsal to arteries and arteries lie dorsal
to veins.

The arterial branch of the DA passing to the forelimb in
the space between the 18th and 19th somites has enlarged
to become the largest artery supplying the forelimb (Fig.
1D). It is referred to as the primary subclavian artery
(1°SCA) and is a direct branch of the 17th intersegmental
artery that accompanies the 15th spinal nerve (Evans, 1909).
Dorsoventrally, the 1°SCA lies just ventral to the median
plane of the limb (Fig. 2A) and branches distally into a dense
capillary network. In the proximal part of the forelimb,
however, the artery lies between a ventral and a slightly
larger dorsal avascular space. Proximal to these spaces, the
artery gives rise to two stereotypic layers of capillaries, one
of which passes dorsally and the other ventrally, to encircle
these avascular spaces. These dorsal and ventral capillary
layers curve toward each other distally to meet the distal
branches of the 1°SCA in the dense capillary network
described above. There are eventually 4 capillary layers,
labeled I-1V, in the D-V plane. The dorsal-most capillary
layer at this stage is denoted as capillary layer II, and the
ventral capillary layer is denoted as capillary layer IV. The
plane of the 1°SCA lies in capillary layer Il (Seichert and
Rychter 1972a,b). Capillary layer | [see below; E4.5 (HH25)]
has not yet formed. These arterial capillaries anastomose
throughout the forelimb with capillaries that drain into
both the PCV and umbilical veins. These venous capillaries
are not restricted to segmental positions (Evans, 1909) in
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the A-P axis, but are restricted to one of the same three
capillary layers in the D-V axis described above. Peripheral
vessels along the postaxial (posterior) border of the forelimb
in capillary layer Il have begun to form the posterior
marginal vein (PMV) (Fig. 2B).

Neurovascular congruence is evident in both the D-V and
A-P axes of the forelimb by HH22. There are four (13"-16th)
spinal nerves (Bennett et al., 1980) which contribute to the
formation of the brachial plexus (Fig. 2B). By HH22, these
nerves have begun entering the posterior half of the fore-
limb (Hollyday, 1995) and converge on the 1°SCA in both
the A-P and D-V axes. Peripheral nerves are always found to
lie on one of the four capillary layers of the developing
forelimb. For example, the brachial plexus lies on the same
D-V plane as capillary layer Ill. The brachial plexus divides
into dorsal and ventral nerve sheets that are called brachia-
lis longus superior (BLS) and inferior (BLI), respectively
(Hollyday, 1995; Roncali, 1970; Swanson and Lewis, 1982).
BLS arches upward avoiding the dorsal avascular space to
pass on the dorsal side of capillary layer II. BLI maintains a
close spatial relationship to the 1°SCA lying on the ventral
side of capillary layer IlI.

E4.5 (HH25)

The centrally placed 1°SCA is the largest blood vessel in
the forelimb (Fig. 2C); however, other (now smaller) seg-
mentally placed DA forelimb vascular branches may still
persist (Evans, 1909). In the proximal forelimb, the 1°SCA is
now referred to as the brachial artery (BA). The BA divides
into median (MA) and supracoracoideus arteries (ScA), both
of which lie in the same D-V plane (capillary layer Ill). The
MA is the direct distal extension of the BA, and the ScA is
an anteriorly directed branch that demarcates a new avas-
cular space in the A-P axis in which the humerus is formed
(Fig. 2C). BLI enters the posterior half of the forelimb and
divides into three branches (median, supracoracoideus, and
ulnar), two of which track with the aforementioned arteries
to form congruent neurovascular entities. The median
nerve (Mn) tracks along the ventral surface of the MA, and
in the same way that the most distal spinal nerve fibers are
those that lie closest to the ISV (see above), the most
distally placed fibers of the Mn are those that appear to
wrap around the MA (Fig. 2C). The supracoracoideus nerve
(Scn) joins the same named artery to form the supracoracoi-
deus neurovascular bundle. The ulnar nerve (Uln) arches
along the postaxial border of the forelimb on the ventral
surface of capillary layer Ill, toward the PMV, and in
contrast to the other two nerves (which appear to follow the
trajectory of their corresponding arteries), foreshadows the
trajectory of the ulnar artery (UIA), which has not yet
formed.

Vascular remodeling in the posterior part of the forelimb
occurs before remodeling in the anterior compartment. For
example, the anterior marginal vein (AMV), which is found
along the anterior border of the forelimb, forms after the
PMV. The PMV enlarges more rapidly than the AMV and
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joins with it (for they both lie in capillary layer Il1) to form
the marginal sinus (MS) not at the apex but on the preaxial
(anterior) border of the forelimb (Seichert and Rychter,
1971, 1972a). The anatomical pattern of peripheral nerves
does not change once specific branches have formed within
the forelimb. In contrast, the forelimb vascular pattern
continues to be remodeled. For example, another avascular
space appears dorsal to capillary layer Il (Fig. 2D) and
ventral to a new discrete layer of capillaries referred to as
capillary layer I. Capillary layer | drains into the dorsal body
wall venous plexus (Drushel et al., 1985). Proximally,
capillary layer Il drains into capillary layer Il (Fig. 2D),
which itself continues to drain into the PCV.

BLS will give rise to the radial nerve (Rn) and both
continue to track along capillary layer Il. In the same way
that the Uln foreshadows the trajectory of the UIA, the Rn
foreshadows the trajectory of the profunda brachii artery
(PBA), which later forms within capillary layer II.

Nerves in the dorsal half of the limb (e.g., Rn) are always
found to lie on the dorsal side of their capillary layer, and
nerves in the ventral half (e.g., Mn) always lie on the ventral
side of their capillary layer (Fig. 2D). Thus, with respect to
the D-V axis of the forelimb, peripheral nerves are always
positioned peripheral to their corresponding blood vessels
(Fig. 2E).

E5 (HH26)

The distal end of the MA now arches along a postaxially
directed curve. The Mn continues to track along the MA on
the ventral surface of capillary layer Il (Fig. 3A). It follows
the trajectory of the MA in the A-P axis as it curves
postaxially; however, the Mn lies slightly preaxial to the
MA in this plane (Fig. 3B). In the same way that peripheral
nerves are always positioned peripheral to their correspond-
ing blood vessels in the D-V axis, they are also positioned
peripheral to their corresponding blood vessels in the A-P
axis of the forelimb.

Peripheral nerves always maintain a close spatial rela-
tionship to the capillary layers along which they track and,
furthermore, only cross the avascular spaces between these
layers at points where capillary layers merge. For example,
in the proximal region of the forelimb, a superficial sheet of
dorsal cutaneous nerves branch from the Rn. These nerves
travel on the dorsal surface of capillary layer | and only
branch from the Rn to traverse the avascular space between
capillary layers | and Il at precisely the point where these
capillary layers merge (Fig. 3C).

In the same way that changes to the vascular pattern
occur in the posterior part of the forelimb before the
anterior part (e.g., formation of the PMV), extensions to the
peripheral nerve pattern also occur asymmetrically over
time. Changes in the trajectory of peripheral nerves in the
dorsal compartment of the forelimb precede those occurring
in the ventral compartment. For example, despite having
similar A-P trajectories, the Rn lies distal to the Mn as they
enter the forelimb. The Rn gives off a postaxially directed
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branch (Fig. 3C) which will form both the axillaris nerve
and dorsal cutaneous branches (Hollyday, 1995; Swanson
and Lewis, 1982).

In the midportion of the forelimb (future elbow region),
capillary layer Il curves down toward the BA (capillary layer
111) to eventually anastomose with it immediately distal to
the humerus in the space between the proximally separated
radius and ulna. As the radius and ulnar continue to
separate from each other in a proximal-to-distal direction,
this anastomosis gradually lengthens distally to form the
MA. Distal to the anastomosis, the two joined capillary
layers that have formed the MA again diverge by projecting
dorsally and ventrally around the distally unseparated ra-
dius and ulna (Figs. 3D and 3E). The Mn diverges with the
ventral branch and the Rn diverges with the dorsal vascular
branch of the MA. All four capillary layers converge again
distally into the MS at the apex of the forelimb.

A rudimentary UIA can be seen branching from the BA in
the proximal postaxial part of the forelimb, but its form is
lost distally as it merges with capillaries in layer Il (Fig. 3F).
The Uln divides proximally into a cranial branch, which
projects toward the MA (Nickel et al., 1977), and a caudal
branch, which continues along the PMV. The pectoralis
nerve is a ventrally placed branch of BLI that contributes to
the formation of the pectoralis neurovascular bundle. This
nerve arches craniad and lateral to the forming humerus
(Fig. 3F).
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There is a close correlation between the stereotypic
stratification of neurovascular structures in the D-V axis
and three regions of the forelimb: the cartilage forming
region, the muscle forming region, and the peripheral avas-
cular zone (Fig. 3G). The cartilage anlagen that will form
the humerus, the radius, and the ulna lie within (but do not
completely occupy) the space between capillary layers Il
and Ill. The dorsal and ventral muscle masses form between
capillary layers | and Il and Il and IV, respectively. There
are never any dorsoventrally oriented communicating ves-
sels located between capillary layers Il and 11l other than the
convergence of capillary layers Il and 11l to form the MA in
the center of the forelimb described above. In contrast,
there are occasional dorsoventrally oriented communicat-
ing vessels between capillary layers | and Il and between |11
and IV that pass between the muscle masses (e.g., ventrally,
between the UIA and capillary layer IV). Capillary layers |
and 1V lie consistently approximately 100 um distant from
the ectoderm of the entire forelimb (Martin et al., 1989).

E5.5 (HH27-HH28)

There is a hierarchy of neurovascular congruence in the
developing forelimb. Neurovascular congruence is always
maintained in the D-V plane and is greater than that seen in
the A-P plane. For example, the dorsal cutaneous nerves
that branch from the Rn (Fig. 4A) are not always accompa-

FIG. 1. (A) Dorsal view of whole mount at HH17 showing segmental (asterisk) and nonsegmental (square) lateral arterial branches of the
dorsal aorta (DA) contributing to the formation of the capillary plexus (CP) in the forelimb (FL). Spinal nerves (SN) emerging from the neural
tube (NT) occupy the anterior half somite. Leading SN axons (arrowhead) lie closest to the intersomitic vein (ISV) but do not make physical
contact with this vessel. The dotted line indicates the plane of section in (B). (B) Sagittal whole-mount section showing the large ISV
(bracket) along whose ventral aspect SN appear to track. The DA gives rise to a series of segmental dorsal (ISA) and lateral arterial (asterisk)
branches. (C). HH17 whole mount sectioned in a dorsal-oblique plane showing that SN lie dorsal to forelimb capillaries that branch from
the DA (asterisk) in the region medial to the PCV. Lateral to the PCV both axons and forelimb capillaries lie in the same D-V plane. (D)
Ventral view of a HH21 whole mount sectioned through the dorsal portion of the DA. ISA and the lateral (segmental) forelimb arteries arise
from a common arterial trunk (square) at HH21. The lateral forelimb arteries (arrowheads) lie cranial to the ISV. The ISA lie caudal to the
ISV. The lateral forelimb artery between the 18th and 19th somites (asterisk) has enlarged to become the largest artery supplying the
forelimb and is named the 1° subclavian artery. The SN that contribute to the formation of the brachial plexus (BP) have been numbered
accordingly. Figures are oriented with the lateral border to the right and in (A), (C), and (D) anterior (cranial) border uppermost.

FIG. 2. (A) Sagittal whole-mount section showing the close spatial relationship between the brachial plexus (BP) and the 1° subclavian
artery (asterisk) in the D-V axis at HH21. The BP divides into a dorsal and ventral branch. The dorsal branch is called brachialis longus
superior (BLS), and it tracks along the dorsal surface of capillary layer Il. The ventral branch is called brachialis longus inferior (BLI), and
it tracks along the ventral surface of capillary layer Ill. All capillary layers converge distally as a plexus (CP). (B) Dorsal whole mount at
HH23 showing the convergence of spinal nerves (numbered 13-16) to form the BP, which lies in the same anteroposterior position as the
1° subclavian artery (asterisk). The posterior marginal vein (PMV) has begun to form along the posterior border of the forelimb. (C) Ventrally
viewed HH25 whole mount showing the three divisions of BLI. The supracoracoideus nerve tracks with its artery (ScA) as the
supracoracoideus neurovascular bundle (asterisk) and demarcates the avascular humerus (H). The median nerve (Mn) tracks along and
around the median artery (MA). Leading axons of the Mn are those which lie closest to the MA. The ulnar nerve (Uln) arches toward the
PMV. (D) Sagittal whole-mount section of an HH25 proximal forelimb showing the formation of capillary layer I. The radial nerve (Rn) is
always found on the dorsal surface of capillary layer Il, and the Mn is always found on layer Ill. (E) Scheme showing the chief neurovascular
relationships that have been established by HH25. Peripheral nerves are always found to lie on one of four discrete capillary layers that are
defined by their position in the D-V axis of the developing forelimb. With respect to the median plane of the forelimb, peripheral nerves
(green) are always positioned peripheral to their corresponding blood vessels (red) in the D-V axis. For example, nerves in the dorsal half of
the limb will lie on the dorsal surface of the capillary layer on which they track, and nerves in the ventral half will lie of the ventral surface
of the capillary layer on which they track. All figures are oriented with the lateral border to the right. The cranial border is uppermost in
(B), (C), and (E).

© 2002 Elsevier Science (USA). All rights reserved.
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nied by discrete vessels in the A-P plane (Martin and Lewis,
1989), but nevertheless always retain their D-V congruence
on the dorsal surface of capillary layer I. In contrast to the
lack of congruency between cutaneous nerves and blood
vessels in capillary layers | and IV (away from the D-V
center of the forelimb) in the A-P axis, the Rn and the Mn
maintain A-P congruency with the dorsal and ventral
branches of the MA, respectively (capillary layers Il and I11),
that lie closer to the D-V center of the forelimb. Neurovas-
cular congruency in the D-V axis does not vary, but con-
gruency in the A-P axis does: A-P congruency is highest
toward the center of the forelimb and decreases with
increasing distance away from the center. For example, in
the proximal forelimb, BLS is not confined to exactly the
same A-P trajectory as the PBA (because it has a larger A-P
width than the vessel), but both structures are confined to
the same D-V position that corresponds to capillary layer II.
Further distally (toward the P-D center of the forelimb), the
capillaries in layer Il are divided by a V-shaped (apex
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pointing distally) avascular space on the dorsal surface of
the humerus. Here, the Rn lies in precisely the same A-P
plane as the preaxial border of this V-shaped gap (Fig. 4B).
Like all other forelimb nerves, the Rn does not traverse any
portion of the forelimb without its capillary layer. Where
the MA anastomoses with capillary layer Il (see above), the
Rn and Mn appear to exchange axons around the MA (Fig.
4C).

In most cases, blood vessels are present in the forelimb
before their corresponding peripheral nerves, but there are
several exceptions to this rule (e.g. UIA). The UIA is formed
in two phases: in the first phase, the primary UIA branches
from the proximal portion of the BA [see above, E5 (HH26)]
and follows a path parallel and on the cranial side of the
PMV. Like the Uln, the primary UIA divides into cranial
and caudal branches (Fig. 4D). The P-D location of the
cranial branch of the UIA was difficult to define, but in over
470 forelimbs, was always located up to 100 um distal to
the prospective elbow region (Fig. 4D, asterisk). The cranial

FIG. 3. (A) Sagittal whole-mount section at HH26 showing the four capillary layers (labeled I-1V) along which peripheral nerves track. The
radial nerve (Rn) tracks along the dorsal surface of capillary layer Il, which arches ventrally to anastomose with capillary layer Il to form
the median artery (MA). Proximal to this anastomosis, the median nerve (Mn) tracks along the ventral surface of the brachial artery. The
area enclosed by the dotted box is enlarged in (C). (B) Ventral whole-mount section showing the Mn tracking along the preaxial border of
the MA. The cranial branch of the ulnar nerve (Uln(cr)) foreshadows the trajectory of the ulnar artery (UIA). The caudal branch of the ulnar
nerve (Uln(ca)) tracks along the posterior marginal vein. The posterior marginal vein joins the anterior marginal vein to form the marginal
sinus (asterisk). (C) Sagittal whole-mount section showing that the dorsal cutaneous branches of the radial nerve cross the avascular space
between capillary layers | and Il only at the point at which these layers merge (arrowhead). The radial nerve gives off a postaxially directed
branch (asterisk). (D) Coronal whole-mount section at HH28 of the proximal zeugopod showing the median nerve (arrowhead) lying on the
ventral surface of the median artery (asterisk). The radius (R) and the ulna (U) are enclosed by capillary layers Il and Ill, and the dorsal and
ventral muscle masses lie between capillary layers I, 1l, I1l, and 1V, respectively. The median artery forms between the separated R and U.
(E) Coronal whole-mount section of the distal zeugopod showing the unseparated radius and ulna (R-U) around which capillary layers Il and
Il diverge. (F) Ventral whole-mount section at HH26 showing the UIA branching from the brachial artery (BA) and the pectoralis
neurovascular bundle (Pnv) arching around the lateral border of the humerus (H). (G) Scheme showing the relationship between peripheral
nerves (green), blood vessels (red), muscle (stippled), peripheral avascular zone (diamond), and the humerus (H), radius (R), and ulna (U). The
oblique plane of the schematic is illustrated by the figure in the top righthand corner. The stereotypic stratification of neurovascular
structures into four D-V layers (I-1V) spatially correlates (negatively) with the cartilage, muscle, and the peripheral avascular zone. Figures
are oriented with the lateral border to the right and cranial border uppermost. Coronal and sagittal sections are oriented with the dorsal
surface uppermost and coronal sections are oriented with the postaxial border to the right.

FIG. 4. (A) Whole mount viewed from the anterior border of the forelimb at HH28 showing that, although the dorsal interosseous
cutaneous nerve (DCiInt) and the dorsal alar cutaneous nerve (DCAI) may not be congruent with blood vessels in the A-P axis, they are
always congruent with blood vessels in the D-V axis (capillary layer 1). The radial (Rn) and the median (Mn) nerves are congruent in both
the A-P and D-V axes of the forelimb. Neurovascular congruency decreases with increasing distance from the center of the forelimb. The
rectangle indicates the plane of the coronal section in (C). (B) Dorsal view of a HH28 whole mount showing the congruent neurovascular
border (arrowhead) shared by the Rn and capillaries in layer 1l on the dorsal surface of the humerus. The Rn tracks with the dorsal branch
of the median artery (MA(d)). DC(UIn), Dorsal ulnar cutaneous nerve. (C) Coronal whole-mount section at HH29 showing that the Rn and
the Mn exchange axons (arrowhead) around the median artery (asterisk) in the centre of the forelimb. These axons appear to be in intimate
physical contact with the artery. (D) Ventrally viewed HH26 whole mount showing the formation of the ulnar artery (UIA) in the area
enclosed by the box. The UIA forms in two phases: the primary ulnar artery (UIA(1)) branches from the brachial artery (BA) and divides into
a cranial (UlA(cr)) and caudal (UlA(ca)) branch; UlA(cr) then joins a postaxial branch of the BA to form the secondary (definitive) ulnar artery
(UIA(2)). Asterisk, prospective elbow. (E) Ventrally viewed HH27 whole mount showing the median neurovascular bundle curving toward
the ulnar neurovascular bundle (Ulnv(cr)). The MA and the UIA(2) join to form the ventral carpal arch (asterisk) from which digital arteries
project into the autopod (arrows). Avascular spaces appear in a posteroanterior sequence and demarcate the region in which future digits
will form (digits numbered 1V and I11). Ulnv(ca), caudal ulnar neurovascular bundle. (F) Ventrally viewed HH27 wholemount showing that
the cranial branch of the Uln (arrowhead) branches distal to the cranial branch of the UIA (arrow). The UIA appears to form by intercalation
of adjacent capillaries in layer Ill, and its trajectory is indicated by the dotted line. Figures are oriented with the lateral border to the right
and anterior border uppermost. Coronal sections are oriented with the dorsal surface uppermost and the postaxial border to the right.

© 2002 Elsevier Science (USA). All rights reserved.
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branches of the Uln and the UIA curve anteriorly toward
the MA; in the second phase of UIA development at HH26,
a postaxial branch of the BA joins the capillaries into which
the cranial branch of the primary UIA has previously
merged (Fig. 4D). These capillaries appear to be undergoing
intercalation to form the secondary and definitive UIA. The
caudal branch of the Uln maintains a close spatial relation-
ship to the PMV and the caudal branch of the primary UIA.
This arterial branch becomes the vasa nevorum to the
caudal branch of the Uln (Fig. 4E). The P-D point at which
the cranial branch of the Uln branches from the Uln varies;
however, it is always distal to the point at which the cranial
branch of the primary UIA bifurcates (Fig. 4F).

The dorsal and ventral branches of the MA curve post-
axially to form vascular arches in the autopod. The recently
formed UIA and the ventral branch of the MA curve toward
each other to form the ventral carpal arch (VCA) at HH29
(see below). Likewise, the dorsal branch of the MA curves
postaxially, but has not yet anastomosed with the ulnar
artery to form the dorsal carpal arch (DCA). From these
arches, capillaries project distally to the MS in the apex of
the forelimb. In the same way that the PMV forms before
the AMV [see above, E4.5 (HH25)], the avascular spaces that
appear within these capillaries form in a distinct posteroan-
terior sequence and demarcate digits 1V, Ill, and Il, respec-
tively. The longitudinal capillaries on either side of these
avascular spaces will become the future digital arteries.

E6 (HH29)

Peripheral nerves and blood vessels have a preference for
certain trajectories in the A-P axis of the developing limb.
For example, the Rn and the Mn occupy similar A-P
positions despite occupying different D-V levels in the
developing forelimb. In the same way that the Mn lies
slightly to the preaxial side of the ventral MA branch in the
A-P axis, the Rn lies slightly to the preaxial side of the
dorsal MA branch (Fig. 5A). The DC Uln (dorsal cutaneous
nerve branch on the ulnar side) and the Uln also occupy
similar A-P trajectories, despite having different D-V trajec-
tories. Blood vessels occupy a similarly restricted set of A-P
trajectories. For example, both the ventral and dorsal
branches of the MA lie in the same A-P plane of the
forelimb.

Although the Rn and the Mn follow the same D-V and
A-P trajectories as the dorsal and ventral MA branches,
respectively, the P-D location of their respective curvatures
is not always precisely matched (Fig. 5B). At the junction of
zeugopod and the autopod, the MA and the UIA unite to
form the VCA and the Mn curves postaxially to anastomose
with the cranial branch of the Uln. The distal anastomosis
between the Mn and the Uln has been described before
(Swanson and Lewis, 1982) and is known as the Martin-
Gruber anastomosis (Bergman et al., 2001b). In over 200
forelimbs, the Martin—-Gruber anastomosis (MG) always
occupied the same trajectory as the VCA in the D-V and A-P
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axes, but was found up to 30 wm distal to the VCA in the
P-D axis.

The cranial branch of the Uln lies peripheral (postaxial) to
the UIA in the A-P axis. Several small nerves branch
between the cranial and caudal parts of the Uln proximal to
where the cranial branches of the Uln and UIA are found to
lie in the same A-P plane. These small nerve branches do
not run parallel with any blood vessels in the A-P or P-D
axis, but nevertheless always lie on the ventral surface of
capillary layer Il (Fig. 5C). Neurovascular congruency in
the A-P axis is greater than that observed in the P-D axis,
which is the least congruent of the three forelimb axes.

The DC Uln passes dorsally from capillary layer 1l to
capillary layer 1, where capillary layers | and Il merge
laterally. In the autopod, the Rn gives off a cutaneous nerve
branch which also reaches capillary layer | where capillary
layers | and 1l merge laterally (Fig. 5D). The dorsal branch of
the MA supplies digital arteries between digits Il and Il 111
and 1V, and on the postaxial side of digit IV. A diffuse
capillary plexus links adjacent digital arteries in the web
spaces. The cranial branch of the primary UIA regresses and
the secondary UIA is now solely supplied by the postaxial
branch of the BA. The secondary UIA (UIA) is initially
larger and more discrete distally than proximally, and in
contrast to most nerve-blood vessel relationships, it ap-
pears to follow the trajectory of the Uln (Fig. 5E). The UIA
enlarges slowly to become the largest forelimb artery at E9
(HH35). The dorsal branch of the MA becomes the defini-
tive MA as the ventral branch slowly regresses in size.

The width of the MS decreases in the apex of the
forelimb, but the AMV and the PMV still constitute the
major pathways of venous drainage. Venous drainage of the
autopod and the zeugopod occurs via the dorsal and ventral
capillaries in layers | and 1V, respectively. The majority of
these capillaries drain into the AMV and the PMV, but the
remainder continue to drain dorsally into the dorsal body
wall venous plexus and ventrally into the umbilical vein.
However, at the junction of the zeugopod and the stylopod
in the cubital fossa (elbow), the AMV and the PMV pass
from the subcutaneous plane into the developing deep
brachial vein (Seichert and Rychter, 1971). This vein devel-
ops parallel to and on the postaxial side of the brachial
artery.

Motor branches of the Rn, Mn, and Uln have already been
described in detail (Hollyday, 1995; Lewis et al., 1981;
Noakes et al., 1986; Stirling and Summerbell, 1977; Swan-
son and Lewis, 1982, 1986). They appear in a well-defined
sequence and establish the adult pattern by HH31, just
before E7 (Swanson and Lewis, 1982). Motor nerves travel in
the mixed nerve and abruptly branch off to innervate the
appropriate muscles at specific times and positions (Lewis
et al., 1981; Swanson and Lewis, 1982). In contrast to the
situation in the human adult (Taylor et al., 1994), blood
vessels do not consistently accompany motor nerves at
these points of initial branching. For example, at the time of
initial branching, the motor nerve to the flexor carpi ulnaris

© 2002 Elsevier Science (USA). All rights reserved.



310

muscle (Fig. 5E) does not have an accompanying blood
vessel.

E6.5 (HH30)

Digital branches of the Rn travel on the dorsal surface of
their corresponding digital arteries (Fig. 6A). Both arteries
and nerves bifurcate at exactly the same position on the
dorsal surface of the autopod. Dorsally and on the postaxial
border of the autopod there is congruence in the patterning
of digital neurovascular bundles in all three axes of the
forelimb. In contrast, the digital nerves to digits Il and IV,
which branch from the MG [see above, E6 (HH29)] pass
distally in the midline of their respective digits without an
accompanying artery in the A-P axis (Fig. 6A). They do,
however, maintain their D-V relationship to capillary layer
1.

The Mn gives rise to a branch proximally which curves
distally toward the anterior border of the forelimb. This
branch divides early into motor and sensory nerves (Fig. 6B).
The motor nerve supplies the pronator superficialis muscle
(Swanson and Lewis, 1982) and the sensory nerve supplies
the patagium (propatagialis nerve) (Nickel et al., 1977). The
propatagialis nerve (PGn) precedes and presages the trajec-
tory of the propatagialis artery (PGA) that later accompa-
nies it (Fig. 6C).

E7 (HH32)

The MA remains the largest forelimb artery, and as the
limb elongates, the point at which the PBA joins the MA
lies further proximally at the level of the cubital fossa (Fig.
6C). The proximal Rn tracks with the PBA, and at the level
of the cubital fossa where the PBA joins the MA, the Rn
passes to the dorsal surface of the MA. Proximally in the
forelimb, BLI passes distally on the ventral surface of the BA
and the brachial vein and branches into the Mn and the Uln.
The Mn continues distally along the ventral surface of the
MA. The Rn and the Mn remain on the dorsal and ventral
surfaces of the MA, respectively, to at least E15 (HH41).
The Uln branches away from the Mn at the cubital fossa to
pass in association with the ulnar vasa nevorum and the
PMV to the postaxial border of the forelimb. The Uln(cr)
leaves the Uln(ca) proximally in the zeugopod. This branch
then traverses the ventral surface of capillary layer Ill
without an accompanying blood vessel to reach the distal
portion of the UIA in the distal part of the zeugopod (Fig.
6D).

At E7 (HH32), the ventral branch of the MA has begun to
regress (Fig. 6E). The MS also continues to degenerate, and
the connections of both the AMV and the PMV with the
brachial vein become prominent (Seichert and Rychter,
1971). The AMV and the PMV are now denoted as the
cephalic vein and basilic veins, respectively.

Bates, Taylor, and Newgreen

E8 (HH34)

We have examined the vascular pattern in 106 E8-E15
(HH34-HHA41) forelimbs and have determined that the
adult vascular pattern is established by E8. The UIA is now
well defined along its entire extent and is the same size as
the MA. The UIA branches from the BA at the cubital fossa.
With further elongation and rotation of the forelimb, the
UIA lies ventral to the MA, which curves dorsally behind it.
The UIA still joins the regressing ventral branch of the MA
in the VCA. The UIA supplies the digital artery to the
postaxial side of digit Il and also gives an anterior branch to
form the digital artery supplying the ventral surface of digit
I1. Distal to the VCA, the ventral branch of the MA supplies
a digital artery to the preaxial side of digit Il and via a
branch of this vessel supplies a digital artery to the post-
axial border of digit Il. A deep branch of the UIA can be seen
anastomosing with the MA to form the dorsal carpal arch
(Fig. 6E). The caudal branch of the UIA (ulnar vasa nevo-
rum) supplies the digital artery to the postaxial border of
digit IV. The regressing ventral branch of the MA also
branches to anastomose with the PGA (Fig. 6E). The distal
continuation of this preaxial ventral anastomosis with the
PGA supplies a digital artery to the preaxial border of digit
Il. The PGA anastomoses with an extension of the PBA in a
T-intersection.

E9-E10 (HH35-HH36)

Although the definitive vascular pattern has been estab-
lished, differential remodeling events (e.g., changes in the
caliber of blood vessels) continue to occur. The UIA is now
the largest artery supplying to the forelimb and is joined by
the cranial branch of the Uln distally in the forelimb (Fig.
7A). This nerve divides distally to supply digital nerves on
either side of digit IV. The Mn supplies branches to the
preaxial side of digit Il and on either side of digit Il. In
contrast to the situation at HH30, the ventral digital nerves
now run together with arteries (Fig. 7B). The Rn and MA
supply dorsal digital neurovascular bundles to both sides of
digits II, 111, and IV (data not shown). Apart from a wider and
more complex ramification of nerves and blood vessels
supplying the skin, the basic neurovascular pattern remains
unchanged from HH36 to at least HH41.

E15 (HH41)

The congruent neurovascular anatomical pattern that has
been established prior to HH41 is maintained to this stage.
The various anastomoses between the UIA and MA also
remain unchanged. The UIA now has venae comitantes and
small diameter nerve fibers coursing over its surface (Fig. 7B).
The basilic vein has enlarged, and the long bones have con-
spicuously vascular medullary canals (data not shown). The
feather buds along the postaxial margin of the wing now have
a neurovascular supply. Blood vessels and nerves supplying
these feather buds travel in the same plane and are conspicu-
ously colocalized in a repeating pattern (Fig. 7C).
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FIG.5. (A) Dorsal view of a HH28 whole mount showing the parallel trajectories of the radial (Rn) and the median (Mn) nerves that track
with the dorsal (MA(d)) and ventral (MA(v)) branches of the median artery, respectively. Like the Rn and the Mn, the cranial (UIn(cr)) and
the caudal (Uln(ca)) branches of the ulnar nerve lie peripheral to their corresponding arteries (red). (B) Ventral view of a HH29 whole mount
showing the union of the ulnar artery (UIA) with the median artery (MA) to form the ventral carpal arch (asterisk). Similarly, the Mn and
the Uln(cr) join to form the Martin—-Gruber anastomosis (MG). The MG lies parallel but distal to the ventral carpal arch. Ventral digital
nerves (arrowheads) branch from the MG to supply the ventral surface of the digits (II-1V). A digital artery does not initially accompany
these nerves in the A-P axis. AMV, anterior marginal vein; PMV, posterior marginal vein. (C) Ventral whole mount (capillary layer 1V
removed) at HH32 showing a nerve (arrowhead) branching between the Uln(cr) and Uln(ca). The motor nerve to flexor carpi ulnaris (FCU)
is not initially accompanied by a blood vessel (box). (D) Sagittally sectioned HH29 whole mount of the distal zeugopod showing the two
branches of the MA which diverge to enclose an avascular space (asterisk). The distal dorsal cutaneous branch of the Rn (dotted circle)
passes from capillary layer Il to layer | at the point where these layers merge laterally. (E) Ventrally viewed HH30 whole mount showing
the Uln(cr) foreshadowing the trajectory of the UIA. Box, nerve to FCU; arrowhead, digital nerve. (F) Scheme showing neurovascular spatial
relationships in each forelimb axis. Sagittal section (blue), peripheral nerves (green) are always found on one of four capillary (red) layers in
the D-V axis. Dorsal peripheral nerves have progressed further distally than ventral nerves (spatial mismatch of double headed arrows);
coronal section (red); Peripheral nerves and blood vessels occupy discrete A-P positions in the forelimb at all D-V positions (indicated by
path of double headed arrows); transverse section, neurovascular congruency is normally observed in the A-P axis (arrow) but is not
invariant (arrowhead). Neurovascular spatial relations are least congruent in the P-D axis (spatial mismatch of double headed arrows). With
respect to the central axes of the forelimb (dotted lines in all sections), nerves are always found to lie peripheral to their accompanying blood
vessels. Figures are oriented with the lateral border to the right and cranial border uppermost. Sagittal sections are oriented with the dorsal
surface uppermost.
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FIG. 6. (A) Coronal whole-mount section at HH32 at the level of the autopod showing dorsal digital nerves (arrowhead) and ventral digital
nerves (arrows). (B) Ventrally viewed HH30 whole mount showing the propatagialis nerve (PGn) branching from the median nerve (Mn). The
PGn foreshadows the trajectory of the propatagialis artery (PGA) seen in (C). (C) Dorsal view of a HH34 whole mount showing the
anastomosis between the profunda brachii artery (PBA) and the PGA (dotted circle). (D) Ventral whole mount at HH34 of distal zeugopod
showing how the median nerve (Mn) and the cranial branch of the ulnar nerve (Uln(cr)) join to form the Martin-Gruber neural anastomosis
(MG) which supplies ventral digital nerves (arrowheads) to the digits. (E) Ventral view of an HH34 whole mount showing the vascular
anastomoses in the distal zeugopod. A rudimentary ventral branch of the MA joins with the UIA to form the ventral carpal arch (VCA). The
dorsal branch of the MA joins with the ulnar artery to form the dorsal carpal arch (asterisk). The MA also joins with the PGA (dotted ellipse).
These vascular anastomoses supply digital arteries (arrowheads) to the digits. Figures are oriented with the lateral border to the right and
anterior border uppermost. Coronal sections are oriented with the dorsal surface uppermost and the postaxial border to the right.

DISCUSSION Caplan and Koutroupas, 1973; Drushel et al., 1985; Feinberg

et al., 1986) have been lacking in detail. This has led to

Developmental Vascular Anatomy of the Avian oversimplified and sometimes misinterpreted notions of
Forelimb developmental vascular anatomy in this region.

The avian forelimb is a valuable model for the study of Drushel et al. (1985) state that the precursor to the

neurovascular development, but descriptions of the devel- adult wing vascular pattern has been established by E4.5

oping vascular pattern after E4.5 (HH25) (Caplan, 1985; (HH25), whereas we find significant differences from the
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FIG. 7. (A) Ventral aspect at HH35 of a whole mount showing that the ulnar artery (UIA) is now larger than the median artery (MA). The
median nerve (Mn) continues to track with the MA and the cranial branch of the ulnar nerve (Uln(cr)) tracks with the UIA. Both the Mn
and the Uln contribute digital nerves to the ventral aspect of the digits (arrowheads). (B) Ventral whole mount at HH41 of the distal
zeugopod showing small diameter nerve fibers coursing over the surface of the UIA (arrow). The ventral digital nerves (arrowheads) are now
spatially associated with digital arteries in the A-P axis. (C) Ventral whole mount of the posterior border of the autopod showing the
conspicuously congruent pattern of nerves and blood vessels supplying the featherbuds (arrowheads). Figures are oriented with the lateral
border to the right and cranial border uppermost.

adult pattern up to E8 (HH34). These are illustrated gialis artery is located on the radial side of the developing
schematically in Fig. 8. In particular, we observe the forelimb in the quail embryo (Nickel et al., 1977). It has
formation of the definitive ulnar artery at E6 (HH29) and been referred to as the radial artery (Drushel et al., 1985);
both progressive remodeling of the median artery and however, this artery is an anterior branch of the median
formation of the propatagialis artery by E8. The propata- artery and is accompanied by a branch of the median

© 2002 Elsevier Science (USA). All rights reserved.



314 Bates, Taylor, and Newgreen

HH32

HH34

1 Medianartery I  Median & Ulnar nerves
[ 1 Unarartery (1°&2°) P Radial nerve
[ 1 Profunda brachii artery

B  Propatagialis artery

FIG. 8. A series of schematic diagrams that illustrate the critical changes in neurovascular pattern that occur between E5 (HH26) and E8
(HH34). Diagrams emphasize patterns of connectivity in both peripheral nerves and blood vessels and are not drawn to scale. Blood vessels
have been outlined with a black line. Capillaries are indicated by a dotted line. Digits are referred to as Il (most preaxial), Ill, and IV (most
postaxial). All diagrams are presented as if viewed from the ventral aspect and have been oriented proximal (left); distal (right); anterior (top);
posterior (bottom). Peripheral nerves and blood vessels can be identified by referring to the color code at the bottom of the figure. HH26:
Capillary layer 1l anastomoses with the median artery. The radial nerve tracks along capillary layer Il, the median nerve tracks along the
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nerve called the propatagialis nerve and hence is named
accordingly.

The schematic stereogram of the adult vasculature pre-
sented by Drushel et al. (1985), requires modification: in the
E15 (HH41) quail forelimb, there is no radial artery and the
radial nerve travels with the median artery, which is
present in the quail from E5 (HH26) to at least E15 (HHA41;
1 day before hatching). A persistent median artery in the
absence of a radial artery is a well-described and relatively
common human anatomical variant and is commonly
found in other vertebrates (Bergman et al., 2001a). In these
anatomical variants, the radial nerve is also found to travel
with the median artery. The stereogram of Drushel et al.
(1985) also indicates that the median artery (called in-
terosseous in their paper) arises from the artery to the ulnar
nerve. This blood vessel is actually the cranial branch of the
1° ulnar artery that gives rise to the ulnar artery proper at E5
(HH26) along which the cranial branch of the ulnar nerve
tracks. It is the brachial artery that divides to form the
median and ulnar arteries. We are confident that the me-
dian artery branch of the brachial artery has been correctly
named because the median and radial nerves track along it.
The anastomosis between the artery supplying the ulnar
nerve and the median artery on the dorsum of the forelimb
described by Drushel et al. (1985) was not observed in our
study comprising over 50 perfusions (E8—E15) of this region.

These different descriptions of forelimb vascular anat-
omy and development could be accounted for by further
vascular remodeling after E15, but we feel this is unlikely,
as there was no major change in the vascular pattern in 106
forelimbs spanning from E8 to E15. There may also be
differences in the adult vascular anatomy between chickens
and quails. We also feel this to be unlikely, as our descrip-
tions of the vascular anatomy are consistent with those
described in the chicken at earlier stages by Seichert and
Rychter (1971, 1972a,b,c) and at adult stages by Nickel et al.
(1977).

Developmental Peripheral Nerve Anatomy of the
Avian Forelimb

In the main, peripheral nerves have been named in
accordance with previous studies (Bennett et al., 1980;
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Hollyday, 1995; Roncali, 1970; Swanson and Lewis, 1982).
However, several important anatomical inconsistencies
and differences in nomenclature need to be clarified. Ron-
cali (1970) described six spinal nerves (from segments 12 to
17) that contribute to the formation of the brachial plexus
in chicken embryos. However, in our study of over 260
quail forelimbs from HH20-H25, we only observed four
spinal nerves (from segments 13 to 16) contributing to
brachial plexus formation. This is consistent with Bennett
et al. (1980), but differs from Hollyday (1995), who de-
scribed a small contribution from the 17th spinal nerve in
chicken embryos. These differences could be accounted for
by interspecies variability. We have observed axons enter-
ing the forelimb at HH22, which is earlier than previously
reported (Roncali, 1970; Swanson and Lewis, 1982) but
consistent with recent descriptions of forelimb peripheral
nerve in-growth (Hollyday, 1995). We have labeled the
pectoral nerve in accordance with Hollyday (1995), who
described an anteriorly directed nerve branch from BLI in
contrast to the posteriorly directed branch described by
Roncali (1970) that was not observed in our study. Our
description of peripheral nerve development is consistent
with the illustrations of Swanson and Lewis (1982). In
particular, we have observed a connection between the
fibers of the median and ulnar nerves (denoted interosseous
and median nerves respectively by Swanson and Lewis,
1982) that has not been described by others (Roncali, 1970)
and agree that the adult peripheral nerve pattern is estab-
lished by HH31. However, we have used different nomen-
clature to describe the same peripheral nerves to simplify
emerging neurovascular spatial relationships. For example,
Swanson and Lewis (1982) name the anterior branch of BLI
the interosseous nerve and the posterior branch the median
nerve. The posterior branch has also been referred to as the
median—ulnar nerve (Noakes et al., 1993) and the ulnar
nerve (Hollyday, 1995). The anterior branch lies on the
ventral aspect of the median artery and supplies motor
branches to the ventral muscle mass in the anterior half of
the forelimb. It also supplies digital nerves to the ventral
autopod. For this reason, we have used median to denote
the anterior nerve branch of BLI. The posterior branch that
has been referred to as both the median-ulnar nerve and the
ulnar nerve (see above) divides into a secondary posterior

median artery and the cranial branch of the ulnar nerve lies distal to the cranial branch of the 1° ulnar artery. HH28: Radial and median
nerves accompany the dorsal and ventral branches (respectively) of the median artery. The 2° ulnar artery (definitive ulnar artery) has begun
to form and the cranial branch of the ulnar nerve foreshadows its trajectory. HH29: The definitive ulnar artery has formed. The ventral
carpal vascular arch (union of ulnar artery with ventral branch of median artery) has also formed and is spatially associated with a neural
arch that joins the median and ulnar nerves (MG). HH30: The propatagialis nerve (branch of the median nerve) foreshadows the trajectory
of the propatagialis artery (branch of the median artery). The dorsal carpal vascular arch (union of ulnar artery with dorsal branch of median
artery) has formed and digital neurovascular bundles pass distally between the digits. HH32: The propatagialis artery anastomoses with
both the median and ulnar arteries. The ventral carpal vascular arch decreases in size (dotted line). HH34: The definitive neurovascular
anatomical pattern is established at this stage. The profunda brachii artery anastomoses with the propatagialis artery. The ulnar artery
alters its trajectory in the autopod to supply digital arteries to the digits Il and Ill. The dorsal carpal vascular arch (arrow) and the ventral
carpal arch (arrowhead) lie proximal to the origin of these digital arteries.

© 2002 Elsevier Science (USA). All rights reserved.



316

and secondary anterior branch. The secondary posterior
branch has also been referred to as the ulnar nerve (Noakes
et al., 1993; Hollyday, 1995) and the secondary anterior
branch as the median nerve (Roncali, 1970; Swanson and
Lewis, 1982). The secondary posterior nerve branch tracks
with a small artery (vasa nevorum) and the posterior mar-
ginal vein. It is a sensory nerve (Swanson and Lewis, 1982),
and we have referred to it as the caudal branch of the ulnar
nerve. The secondary anterior nerve branch lies on the
ventral aspect of the ulnar artery and supplies motor
branches to the ventral muscle mass in the posterior half of
the forelimb. It also supplies digital nerves to the ventral
autopod. For this reason, we have used ulnar to denote the
posterior nerve branch of BLI which divides into cranial
(motor) and caudal (sensory) branches. This nomenclature
is consistent with the description of avian forelimb anat-
omy given by Vollmerhaus (Nickel et al., 1977).

The Dynamics of Peripheral Nerve and Blood
Vessel Pattern Formation Are Different

Blood vessels. The blood vessel pattern is not static and
undergoes a significant change in pattern during the devel-
opment of the forelimb (Gorski and Walsh, 2001). New
branches arise and others regress at specific times and in
specific places. The mechanisms responsible for these re-
modeling events are not known (Beck and D’Amore, 1997);
however, the processes of intercalation, intussusception
(Carmeliet, 2000; Patan, 1998), and selective apoptosis
(Dimmeler and Zeiher, 2000) have been proposed. Those
blood vessels that enlarge and persist (e.g., ulnar and me-
dian arteries) are spatially associated with major peripheral
nerves.

Peripheral nerves. In contrast to the vasculature, the
peripheral nerve pattern appears to be established with a
high degree of precision ab initio (Hollyday, 1990). When a
branch is given off, it persists, although fasciculation of
these branches occurs progressively with time (Hollyday,
1995). Thus, nerves are normally restricted in their path-
ways, but under experimental conditions, they can grow
anywhere apart from cartilage, the marginal avascular zone,
and the region of undifferentiated mesenchyme beneath the
apical ectodermal ridge (Swanson, 1985).

Peripheral Nerve and Vascular Patterns Are
Largely Congruent in the Developing Avian
Forelimb

Our observations of neurovascular development in the
forelimb of the avian embryo are in broad agreement with
the findings of Martin and Lewis (1989). However, our
methods and conclusions differ from theirs and those of a
number of other studies (Bennett et al., 1980; Tosney and
Landmesser, 1985) in several important respects. Method-
ologically, by using the entire forelimb from E2-E15
(HH13-HHA41) as a model, we have not restricted our
analysis to dorsal wing skin preparations (Martin and

Bates, Taylor, and Newgreen

Lewis, 1989) or serial reconstructions of histological sec-
tions (Bennett et al., 1980; Tosney and Landmesser, 1985) at
specific and limited time points. Our comprehensive and
systematic approach to neurovascular patterning in the
whole forelimb has allowed us to document several aspects
of neurovascular development that were not apparent in
previous studies (see below). In terms of conclusions arrived
at, previous studies (Bennett et al., 1980; Martin et al.,
1989; Martin and Lewis, 1989; Spence and Poole, 1994;
Tosney and Landmesser, 1985) concluded that nerve and
blood vessel patterns are, to some extent, random and show
no close relationship, whereas we find that neurovascular
patterning is highly stereotypic and congruent. However,
this relationship is often much more subtle than a strict
one-on-one congruency.

In our study of 1636 quail forelimbs aged between E2 and
E15 (HH13-HHA41), we found that peripheral nerves and
blood vessels are always restricted to the same D-V planes.
We did not observe any anatomical variants in which this
did not occur. Furthermore, peripheral nerves were always
found to lie on one of four capillary layers defined by their
position in the D-V axis (labeled I-1V in the D-V plane).
Peripheral nerves only branched to travel in another D-V
plane where capillary layers meet. Subjectively, this creates
a strong impression that nerves use these layers as a scaffold
along which to track. At no time did we observe peripheral
nerves crossing avascular spaces (between capillary layers)
without an accompanying blood vessel.

Neurovascular congruency was also observed in the A-P
and P-D axes of the developing forelimb; however, there is
a hierarchy of congruence between peripheral nerve and
blood vessel patterns in the three spatial axes of the
forelimb such that D-V congruency>A-P>P-D. The A-P
and P-D correlation of peripheral nerve and blood vessel
pattern is greatest in capillary layers Il and |1l and decreases
with distance from the D-V center of the limb. This
resolves the inconsistency between our conclusions empha-
sizing neurovascular congruency and those of Martin and
Lewis (1989), because the latter described the dorsal cuta-
neous nerves and blood vessels in capillary layer I, where
we find least spatial relationships between nerves and blood
vessels.

Peripheral nerves and blood vessels were also restricted to
specific trajectories in the A-P and P-D axes of the forelimb.
For example, DC Uln and the cranial branch of the ulnar
nerve lie in the same A-P plane, despite having different
D-V coordinates. The radial and the median nerves (and
their associated blood vessels) also maintain the same
trajectory in the P-D plane, despite having different D-V
coordinates. Interestingly, in all cases where nerves and
blood vessels were restricted to defined trajectories in each
of the three forelimb axes, peripheral nerves were always
observed to be positioned spatially peripheral to their cor-
responding blood vessels (including capillary layers).

The neurovascular pattern is initially symmetrical in all
three spatial axes; however, the neurovascular pattern
emerges asymmetrically over time (i.e., changes to the
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pattern in the dorsal and posterior regions of the forelimb
precede those in the ventral and anterior regions). Blood
vessels are almost always present before their correspond-
ing nerves (e.g., symmetrical capillary layers along which
peripheral nerves subsequently track), although there are
several notable reversals of this order: ulnar nerve and
artery; propatagialis nerve and artery; ventral nerves to
digits Ill and IV and their arteries.

Potential Mechanisms of Neurovascular
Congruence

How the congruence of peripheral nerve and vascular
patterns might be achieved can be divided into four broad
explanatory groups. The first postulates that the later
arriving entity (usually nerves) pattern on the preexisting
entity (usually blood vessels), which produce molecular
guidance cues, trophic support, or a favorable substrate
(Enomoto et al., 2001; Martin and Lewis, 1989; Spence and
Poole, 1994). The second suggests that neurovascular con-
gruence can be explained by the two entities sharing the
same patterning mechanisms provided by the local nonneu-
ral and nonvascular environment (Roush, 1998; Shima and
Mailhos, 2000). The third hypothesis suggests that nerves
and blood vessels are patterned by different molecular
mechanisms that happen to spatially coincide. The fourth
postulate is that peripheral nerves and blood vessels are
excluded from certain regions by space-occupying struc-
tures, such as developing muscle and cartilage, so congru-
ency is achieved by default. This steric exclusion model is
not specific in molecular terms, and is thus fundamentally
different from receptor-ligand-induced repulsion events
that may play a role in schemes two and three.

Tello (1917) proposed the initial version of the first theory
and this has since been echoed by others (see above).
Consistent with this notion, secretion of the neuroactive
factors BDNF, FGF2 and PDGF (Leventhal et al., 1999) by
endothelial cells suggests that the vasculature may have a
role in supporting neuronal differentiation, survival, and
migration. Conversely, it has been proposed that nerves
might modify the vasculature pattern (Martin and Lewis,
1989). Trophic factors released by neurons and peripheral
nerves, such as VEGF (Ogunshola et al., 2000), dopamine
(Basu et al., 2001), CGRP (Haegerstrand et al., 1990), and
BDNF (Donovan et al., 1995), have roles in endothelial cell
proliferation and migration.

Evidence consistent with the second theory of shared
patterning mechanisms is also mounting (Holder and Klein,
1999; Soker, 2001). Molecules that have been found to
regulate peripheral nerve development and patterning have
also been implicated in the regulation of vascular develop-
ment and patterning. These molecules include vascular
endothelial growth factor (VEGF), neuropilin-1 (NRP-1),
semaphorin3A (Sema3A), and the Eph/ephrin and Notch/
Delta systems. In addition to VEGF’s role as a potent
endothelial cell mitogen (Leung et al., 1989), VEGF has also
been shown to have multiple neurotrophic effects (Oost-
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huyse et al., 2001; Schratzberger et al., 2001; Sondell et al.,
1999, 2000). VEGF binds to flk-1 (VEGF receptor-2) and
NRP1, which are receptors present on nerves and endothe-
lium (Herzog et al., 2001; Kitsukawa et al., 1995; Soker et
al., 1998). Moreover, the NRP1 receptor has been recently
shown to modulate vasculogenesis (Yamada et al., 2001)
and angiogenesis (Soker et al., 1998) in addition to its
previously characterized role as a receptor that mediates
axonal repulsion and patterning (Fujisawa et al., 1997).
Sema3A is another ligand that binds to NRP1 and has been
shown to inhibit endothelial cell motility (Miao et al.,
1999) in addition to causing growth cone collapse and
axonal repulsion (Luo et al., 1993; Raper and Kapfhammer,
1990). Knockout and overexpression studies involving the
NRP1/Sema3A system (Behar et al., 1996; Kawasaki et al.,
1999; Kitsukawa et al., 1995, 1997; Taniguchi et al., 1997)
have demonstrated abnormalities in both peripheral nerve
and vascular patterning. Similarly, the Eph/ephrin system
has been shown to have a major role in peripheral nerve and
vascular patterning (Adams et al., 2001). In particular, the
Eph/ephrin system has been shown to have a role in the
D-V organization of peripheral nerves (Eberhart et al., 2000;
Helmbacher et al., 2000) and A-P patterning of the inter-
somitic vasculature (Helbling et al., 2000). The Notch/
Delta system has also been implicated in axonal guidance
(Giniger et al., 1993) and vascular patterning and develop-
ment (Uyttendaele et al., 2001; Xue et al., 1999).

The third theory holds that neurovascular congruence is
established by molecularly different and independent pe-
ripheral nerve and blood vessel patterning mechanisms that
happen to spatially coincide. For example, expression stud-
ies of Slit and Robo reveal patterns that are consistent with
a role in axonal guidance and patterning (Vargesson, 2001);
however, there is currently no evidence consistent with a
similar role for the Slit/Robo system in vascular patterning.
Although the Eph/ephrin system has been implicated in
both peripheral nerve and vascular patterning, it has not
been shown that the same set of Eph/ephrin molecules
pattern peripheral nerves and blood vessels in similar ways.
Knockout and overexpression studies of putative molecules
that simultaneously examine the effect on peripheral nerve
and vascular patterning should help resolve whether neu-
rovascular congruence results from shared molecular pat-
terning mechanisms or by different and independent mo-
lecular patterning mechanisms that happen to spatially
coincide.

The fourth theory offers the simple explanation that the
positioning of both nerve and capillary layers is physically
determined by the structures that they lie between. This
would account for peripheral nerves and capillary layers
encircling dense tissues such as cartilage and muscle. Our
observation that capillary layers Il and 1l do not abut the
cartilage anlagen that they encircle, but instead lie in looser
connective tissue at a distance from the cartilage, would
argue against this idea. The contributions, which need not
be mutually exclusive, of each of these four theories to the
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actual development of neurovascular pattern in the fore-
limb of the quail embryo still remain to be determined.

CONCLUSIONS

We have described the pattern of neurovascular develop-
ment in the forelimb of the quail embryo in detail and show
that the relationship between peripheral nerves and blood
vessels is, in the main, highly stereotypic and congruent,
rather than being unrelated as suggested by Martin and Lewis
(1989). Both the patterns of peripheral nerves and blood vessels
appear to be precisely defined. The nature of the cues which
define the “highways” (Swanson and Lewis, 1982; Swanson,
1985) along which blood vessels and nerves track remains
unresolved (Hollyday, 1995). This more detailed appreciation
of neurovascular anatomy and development may hint at
which cellular and molecular mechanisms may be responsible
and will provide a context within which to interpret experi-
ments that perturb molecular functions.
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