
 

INTRODUCTION

 

Exogenously provided retinoids (vitamin A and its congeners)
have marked effects on the body pattern of vertebrate embryos
(reviewed by Brickell and Tickle, 1989; Eichele, 1989; Smith
et al., 1989; Summerbell and Maden, 1990; Tabin, 1991;
Bryant and Gardiner; 1992, Linney, 1992; Hofmann and
Eichele, 1993). For example, all-

 

trans-retinoic acid (RA)
released from a bead implanted at the anterior margin of a
chick wing bud will alter the normal 234 digit pattern to one
that exhibits duplications (Tickle et al., 1982, 1985; Summer-
bell, 1983). This process is dose-dependent; increasing the RA
dose leads to patterns with additional digits in a 2

 

→ 3 → 4
progression, yielding 2234, 32234 and 432234 patterns. Such
pattern duplications occur at concentrations of applied RA
close to that found endogenously (Thaller and Eichele, 1987,
1990). RA mimics the zone of polarizing activity (ZPA, also
known as the polarizing region; Saunders and Gasseling, 1968;
Tickle et al., 1975), which evokes the development of addi-
tional digits in a cell number-dependent fashion (Tickle, 1981).

RA may act as a spatial signal that directly specifies cell
identity, for example by inducing HoxD genes (Ipsizúa-
Belmonte et al., 1991; Nohno et al., 1991). Alternatively, RA
may act indirectly by initiating a cascade of signaling events
in the tissue adjacent to an RA-releasing bead, ultimately
resulting in the generation of a new polarizing region. Exper-
iments in which tissue distal to an RA-releasing bead acquired
polarizing activity support this theory (reviewed by Bryant and

Gardiner, 1992). In this instance, RA could not be a polariz-
ing signal since earlier studies suggest that grafts of the polar-
izing region do not induce polarizing activity (Smith, 1979).
In the present study we show that, like a ZPA graft, physio-
logical concentrations of RA do not induce polarizing activity
in the tissue adjacent to an RA-releasing bead. However, in
agreement with other studies (Summerbell and Harvey, 1983;
Noji et al., 1991; Tickle 1991; Wanek et al., 1991; Tamura et
al., 1993), high (pharmacological) doses induce polarizing
activity. 

Recently, sonic hedgehog (shh; also known asvertebrate
hedgehog-1, vhh-1), a vertebrate homolog of the Drosophila
segment polarity gene hedgehog, has been cloned. The site
of expression of shh mRNA in the limb coincides with the
polarizing region (Riddle et al., 1993; Roelink et al., 1994)
making shh an ideal marker for the ZPA. Furthermore, over-
expression of shh in the chick wing bud induces digit pattern
duplications, raising the possibility that shh protein is the
ZPA morphogen (Riddle et al., 1993). We found that physi-
ological and pharmacological doses of RA induce shh
expression at comparable levels. If shh is the ZPA
morphogen, then transplanting shh-positive tissue taken from
a region distal to the RA bead should induce digit duplica-
tion. In the case of pharmacological doses, this prediction
holds true. However, when physiological doses of RA are
used, the shh-positive graft did not affect the digit pattern.
These results suggest that shh is only one of several signaling
molecules that are required for polarizing activity. 
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Local application of all-

 

trans-retinoic acid (RA) to the
anterior margin of chick limb buds results in pattern dupli-
cations reminescent of those that develop after grafting
cells from the zone of polarizing activity (ZPA). RA may
act directly by conferring positional information to limb
bud cells, or it may act indirectly by creating a polarizing
region in the tissue distal to the RA source. Here we demon-
strate that tissue distal to an RA-releasing bead acquires
polarizing activity in a dose-dependent manner. Treat-
ments with pharmacological (beads soaked in 330 µg/ml)
and physiological (beads soaked in 10 µg/ml) doses of RA
are equally capable of inducing digit pattern duplication.
Additionally, both treatments induce sonic hedgehog (shh;
also known as vertebrate hedgehog-1, vhh-1), a putative

ZPA morphogen and Hoxd-11, a gene induced by the polar-
izing signal. However, tissue transplantation assays reveal
that pharmacological, but not physiological, doses create a
polarizing region. This differential response could be
explained if physiological doses induced less shh than phar-
macological doses. However, our in situ hybridization
analyses demonstrate that both treatments result in similar
amounts of mRNA encoding this candidate ZPA
morphogen. We outline a model describing the apparently
disparate effects of pharmcologic and physiological doses
RA on limb bud tissue.

Key words: zone of polarizing activity, retinoic acid, limb
development, sonic hedgehog, Hoxd-11, vhh-1
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MATERIALS AND METHODS

Local application of RA 
AG1-X2 beads of 200-250 µm diameter were soaked in solutions of
RA in dimethylsulfoxide (Eichele et al., 1984). Concentrations used
ranged from 3 to 1000 µg/ml and were determined spectrophotomet-
rically. Beads had formate as a counter ion and were kept at constant
moisture by storing them in a closed jar containing a saturated solution
of sodium chloride. Constant moisture results in a more uniform
loading capacity of the ion-exchange resin. 100 µl RA solution was
dispensed into 1.5 ml microcentrifuge tubes containing 20 beads each.
Tubes were agitated on an Eppendorf tube shaker for 20 minutes.
Thereafter, the RA solution was removed and beads first rinsed with
200 µl of phenol red-containing (5 mg/l) phosphate-buffered saline
(PBS) and subsequently washed twice in 200 µl of this solution for
10 minutes each, again using the shaker. Beads were then implanted
into Hamburger-Hamilton stage 20 embryos (Hamburger and
Hamilton, 1951) underneath the apical ectodermal ridge (AER) as pre-
viously described (Tickle et al., 1985). Care was taken that the ridge
was cleanly separated from underlying mesenchyme so that few mes-
enchymal cells were interspersed between the AER and the carrier.
Eggs were sealed with tape and incubated for either 22-24 hours or 7
days at 37.5°C. 

Tissue transplantations
Embryos treated with RA for 22-24 hours were removed from the egg,
transferred into PBS, their treated wing buds were removed and
placed in a freshly made 2% trypsin-PBS solution (Sigma T-8128).
This and subsequent manipulations were carried out in a polystyrene
Petri dish (3.5 cm diameter; Corning, Corning, NY) kept on a 2°C
cold stage; all solutions were kept on ice. When the ectoderm started
to detach after about 20-25 minutes, the buds were transferred into
PBS and washed three times with approximately 3 ml of PBS. There-
after, the ectoderm was peeled away with tungsten needles and
forceps. Small prisms of tissue (about 200×100×100 µm) were cut
from the region around the bead (see Fig. 2). One face of the prism
was concave as a result of being in direct contact with the bead. 

Grafting: The AER of stage 20 recipient embryos was lifted along
the anterior margin using a sharp tungsten needle, tissue pieces were
transferred from PBS into the egg using a 20 µl micropipette (Clay
Adams, Becton Dickinson and Company, Parsippany, NJ) and
manoeuvered underneath the loose ridge with a blunt tungsten needle.
Embryos were inspected at 30 minutes and 24 hours to assure that the
graft was properly placed and had not dislodged. Eggs were sealed
with tape and incubated for a total of 7 days at 37.5°C. Primary host
embryos were treated with RA for 22-24 hours for two reasons. First,
RA has a maximal effect on patterning when wing buds are exposed
for approximately 18-20 hours (Eichele et al., 1985). Second, the
induction of polarizing activity by RA is first noted by approximately
15 hours after initiation of RA treatment (Wanek et al., 1991). 

Analysis of wing patterns
Embryos were fixed in 3% trichloroacetic acid, stained in Alcian
Green, differentiated in acidic ethanol and cleared with methyl sali-
cylate. Patterns were numerically represented by assigning them a
score (S). When the anteriormost additional digit was a digit 4, S was
4. When the anteriormost digit was a 3 or a 2, S was 3 and 2 respec-
tively. A digit of equivocal identity had an S of 1. For each concen-
tration, these scores were used to calculate the ‘percentage respecifi-
cation value’ (PRV), where PRV = ∑S×100/4×n, and n is the number
of wings included. 

Application of exogenous RA and quantification by high-
performance liquid chromatography 
Experiments aimed at measuring the amount of applied RA in wing
buds were conducted as described above under ‘local application of

RA’. Treatments with beads soaked in 100 µg/ml and higher were
done with non-radioactive RA since, under these conditions, the
amount of RA delivered into the bud is sufficient for UV detection at
350 nm. For the 10 µg/ml dose, tritiated RA (New England Nuclear,
Boston, MA; specific activity of 50 Ci/mmol) was used.

Treated wing buds were collected from 15-20 embryos 15 hours
after bead implantation at stage 20. Implanted beads were removed,
the buds were cut off, washed in stabilizing buffer (Eichele et al.,
1984) and collected into a microfuge vial kept on dry ice. The time-
point of 15 hours was chosen for three reasons. First, it is halfway
between the minimal time required to induce duplication and the time
it takes to evoke a maximal response (Eichele et al., 1985). Second,
the concentration of applied RA in the limb bud is approximately
constant after 15 hours (Eichele et al., 1985). Third, polarizing activity
is first detected in the treated bud at 15 hours (Wanek et al., 1991).

Tissue was extracted as previously described (e.g. Thaller et al.,
1993). Tissue extracts were fractionated on a reverse-phase HPLC
column (Microsorb C18, Rainin, Woburn, MA) developed at 1 ml/min
with either mobile phase A (acetonitrile:methanol:2% acetic acid =
60:20:20) or C (methanol:acetonitrile:1% acetic acid = 80:10:10). In
the case of the 10 µg/ml tritiated RA treatments, the amount of RA
was calculated based on the amount of radioactivity contained in the
RA peak (measured by scintillation counting of 1 ml fractions that
were collected) and using 20-nor RA (100 ng) as an internal standard
to determine recoveries. In all other cases, the OD350 peak area was
integrated to determine the amount of RA and recoveries were cal-
culated using an added [3H]RA-internal standard. In experiments
where RA was detected by UV, a certain fraction of the absorbance
was contributed by the endogenous retinoic acid; this value (7 pg/bud
at stage 22/23; Thaller and Eichele, 1990) was subtracted from the
total.

In situ hybridization
Embryo collection, sectioning and in situ hybridization were
performed as previously described (Sundin et al., 1990). Subclones of
shh and Hoxd-11 in pBSII (nts 756-1566 and nts 884-1566 for shh
[Riddle et al., 1993] and and nts 4-635 for Hoxd-11 [Rogina et al.,
1991]) were linearized with appropriate restriction enzymes to tran-
scribe either sense or antisense 35S-labeled riboprobes. The second
shh probe was a truncated version of the first probe and did not contain
sequence from the more conserved amino terminus; both shh probes
produced identical hybridization patterns. Slides were exposed for 4
days. Photographs are double exposures; the red color represents the
in situ hybridization signal, and the blue color shows the nuclei
stained with Hoechst 33258 dye.

RESULTS

Experiments in which effects of RA on limb patterning are
studied employ a wide range of soaking concentrations (e.g.
10 µg/ml by Thaller et al., [1993] to 1 mg/ml by Tamura et al.,
[1993]; Riddle et al., [1993]). It is an intrinsic property of
receptor/ligand-based signal transduction systems that
responses are dose-dependent. Whether or not tissue adjacent
to a RA-releasing bead acquires polarizing activity may,
therefore, be governed by the amount of RA applied to the
wing bud. In a first series of experiments we wished to
determine (i) how much RA was released into the wing buds
as a function of the RA concentration in the soaking solution
and (ii) how the amount of released RA related to the previ-
ously determined concentration of endogenous RA (physio-
logical concentration). In a second set of experiments, we
examined whether RA doses resulting in a physiological con-
centration of applied RA induced polarizing activity in tissue
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adjacent to the bead. Polarizing activity was assessed by the
classical digit pattern duplication assay (Saunders and
Gasseling, 1968 as modified by Tickle, 1981). Lastly, we
examined the effects of physiological and pharmacological RA
doses on the induction of sonic hedgehog, a molecular marker
associated with the ZPA and a putative ZPA morphogen
(Riddle et al., 1993) and Hoxd-11, a gene induced by the polar-
izing signal (Ipsizúa-Belmonte et al., 1992).

Relationship between soaking concentration and
the concentration of RA in the treated wing bud
We first determined the amount of RA released into a wing bud
from a RA-impregnated bead. Briefly, beads were immersed in
RA solutions ranging between 3 and 1000 µg/ml. Beads were
washed and implanted into stage 20 wing buds (see Methods).
The amount of RA in treated buds was determined 15 hours
later when the embryos had progressed to stage 22/23. RA was
quantified by high-performance liquid chromatography (Fig.
1A). The histogram in Fig. 1B illustrates the amount of RA
present in the limb bud as a function of the soaking concen-
tration. At 10 µg/ml, wing buds contained 6.5 pg of RA, which
is virtually identical to the amount of endogenous RA (6 to 7
pg indicated by a horizontal solid arrow in Fig. 1B, and cal-
culated from Thaller and Eichele, 1990). Therefore, we refer
to soaking concentrations at or near 10
µg/ml as physiological concentrations. In
contrast, presoaking beads in 100, 330
and 1000 µg/ml resulted in 137, 288 and
1362 pg of RA per bud, respectively.
Soaking concentrations of 100 µg/ml and
above result in levels of RA that are con-
siderably above the endogenous RA level
and therefore are referred to as pharma-
cological.

Pharmacological, but not
physiological, doses of RA induce
polarizing activity
We examined whether local application
of RA to the chick wing bud evoked
polarizing activity in tissue distal to the
RA source. The presence of polarizing
activity was determined by means of a
digit pattern duplication assay (Fig. 2).
RA-releasing beads were implanted at the
anterior wing bud margin of stage 20
embryos. Some embryos (group 1) were
incubated for 7 days to form a wing,
while others (group 2) were incubated for
22-24 hours, after which time small
prisms of mesenchyme were cut from the
region surrounding the bead (Fig. 2).
These prisms were grafted into stage 20
host embryos underneath the AER at the
anterior wing bud margin opposite somite
16. Digit patterns of host embryos were
examined after 7 days of incubation.
Group 1 embryos exhibited pattern dupli-
cations in a dose-dependent fashion
(Table 1 and Fig. 3, upper curve). At 1
mg/ml, RA induced 43234 duplications

(Fig. 4A) or wings in which digits were either reduced in
number (e.g. 4334, 434) or absent. Reducing the soaking con-
centration to 330, 100, 20 and 10 µg/ml frequently resulted in
either 4334 or 43234 mirror-image patterns (Table 1, Fig. 4),
i.e. wings with additional digit 3 and 4. At 3 µg/ml, wings most
frequently had either an additional digit 2 or 3. Pattern dupli-
cation as a function of the RA dose is graphically illustrated in
Fig. 3. Additional digits were assigned particular scores (see
Methods) and these were plotted against the soaking concen-
tration. In full agreement with our earlier studies (Thaller and
Eichele, 1990; Thaller et al., 1993) soaking concentrations 10
µg/ml and above consistently yielded a maximal response. 

Two types of responses were seen in group 2 embryos that
received tissue from buds exposed to RA for 22-24 hours.
When tissue from buds exposed to high doses of RA (either 1
mg/ml or 330 µg/ml) was grafted, the host bud usually
developed additional digits 3 and 4. In several instances, these
digit patterns were symmetrical (Fig. 4C), and closely
resembled those obtained following either a ZPA graft (Fig.
4D) or 10 µg/ml RA treatment (Fig. 4B). The ability of grafted,
RA-exposed mesenchyme to induce additional digits dropped
substantially when the soaking concentration was decreased to
100 µg/ml or 20 µg/ml. Out of a total of 16 wings, one wing
had an additional digit 3, 7 had an additional digit 2 (Fig. 4E)
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Fig. 1. Sample chromatogram (A) and amount of RA present in the wing bud as a function of
the soaking concentration (B). (A) 20 beads were soaked in 100 µg/ml RA and implanted into
stage 20 wing buds. 15 hours later, the treated bud was extracted and the extract analyzed on a
reversed-phase C18 column eluted with solvent A at 1 ml/min. Note that the concentration of
applied RA is very high, in the same range as that of endogenous retinol (ROH). In untreated
buds RA is about 30 times less abundant than ROH (Thaller and Eichele, 1990). The elution
position of two other endogenous retinoids, 3,4-didehydro retinol (ddROH) and 3,4-didehydro
RA (ddRA) are indicated. (B) Amount of RA present in a wing bud following a 15-hour
treatment with different doses of RA. The solid horizontal arrow represents the amount of
endogenous RA at stage 22/23. The columns in the histogram correspond to the following
amounts: 10 µg/ml, 6.7±1.2 pg; 100 µg/ml, 139±26 pg; 330 µg/ml, 288±38 pg; 460 µg/ml,
715±15 pg; 880 µg/ml, 846 pg; 1 mg/ml, 1362±13 pg.
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and 8 wings were normal (Table 1). At the lowest concentra-
tion of RA tested (10 µg/ml and 3 µg/ml), 16 out of 19 wings
were normal, one wing had supernumerary digit 2 and two
wings had an additional digit 2-like element (Fig. 4F). The con-
centration-dependent loss of RA-exposed grafts to induce addi-
tional digits in a secondary host is reflected in the distinct
decline of the dose response curve (Fig. 3, lower curve).

To determine whether RA induced polarizing activity all
around the bead, similarly sized blocks of mesenchyme were
taken from equidistant sites around the bead implant (regions
B and C in Fig. 2). At a high dose (1 mg/ml) regions B and C
were substantially less effective than region A (Table 1).
Similarly, tissue taken from sites B and C of wing buds treated
with low dose (20 µg/ml RA), were devoid of polarizing
activity (Table 1). The high dose data confirm those reported
by Tamura et al. (1993) who observed little activity in regions
B and C. The finding that polarizing activity is confined to site
A makes it less likely that polarizing activity results from a
carryover of RA. If this were the case, one would expect that
regions A, B and C are equally effective in inducing ZPA
(excepting localized RA degradation in regions B and C).
Taken together, our experiments show that high doses of RA
endow tissue distal to the implanted bead with polarizing
activity. However, when the dose of RA is lowered, tissue
taken from a treated wing bud exhibits little or no polarizing
activity irrespective of the site of origin of the transplant.
Importantly, the lack of polarizing activity occurs at doses of
RA capable of inducing full duplications when embryos are
left to develop (Table 1 and Fig. 3). 

Induction of sonic hedgehog and Hoxd-11 by RA
treatment
Transplantation of tissue that has acquired polarizing activity
will produce mirror-image digit duplications in the host, an

effect that is likely to require the coordinated action of many
signaling molecules. To begin to examine the temporal and
spatial order of molecular signals that constitute polarizing
activity, we examined the expression of two genes, sonic
hedgehog and Hoxd-11. shh is a candidate for the ZPA
morphogen (Riddle et al., 1993), hence its expression should
correlate directly with the acquisition of polarizing activity.
Hoxd-11 expression is induced as a result of polarizing
activity, and hence represents a gene downstream of the polar-
izing signal (Ipsizúa-Belmonte et al., 1992). Embryos were
treated with pharmacological (330 µg/ml) or physiological (10
µg/ml) doses of RA (see above), incubated for 22 hours, then
examined for the expression of shh and Hoxd-11 by means of
in situ hybridization. A total of 3 or 4 specimens were
examined in each case. Treatment with both 10 µg/ml and 330
µg/ml RA induced shh in the tissue immediately distal to the
bead (Fig. 5A,B). The expression domains of Hoxd-11 induced
by treatment of embryos with 10 µg/ml and 330 µg/ml RA are
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Fig. 2. Diagram of experimental manipulations carried out with wing
buds. RA-releasing beads were implanted at the anterior wing bud
margin of Hamburger-Hamilton stage 20 chick embryos. Embryos
were treated in two different ways. Group 1 embryos were left to
develop for 7 days. Group 2 embryos were exposed to an RA-
releasing bead for 22-24 hours, then their wing buds were dissected
away and incubated in 2% trypsin to remove the ectoderm. Prisms of
tissue (A,B,C) surrounding the beads were cut out with a tungsten
needle and grafted into a second, stage 20 host wing bud. The host
embryo was left to develop for 7 days. AER, apical ectodermal ridge.

Table 1. Digit patterns resulting from RA treatment or
tissue transplantation

Pattern following 
Soaking Pattern if bead Tissue tissue
concentration is left in place n block* transplantation n

1 mg/ml no hand 2 A 44234 1
4, 434, 34 4 43234 1

4334 2 dd3234 1
43234 2 3334 1

3234 1
234 1

B 3234 1
2234 1
d234 1
234 8

C 2234 3
234 10

330 µg/ml 4334 5 A 4334 1
234 1 43234 4

2234 2
234 1

100 µg/ml 43234 3 A 2334 1
4334 3 2234 2

234 3

20 µg/ml 4334 3 A 2234 5
43234 6 234 5
d3234 1

B 2234 1
234 6

C 234 6

10 µg/ml 43234 9 A d234 2
234 9

6 µg/ml 43234 14
d3234 1
d2234 4
2234 3

3 µg/ml d3234 1 A 2234 1
3234 2 234 7
2234 4
234 1

ZPA 4334 4
43234 3

*see Fig. 2.
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illustrated in Fig. 5C and D. The relative size and intensity of
the shh expression domains are similar for pharmacological
and physiological treatments of RA. Based on these experi-

ments we conclude that physiological and pharmacological
doses of RA induce shh and Hoxd-11. Moreover, as judged by
the silver grain density and the size of the expression domains
of shh and Hoxd-11 (Fig. 5) the degree of expression of both
these genes is similar at pharmacological conditions, albeit
only in the latter case can polarizing activity be demonstrated.

DISCUSSION

Local application of RA to the chick wing bud evokes mirror-
image duplications of the limb pattern (Tickle et al., 1982,
1985; Summerbell, 1983). Furthermore, chick limb buds
contain endogenous RA at a concentration very close to that
required for inducing digit duplications (Thaller and Eichele,
1987, 1990), and RA is enriched in the region containing the
polarizing activity (Thaller and Eichele, 1987). The
mechanism by which pattern duplications are achieved is not
well understood (reviewed in Brickell and Tickle, 1989;
Eichele, 1989; Smith et al., 1989; Summerbell and Maden,
1990; Tabin, 1991; Bryant and Gardiner; 1992; Hofmann and
Eichele, 1994). One possibility is that RA acts as a graded
morphogen by specifying the anteroposterior limb pattern
through induction of downstream genes that are directly
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Fig. 3. Dose-response curves for embryos treated either with RA
(upper curve) or with tissue taken from region A distal to the RA-
releasing bead (lower curve). Concentrations specified on the
abscissa were those used for soaking the bead that was implanted
into the initial host.

Fig. 4. Pattern duplications
obtained after local application of
RA (A,B), transplantation of
tissue taken from a region next to
the RA bead (C,E,F), or ZPA
implantation (D). In A, the bead
was soaked in 1 mg/ml RA and a
43234 pattern developed. Note,
digit 2 is attached to the
additional digit 3. (B) A
specimen with a 43234 pattern
that resulted from application of
10 µg/ml RA. (C) A 43234
pattern that resulted from a graft
of region A (see Fig. 2) taken
from a bud exposed to 1 mg/ml
for 22 hours. In D a 43234
pattern resulting from a ZPA
graft is shown. (E) 2234 pattern
that resulted from a graft of
region A taken from a bud treated
for 22 hours with a bead soaked
in 100 µg/ml. Note the partial
loss of the radius in this
specimen. (F) A 234 pattern with
a small anterior digit 2-like
element (arrow) resulted from a
graft from region A taken from a
bud treated for 22 hours with a
bead soaked in 10 µg/ml. 
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involved in generating the pattern. Alternatively, RA may
induce a new polarizing region in the tissue distal to the RA
source. This ectopic polarizing region might either operate
through an intercalation mechanism (Bryant and Gardiner,
1992) or it might synthesize and release the morphogen proper
(Tabin, 1991).

The polarizing region is defined as signaling tissue capable

of inducing pattern duplications when grafted into a host wing
bud. By this operational definition, pharmacological doses of
RA (330 µg/ml and above) induce polarizing activity in the
tissue adjacent to the bead. This finding is consistent with
earlier reports showing that beads soaked in 1 mg/ml RA
induce ZPA (Wanek et al., 1991; Tamura et al., 1993). In the
present study we have examined the dose-dependent acquis-
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Fig. 5. Expression of sonic
hedgehog and Hoxd-11 in the
chick embryo. Arrows indicate
ectopic sites of expression and
asterisks mark the site of bead
implantation at the anterior
wing margin. 7 µm sagittal
sections were made from stage
23 embryos that received an RA
bead at stage 20 and were
treated with RA for 22-24
hours. Photographs show
endogenous shh expression
coinciding with the polarizing
region, and induced expression
of shh as a result of RA
treatment. (A) shh expression
induced by a bead soaked in 10
µg/ml RA. (B) Expression of
shh induced by a bead soaked in
330 µg/ml RA. Note that the
endogenous levels of shh
mRNA are approximately equal
in A and B, as are the induced
levels, even though the amount
of RA delivered to the tissues
differed 33-fold. Levels of
Hoxd-11 mRNA induced by RA
treatment with 10 µg/ml (C) are
similar to that induced by 330
µg/ml RA (D).
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tion of polarizing activity and we have directly measured the
concentration of exogenous RA present in treated buds. Our
data show that physiological doses of RA (approx. 10 µg/ml)
evoke duplications but do not induce polarizing activity as
determined by the functional assay of tissue transplantation
(Table 1, Fig. 3). The concentration of endogenous RA at stage
22/23 (the stage attained by the embryo during the treatment)
is about 6-7 pg per bud (calculated from Thaller and Eichele,
1990). The concentration of RA in the limb bud following
treatment with beads soaked in 10 µg/ml is also approximately
equal to 7 pg. In contrast, soaking concentrations of 330 or
1000 µg/ml, both effective in inducing polarizing activity,
produce an RA concentration in the bud which is 45 to 210
times higher than the endogenous level.

Could the pattern duplications observed with grafts exposed
to high concentrations of RA be due to carryover of RA with
the transplant? This is unlikely for two reasons (see also Tickle,
1991; Wanek et al., 1991; Tamura et al., 1993). First, tissue
from RA-treated limb buds fail to induce duplications when
grafted 12 hours after bead implantation but do so when trans-
planted at 18 or 24 hours. However, the concentration of
applied RA in the bud at 12 hours is higher than at the later
time point (Eichele et al., 1985). Second, transplants taken
from a site distal to the bead (Fig. 2A) induce duplications, yet
tissues taken from equidistant sites proximal or posterior to the
bead (Fig. 2B,C) are ineffective. Being equidistant from the
source, and assuming no sitedependent difference in RA catab-
olism, all grafts should contain comparable amounts of RA and
thus should be equipotent, yet they are not.

There are several explanations for the absence of polarizing
activity when tissue has been exposed to physiological con-
centrations of RA. First, it is possible that a different signaling
pathway is activiated by high doses of RA. However, two
markers of polarizing activity, shh and Hoxd-11, were both
expressed in response to either dosage. This does not exclude
the possibility that unknown molecules are activated at
different concentrations of RA. A second explanation is that
the same sets of genes may be activated by high and low doses,
but in the case of pharmacological doses, the level of the ZPA
morphogen is above some minimum threshold required for
polarizing activity. Although we are assessing levels of mRNA
and not of protein, it is worth noting that a 33-fold increase in
RA concentration has no discernable effect on shh or Hoxd-11
expression levels as detected by in situ hybridization. 

A third plausible explanation for the lack of digit duplica-
tion upon transplantation of shh-positive tissue is that the
polarizing activity is initially present, but is lost during the
course of grafting. This is unlikely because a high RA dose or
a ZPA graft treated in the identical manner induces duplication
(Table 1 and Fig. 4C,D). It should also be emphasized that as
few as 100 ZPA cells are capable of evoking a full duplication
(Tickle, 1981). Thus even a significant loss of the polarizing
signal should not abolish the ability of the graft to induce addi-
tional digits. To increase the sensitivity of the transplantation
assay, we grafted tissue underneath the intact apical ectoder-
mal ridge. This procedure is several times more sensitive than
the classical method of placing grafts into the limb bud mes-
enchyme (Tickle, 1981), yet we were unable to detect polariz-
ing activity after physiological treatments. 

It could be argued that tissue distal to a RA-releasing bead
required a longer incubation period, and transplants taken later

than 22 hours would have acquired the ability to induce digit
duplication. Two observations argue against this. First, in a
series of preliminary studies, we have transplanted grafts of
mesenchyme taken 42 hours after bead implantation. Tissue
blocks along the entire anterior limb bud margin were assayed,
including blocks expressing shh. The resulting digit patterns
were normal, with the rare exception of an additional digit 2.
Second, Fig. 5 clearly illustrates that Hoxd-11, a gene induced
by ZPA grafts (Ipsizúa-Belmonte et al., 1992) or by shh
(Riddle et al., 1993) is expressed by 22 hours, suggesting that
the polarizing signal has begun to operate and that the time-
point chosen is appropriate.

How do we envisage the mechanism of action of physio-
logical versus pharmacological doses of RA? One hypothesis
is that RA initiates a cascade of signaling molecules (HoxD
gene products, shh, FGFs and presumably other molecules)
that, when expressed together, bring about the formation of
additional digits. Some of these factors may be expressed in
adjacent domains that form boundary regions from which pat-
terning is initiated (Ingham and Arias, 1992). At physiological
doses, any given block of grafted tissue does not contain the
full complement of signaling factors, and hence fails to provide
polarizing activity. At pharmacological doses which are known
to transiently reduce limb bud outgrowth (Lee and Tickle,
1985), the expression domains of the various signaling
molecules are spatially compressed, and therefore overlap to a
greater extent than under physiological conditions. As a result
of this compression, a discrete group of cells express the full
set of signaling molecules, and when transplanted, would act
as polarizing region. This hypothesis has the merit of acco-
modating apparently different outcomes within a common
molecular mechanism.

We thank Drs. J. Dodd and T. Jessell for providing vhh-1 cDNA
used for in situ hybridizations, Chang Hee Kim for expert technical
assistance and Drs. U. Albrecht, J. Brockes, C. Hofmann, and C.
Tickle for comments regarding the manuscript. This research was
supported by a grants HD 20209 (G. E.) and HD1079 (J. H.) from the
National Institutes of Health. 

REFERENCES

Brickell, P. M. and Tickle, C. (1989). Morphogens in chick limb development.
BioEssays 11, 145-149.

Bryant, S. V. and Gardiner, D. M. (1992). Retinoic acid, local cell-cell
interactions, and pattern formation in vertebrate limbs. Dev. Biol. 152, 1-25.

Eichele, G. (1989). Retinoids: signalling molecules in vertebrate limb pattern
formation. Trends Genet. 5, 246-251. 

Eichele, G., Tickle, C. and Alberts, B. M. (1984). Microcontrolled release of
biologically active compounds in chick embryos: beads of 200-µm diameter
for the local release of retinoids. Analyt. Biochem. 142, 542-555. 

Eichele, G., Tickle, C. and Alberts, B. M. (1985). Studies on the mechanism
of retinoid-induced pattern duplications in the early chick limb bud: temporal
and spatial aspects. J. Cell Biol. 101, 1913-1920.

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

Hofmann, C. and Eichele, G. (1993). Retinoids in Development. In The
Retinoids (ed. M.B. Sporn, A.B. Roberts and D.S. Goodman), pp. 387-441.
New York: Raven Press.

Ingham, P.W. and Arias, A.M. (1992). Boundaries and fields in early
embryos. Cell 68, 221-235. 

Izpisúa-Belmonte, J.-C., Tickle, C., Dollé, P, Wolpert, L. and Duboule, D.
(1991). Expression of homeobox genes and the specification of position in
chick wing development. Nature 350, 585-589.



3274

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

Lee, J. and Tickle, C. (1985). Retinoic acid and pattern formation in the
developing chick wing: SEM and quantitative studies of early effects on the
apical ectodermal ridge and bud outgrowth. J. Embryol. exp. Morph. 90, 139-
169.

Linney, E. (1992). Retinoic acid receptors: Transcription factors modulating
gene regulation, development, and differentiation. Curr. Topics Dev. Biol.
27, 309-350.

Nohno, T., Noji, S., Koyama, E., Ohyama, K., Myokai, F., Kuroiwa, A.,
Saito, T. and Taniguchi, S. (1991). Involvement of Chox-4 chicken
homeobox genes in determination of anteroposterior axial polarity during
limb development. Cell 64, 1197-1205.

Noji, S., Nohno, T., Koyama, E., Muto, K., Ohyama, K., Yoshinobu, A.,
Tamura, K., Ohsugi, K., Ide, H., Taniguchi, S. and Saito, T. (1991).
Retinoic acid induces polarizing activity but is unlikely to be a morphogen in
the chick limb bud. Nature 350, 83-86.

Riddle, R., Johnson, R., Laufer, E. and Tabin, C. (1993). Sonic hedgehog
mediates the polarizing activity of the ZPA. Cell 75, 1401-1416.

Roelink, H., Augsburger, A., Heemskerk, J., Korzh, V., Norlin, S., Ruiz i
Altaba, A., Tanabe, Y., Placzek, M., Edlund, T., Jessell, T.M. and Dodd,
J. (1994). Floor plate and motor neuron induction by vhh-1, a vertebrate
homolog of hedgehog expressed by the notochord. Cell 76, 761-775. 

Rogina, B., Coelho, C.N., Kosher, R.A. and Uphot, W. B. (1992) The pattern
of expression of the chicken homolog of HOX1I in the developing limb
suggests a possible role in the ectodermal inhibition of chondrogenesis. Dev.
Dynamics 193, 92-101.

Saunders, J. W. and Gasseling, M. T. (1968). Ectodermal-mesenchymal
interactions in the origin of limb symmetry. In Epithelial-mesenchymal
Interactions (ed. R. Fleischmajer and R. E. Billingham), pp. 78-97.
Baltimore: Williams and Wilkins. 

Smith, J.C. (1979). Evidence for a positional memory in the development of
the chick wing bud. J. Embryol. exp. Morphol. 52, 105-113.

Smith, S. M., Pang, K., Sundin, O., Wedden, S. E., Thaller, C. and Eichele,
G. (1989). Molecular approaches to vertebrate limb morphogenesis.
Development 107 Supplement, 121-131.

Smith, S. M. and Eichele, G. (1991). Temporal and regional differences in the
expression pattern of distinct retinoic acid receptor-ß transcripts in the chick
embryo. Development 111, 245-252.

Summerbell, D. (1983). The effect of local application of retinoic acid to the
anterior margin of the developing chick limb. J. Embryol. exp. Morph. 78,
269-289.

Summerbell, D. and Harvey, F. (1983). Vitamin A and the control of pattern
in developing limbs. In Limb Development and Regeneration Part A (ed. J. F.
Fallon and A. I. Caplan), pp. 109-119. New York: Alan R. Liss. 

Summerbell, D. and Maden, M. (1990). Retinoic acid, a developmental
signalling molecule. Trends Neurosci. 13, 142-147. 

Sundin, O., Busse, H. G., Rogers, M. B., Gudas, L. J., and Eichele, G.
(1990). Region-specific expression in early chick and mouse embryos of
Ghox-lab and Hox 1.6, vertebrate homeobox-containing genes related to
Drosophila labial. Development 108, 47-58.

Tabin, C. J. (1991). Retinoids, homeoboxes, and growth factors: toward
molecular models for limb development. Cell 66, 199- 217. 

Tamura, K., Aoki, Y. and Ide, H. (1993). Induction of polarizing activity by
retinoic acid occurs independently of duplicate formation in developing
chick limb buds. Dev. Biol. 158, 341-349.

Thaller, C. and Eichele, G. (1987). Identification and spatial distribution of
retinoids in the developing chick limb bud. Nature 327, 625-628.

Thaller, C. and Eichele, G. (1990). Isolation of 3,4-didehydroretinoic acid, a
novel morphogenetic signal in the chick wing bud. Nature 345, 815-819.

Thaller, C., Hofmann, C. and Eichele, G. (1993). 9-cis-retinoic acid, a potent
inducer of digit pattern duplications in the chick wing bud. Development 118,
957-965. 

Tickle, C., Summerbell, D. and Wolpert, L. (1975). Positional signalling and
specification of digits in chick limb morphogenesis. Nature 254, 199-202.

Tickle, C. (1981). The number of polarizing region cells required to specify
additional digits in the developing chick wing. Nature 289, 295-298.

Tickle, C., Alberts, B. M., Wolpert, L. and Lee, J. (1982). Local application
of retinoic acid to the limb bud mimics the action of the polarizing region.
Nature 296, 564-565. 

Tickle, C., Lee, J. and Eichele, G. (1985). A quantitative analysis of the effect
of all-trans-retinoic acid on the pattern of chick wing development. Dev. Biol.
109, 82-95. 

Tickle, C. (1991). Retinoic acid and chick limb bud development. Development
Supplement 1, 113-121.

Wanek, N., Gardiner, D. M., Muneoka, K. and Bryant, S. V. (1991).
Conversion by retinoic acid of anterior cells into ZPA cells in the chick wing
bud. Nature 350, 81-83. 

(Accepted 29 July 1994)

J. Helms, C. Thaller and G. Eichele


