J. Anat. (1998) 192, pp. 379-390, with 6 figures Printed in the United Kingdom 379

Limb development and evolution: a frog embryo with no
apical ectodermal ridge (AER)

MICHAEL K. RICHARDSON!,, TIMOTHY F. CARL?, JAMES HANKEN? RICHARD P. ELINSON?,
CELIA COPE!' AND PETER BAGLEY!'

! Department of Anatomy, St George’s Hospital Medical School, London, UK, * Department of Environmental, Population,
and Organismic Biology, University of Colorado, Boulder, CO, USA, and ? Department of Zoology, University of Toronto,
Toronto, Ontario, Canada

(Accepted 27 January 1998)

ABSTRACT

The treefrog Eleutherodactylus coqui is a direct developer—it has no tadpole stage. The limb buds develop
earlier than in metamorphosing species (indirect developers, such as Xenopus laevis). Previous molecular
studies suggest that at least some mechanisms of limb development in E. coqui are similar to those of other
vertebrates and we wished to see how limb morphogenesis in this species compares with that in other
vertebrates. We found that the hind limb buds are larger and more advanced than the forelimbs at all stages
examined, thus differing from the typical amniote pattern. The limb buds were also small compared to those
in the chick. Scanning and transmission electron microscopy showed that although the apical ectoderm is
thickened, there was no apical ectodermal ridge (AER). In addition, the limb buds lacked the dorsoventral
flattening seen in many amniotes. These findings could suggest a mechanical function for the AER in
maintaining dorsoventral flattening, although not all data are consistent with this view. Removal of distal
ectoderm from E. coqui hindlimb buds does not stop outgrowth, although it does produce anterior defects in
the skeletal pattern. The defects are less severe when the excisions are performed earlier. These results
contrast with the chick, in which AER excision leads to loss of distal structures. We suggest that an AER

was present in the common ancestor of anurans and amniotes and has been lost in at least some direct

developers including E. coqui.
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INTRODUCTION

The frogs and toads most often studied by de-
velopmental biologists, including Xenopus laevis, show
indirect development. They have a biphasic life
history, which includes a free-living, aquatic larval
stage (tadpole). Adult characters develop at meta-
morphosis. By contrast, direct developers hatch as
froglets without going through a discrete tadpole
stage or metamorphosis. They produce a few large-
yolked eggs (Elinson, 1987; Duellman & Trueb,
1994). Direct development has evolved independently
in several amphibian clades from the primitive
condition of indirect development (Wake, 1989;
Hanken et al. 19974). Indirect development may in
turn have evolved from direct development by the

insertion of larval characters into the frog life history
(Elinson, 1990).

Direct development has been studied in the large
genus of neotropical treefrogs Eleutherodactylus
(Lynn, 1942; Gitlin, 1944; Adamson et al. 1960;
Chibon, 1960). Some features of embryonic devel-
opment in this group are quite different from other
anurans. Eleutherodactylus coqui shows an evolution-
ary reduction or loss of some larval cranial cartilages,
lateral lines, external gills, keratinised mouthparts and
the cement gland (Hanken et al. 1992; Moury &
Hanken, 1995; Fang & Elinson, 1996). There are
many shifts in developmental timing (heterochrony;
Richardson, 1995) relative to indirect developing
species. Adult skull bones appear early (Hanken et al.
1992) and patterns of jaw muscle development are
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greatly modified (Hanken et al. 19975). The limb buds
appear shortly after neurulation.

Other aspects of embryonic development remain
conserved among direct and indirect developers. For
example, the general features of cranial neural crest
migration in E. coqui are similar to those in other
anurans (Moury & Hanken, 1995; Fang & Elinson,
1996). Furthermore the expression of genes related to
Drosophila distal-less in the developing head and
limbs of E. coqui are similar to those in Xenopus laevis
(Fang & Elinson, 1996). Nevertheless, even conserved
homeobox genes show some differences in expression
patterns. For example D/x transcripts are detected in
mandibular crest cells in E. coqui at an earlier stage
than in Xenopus laevis (Fang & Elinson, 1996).

We know relatively little about limb development in
direct developers (Elinson, 1994; Fang & Elinson,
1996). Some basic questions remain unanswered, such
as whether E. coqui limb buds have an apical
ectodermal ridge (AER). The AER, a projecting ridge
of stratified or pseudostratified columnar epithelium,
has essential signalling functions in the chicken
embryo (Laufer et al. 1997; Rodriguez-Esteban et al.
1997). It maintains outgrowth and polarising activity
(Niswander et al. 1993; Vogel & Tickle, 1993;
Summerbell, 1974), an action mediated by FGF-4
(Niswander et al. 1993).

Evolutionary reduction of the AER is often
associated with limb loss. For example, some limbless
reptiles have a poorly developed AER which under-
goes regression before the limb bud has fully de-
veloped (Raynaud, 1985). An AER has been found in
all species of anuran in which it has been sought
(Hanken, 1986), in all amniote classes, and at the tip
of the paired fin buds of some teleosts (Geraudie,
1978; Wood, 1982; Thorogood, 1991). An AER has
not been found in wurodeles where it has been
specifically sought (Hanken, 1986).

DIx genes are strongly expressed in the AER of the
limb in many vertebrates (Dolle et al. 1992; Ferrari
et al. 1995; Morasso et al. 1995; Mullen et al. 1996).
These genes appear to be expressed generally in
outgrowing appendages including insect legs and
wings and crustacean limb branches (Averof & Cohen,
1997; Panganiban et al. 1997; Shubin et al. 1997). The
expression of Dlx genes in the apical limb ectoderm in
E. coqui (Fang & Elinson, 1996) suggests that the
mechanisms of limb development are similar to those
in other vertebrates. We have examined this question
using histology and electron microscopy to determine
the patterns of limb morphogenesis in E. coqui. The
structure of the apical ectoderm has been charac-
terised. Epithelial-mesenchymal interactions have

been examined by ablating the apical ectoderm at
different stages and looking at the effects on skeletal
patterning.

MATERIALS AND METHODS
Staging

Embryos were staged according to the Townsend &
Stewart (1985) series, which defines 15 embryonic
stages from fertilisation (1) to hatching (15).

Animal care

Adult Eleutherodactylus coqui (Thomas, 1966) were
collected in the wild in Puerto Rico, where they are
abundant. Collection was licensed by the Department
of Natural Resources, Puerto Rico. Laboratory
colonies were established and embryos obtained
following spontaneous natural breeding (Elinson et al.
1990; Elinson, 1994). The majority of embryos were
from a colony maintained in Toronto (R. P. Elinson);
others, including all embryos used for manipulations,
were from a colony maintained at Boulder (J.
Hanken). Eggs were removed from the attending male
and rinsed in Holtfreter’s antibiotic saline (80 mg/1
gentamicin sulphate in 10% Holtfreter’s solution).
They were then placed on moist filter paper in a Petri
dish, covered and kept in the dark at 24 °C.

Preparation for histology and electron microscopy

Embryos were de-jellied either chemically (2%
cysteine, buffered to pH 7.8-8 with 5 N NaOH) or
manually with watchmakers’ forceps. Most were fixed
in half-strength Karnovsky’s fixative (Karnovsky,
1965), at 4 °C for 18 h, and shipped to London in
sterile phosphate-buffered saline (PBS) or in fixative.
In a few cases, 4% paraformaldehyde, or Bouin’s
fluid (Sanderson, 1994) was used as the primary
fixative. Embryos were rinsed in PBS, then run
stepwise to 70 % ethanol for long-term storage. Where
Bouin’s fixative had been used, residual picric acid
was washed out by repeatedly changing the ethanol
over many weeks. Embryos were then processed in
one of the following ways.

Plastic sections

Specimens were run to 0.1 M cacodylate bulffer,
osmicated in 1% osmium tetroxide in buffer (4 °C,
2-18 h) and rinsed in PBS. They were dehydrated in
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graded ethanols to 100% and embedded in Spurr’s
resin (Spurr, 1969) using propylene oxide as the
intermediate reagent. Sections for light microscopy
were cut at 1-2 pm and stained with crystal violet in
borax. Ultrathin sections for transmission electron
microscopy (TEM) were mounted on grids and stained
with uranyl acetate and lead citrate. They were
examined at 60 kV on a Phillips 300 electron micro-
scope.

Scanning electron microscopy (SEM)

Embryos were osmicated and dehydrated with etha-
nol, dried at the critical point of carbon dioxide, and
mounted on aluminium stubs. Sputter coating with
gold was followed by examination in a Zeiss DSM940
microscope.

Paraffin histology

Specimens were taken to 100 % ethanol and cleared in
methyl salicylate (3 changes of at least 8 h each). The
friability of the yolk was counteracted by infiltrating
the embryos with low viscosity nitrocellulose (Merck)
in methyl salicylate (1%, 18 h; then 2%, 18 h). The
embryos were rinsed in toluene (5 min), hardened in
chloroform (30 min) and transferred to 3 changes (2 h
each) of histological paraffin wax (Merck, 60 °C,
under vacuum). Serial sections were cut at 3—6 pm and
stained with safranin, methyl blue and Orange G
(Sentein, 1976).

Wholemounts

For examination of external morphology, embryos
were stained for 18 h with 0.03 % Alcian blue in acid
alcohol (70% ethanol with 1% concentrated hy-
drochloric acid). They were then differentiated for
48 h in acid alcohol and stored in 70% alcohol.
Viewing through a stereo dissecting microscope, fitted
with an orange G filter, showed the pale cellular tissue
of the embryo against a dark background of yolky
tissue. Measurements (to the nearest 10 pum) were
made with an eyepiece graticule fitted to a stereo
dissecting microscope.

Ectoderm excision

All procedures were conducted in accordance with
local regulations (University of Colorado). Viable
embryos were de-jellied and placed in Petri dishes with
a 2% agar bed, covered with 10% Holtfreter’s
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antibiotic saline. Spontaneous movements were re-
duced by immersion for up to 15min in 0.03%
aqueous cthyl m-aminobenzoate tricaine methane-
sulphonate. Distal hind limb bud ectoderm was teased
away from the underlying mesenchyme of stage 4-6
embryos using watchmakers’ forceps, hairloops, and
scalpels. Embryos were then transferred to 10%
Holtfreter’s antibiotic saline and maintained at 24 °C
in the dark. At stage 13, when the cartilaginous
skeleton is well developed, embryos were fixed and
stained for cartilage with Alcian blue (Klymkowsky &
Hanken, 1991).

RESULTS
Normal limb bud development

The number of embryos examined at each stage is
given in Table 1.

Stage 3. The hind limb fields are first seen, in
stained wholemounts, as diffuse patches of lateral
plate mesoderm on the surface of the yolk sac (Fig.
la). They lie to each side of the blastopore, and
become slightly raised above the yolk surface near the
end of this stage. A broad, shallow depression is
thereby formed between the hind limb area and the
trunk. In paraffin sections, many nuclei can be seen
among the yolk platelets in the hind limb region. Very
few nuclei can be seen in the yolk-laden mesoderm of
the prospective forelimb region. The forelimb region is
either absent or only faintly indicated in wholemounts
at this stage.

Stage 4. The hind limb buds are craniocaudally
elongated ridges (Figs 15, ¢). Dimensions of the limb

Table 1. Numbers of embryos used to study normal stages of
limb morphogenesis in E. coqui, with method of processing™

Number of embryos

Stage SEM  Semithin TEM Paraffin =~ Wholemount
3 3 7 0 4 10
4 4 4 1 5 12
5 2 9 3 3 9
6 2 5 2 0 7
6/7F 1 0 0 2 3
7 2 2 2 0 2
8 1 1 0 0 9

* SEM, scanning electron microscopy; semithin, plastic sections
for light microscopy; TEM, transmission electron microscopy;
wholemount, embryo stained with Alcian blue and examined under
the stereo dissecting microscope. All embryos used for TEM were
examined by light microscopy and are therefore listed twice.

T 6/7 indicates embryos intermediate between stages 6 and 7.
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Fig. 1. (@) Dorsal view of stained, stage 3 wholemount, viewed with an orange filter. The hind limb fields (right field marked with arrowheads)
have developed as condensed lateral plate mesoderm on the surface of the yolk sac. The pharyngeal arches (Pa) are also visible. Anterior
is to the top. Bar, 500 um. (b) Dorsal view of stained, stage 4 wholemount, viewed with an orange filter. Hind limbs (H) are now distinct
buds. Forelimb buds (F) are developing immediately caudal to the pharyngeal arches (Pa). Tb, tailbud. Anterior is to the top. Bar, 500 pm.
(c) SEM of stage 4 hind limb buds (right bud between arrowheads). There is no apical ridge. Tb, tailbud; Bl, blastopore. Dorsal view;
anterior is to the top. Bar, 200 um. () Transverse plastic section through the hind limb field (between arrowheads) of an early stage 4 embryo.
Dorsal is to the top, lateral is to the right. The lateral plate is continuous with the paraxial mesoderm (Pm), although in wholemounts, the
limb buds appear to be detached from the trunk. The large cavity in the lower left corner of the micrograph is the archenteron. No, notochord;

Nt, neural tube. Crystal violet stain. Bar, 200 um.

buds are given in Table 2. The buds project well above
the yolk surface, leaving a deep gutter between the
hind limb bud and the trunk. Because the yolk sac in
E. coqui is so large, the somatopleure spreads away
from the embryonic axis almost horizontally. For this
reason, the limbs buds appear to project vertically. In
wholemounts, the hind limb buds appear to be
detached from the trunk. However in sections the
limb mesoderm is seen to be continuous with the
paraxial mesoderm (Fig. 1d). It is also continuous
laterally with a very thin layer of mesoderm spreading
over the yolk sac. The hind limb bud is covered by
simple squamous ectoderm and periderm layers.

In the youngest embryos of stage 4, the forelimb

fields are indistinct. Later in this stage (Fig. 15) they
start to project slightly above the yolk surface. They
develop immediately caudal to the branchial region.

Stage 5. In early stage 5 the hind limb buds are
hemispherical masses covered with ectoderm and
periderm (Fig. 2a—c). The mesenchyme is more
densely packed around the periphery than it is in the
core of the limb bud. By late stage 5 the buds have
elongated so that they are about as long as they are
wide (Table 2). The ectoderm at the limb tip has
become cuboidal, while that at the base is still
squamous. As a consequence, the apical ectoderm is
now thicker (30.7 pm including periderm; .. = 4.62)
than the more proximal ectoderm (18 pm; s.D. =



A frog with no AER 383

Table 2. Dimensions of limb buds at different stages, measured from wholemounts*

Forelimb Hind limb

Width (um) Length (um) Width (um) Length (um)
Stage n Mean S.D. Mean S.D. Mean S.D. Mean S.D.
4 8 — — — — 830 127 187 38.2
5 5 411 20.6 409 30.9 491 18.4 583 51
6 5 399 333 536 50.6 462 37.3 703 41.5
6/7 3 387 25.8 550 45.2 422 25.8 775 73.9
7 2 358 7.69 588 14.7 450 7.69 904 29.1
8 8 458 21.2 697 51.8 550 34.4 1104 87.3

* The forelimb buds are too indistinct at stage 4 to be measured accurately. n, number of embryos. s.D., standard deviation. All 4 limbs,
when present, were measured in each embryo. Length, proximodistal axis of limb (in the case of stage 4 hind limbs, this is the height the
bud projects above the yolk sac). Width, anteroposterior axis of limb, measured at the widest point. In later stages this was across the digital
plate. In the case of stage 4 hind limbs it is useful to note the additional parameter of mediolateral dimension (at the widest point); this

averaged 481 um (s.D. = 54.4; n = 8).

4.89). The transition between squamous and cuboidal
ectoderm is a gradual one. The appearance in sections
is of a thickened cap of ectoderm over the tip of the
limb bud (Fig. 2¢).

The lateral plate extends between fore and hind
limbs as a thin sheet, 2-3 cells thick. The forelimb
buds are similar in shape to the hind limbs, but
smaller (Table 2). They are also histologically less
differentiated. Yolk platelets predominate in the
mesenchyme of the forelimb, whereas cell nuclei
predominate in the hind limb (data not shown).

Stage 6. The hind limbs are now longer than they
are wide (Table 2; Fig. 3a). A faint constriction in
midpoint of the long axis marks the beginning of
digital plate formation. Sections show a marginal
sinus in both pairs of limbs, subjacent to the thickened
apical ectodermal cap (Fig. 3b). Premuscle and
precartilage condensations resembling those seen in
amniotes (Ede, 1976) are developing in the hind limb,
but not yet in the forelimb.

The forelimbs are conical projections, longer than
they are wide (Table 2). Cells in the ectodermal cap
covering the limb tip are becoming columnar (Fig.
3¢). The periderm is a yolky squamous layer with
occasional rounded, ciliated, yolk-filled cells pro-
truding above the surface (Fig. 3¢). The cap of
ectoderm over the tip of the limb is a columnar or
pseudostratified epithelium (Fig. 3¢). The forelimb
capis 22.26 um thick (s.n. = 1.90) including periderm,
compared to 10.33 um (s.D. = 2.42) for ectoderm at
the base of the limb. However, there is no evidence
from histological sections or EM of any ridge-like
organisation in the ectoderm.

Stage 6/7. These embryos are intermediate in
character between stages 6 and 7. Both pairs of limbs

show a shallow notch on the anterior margin,
although the one on the forelimb is indistinct (Fig.
34d).

Stage 7. The anterior borders of both fore and hind
limbs are distinctly notched (Fig. 4a). The hind limb
digital plate is pointed because of growth of the digit
IV anlage. The forelimb digital plate is rounded in
dorsal view. The apical ectoderm is cuboidal. Nerves
are growing into the base of the limbs.

Stage 8. The digital plates show strong dorsoventral
flattening (Fig. 4b). A small projection on the
posterior border of the hind limb digital plate indicates
the future position of digit V (Fig. 4¢). The apical
ectoderm is cuboidal or squamous and there is no
longer a distinct apical cap at the tip of the limbs (Fig.
4d). Dorsal and ventral ectoderm shows yolk-laden
peridermal cells, but the apical ectoderm is free of such
cells. The amount of yolk in the mesenchyme is greatly
reduced and confined largely to the proximal chondro-
genic cells. Nerves have grown into both pairs of limbs
(Fig. 4d). In the hind limbs they run between the
premuscle masses at the periphery of the limb, and the
more central precartilage condensations. The latter
are visible in the digital plate and in the core of more
proximal areas of the hind limb.

The forelimb also shows cellular condensations but
these are not yet as discrete as those in the hind limb
(Fig. 4d). Therefore, as at all other stages examined,
the forelimb is slightly less advanced in development
than the hind limb.

Excision of apical ectoderm

The effects of removing distal hind limb ectoderm at
stages 4-6 are summarised in Table 3. The normal
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Fig. 2. (a) Dorsal view of a stained, stage 5 wholemount, viewed with an orange filter. Anterior is to the top. Forelimbs (F) and hind limbs
(H) are prominent buds, as long as they are wide or slightly longer. Arrowheads indicate the margin of the thin lateral plate which extends
between the limbs. Eg, external gill. Bar, 500 pm. (b) SEM of early stage 5 hind limb buds, dorsal view. There is no evidence of an AER.
The white spots covering the embryo are ciliated periderm cells. In contrast to A, the tail curls to the left in this specimen. Bl, blastopore.
Anterior is to the top. Bar, 100 pm. (¢) Transverse plastic section through a stage 5 embryo. The forelimb bud (between the arrowheads)
projects from the somatopleure, in close relation to the nephric tubules (Ne). Nt, neural tube. The archenteron is the space in the bottom
left corner of the micrograph. Dorsal is to the top, lateral is to the right. Crystal violet stain. Bar, 200 pm.

skeletal pattern of the E. cogui hind limb is shown in
Figure 5a, b. Of the 6 cases obtained from stage 4
excisions, and analysed at stage 13, 2 had normal
limbs. In the other 4 embryos, the proximal ends of

metatarsals I and II were fused (Fig. 5¢). Of the 5
embryos operated on at stage 5, all survived (Fig. 5d).
All showed loss of tarsal elements I and 11, and all had
an abnormally small prehallux (about 2/3 normal
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Fig. 3. (a) Dorsal view of a stained, stage 6 wholemount, viewed with an orange filter. Forelimb (F) and hind limb (H) buds are longer than
wide. A faint constriction (arrowhead) marks the beginning of digital plate formation in the hind limb. Anterior is to the top. Bar, 1 mm.
(b) Transverse plastic section through a stage 6 embryo. The forelimb bud shows a marginal sinus (Ms) and a slightly thickened apical
ectodermal cap (arrowhead). Ne, nephric tubules. Dorsal is to the top, lateral is to the right. Crystal violet stain. Bar, 200 um. (¢) Ultrathin
section taken from the tip of the limb as indicated by arrowhead in 4. The limb mesenchyme (on the left) is covered by a cuboidal ectoderm
layer (E) and a simple squamous periderm (P). Arrowhead indicates a ciliated periderm cell. Bar, 10 pm. () Dorsal view of a stained, stage
6/7 wholemount, viewed with an orange filter. Both the fore (F) and hind limbs (H) show a notch (arrowheads) on the anterior margin,
although the forelimb notch is less distinct. The notch marks off the digital plate from the proximal part of the limb. Eg, external gill. Anterior
is to the top. Bar, 1 mm. (e) Plastic section through stage 6 forelimb. Anterior is to the top. The ectoderm is thicker at the apex of the limb

bud (arrowhead) than more proximally. Bar, 100 pm.

size). Three showed fusion between the proximal ends
of metatarsals 1 and II. One further specimen was
lacking metatarsal I. The phalanges for digit I in this
embryo extended from the tip of metatarsal II.

Two cases were obtained from stage 6 excisions.
Both lacked tarsal elements 1 and 2 and showed an
abnormally small tarsal element 3 and prehallux

(about 1/2 normal size; Fig. Se). Both cases also
showed complete lack of the metatarsal and phalanges
of digit 1, and loss of all phalanges of digits II and III.
The metatarsal elements of digits II and III were
abnormally small—around 1/3 normal size—and
tapered distally to a point. Digits IV and V appeared
normal in both specimens.
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Fig. 4. (a) SEM of stage 7 embryo, dorsal view. Both fore (F) and hind limbs (H) have a distinct notch on the anterior margin, demarcating
the digital plate. The digital plate on the hind limb has a pointed outline, while that on the forelimb is more rounded. The surface of the
yolk sac between the 2 pairs of limbs is raised (arrowheads), due to the accumulation of subblastodermal fluid. This is a normal feature of
development in E.coqui. Anterior is to the top. Bar, 500 um. (b) Right hind limb of stage 8 embryo, lateral view. The digital plate (between
arrowheads) is flattened dorsoventrally, while the proximal part of the limb has a circular cross section. There is no evidence of an apical
ridge at the margin of the digital plate. Anterior is to the right, dorsal to the top. Bar, 100 pm. (¢) Dorsal view of a stained, stage 8 wholemount,
viewed with an orange filter. Both the fore (F) and hind (H) limbs have a distinctly pointed digital plate demarcated from the rest of the
limb by a notch on the anterior margin. The digit V anlage is visible on the posterior margin of the hind limb digital plate (arrowhead on
left hind limb). Anterior is to the top. Bar, 1 mm. (d) Transverse plastic section through a stage 8 embryo to show the forelimb. Cellular
condensations (x) in the mesenchyme represent early chondrogenic cells. Nv, neurovascular bundle. Dorsal is to the top, proximal is to the
left. Crystal violet stain. Bar, 200 pm.

when the cranial neural folds are still open. This is far
earlier than in indirect developers such as Xenopus
We have examined limb development in the direct- laevis and shows convergence on the amniote pattern
developing frog E. coqui from stages 3-8. We have of developmental timing (Richardson, 1995). The
also examined the hind limb skeleton at stage 13. The  hind limbs are larger than the forelimbs and are
hind limb fields first appear as condensed mesenchyme slightly more advanced in development at all stages

DISCUSSION
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Table 3. Summary of excision experiments*
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Stage at operation No. operated

Result (number of cases)

Metatarsals I and II fused proximally (4)

Tarsals I and II absent (1)

Tarsals I and II absent; metatarsals I and II fused proximally (3)
Tarsals I and II absent; metatarsal I absent (1)

4 8 Normal (2)
5 5
6 4

Metatarsal and phalanges of digit I absent; all phalanges of digits II and 111

absent; tarsals I an II absent (2)

* The number of embryos operated at different stages is indicated. All survivors reaching stage 13 are listed under ‘Result’. The effects on
limb morphology, as assessed in cleared wholemounts stained for cartilage, are summarised. Some cartilage elements were abnormally small;

see text for description.

examined. Hind limbs also appear earlier than
forelimbs in X. laevis, but in some urodeles and
amniotes this pattern is reversed (Richardson, 1995).

The distal ectoderm forms a broad, thickened cap.
It becomes cuboidal at stage 5 and then columnar or
pseudostratified at stage 6. However, there was no
ridge-like organisation in the apical ectoderm at any
stage examined. This is particularly obvious when E.
coqui limb buds are compared with those of the chick
by SEM (Fig. 6a, b). The surface of the limb tip
appears smooth in E. cogui with no sign of a ridge. In
contrast the chick ectoderm is organised into a
prominent ridge which projects above the surface. In
lacking an apical ridge, E. coqui differs from all other
anurans in which a ridge has been sought (reviewed by
Hanken, 1986). The AER in X. laevis consists of a 3-
layered ectodermal thickening clearly visible by SEM
(Tarin & Sturdee, 1971). Nothing comparable is seen
in E. coqui.

The condition of the apical ectoderm in E. coqui
appears to be similar to that in urodeles. Although a
ridge is lacking in those species of urodele where it has
been sought, the epithelial-mesenchymal interactions
involved in limb morphogenesis appear to be similar
to those in amniotes (Sturdee & Connock, 1975;
Mullen et al. 1996). In the axolotl there is a thickened
cap of ectoderm at the apex of the developing limb
bud (and the regenerating limb). The cap cells express
a gene related to distal-less, as does the distal ectoderm
of E. coqui (Fang & Elinson, 1996). Thus it is likely
that the apical ectoderm of urodeles and E. coqui, and
the AER cells of other vertebrates, are homologous
signalling populations.

Why are the signalling cells of the ectoderm
organised into a ridge in some vertebrates but not
others? One clue comes from work on the chick limb
bud, which normally shows strong dorsoventral
flattening (Fig. 6a). If the AER is removed, and
outgrowth maintained by fibroblast growth factor,

dorsoventral flattening is reduced and the buds
become more cylindrical; this suggests that the ridge
might have mechanical functions (Vogel & Tickle,
1993; Niswander et al. 1994). This is supported by the
findings reported here in E. coqui. Also consistent
with this view is the observation that in some teleosts,
the AER is very prominent (Wood, 1982) and the fins
extremely flattened. However, ridge development does
not always correlate with dorsoventral flattening. In
the trout pelvic fin, the ridge is not prominent yet the
fin bud is flattened (Geraudie, 1978). Furthermore the
limbs of E. coqui show dorsoventral flattening at the
digital plate stage, even though no ridge is present
(Fig 4b).

We propose the following hypothesis of AER
evolution. The AER was present in the common
ancestor of anurans and amniotes. It is retained in
amniotes and in indirect-developing frogs (e.g. X.
laevis), but has been lost in at least some direct
developers (e.g. E. coqui). It is unknown whether the
lack of an AER in urodeles represents the retention of
a primitive condition, or an evolutionary loss. In
species lacking an AER, signalling functions are
carried out by distal ectoderm cells and the limb may
lack dorsoventral flattening. This condition is ap-
proached in X. laevis, in which limb buds lack
dorsoventral flattening and have an AER which is
described as ‘modest’ compared with amniotes (Tarin
& Sturdee, 1971). In the chick and other species with
a well-developed AER, the ridge may have 2 quite
different functions: cell-cell signalling, and main-
tenance of limb bud shape.

The ectoderm excisions reported here must be
interepreted with caution. When the apical ectodermal
ridge (AER) is removed from a developing chick limb
bud, there is progressive loss of distal elements in a
stage-dependent manner (Saunders, 1948; Summer-
bell, 1974). Experiments of this type are more
problematic in amphibians because the apical ec-



388 Michael K. Richardson and others

5A

[ Tibia and fibula

B Metatarsals
Tarsals 1-3

M Centrale and prehallux

[0 Phalanges

Fig. 5. Hind limbs at stage 13. Bars, 200 pm. All are left limbs,
dorsal view, with anterior to the right. (¢) Diagram showing the
arrangement of skeletal elements in the normal limb. Digits
numbered I-V. (b) Normal hind limb, cleared and stained. (¢) Hind
limb of specimen that had the distal ectoderm removed at stage 4.
Arrowhead points to base of metatarsal I, which is fused to
metatarsal II. (d) Hind limb of specimen that had the distal
ectoderm removed at stage 5. Arrowhead points to proximal
phalanx of digit I. Metatarsal I has been lost, yet all phalanges are
present for each digit. In addition, there has been a loss of tarsal
elements 1 and 2. (¢) Hind limb of specimen that has had its distal
ectoderm removed at stage 6. The arrowheads point to metatarsals
II and III. Digit I has been lost completely but digits IV and V are
normal. T, tarsal III; P, prehallux. Though not easy to see, digit [V
does have its most distal phalanx present.

toderm may regenerate following excision (reviewed
by Hinchliffe & Johnson, 1980). Our data on E. coqui
should therefore be considered preliminary. We found

Fig. 6. Comparison between the embryonic forelimb buds of a
chicken and E. coqui at the same scale. Both views show the distal
aspect of the limb bud, with anterior to the left and dorsal to the
top. Bar in a, 200 pum. (a) Chicken (Ross White) embryo, late
Hamburger & Hamilton (1951) stage 20 (from an unpublished
study by Richardson and Cope). Note the large size, the prominent
apical ectodermal ridge and the conspicuous dorsoventral flattening
(even though this is much earlier than the digital plate stage). (b) E.
coqui forelimb bud, stage 6/7, oblique dorsolateral view. Compared
with that in the chick, the limb bud in E. coqui is much smaller, has
a cylindrical profile and lacks dorsoventral flattening before the
digital plate stage.

that excision of distal ectoderm does not produce
truncation of the limb skeleton, although defects in
anterior parts of the skeletal pattern were noted.

Excisions caused more extensive defects in E. coqui
when they were done at later stages. This is in contrast
to the chick, where excising the AER at early stages
causes more extensive defects (Saunders, 1948).
Tschumi (1957) obtained results comparable to those
from the chick in his experiments on limb development
in X. laevis. When he stripped limb buds of their
ectoderm and grafted them into the flank, they showed
distal truncation. The level of truncation depended on
the stage of the limb when grafted. This indicates that
in X. laevis, as in the chick, limb structures are laid
down in proximodistal sequence, and ectoderm is
required for this process.



A frog with no AER

Different results were obtained by Lauthier (1985)
with the urodele Pleurodeles waltl. If the limb bud was
stripped of ectoderm and grafted into the flank, a
complete set of limb structures developed. The same
was true even if the limb bud was stripped and capped
with heterologous ectoderm. Further work is required
to look at the possiblity of regeneration of apical
ectoderm in E. coqui. However, in principle, our initial
findings show more resemblance between direct-
developing E. coqui and urodeles than to amniotes
and the metamorphosing frog X. laevis.

Our study indicates that although patterns of
developmental gene expression are known to be
conserved among vertebrates, at least some features of
early limb development show evolutionary modifi-
cation. The AER does not develop until relatively late
in mice compared with the chick (Wanek et al. 1989).
This suggests that the temporal deployment of
conserved mechanisms can be changed during evol-
ution (Richardson, 1995). There are differences in the
effects of apical ectoderm excision, although further
work is required to assess the possibility of re-
generation of apical ectoderm following excision in E.
coqui. Limb buds in E. coqui are smaller than those in
amniotes, they lack an AER and are not dorso-
ventrally flattened until the digital plate forms. These
differences are consistent with growing evidence of
evolutionary lability of vertebrate development
(Richardson et al. 1997).

ACKNOWLEDGEMENTS

We are grateful to Prof. Cheryl Tickle and Dr Susan
Bryant for sharing their views on AER function. This
work is funded by grants from the British Heart
Foundation, the Wellcome Trust and the BBSRC to
M. Richardson; NSF (IBN 94-19407) to J. Hanken;
and NSERC Canada to R. P. Elinson.

REFERENCES

ADAMSON L, HARRISON RG, BAYLEY I (1960) The development of
the whistling frog Eleutherodactylus martinicensis of Barbados.
Proceedings of the Zoological Society of London 133, 453-469.

AVEROF M CoHEN SM (1997) Evolutionary origin of insect wings
from ancestral gills. Nature 385, 627-630.

CHiBoON P (1960) Développement au laboratoire d’ Eleutherodactylus
martinicensis Tschudi, batracien anoure a développement direct.
Bulletin de la Société Zoologique de France 85, 412-418.

DoLLE P, PricE M, DuBouLE D (1992) Expression of the murine
DIx-1 homeobox gene during facial, ocular and limb devel-
opment. Differentiation 49, 93-99.

DueLLMAN WE, TRUEB L (1994) Biology of Amphibians. Baltimore:
Johns Hopkins University Press.

EpE DA (1976) Cell interactions in vertebrate limb development. In
The Cell Surface in Animal Embryogenesis and Development (ed.
Poste G, Nicolson GL), pp. 495-543. Amsterdam: Elsevier.

ELinsoN RP (1987) Changes in developmental patterns: embryos of
amphibians with large eggs. In Development as an Evolutionary

389

Process (ed. Raff RA, Raff EC), pp. 1-21. New York : Alan R.
Liss.

ErinsoN RP (1990) Direct development in frogs: wiping the
recapitulationist slate clean. Seminars in Developmental Biology
1, 263-270.

ELinsON RP (1994) Leg development in a frog without a tadpole
(Eleutherodactylus coqui). Journal of Experimental Zoology 270,
202-210.

ELiNsoN RP, DEL PINo EM, TowNSEND DS, Cuesta FC, EICHHORN
P (1990) A practical guide to the developmental biology of
terrestrial-breeding frogs. Biological Bulletin 179, 163-177.

FanG H, ELinsoN RP (1996) Patterns of distal-less gene expression
and inductive interactions in the head of the direct developing
frog Eleutherodactylus coqui. Developmental Biology 179,
160-172.

FERRARI D, Sumoy L, GANNON J, SUN H, BRowN AM, UpHoLT WB
et al. (1995) The expression pattern of the Distal-less homeobox-
containing gene DIx-5 in the developing chick limb bud suggests
its involvement in apical ectodermal ridge activity, pattern
formation, and cartilage differentiation. Mechanisms of De-
velopment 52, 257-264.

GERAUDIE J (1978) Scanning electron microscope study of the
developing trout pelvic fin bud. Anatomical Record 191, 391-394.

GITLIN D (1944) The development of Eleutherodactylus portori-
censis. Copeia 1944, 91-98.

HAMBURGER V, HAMILTON HL (1951) A series of normal stages in
the development of the chick embryo. Journal of Morphology 88,
49-92.

HANKEN J (1986) Developmental evidence for amphibian origins. In
Evolutionary Biology (ed. Hecht MK, Wallace B, Prance GT), 20,
pp. 389—417. New York: Plenum Press.

HankeN J, KLymkowsky MW, SumMmers CH, SEUFERT DW,
INGEBRIGTSEN N (1992) Cranial ontogeny in the direct-developing
frog, Eleutherodactylus coqui (Anura: Leptodactylidae), analyzed
using whole-mount immunohistochemistry. Journal of Mor-
phology 211, 95-118.

HANKEN J, JENNINGS DH, OLssoN L (1997 @) Mechanistic basis of
life history evolution in anuran amphibians: direct development.
American Zoologist 37, 160—171.

HANKEN J, KLYMKOWSKY MW, ALLEY KE, JENNINGS DH (1997 )
Jaw muscle development as evidence for embryonic repatterning
in direct-devloping frogs. Proceedings of the Royal Society of
London. Series B, Biological Sciences 246, 1349—1354.

HiNcHLIFFE JR, JoHNSON DR (1980) The Development of the
Vertebrate Limb. Clarendon Press : Oxford.

KARNOVSKY MJ (1965) A formaldehyde-glutaraldehyde fixative of
high molarity for use in electron microscopy. Journal of Cell
Biology 27, 137A-138A.

KLYMKOWSKY MW, HANKEN J (1991) Whole-mount staining of
Xenopus and other vertebrates. Methods in Cell Biology 36,
419-441.

LAUFER E, DABN R, Orozco OE, YEo CY, PisenTI J, HENRIQUE D
et al. (1997) Expression of Radical fringe in limb-bud ectoderm
regulates apical ectodermal ridge formation. Nature 386,
366-373.

LAuTHIER M (1985) Morphogenic role of epidermal and meso-
dermal components of the fore- and hindlimb buds of the newt
Pleurodeles waltlii Michah. (Urodela, Amphibia). Archives of
Biology (Bruxelles) 96, 23-43.

Ly~NN WG (1942) The embryology of Eleutherodactylus nubicola, an
anuran which has no tadpole stage. Contributions to Embryology
(Publications of the Carnegie Institution Washington) 190, 27-62.

Morasso M1, MaHON KA, SARGENT TD (1995) A Xenopus distal-
less gene in transgenic mice: conserved regulation in distal limb
epidermis and other sites of eptihelial-mesenchymal interaction.
Procedings of the National Academy of Science of the USA 92,
3968-3972.



390 Michael K. Richardson and others

Moury JD, HANKEN J (1995) Early cranial neural crest migration
in the direct-developing frog, Eleutherodactylus coqui. Acta
Anatomica (Basel) 153, 243-253.

MULLEN LM, BRYANT SV, TOROK MA, BLUMBERG B, GARDINER
DM (1996) Nerve dependency of regeneration: the role of Distal-
less and FGF signaling in amphibian limb regeneration.
Development 122, 3487-3497.

NiswaNDER L, TickLE C, VOGEL A, BooTH I, MARTIN GR (1993)
FGF-4 replaces the apical ectodermal ridge and directs outgrowth
and patterning of the limb. Cell 75, 579-587.

NiswaNDER L, TickLE C, VOGEL A, MARTIN G (1994) Function of
FGF-4 in limb development. Molecular Reproduction and De-
velopment 39 83-88.

PANGANIBAN G, IRVINE SM, Lowe C, RoeHL H, CoORLEY LS,
SHERBON B et al. (1997) The origin and evolution of animal
appendages. Proceedings of the National Academy of Sciences of
the USA 94, 5162-5166.

RAYNAUD A (1985) Development of limbs and embryonic limb
reduction. In Biology of the Reptilia (ed. Gans C, Billett F), pp.
59-148. New York: John Wiley.

RicHARDSON MK (1995) Heterochrony and the phylotypic period.
Developmental Biology 172, 412-421.

RicHARDSON MK, HANKEN J, GOONERATNE ML, PiEaUu C, RAY-
NAUD A, SELWOOD L et al. (1997) There is no highly conserved
embryonic stage in the vertebrates: implications for current
theories of evolution and development. Anatomy and Embryology
196, 91-106.

RODRIGUEZ-ESTEBAN C, SCHWABE JW, DE LA PENa J, Foys B,
EsHELMAN B, Ispizua-BELMONTE JC (1997) Radical fringe
positions the apical ectodermal ridge at the dorsoventral
boundary of the vertebrate limb. Nature 386, 360-366.

SANDERSON JB (1994) Biological Microtechnique. Oxford: Bios
Scientific.

SAUNDERS JW (1948) The proximo-distal sequence of origin of the
parts of the chick wing and the role of the ectoderm. Journal of
Experimental Zoology 108, 363-404.

SENTEIN P (1976) Methods of fixing, sectioning and staining
amphibian eggs for cytological study. Microscopica Acta 78,
427-438.

SHUBIN N, TABIN C, CARROLL S (1997) Fossils, genes and the
evolution of animal limbs. Nature 388, 639-648.

SPURR AR (1969) A low viscosity epoxy resin embedding medium
for electron microscopy. Journal of Ultrastucture Research 26,
31-43.

STURDEE AP Connock M (1975) The embryonic limb bud of the
urodele: morphological studies of the apex. Differentiation 3,
43-49.

SUMMERBELL D (1974) A quantitative analysis of the effect of
excision of the AER from the chick limb-bud. Journal of
Embryology and Experimental Morphology 32, 651-660.

TarIN D, STURDEE AP (1971) Early limb development of Xenopus
laevis. Journal of Embryology and Experimental Morphology 26,
169-179.

THoMAS R (1966) A new species of Antillean Eleutherodactylus.
Quarterly Journal of the Florida Academy of Sciences. 28,
375-391.

THOROGOOD P (1991) The development of the teleost fin and
implications for our understanding of tetrapod limb evolution. In
Developmental Patterning of the Vertebrate Limb (ed. Hinchliffe
JR, et al), pp. 347-354. New York: Plenum Press.

TownsenD DS, STEWART MM (1985) Direct development in
Eleutherodactylus coqui (Anura: Leptodactylidae); a staging
table. Copeia 423-436.

Tscaumr PA (1957) The growth of the hindlimb bud of Xenopus
laevis and its dependence upon the epidermis. Journal of Anatomy
91, 149-172.

VoaGEL A, TickLE C (1993) FGF-4 maintains polarizing activity of
posterior limb bud cells in vivo and in vitro. Development 119,
199-206.

WAKE MH (1989) Phylogenesis of direct development and viviparity
in vertebrates. In Complex Organismal Functions: Integration and
Evolution in Vertebrates (ed. Wake DB, Roth G), pp. 235-250.
New York : Wiley.

WANEK N, MUNEOKA K, HOLLER-DINSMORE G, BURTON R, BRYANT
SV (1989) A staging system for mouse limb development. Journal
of Experimental Zoology 249, 41-49.

Woobp A (1982) Early pectoral fin development and morphogenesis
of the apical ectodermal ridge in the killifish, Aphyosemion
scheeli. Anatomical Record 204, 349-356.



