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The expression domains of genes located at the 5’ end of
the HoxD (formerly Hox-4) complex appear to correlate
with pattern along hoth the proximal-distal (PrDi) and the
anterior-posterior {AP) axes of the developing limb bud,
and it has been suggested that the HoxD gene products are
involved in the specification of positional information dur-
ing limb development. The apical ectodermal ridge is re-
quired for limb outgrowth and is thought to influence me-
sodermal cells at the distal end of the limb bud in a region
within which patterning events occur. In this paper, we ex-
amine the expression of 5’ HoxD genes during PrDi pattern
regulation in chick wing buds. In limhs undergoing pattern
regulation, we demonstrate that the domains of HoxD11
and HoxD13 gene expression are “regenerated” within 24
hr of removal of the distal mesenchyme, In contrast, in
limbs which will not form distal structures, HoxD13 ex-
pression becomes reduced. © 199 Academic Press, Inc.

INTRODUCTION

The expression domains of genes located at the 5’ ends
of the HoxA and HoxD gene complexes (formerly Hox-1
and Hozx-4, respectively; Scott, 1992, 1993) appear to cor-
relate with regions that will give rise to distinct skeletal
elements along the proximal-distal (PrDi) and ante-
rior-posterior (AP) axes of developing limb buds in both
the mouse (Dollé et al, 1989) and the chick (Izpisaa-
Belmonte et al, 1991b; Mackem and Mahon, 1991; Noji et
al, 1991; Yokouchi ef al, 1991; Morgan et al,, 1992). Spe-
cifically, the expression domains of the 5' HoxA genes
appear to identify different PrDi segments of the limb
(Yokouchi et al, 1991), while the HoxD genes are ex-
pressed in domains that correlate with pattern along
both PrDi and AP axes (Dollé et al, 1989; Izpisiia-
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Belmonte et al, 1991b; Mackem and Mahon, 1991; Noji et
al, 1991; Yokouchi et al, 1991). Furthermore, correla-
tions between Hox gene expression domains and regions
of the limb bud that will give rise to specific skeletal
structures are apparent prior to any overt sign of differ-
entiation, and they persist into the period in which dif-
ferentiation of the skeletal elements is occurring. These
observations support the idea that the Hox gene expres-
sion domains represent an early indication of “determi-
nation” in terms of positional identity of cells in the
limb bud.

Distal outgrowth of the developing limb bud is depen-
dent upon interactions between mesodermal cells and
the overlying ectoderm. The apical ectodermal ridge
(AER) is a transient ectodermal specialization that is
thought to influence a region of mesoderm at the distal
end of the limb bud (the progress zone) within which
pattern specification occurs (Summerbell et al, 1973;
Summerbell, 1974). Studies on developing chick limbs
demonstrate that the AER is essential for outgrowth of
the chick limb bud (Saunders, 1948}, aithough early limb
bud formation occurs without the AER in the limbless
chick mutant (Carrington and Fallon, 1988) and alsc in
the normal mouse {Wanek et al, 1989). The influence of
the AER has been demonstrated by experiments in
which the AER is removed at various stages during
chick limb development, resulting in limbs that are
truncated at different PrDi levels (Saunders, 1948,
Summerbell, 1974; Rowe and Fallon, 1982). These results
are gimilar to those observed following amputation of
the distal tip of the limb bud (Saunders, 1948). Conse-
quently it appears that, in the chick, the outgrowth-pro-
moting ability of the limb ectoderm has become re-
stricted to the AER and that the AER is not reformed in
vivo after its removal.

Further evidence for the influence of the AER on limb
outgrowth is its ability to induce extra limb pattern.
AERs have been shown to induce supernumerary limb
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outgrowth following transplantation to different re-
gions of the chick limb bud (Zwilling, 1956; Saunders et
al., 1976; Carrington and Fallon, 1986). In the eudiplodia
mutant, formation of ectopic AERSs correlates with for-
mation of extra structures (Goetinck, 1964). When iso-
lated leg bud mesoderm is grafted subjacent to the AER
of a host wing bud in which the distal mesoderm has
been excised (Gasseling and Saunders, 1961), or when
proximal leg bud tissue is grafted under an AER
(Saunders et al, 1957, 1959), distal leg structures de-
velop. AERs can also induce limb outgrowth following
transplantation onto the proximal stumps of amputated
limb buds (Zwilling, 1956; Rubin and Saunders, 1972).
Finally, previous reports have provided limited docu-
mentation that chick limb buds can reform and develop
normally following removal of a portion of the mesoder-
mal component of the limb bud, provided that the AER
is left intact (Hansborough, 1954; Saunders et al, 1957;
Hampé, 1959, 1960; Barasa, 1964).

In this study, we have used nonradioactive in situ hy-
bridization methods on whole-mount preparations of
chick embryos to analyze the expression patterns of
HoxD genes in wing buds during normal limb develop-
ment, after amputation and AER removal, and while
limbs are undergoing PrDi pattern regulation. Pattern
regulation following removal of distal mesenchyme
(“excavation”) was examined in wing buds at stages 20/
21 and 23/24. Excavated limb buds with an intact AER
reform a normal morphology within 48 hr, and all regu-
late to form normal distal skeletal elements from proxi-
mal mesenchyme cells. As controls, wing buds were am-
putated, or the AER alone was removed, leaving the un-
derlying mesoderm intact, Neither of the two control
groups reformed the distal part of the wing bud skeletal
pattern. At various time points after experimental in-
tervention at stage 23/24, the patterns of expression of
HoxD11 and HoxDi8 (formerly Hox-46 and Hox-4.8)
transcripts were examined. We chose to study expres-
sion after excavation at this stage because the excavated
region is greater than and contains the entire HoxD13
domain. The distal domains of HoxD11 and HoxD13 ex-
pression are “regenerated” during PrDi pattern regula-
tion. In contrast, when distal pattern elements are not
formed, Hox[}13 expression becomes reduced. Thus, we
present evidenee that regulation of the distal limb pat-
tern involves reestablishment of the expression of

HoxD13.
MATERIALS AND METHODS
Preparation of Embryos

Fertilized White Leghorn chicken eggs (K&R Enter-
prises, Westminster, CA) were incubated at 38°C. On
the fourth day of incubation, the eggs were prepared by
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F1G. 1. Diagram showing fate maps of stage 21 {a) and stage 24 (b)
wing buds (adapted from Stark and Searls, 1973), shaded to indicate
the regions removed in the excavations and amputations. (In all fig-
ures, the anterior sides of the limb buds or limbs are oriented toward
top of figure.)

withdrawing some of the albumen and creating a win-
dow in the shell overlying the embryo. Chick embryos
were staged according to the criteria of Hamburger and
Hamilton (1951).

Experimental Manipulations

Prior to operations, dorsal surfaces of limb buds were
lightly stained with 1% Nile blue sulfate. Electrolyti-
cally sharpened tungsten needles were used to make in-
cigions along the distal rim of wing buds at stages 20/21
and 23/24 at the base of the AER. Distal mesoderm was
then removed by making an AP incision through the
limb bud without severing the isolated AER (Figs. 1 and
2a). The plane of excision mapped to the prospective
distal humerus for stage 20/21 and to the prospective
radius and ulna for stage 23/24 wing buds (Stark and
Searls, 1973).

In order to demonstrate that the results we obtained
were due to regeneration of the limb from proximal limb
bud cells, rather than from residual distal cells that re-
main attached to the AER, an additional set of experi-
ments was performed. Excavated stage 21/22 wing buds
were used as graft sites for tissue from stage 24/25 leg
buds (Fig. 2e). Axial alignment of the donor tissue was
achieved by marking the dorsal surface of the leg tissue
with Nile blue sulfate or with carbon particles prior to
grafting.

In addition, to control for the results reported for ex-
cavations, the distal end of stage 23/24 wing buds was
amputated at the same plane of incision as was used for
the excavation experiments (see Fig. 1). In a second set
of controls, the AER alone was removed from iimb buds
at stage 23/24, leaving the underlying mesoderm intact.
Eggs were returned for further incubation at 38°C with-
out rotation. At various time points following experi-
mental intervention, selected embryos were dissected
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F1c. 2. (a) Wing bud immediately after removal of distal mesenchyme at stage 23/24. Arrowheads mark the cut edge of the proximal stump.
Bar, 250 pm. {b) Alcian blue-stained whole-mount skeletal preparation of wing fixed 6 days after excavation. PrDi pattern regulation is
complete and a normal limb has formed. Bar, 1 mm. (¢} Histological section of wing bud fixed 7 hr after excavation shows retraction of the AER
onto the remaining mesenchyme. Bar, 40 pm. (d) Histological section of wing bud after 48 hr. Wing bud appears normal in morphology and has
developed a DV flattening. Bar, 40 um. (e) Proximal tissue from stage 24/25 leg buds (indicated by asterisks) grafted into the excavated distal
site of a stage 21/22 wing bud. Bar, 250 um. (f) Skeletal preparation of wing fixed 6 days after grafting proximal leg bud tissue. Bar, 1 mm. In all
figures, arrows indicate the AERs. Orientation of limb buds in (a}, (b}, (e) and (f) is as in the legend to Fig. 1,

out, rinsed in PBS, and fixed for whole-mount in situ
hybridization as desecribed above.

Skeletal Analysis

On Day 11 of incubation, embryos were dissected out
and rinsed in normal saline, and torsos with wings were
excised. Wings were fixed in alcoholic Bouin’s sglution
for at least 2 days, then rinsed, and stored in 70% eth-

anol. The limbs were then stained with Victoria blue
(Bryant and Iten, 1974), dehydrated in ethanol, and
cleared in methyl salicylate. Whole-mount preparations
of limbs were examined, and the pattern of cartilage
structures was determined,

In host wings receiving grafts of leg bud tissue, it was
possible to determine whether the resulting limb struc-
tures originated from proximal (grafted leg) or distal
(host wing) cells, since skeletal elements of the leg are
readily distinguishable from wing structures.
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Preparation of Labeled RNA Probes

Antisense RNA probes specific for chick HoxD11 and
HoxDD13 genes were transeribed from cloned DNA pro-
vided by D. Duboule. These templates were first de-
seribed by Izpista-Belmonte et ol (1991b) and subse-
quently used in several published studies on HoxD gene
expression in developing limbs (1zpisia-Belmonte et al,
1992a, b, ¢). Linearized DNA templates were used for
transcription reactions with digoxigenin-11-UTP and ei-
ther T3 or T7 RNA polymerase. Labeled RNA was pre-
cipitated and then resuspended in hybridization solu-
tion (560% formamide, 5% SSC, 1 mg/ml yeast RNA, 100
pg/ml heparin, 1x Denhart’s, 0.1% Tween 20, 0.1%
Chaps, 5 mM EDTA).

Whole-mount in Sttw Hybridization

The protocol for i sitw hybridizations on whole
mounts of chick embryos was adapted from published
protocels developed for Xenopus embryos (Hemmati-
Brivanlou et al, 1990; Harland, 1991; Cho et al, 1991)
with minor modifications. Embryos or isolated limb
buds were fixed in MEMFA (0.1 M Mops, pH 7.4, 2 mM
EGTA, 1 mM MgS04, 3.7% formaldehyde) at room tem-
perature for 1 to 2 hr. Fixed tissues were stored in meth-
anol (MeOH) at —20°C.

Embryos were rehydrated stepwise to PTw (PBS with
0.1% Tween-20). In some cases, tissue was incubated in
10 ug/ml proteinase K at room temperature for 15-30
min. Tissue was washed in 0.1 M triethanolamine (pH
7.8}, acetie anhydride was added, and then tissue was
washed in PTw, refixed in 4% paraformaldehyde, re-
washed in PTw, and prehybridized in hybridization so-
lution without probe at 60°C in a shaking water bath.
Tissue was then incubated in hybridization solution
containing digoxigenin-labeled RN A probe (1 ug/ml) at
60°C overnight, After hybridization, the tissue was
transferred stepwise to 2x 88C/0.3% Chaps and washed
at 37°C. Nonhyhbridized RNA was digested with RNase
A (20 pg/ml) and RNase T1 (10 units/ml) at 37°C for 30
min. Tissue was washed in 2x SSC/0.3% Chaps at room
temperature, with (.2% SS8C/0.3% Chaps at 60°C, and
then transferred stepwise to TNT (100 mM Tris-HCI,
pH 7.5, 150 mM NaCl, and 0.1% Tween-20).

Immunohistochemical deteetion of labeled RNA hy-
brids was performed using reagents from the Genius 3
kit (Boehringer Mannheim). After blocking (2 mg/ml
blocking reagent in TNT with 20% heat-inactivated
sheep serum) at 4°C, tissue was incubated with alkaline
phosphatase-conjugated anti-digoxigenin Fab frag-
ments (1:5000 dilution) at 4°C overnight. Tissue was
washed in TNT containing 1 mM levamisole and then in
a golation of 100 mM Tris-HCI, pH 9.5, 100 mM NaCl,
and 50 mM MgCl,. Nitro blue tetrazolium (NBT) and
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5-bromo-4-chloro-3-indoyl phosphate (BCIP) were
added. The reaction was allowed to proceed at room tem-
perature for 1 to 6 hr and was then stopped by transfer-
ring to MeOH. Tissue was analyzed and photographed
either in MeOH or after clearing in methyl salicylate.

RESULTS
Effects of Dhstal Tip Excovation on Skeletal Pattern

To test whether chick limb buds can reform in the
presence of an intact AER, we removed distal mesen-
chyme from wing buds at stages 20/21 and 23/24, leav-
ing the AER intact. Immediately following excavation
of the distal region of mesenchymal cells, the AER is
loosely attached to the remaining wing bud stump (Fig,
2a). Within a few hours, the AER contracts and comes
into direct eontact with mesenchymal cells of the ampu-
tated stump (Fig. 2¢).

By 48 hr after excavation, the distal region of the wing
bud reforms a dorsal-ventrally (DV) flattened bud and
the marginal venous sinus reforms (Fig. 2d). In these
experiments, all limbs underwent pattern regulation
and all formed normal autopodia when examined after 6
days, regardless of the stage at excavation (Fig. 2b; Ta-
ble 1). Some limb buds excavated at stage 20/21 (44%)
either lacked or had a shortened radius. However, in
every case, limb buds excavated at stage 23/24 formed
completely normal patterns of skeletal elements.

When excavated stage 21/22 wing buds were used as
graft sites for tissue from stage 24/25 leg buds (Fig. 2e),
complete limbs formed in every case (Table 1). Without
exception, the distal parts of the pattern were derived
from leg tissue (Fig. 2f). In no cases were distal wing
structures formed. Thus, although a few distal mesen-
chyme cells may remain attached to the AER following
excavation, this result clearly shows that during PrDi
pattern regulation, the resulting distal limb elements
originate from proximal stump (leg) cells, rather than
from any distal wing bud mesenchyme cells that may
remain attached to the AER.

Effects of AER Removal and Distal Tip Amputation on
Skeletal Pattern

As reported previously, the AER does not reform fol-
lowing amputation of the wing bud. Limb outgrowth
ceases and, as shown in Table 1, resulting limbs are
truncated as predicted by established fate maps (Stark
and Searls, 1973; Bowen et al, 1989). Removal of the
AER alone at stage 23/24 results in limbs that are trun-
cated at similar levels (Table 1), as described in previous
studies {Saunders, 1948; Hampé, 1959; Rowe and Fallon,
1982). Neither of these two control groups re-forms the
distal part of the wing bud skeletal pattern.
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TABLE 1
PROXIMAL-DISTAL PATTERN REGULATION IN CHICK WING BuDs

Level of Truncation®

Stage at Type of Truncated Complete
operation operation N limbs Stylopod Zeugopod Autopod limbs
20/21 Amputation 10 10 7 3 — 0
AER removal 7 7 1 6 — 0
Excavation 9 0 — — _ g
23/24 Amputation 13 13 5 5 3 0
AER removal 11 11 — 8 3 0
Excavation 10 0 — — — 10
24/25 Leg tissue grafts 8 0 - — — 8

* Indicates the presence of some or all of the elements.
® Four of these limhs were slightly defective.

HoxD Gene Expression in Whole Mounts of Normal
Limbs

We first examined the expression patterns of Hox[D11
and HoxD13 transcripts at various stages during nor-
mal limb development using whole-mount preparations
of developing chick embryos. Early limb buds at stages
18 and 21 are illustrated in Fig. 3. Later stages are
shown as the contralateral (left side) unoperated limbs
in Figs. 4 and 5. In general, our results confirm those of
previously published #n situx hybridization studies of
HoxD gene expression on histological sections of devel-
oping chick limbs (IzpisGa-Belmonte et al., 1991b; Nohno
et al, 1991; Yokouchi et af, 1991).

As limbs develop, expression of hoth HoxDI1 and
HoxD13 genes is first detected in the posterior mesen-
chyme of wing and leg buds just prior to stage 18 (Figs.
3a and 3c¢). At later stages, HoxD11 transeripts are in-
tensely expressed in the posterior region of the limb
buds from base to tip (Figs. 3b and 4a). At stage 23/24,
the anterior boundary of HoxI}11 expression approxi~
mately bisects the limb bud along its AP axis, except at
the very distal tip where the expression domain extends
slightly into the anterior of the limb bud (Fig. 4a).

After stage 24, the intensity of HoxD11 expression
decreases. Consequently, the specimen shown in Fig. 4¢
was slightly “overstained” in order to better demon-
strate the extent of HoxD11 expression. However, the
anterior boundary of HoxD11 expression remains well
demarcated, approximately dividing anterior and poste-
rior halves of the limb from base to apex. Also shown in
Fig. 4¢, HoxD11 expression at the distal tip of the limb
bud at stages 25 to 28 (in the region strongly expressing
HoxD13, see below) appears to be less intense than
HoxD11 expression more proximally.

At stages 18 to 24, HoxD13 transeripts are expressed
in more posterior and distally restricted domains (Figs.

3¢, 3d, and 5a) than HoxDi1 From stage 24, the proxi-
mal-posterior part of the HoxD13 domain decreases
markedly in intensity, while expression in the distal-
most region of the limb bud increases in intensity and
expands anteriorly (see Figs. 5¢, 5e, and 5g). Cellular
condensations for digits are first apparent at about
stage 27. At this stage, HoxD13 expression appears to be
reduced in precartilaginous condensations and in inter-
digital spaces (Fig. 5i), but remains strongly expressed
in perichondrial areas of digits 3 and 4.

Expression of HoxD11 Following Ercavation

Excavation of the distal end of the stage 23/24 wing
bud removes the distal part of the HoxD11 expression
domain. Figure 4b shows HoxD11 expression 6 hr after
excavation of distal wing bud mesoderm at stage 23/24.
The small region of more intense staining at the distal
tip of the limb bud in Fig. 4b corresponds to an area of
HoxD11-expressing mesenchyme that has not yet be-
come re-covered by ectoderm during wound healing. As
the limb bud grows out in the presence of an intact AER,
HoxD11 expression comparabie to that seen proximally
in the posterior half of the limb bud is observed in the
posterior part of the distal tip as it reforms (Fig. 44, 24
hr after execavation).

Reexpression of HoxD13 Following Excavation

At stage 23/24, excavation of the distal tip of the wing
bud results in removal of the distal region of intense
HoxD13 expression (compare Figs. 5a and 5b). HoxD13
expression in whole mounts was examined in a total of
21 specimens fixed at 0, 4, 6, 16, 24, 36, 48, and 96 hr
following excavation. At early time points, the distal
expression domain of Hox[)13 is either not detectable or
can be seen in only a few cells immediately subjacent to
the AER (see Fig. 5b, at 6 hr). At subsequent time
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F1G. 3. Whole-mount én situ hybridization using HoxDI1 (a, b) and HoxD18 (e, d) antisense RNA probes. Embryos at stage 18 (a, ¢) and stage
21 (b, d) showing domains of early HoxD1I and HoxD)13 expression in the posterior parts of both wing and leg buds, Orientation of embryos is as
described in the legend to Fig. 1.

Fi16. 4. HoxD11 expression following excavation. (b, d) Wing buds 6 hr (b) and 24 hr (d) after excavation at stage 23/24. The region of more
intense staining at the distal end of the limb bud in (b) is an area of HoxDD1I-expressing mesenchyme that has not yet become re-covered by
healing ectoderm. (a, ¢) Contralateral limb buds at stage 24 (a) and stage 25 (¢). Orientation of limb buds is as in the legend to Fig. 1.

FIG. 5. Expression of HoxD 18 following excavation. (b) Wing bud 6 hr after excavation at stage 23/24; the AER has not yet retracted back onto
proximal mesenchyme. The distal expression domain of Hox{31§ evident in the contralateral limb (a} has been removed. (d) Reexpression of
HoxD13 in excavated wing bud after 16 hr, (f) Wing bud 24 hr after excavation showing the regenerated HoxD12 domain at the distal tip of the
bud. (h) Wing bud 36 hr after excavation has an irregularly shaped domain of HoxD13 expression, with a peak extending proximally in the
center of the bud. The intensity of expression in the new domain appears to be equal to that of the control limb (e), now at stage 26. (i, j) After 48
hr, the excavated (j) and control (i} limbs are indistinguishable, both in HoxD 18 expression and morphology. Orientation of limb buds is as in
the legend to Fig. 1. (k) Wing bud 24 hr after amputation of distal mesenchyme and AER. No HoxD)12 expression can be detected. (1) Wing bud 24
hr after AER removal at stage 24 showing no distal region of HoxD]1$ expression. Orientation of limbs is as in the legend to Fig. 1.
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points, the expression domain increases progressively in
gize (Fig. 5d, at 16 hr). By 24 hr after removal of distal
mesenchyme, a new domain of Hoxl}18 expression that
appears equal in size to that of the contralateral unoper-
ated limb is reestablished (compare Figs. be and 5f). At
36 hr, the HoxD18 domain in the excavated limb, while
relatively normal in size, has a somewhat abnormal
shape (compare Figs. 5g and 5h). By 48 hr, both the
HoxD13 expression domains and the morphology of the
unoperated (Fig. 5i) and experimental (Fig. 5}) limbs are
indistinguishable. By this time, both unoperated and ex-
perimental limbs show clear evidence of digit condensa-
tion within the HoxD)13 domain.

Expression of HoxD Genes Following Amputation or
AER Removal

Patterns of HoxD11 and HoxD13 expression were an-
alyzed following “control” manipulations. Amputation
at stage 23/24 results in removal of the distal part of the
HoxD11! expression domain and the entire distal region
of intense HoxD}13 expression, as well as the AER. Fol-
lowing amputation, the distal end of the limb bud does
not reform and, as expected, HoxI}13 is not reexpressed
distally (Fig. 5k). HoxD11 expression in the remaining
proximal posterior cells does not appear to be affected.

HoxD expression was also examined following AER
removal at stage 23/24. Excision of the AER alone does
not entail removal of mesoderm cells expressing
HoxD11 or HoxD13 at the time of the procedure. The
HoxD11 expression domain does not appear to be af-
fected by removal of the AER (not shown). The distal
domain of HoxD13 expression, however, can no longer
be detected at 12 hr (not shown) and 24 hr (Fig. 51) fol-
lowing AER removal. Hence, whereas HoxD13 tran-
scripts are reexpressed distally in limb buds undergoing
PrDi pattern regulation, they were not detectable in
limbs that develop without distal pattern elements, re-
gardless of whether or not distal mesenchyme was re-
moved.

DISCUSSION

In this study, we examine the expression of HoxDi1
and HoxD13 transcripts during pattern regulation oe-
curring from a proximal limb bud stump that is supplied
with an intact AER. Previous investigators (Hansbor-
ough, 1954; Hampé, 1959, 1960; Barasa, 1964) presented
limited documentation that proximal limb bud mesen-
chyme can regulate to form normal limb pattern under
the influence of the AER. In our study, we removed a
region of distal wing bud mesenchyme which included
the progress zone, while leaving the AER intact. We find
that all limbs with an intact AER regulate to form a
normal or near normal limb pattern. Thus, we confirm
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and extend the evidence that PrDi pattern regulation
oecurs in developing chick wing buds in the presence of
the AER. Furthermore, previous studies have shown
that proximal leg bud tissue can form toes when placed
beneath a wing bud AER. In our study, using grafts of
leg bud tissue into excavated sites in wing buds, we find
that the new pattern is not derived from any residual
distal mesenchyme cells, but rather from the proximal
limb bud cells that come into contact with the AER. As
reported previously (Saunders, 1948; Hampé, 1959; Rowe
and Fallon, 1982), when wing buds are amputated to
remove both the distal mesenchyme and the AER, or if
the AER alone is removed, limbs cease further pattern
formation, and the limbs that develop are missing the
distal parts of the pattern.

We examined the expression patterns of the 5 HoxD
genes in whole-mount preparations of normal, as well as
experimental and control, limb buds operated on at
stage 23/24. The normal expression of HoxI}i1 seen in
whole-mount preparations ig similar to that seen in pre-
vious i sifu hybridization studies using sections (Iz-
pisia-Belmonte et al., 1991b; Mackem and Mzahon, 1991;
Noji et al, 1991; Yokouchi et al, 1991; Morgan et al,
1992). At the stages examined in this study, the HoxD11
expression domain occupies the posterior half of the
limb bud from base to tip (Fig. 4a). Following excava-
tion, HoxD11 transcripts are expressed in the distal mes-
enchyme as the new pattern forms. The new HoxD11
expression occurs in continuity with the residual proxi-
mal-posterior domain such that, at all times, the region
of HoxID11 expression is continuous along the posterior
half of the bud from proximal levels to immediately be-
neath the AER (Fig. 4d). As the limb bud develops,
HoxD11 expression throughout the limb bud decreases
in intensgity, espeeially in the distal tip of the limb bud
{Fig. 4¢), as reported previously {Nohno et al, 1991 and
Yokouchi et al., 1991).

In comparison to the expression of HoxD11, HoxD13
transeripts are restricted to a more posterior and distal
domain (Fig. 5a; see also Izpislia-Belmonte ¢t ai., 1991b;
Yokouchi ef al, 1991). Excavation of distal mesenchyme
at stage 23/24 removes this domain. A new region of
HoxD13 expression is progressively reformed beneath
the AER, By 24 hr, the region expressing Hox[}12 ap-
proximates the size of the normal contralateral domain.
The shape of the region of HoxD18 reexpression is
slightly different than that of the normal domain, and it
remains abnormal for more than 36 hr. By 48 hr, experi-
mental and control wing buds appear indistinguishable
in morphology and in the intensity of their 5 HoxD ex-
pression domains. Hence, proximal limb bud cells be-
neath an intact AER regulate to form normal patterns
of skeletal structures. This PrDi pattern regulation is
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accompanied by regeneration of the distal expression
domains of the 5 HoxD genes.

The only other well-studied example of HoxI} gene
“induction” in the chick wing bud is seen during dupli-
cations along the AP axis, rather than during PrDi pat-
tern regulation. That is, when cells are grafted from a
posterior region of a donor bud (zone of polarizing activ-
ity, ZPAj to an anterior location in a host wing bud,
domains of 5 Hoxl) gene expression appear between the
graft and the AER (Nohno et al, 1991; Izpisua-Belmonte
et al, 1991b, 1992a; Koyama et al, 1993). Following a
polarizing region graft, ectopic HoxD11 expression in
host wings can be seen by 16 hr (Izpistia-Belmonte et al,,
1992a); ectopic expression of HoxD13 does not appear
until 24-30 hr (Izpista-Belmonte et al, 1991h; Nohno et
al, 1991). When retinoic acid-containing beads are im-
planted anteriorly at doses that mimic the effect of ZPA
grafts, ectopic expression of HoxID11 is not seen until 20
hr following bead implantation (Izpisia-Belmonte ef al.,
1991b); HoxD13 expression is not seen until 24-48 hr
(Izpisha-Belmonte et al, 1991b; Nohno et al, 1991). In
our study of PrDi pattern regulation, when the entire
domain of Hoxl)13 expression is removed, a new nor-
mally sized domain has developed by 24 hr.

In contrast to the reexpression of HoxD18 in limbs
undergoing pattern regulation, control limbs which fail
to form distal limb structures also fail to express
HoxD13 transcripts. In amputated limb buds, where the
intense distal domain of HoxI[}18 expression is removed,
the domain is not replaced. When only the AER is re-
moved at stage 23/24, leading to similarly truncated
limbs, Hoxl)13 expression at the distal tip also becomes
undetectable. This result is similar to that reported by
Koyama et al. (1993) for HoxD12 In addition, Izpisha-
Belmonte et al. (1992b) report that, following AER re-
moval, Hox[D13 expression becomes less intense, and the
domain fails to expand as it does in normal limbs. Al-
though mesenchymal cell death accompanies removal of
the AER at stages 18 to 20, none occurs after AER re-
moval at the stages used here {Rowe et al, 1982). Hence,
the finding that HoxDI3 expression is undetectable
after AER removal at stage 23/24 cannot be accounted
for by cell death. Instead, the data suggest that mainte-
nance of distal expression of HoxD13 at stage 24 is de-
pendent on the AER.

In addition to being AER-dependent, HoxD 13 expres-
sion is also responsive to ZPA grafts and RA bead im-
plants, as described above. Further, it has been reported
that the domain of Hox[)13 expression correlates spa-
tially and temporally with the ZPA ([zpisia-Belmonte
et al, 1991a). However, polarizing activity can be de-
teeted in pre-limb-bud flank mesoderm as early as stage
10 (Hornbruch and Wolpert, 1991), well prior to the on-
set of HoxD138 expression in the limb bud at stage 17/18.

Reexpression of HoxD Genes
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In addition, comparisons between the HoxD13 expres-
sion domains in chick wing buds described here and in
previous studies (Izpisfa-Belmonte et al, 1991b; Nohno
et al, 1991; Yokouchi et al, 1991) and published ZPA
“maps” (MacCabe et al, 1973; Honig and Summerbel],
1985) reveal that, although these regions may overlap at
some stages, they show distinet differences in their spa-
tial distributions, especially at later stages. Finally, it
has been demonstrated that pelarizing activity does not
reqguire HoxD expression and, conversely, that intense
HoxD expression does not necessarily translate into
strong activity (Izpista-Belmonte et al, 1992a). Hence,
both descriptive and experimental studies of HoxD gene
expression indicate that the expression of HoxD13is not
a marker for the ZPA.

In conclusion, we have shown that when chick limhb
buds undergo PrDi pattern regulation, the formation of
normal distal structures is accompanied by the contin-
ued expression of HoxD11in the reforming distal region
of the bud and by the re-formation of a posterior-distal
domain of Hox{)13 expression. Conversely, under condi-
tions in which the distal pattern will fail to form {after
removal of the entire domain and AER or after removal
of the AER alone), the domain of HoxD18 expression is
either not replaced or becomes undetectable, The cumu-
lative evidence suggests that HowD13 expression corre-
lates with formation of distal limb structures. Whether
this relationship is causal or not can only be determined
from studies in which the expression of Hoxl}13 can be
directly controlled.

ACKNOWLEDGMENTS

We thank D. Duboule for the gift of the HoxD probes. We also thank
Carlos Gaudier for technical assistance and Angela DiStefano-Regin-
elli, Shaoquang Li, and Lina Mullen for helpful comments and eriti-
cism of the manuscript. Research supported by PHS Grant HD 25620
to S.B. and D.G., HD 20662 to 8.B. and K. M., and HD 23921 to K. M.

REFERENCES

Barasa, A. (1964). On the regulative capacity of the chick embryo limb
bud. Experientia 20, 443,

Bowen, J., Hinchliffe, J. R., Horder, T. J., and Reeve, A. M. F. (1989).
The fate map of the chick forelimb bud and its bearing on hypothe-
sized developmental control mechanisms. Anat. Embryol. 179, 269-
283.

Bryant, S. V., and Iten, L. (1974). The regulative ahility of the limb
regeneration blastema of Notophthalmus viridescens: Experiments
in gitu. Wilhelm Roux’s Arch. Dev. Biol, 174, 90-101,

Carrington, J. L., and Fallon, J. F. (1986), Experimental manipulation
leading to induction of dorsal ectodermal ridges on normal limb
buds results in a phenocopy of the eudiplopodia chick mutant. Dev.
Biol 116, 130-137.

Carrington, J. L., and Fallon, J. F. (1988). Initial limb budding is inde-
pendent of apical ectodermal ridge activity: Evidence from a limb-
less mutant. Development 104, 361-367,

Che, K. W. Y., Blumberg, B, Steinbeisser, H., and De Robertis, E, M.



al2

(1991). Molecular nature of Spemann’s organizer: The role of the
Xenopus homeobox gene goosecoid, Cell 67, 1111-1120.

Dollé, P, Izpisia-Belmonte, J.-C., Falkenstein, H,, Renucci, A,, and
Duboule, D. (1389}, Coordinate expression of the murine Hox-5 com-
plex homoeobox-containing genes during limb pattern formation.
Nature 342, T67-772.

Gasseling, M. T., and Saunders, J. W, Jr. (1961). Effects of the apical
ectodermal ridge on growth of the versene-stripped chick limb bud.
Dev. Biol. 3, 1-25.

Goetinck, P. F. (1964). Studies on limb morphogenesis. II. Experi-
ments with the polydactylouns mutant eudiplopodia. Dev. Biol 10,
71-91.

Hamburger, V., and Hamilton, H. L. (1951). A series of normal stages
in the development of the chick embryo. J Morphol. 88, 49-92,

Hampé, A. (1959). Contribution a I'étude du développement et de la
régulation des déficiences et des excédents dans la patte de I'em-
bryon de poulet. Arch. Anai. Microse Morphol Exp. 48, (Suppl.),
345-476.

Hampé, A. (1960). Sur l'induction et la compétence dans les relations
entre I'épiblaste et le mésenchyme de la patte de Poulet. J. Embryol
Exp. Morphol. 8, 246-250.

Hanshorough, L. A, (1954). Regulation in the wing of the chick em-
bryo. Anat. Rec. 120, 698-699.

Harland, R. M. (1991). fn situ hybridization: An improved whole-
mount method for Xenopus embryos. Fn “Methods in Cell Biclogy”
(B. K. Kay and H. B. Peng, Eds.), Vol. 36, pp. 685-695. Academic
Press, San Diego.

Hemmati-Brivanlou, A., Frank, D, Bolce, M. E., Brown, B. D., Sive, H,,
and Harland, B. M. (1990). Localization of specific mRNAs in Xeno-
pus embryes by whole-mount tn sitx hybridization. Development
110, 325-330.

Honig, L. S., and Summerbell, D {1985). Maps of strength of positional
signaling activity in the developing chick wing bud. .J. Embryol Exp,
Morphol 87, 163-174.

Hernbruch, A., and Wolpert, L. (1991). The spatial and temporal dis-
tribution of polarizing activity in the flank of the pre-limb-bud
stages in the chick embryo. Development 11, 725-731.

FzpisQia-Belmonte, J.-C., Dollé, P., and Duboule, D. (1991a}. Hox genes
and the molecular basis of vertebrate limh pattern formation. Se-
man. Dev. Biol 2, 385-891.

Izpisda-Belmonte, J.-C., Tickle, C., Dollé, P., Wolpert, L., and Duboule,
D. (1991Db). Expression of the homeobox Hox-4 genes and the specifi-
cation of position in chick wing development. Nature 350, 585-589.

Izpistia-Belmonte, J.-C., Brown, J. M., Crawley, A., Duboule, D., and
Tickle, C. (1992a). Hox-4 gene expression in mouse/chicken hetero-
gpecific grafts of signaling regions to limb buds reveals similarities
in patterning mechanisms. Development 115, 553-560.

Izpista-Belmonte, J.-C., Brown, J. M., Duboule, D., and Tickle, C.
{1992b), Expression of Hox-4 genes in the chick wing links pattern
formation to the epithelial-mesenchymal interactions that mediate
growth. EMBO J. 11, 1451-14517.

Izpisfia-Belmonte, J.-C., Ede, D. A., Tickle, C., and Duboule, D. (1992¢).
The mis-expression of posterior of Hox-4 genes in talpid (ta’} mu-
tant wings correlates with the absence of anteroposterior polarity.
Development 114, 959-963.

Koyama, E., Noji, S., Nohno, T., Myokai, F.,, Ono, K,, Nishijima, K.,
Kuroiwa, A., Ide, H., Taniguchi, 5., and Saito, T. {1993). Cooperative
activation of HoxD} homeohox genes by factors from the polarizing
region and the apical ridge in chick limb morphogenesis. Dew,
Growth Differ. 35, 189-198.

MacCabe, A. B., Gasseling, M. T., and Saunders, J. W, Jr. (1973). Spa-
tiotemporal distribution of mechanisms that control outgrowth and

DEVELOPMENTAL BIOLOGY

VOLUME 161, 1994

anteroposterior polarization of the limb bud in the chick embryo.
Mech. Ageing Dev. 2, 1-12.

Mackem, 8., and Mahon, K. A (1991). Ghox 4.7: A chick homeobox gene
expressed primarily in limb buds with limb-type differences in ex-
pression. Development 112, 791-806.

Morgan, B. A., IzpisGa-Belmonte, J.-C., Duboule, D., and Tabin, C. J.
(1992). Targeted misexpression of Hox-46 in the avian limb bud
causes apparent homeotic transformations. Neture 358, 236-239.

Nohno, T, Noji, 8., Koyama, E., Ohyama, K., Myokai, F., Kuroiwa, A.,
Saito, T., and Taniguchi, S. (1931). Involvement of the Chox-4
chicken homeobox genes in determination of anteroposterior axial
polarity during limb development. Cell 64, 1197-1205.

Noji, 8., Nohno, T., Koyama, E., Muto, K., Ohyama, X., Aoki, Y., Ta-
mura, K., Ohsugi, K., Ide, H., Taniguchi, 8., and Saito, T. (1991).
Retinoic acid induces polarizing activity but is unlikely to be a mor-
phogen in the chick limb bud. Nature 350, 83-86.

Rowe, D. A., Cairns, J. M., and Fallon, J. F. (1982). Spatial and tem-
poral patterns of cell death in limb bud mesoderm after apical ecto-
dermal ridge removal. Dev. Biol 93, 83-91.

Rowe, D. A., and Fallon, J. F., (1982), The proximodistal determination
of skeletal parts in the developing chick leg. J. Embryol Exp Mor-
phol. 68, 1-7.

Rubin, L., and Saunders, J. W., Jr. (1972). Ectodermal-mesodermal
interactions in the growth of limb buds in the chick embryo: Con-
stancy and temporal limits of the ectodermal induetion. Dev. Biol
28, 04-112.

Saunders, J. W., Jr. (1948). The proximo-distal sequence of origin of
the parts of the chick wing and the role of ectoderm. J. Exp. Zool
108, 363-403.

Saunders, J. W, Jr., Cairns, J. M., and Gasseling, M. T. (1957}. The role
of the apical ridge of ectoderm in the differentiation of the morpho-
logical structure and inductive specificity of limb parts in the chick.
J. Morphol. 101, 57-88.

Saunders, J. W, Jr., Gasseling, M. T, and Cairns, J. M. (1959). The
differentiation of prospective thigh mesoderm grafted beneath the
apical ectodermal ridge of the wing bud in the chick embryo. Dev.
Biol 1, 281-301.

Saunders, J. W., Jr,, Gasgseling, M. T., and Errick, J. (1376). Inductive
activity and enduring cellular constitution of a supernumerary api-
cal ectodermal ridge grafted to the limb bud of the chick embryo.
Dev. Biol 50, 16-25.

Scott, M. P, (1992). Vertebrate homeobox gene nomenclature. Cell 71,
551-553.

Scott, M. P. (1993). A rational nomenclature for vertebrate homeobox
(HOX) genes. Nucleic Acids Res. 21, 1687-1688.

Stark, R. J., and Searls, R. L. (1973). A description of chick wing bud
development and a model of limb morphogenesis. Dew. Biol 33,138-
153.

Summerbell, D. (1974). Interaction between the proximo-distal and
antero-posterior coordinates of positional value during the specifi-
cation of positional information in the early development of the
chick limb-bud. J Embryol Exp. Morphol 32, 227-237.

Summerbell, D, Lewis, J. H., and Wolpert, L.. (1973). Positional infor-
mation in chick limb morphogenesis. Nature 244, 492-496.

Wanek, N., Muneoka, K., Holler-Dinsmore, G., Burton, R., and Bryant,
S. V. (1989). A staging system for mouse limb development. J. Exp.
Zool. 249, 41-49,

Yokouchi, Y., Sasaki, H., and Kurociwa, A. (1991). Homeobox gene ex-
pression correlated with the bifureation process of limb eartilage
development. Nature 353, 443-445.

Zwilling, E. (1956). Interaction between limb bud ectoderm and meso-
derm in the chick embryo. II. Experimental limb duplication. J.
Exp. Zool 132, 173-187.





