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The role of the polarizing zone in the pattern
of experimental chondrogenesis in the

chick embryo interdigital space
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Department of Morphological Sciences and Cellular and Animal Biology, University of Extremadura, Badajoz, Spain

ABSTRACT We have previously shown that removal of the apical ectodermal ridge of the third
interdigital space of the chick leg bud at stages 28 and 29 is followed by the appearance of ectopic
cartilage, which in the course of development gives rise to extra digits. These in vivo studies suggest
thatthe pattern of skeletal morphogenesis in the limb depends on the inhibitory effect aftha ectoderm.
In the present study we tested whether zone polarizing activity (ZPA) exerted an effect on the pattern
of experimental chondrogenesis in the interdigital space of the leg bud in stage 29 HH chick embryos.
A small fragment of tissue from the ZPA in chick embryos in which ZPA activity was most intense was
grafted onto the interdigital space in which chondrogenesis had previously been experimentally
induced. No significant changes were observed in the course of differentiation of the recipient
interdigital spaces with ZPA grafts, leading us to conclude that the graft failed to modify the
morphogenetic fate of interdigital tissue.
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The mesoderm of the limb bud contains at least two clearly
differentiated populations of cells. The population derived from the
somatopleural mesoderm gives rise to skeletal elements and
connective tissue, while that derived from the somitic mesoderm
forms the condensations of the premuscular masses in the limb
(Chevalier et al., 1977; Christ et al.. 1977).

The pattern of morphogenesis in the limb seems to be mediated
by a series of information-bearing mechanisms that control limb
growth in all three directions in space. In recent years, some authors
(Solursh et al.. 1981; Solursh 1984) have shown that the pattern
of morphogenesis in the limb skeleton may depend on an intrinsic
tendency of the mesenchyme to form cartilage, together with an
inhibitory effect of the ectoderm. In transverse sections of develop-
ing limbs, these authors observed that the nuclei of chondrogenesis
consistently kept a critical distance from the ectoderm covering the
anlage, the space between them being occupied by undifferentiated
mesenchymal cells. Recent in vivo studies by Hurle and Ganan
(1986. 1987) provide strong support for this hypothesis. These
authors reported that removal of the apical ectodermal ridge (AER)
from the third interd;gital space in chick embryo limb bud led not only
to ectopic chondrogenesis, but also to the formation of extra digits,
thus altering the antero-posterior pattern of the limb by transforming
an interdigital space into a digit.

Classically, the antero-posterior pattern of the developing limb
was thought to be controlled by a diffusible factor originating from
a small region on the posterior edge of the limb anlage. and termed

the zone ofpolarizingactivity(ZPA) (Tickle et al., 1975; Tickle 1980).
However, since the period studied by Hurle and Ganan (1987) did
not include the time when the hypothetical factors (including the
ZPA) of morphogenetic control are thought to act (Hinchliffe and
Gumpel-Pinot, 1981; Hinchliffe and Griffiths, 1984; Hinchliffe et al.,
1984), alternatives to the classical morphogenetic factors must be
considered. An especially attractive notion is that the ectoderm may
somehow regulate the pattern of chondrogenesis, as suggested by
Solursh et al. (1981) and Solursh (1984).

The present study was designed to determine whether the ZPA
influences the pattern of experimental chondrogenesis in the
interdigital space. We used small fragments of tissue from the ZPA
or the anterior edge of the limb bud of chick embryos in the stage
of maximum ZPA activity, and grafted them onto the interdigital
space of chick embryos in which we had previously induced
experimental chondrogenesis. Our results show that the ZPA graft
in the interdigital space failed to modify the pattern of experimental
chondrogenesis.

We have previously observed that such grafts produce incomplete
epithelization in a number of experimental cases. This led us to
investigate whether the pattern of chondrogenesis in grafts of limb
fragments varied in response to the degree of epithelization of the
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Fig. 1. Schematic diagram of the surgical procedure used for limb
grafts. 1. Ablation of the AER from the third interdigital space, 2. HH stage
19-20 donor embryo. 3. Fragment of ZPA removed from donor embryo
limb. 3a. Post-axial incision perpendicular to the proximo-distal axis. 3b.
Longitudinal incision parallel to the posterior edge of the limb. 3c. Angled
platinum needle. 3d. Incision perpendicular to the proximo-distal axis and
parallel to the first incision. 4. Isolated fragment of ZPA. 5. Experimental
host limb with the ZPA graft in the site from which the AER was removed.

grafts. Our findings confirmed that zones devoid of ectoderm
produced chondrogenesis with rounded or ovoid appearance,
wherens the morphology of the epithelized distal portion formed
growing distal phalanges.

We C'inalyzed a total of 40 chick embryos that survived surgery for
more than 72 h. In 25 of these embryos the graft came from the
posterior edge of the limb bud which contained ZPA tissue, and in
15 remaining embryos the graft consisted of tissue from the
anterior half of the limb bud. In half of the 40 specimens the graft
was from the wing bud, and in the other half the graft was the leg
bud.

No significant differences were found between the effects of
grafts from the ZPA and the anterior edge of the anlage, or between
wing and leg grafts. The phenotype of the interdigital tissue and the
morpho~enesis of the neighboring digits did not appear to be
modified by the ZPA.

Three different kinds of post-graft development were distin-
guishable. In 10 embryos the graft showed little subsequent
development, and was identifiable only as a small mass of tissue
associated to the platinum microneedle used to hold the graft in
place. As Figs. 2 and 3 illustrate, the graft was almost completely
separate from the host although the platinum needle was perma-
nently covered with lining cells. Whole block staining for cartilage

revealed some indication of chondrogenesis, and given the un-
changing appearance of the graft and its minimal union with the
host tissue, we classified these embryos as cases of failure of the
surgical technique.

In 15 embryos the graft continued to develop, forming nodules
of chondrogenesis. However, the interdigital membrane underwent
normal regression, although in some cases the process of
reabsorption was slightly delayed. Morphologically, all grafts in this
group contained cartilaginous elements similar to the distal com-
ponents of the autopodium (Fig. 4). An interesting feature was that
the ectodermal covering was incomplete in the most proximal
portion of the surface of the graft (Fig. 5); in this zone the
chondrogenic nucleus was consistently more prominent (Fig. 6). In
all 15 specimens the mesenchyme of the graft showed a somewhat
reduced degree of continuity with the host limb mesenchyme, which
nevertheless was probably sufficent to sustain the passage of
blood vessels.

The graft in the remaining 15 embryos showed clear signs of
growth, accompanied by a thin interdigital membrane similartothat
seen in membranous syndactylia (Fig. 7). As Fig. 8 shows, the graft
was limited tothe distal part of the membrane, and from the location
of the platinum needle we assumed that the growing structure
originated from the graft.

The incidence of ectopic digits was lower than seen after
removing the apical ectodermal ridge without subsequent grafting.
The extra digits that formed were morphologically similar to these
observed by Hurle and Gaoan (1987) and Hurle et a/. (1989) after
they removed the apical ectodermal ridge or wedges oftissue from
the third interdigital space of the limb bud, respectively (Fig. 9).

In none of our embryos did we observe significant alterations in
the digits next to the interdigital space, regardless of the fate of the
graft.

In the chick limb bud, the zone of polarizing activity (ZPA) plays
an important role in pattern formation. Numerous studies in the
literature have cited the ZPA as the source of a morphogen (Tickle
et al., 1975; MacGabe and Parker, 1976) possibly related with
vitamin A (Tickle et a/., 1982; Summerbell, 1983: Maden, 1985;
Tickle et a/., 1985; Eichele and Thaller, 1987; Wilde et a/.. 1987:
Hinchliffe, 1989) that governs the antero-posterior pattern of the
bud, and in particular the pattern of the digits.

Our findings seem to show that the interdigital tissue did not
respond to the hypothetical morphogen produced by the ZPA, nor
were there any alterations in the neighboring digits. From previous
ectoderm removal experiments (Hurle and Ganan, 1986 and 1987;
Hurle et al., 1989), we know that the pattern of cartilage differen-
tiation at the tip of a stage-29 leg bud is not yet fully determined.

These observations suggest that the morphogen from the ZPA
does not act by directly controlling cartilage differentiation.

The fact that the effect of the ZPA on limb morphogenesis is
manifested only by ZPA grafts made in the anterior edge of the limb

bud, whereas their removal did not affect normal morphogenesis
(MacGabe et a/., 1973; Saunders, 1977), suggests that the effect
of the ZPA may be due to an interaction with the anterior half of the
limb, possibly concurrent with development of the AER.

Some of our observations of the fate of ZPA grafts seem to be
informative about the mechanisms responsible for regression of
the interdigitaltissue. Hurle and Fernandez-Teran (1983) suggested
that the eventual disappearance of the interdigital membrane under
normal conditions results from the interaction between the regressing
mesenchyme and the ectoderm covering the interdigital spaces.
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According to these authors, cell death may modify the interdigital
extracellular material, a change which may in turn bring about
detachment of the ectoderm.

Our findings show that when a fragment of tissue not destined
to die was grafted onto the distal edge of the interdigital space,
detachment of the interdigital tissue from the host was prevented.
giving rise to membranous syndactylia even though most of the
mesenchyme had disappeared dueto cell death. This lends support
to the notion that disappearance of the interdigital tissue requires
a free edge from which the cells can become detached.

Fig. 2. Alcian blue staining shows a small
chondrogenic nodule at rhe end of the platinum
needle in the inrerdigirof a leg bud three days after
of ZPA was grafted at stage 29. X 125.

Fig. 3. Detail of the experimental limb in Fig. 2
underscanning electron microscope showing the
chondrogenic nodule and the epithelized platinum
needle. X 500.

Fig. 4. Experimental leg bud at stage29 four days
after a fragment of ZPA from the leg bud of an HH
19-20 embryo was grafted. Alcian blue staining
shows skeletal growth in the graft. and absence of
the interdigitaf membrane. X 75.

Fig. 5. Dorsal view of the same experimental

limb as in Fig. 4 under scanning electron
microscope shows growth of the graft adhered to
the third digit. together with the absence of proximal
epithelization. X 75.

Another significant observation of this study was that the ZPA
graft continued to grow. This agrees with the findings of Brand et al.
(1985), who reported that the graft produced a programmed zone

in the donor region. Thus grafts from the prospective wing zone
developed into wing bud, whereas grafts from the leg gave rise to
leg bud. In both cases the skeletal elements formed by the graft
were distal limb components. whose number depended on the size
of the original graft.

The fact that many ZPA grafts in our study did not degenerate, but
went on to form cartilaginous elements, suggests that no necrotic
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factor diffused out from the degenerating interdigital mesenchyme
and grafted tissue.

A final feature observed in our study was that the shape of the
tissue grafted into the interdigit appeared related with its degree of
epithelization. As mentioned above. in the course of development
the grafts undergo progressive growth and chondrogenesis. Analysis
with SEM revealed the occurrence of areas in the proximal part of
the graft with defective epithelization. A constant feature of these
areas was the presence of a cartilaginous nucleus without sur-
rounding mesenchyme and lacking a definite shape. These findings

Fig. 6. Ventral view under scanning electron

microscope of the growth of the grafr shown in
Figs. 4 and 5, showing the absence of proximal
epithelization. (arrows). X 100.

Fig. 7. Experimental limb at stage 29 four days
aftera fragment of ZPA from the wing budat stage
19-20 was grafted. Alcian blue staining reveals
growth of the free edge ofthepersistrng interdigital
membrane. X 75.

Fig. 8. Dorsal view under SEM of the same ex-
perimental leg bud as in Fig. 7 showing the
interdigital membrane of the third interdigital space.
X 75.

Fig. 9. Scanning electron micrograph of a chick
embryo at st.age 29 five days after a fragment of
ZPA from chick embryo leg bud at stage 19-20 was
grafted. Note the ectopic digit (arrow) associated
with growth of the graft and persistence of the
interdigital membrane. X 75.

again support Solursh's suggestion (1984) that the limb ectoderm
controls the spatial pattern of chondrogenesis by producing an
antichondrogenic factor that spreads inward from the periphery to
the nucleus of the limb.

Experimental Procedures

We used White Leghorn chick embryos that were incubated at 38.5°C.
Host embryos were used at Hamburger and Hamilton's (HH) (1951) stage
29. and donor embr)os were used at HH stages 19-20.



Surgical procedures were performed under a binocular dissecting micro-
scope, At stage 29 we first ruptured the amniotic membrane with microsurgery

tweezers to eKpose the right limb, the AER was removed from the third
interdigital space with a fine tungsten needle, taking care not to damage the
neighboring digits (Fig. 1), Under a second dissecting microscope, we
prepared the donor embryo, which was placed in a petri dish with Ringer's
avian solution. The limb was exposed and a small fragment containing the
ZPA was taken from the posterior edge using a fine tungsten needle. A post-
axial incision was first made perpendicular to the proximo-distal axis of the
limb, then a longitudinal incision was made parallel to the posterior edge of
the limb. An angled piece of platinum micro needle (Goodfellow Metals,
Cambridge) measuring 0.025 mm in diameter was guided with microsurgery
tweezers into the fragment. and the ZPA fragment was freed with a third
incision made perpendicular to the proximo-distal axis and parallel to the
first incision. The tissue fragment was picked up with the platinum
microneedle, which was in turn held with tweezers, and transferred to the
site in the host leg bud from which the apical ectodermal ridge had been
removed (Fig. i),

In a second group of embryos the graft was taken from the preaxial region
of the donor according to the procedure just described for the ZPA fragment.
After surgery, the eggs were returned to the incubator for 72 h, after which
time the embryos were sacrificed for light and electron microscopic obser-
vation. For light microscopic analysis the limbs were fixed in Souin liquid and
stained with alcian blue 8 GX (Gun) according to the technique described by
Ojeda et al. (1970), then rinsed in xylol. After the skeletal elements were
analyzed, the limbs were processed for scanning electron microscopic
observation.
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