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ABSTRACT
Limbs have a proximodistal axis that usually is not apparent early in development, a striking example of
epigenesis. The proximodistal axis was the subject of experimental and theoretical study before any
molecular genetic understanding emerged. As developmental genetic studies in Drosophila advanced, the
descriptive polar coordinate model of the 1970s evolved into an understanding of how preexisting
developmental compartments interact to express signaling molecules, including Hedgehog, Wingless,
and Decapentaplegic, and how these define a proximodistal axis as limbs appear.

rogress in understanding of the mechanisms of
developmental patterning was one of the signifi-
cantachievements of 20th-century biology. As Ashburner
has put it, if developmental biology is now a virtual
fusion of embryology and genetics, the catalyst for this
change very clearly came from the camp of the gene-
ticists (ASHBURNER 1993). This article is a personal per-
spective of how molecular genetic studies in Drosophila
melanogaster began to address proximodistal axis forma-
tion in the leg, describing the beginnings of progress in
this field. The current view of limb formation in Drosophila
has been well reviewed elsewhere (MoraTa 2001).

The proximodistal axis is fundamental to limb de-
velopment; a limb would be unrecognizable without one,
and perhaps would not be a limb at all. The proximodis-
tal axis is also interesting in that it is usually not apparent
in early development, a reminder that new structures
arise during development that are not obviously prede-
termined in the embryo, the process referred to as
“epigenesis” (MAIENSCHEIN 2008). How proximodistal
axes behave was analyzed by methods of classical de-
velopmental biology, and the findings were summarized
in the 1970s (FRENCH et al. 1976). Molecular genetic
approaches then began to uncover the molecular mech-
anisms involved (CAMPBELL and TOMLINSON 1995).

POLAR COORDINATE MODEL

Prior to molecular studies of developmental mecha-
nisms, the classic embryological approach was to use
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surgery, explants, and grafting approaches as assays for
developmental potential. The polar coordinate model
was formulated to summarize results obtained from the
manipulation of diverse limbs, including Drosophila
imaginal discs, regenerating limbs of hemi-metabolous
insects such a cockroaches, and amphibians (FRENCH
et al. 1976) (Figure 1A). These studies described not
only surgical and grafting experiments in which partial
or complete regeneration of limbs was observed, but
also experiments that led to pattern duplications, and
even duplication or triplication of entire limbs. Related
changes in limb patterning were also seen following
exposure of vertebrate limbs to retinoic acid. It seemed
remarkable that a common set of rules could summarize
regulation in all these systems, especially in the 1970s
when the extent of genetic relatedness between distinct
organisms was not yet known. The wide applicability of
the polar coordinate model raised the possibility that
proximodistal patterning in multiple organisms might
share common molecular features. While the extent to
which this is true remains uncertain, the idea that such
common mechanisms might exist helped renew interest
in developmental biology and its molecular basis.

At its core, the polar coordinate model (Figure 1A)
suggested that cells in limbs and appendages each had a
way to measure their position in two independent axes,
one circumferential and one proximodistal, and that
the regulation seen in all systems could be summarized
by two rules for interpreting this positional information
(FRENCH et al. 1976). The first rule was that intercalation
to replace missing structures occurred by the shortest
route around the limb circumference (i.e., from dorsal
to ventral and back). Although intercalation often
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FiGure 1.—(A) The polar coordinate model represented
the surface of limbs and appendages collapsed onto a two-
dimensional disc, as is actually the case for Drosophila imaginal
discs before they evert during pupation (FRENCH et al. 1976).
Cells are thought to have circumferential information, repre-
sented by numbers 1-12 as in a clockface, and proximodistal
information radiating form the distal center (black) to the
proximal periphery (gray). Circumferential regulation is
thought to occur by intercalation by the shortest route. Thus,
removing less than half the values, e.g., 2—-6, permits regener-
ation of the missing values, but removing more than half the
values, e.g., 2-9, results in a duplication of the remaining val-
ues 10-1. Missing distal values are generated wherever the en-
tire clockface 1-12 is present, such as in the center of the
normal limb (FRENCH et al. 1976). (B) The boundary model
posited non-autonomous signals emanating from at least
three zones, such as the ventral-anterior (red), dorsal-anterior
(green), and posterior (blue). Cells would measure circum-
ferential location, and polarity (arrow) by comparing the
red, green, and blue signals. Peak levels of all three signals de-
fine the distal point (white), which could be the source of a
proximodistal morphogen (MeINHARDT 1983). (C) In the
boundary model, respecification of patches of cells could pro-
mote limb duplications and triplications of various polarities.
C shows how respecification of a patch of ventral-anterior cells
as dorsal-anterior could lead to a second proximodistal axis
with reverse polarity. Respecified patches in other locations
could give rise to other defects, depending on the number
of points at which all three zones intersect: smaller respecified
patches that intersect the anterior-posterior boundary on
both sides could give rise to triplications; patches closer to
the normal distal tip could alter circumferential patterns with-
out much proximodistal effect. These possibilities are dis-
cussed in much more detail by MEINHARDT (1983),
although he used respecification of posterior cells as the ex-

replaces the missing parts, intercalation may result in
duplicated patterns if the shortest route passes the other
way around the circular “clockface.” Indeed, the find-
ing that regulation can duplicate circumferential fea-
tures of the limb is the main reason to propose circular
positional information. The second rule is the complete
circle rule for distalization, which states that missing
distal structures can be replaced only when a complete
set of circumferential values is obtained. This rule was
later refined further (BRYANT et al. 1981). If multiple
complete circumferential values are present, such as
happens following certain patterns of intercalation,
multiple distal regions are specified, resulting in dupli-
cated limbs, each with their own proximodistal axis
(FRENCH et al. 1976) (Figure 1A).

At the time the molecular basis of positional informa-
tion was known in none of the systems described by the
polar coordinate model, which did not itself make
explicit molecular predictions. It could easily be imag-
ined thata gradient morphogen might be involved in the
proximal-distal axis, but harder to envisage around the
limb circumference. A circular gradient would have its

ample. Here the example is ventral-anterior because of the
correspondence with wingless. (D) Wingless expression in a
third instar leg imaginal disc, detected using in situ hybridiza-
tion with a radioactive probe complementary to the wingless
transcript, the main method available in the 1980s. Autoradi-
ography of the dried, hybridized tissue reveals signal as silver
grains, shown in pink superimposed over a phase-contrast im-
age of the tissue. Third instar wg expression defines a ventral-
anterior domain similar to that hypothesized in the boundary
model (BAKER 1988b). (E) Foreleg dissected from a hypomor-
phic wg mutant genotype (wg™’/wg“’) (BAKER 1988b). The
duplicated proximodistal axis (arrow) has reversed polarity
and the line of mirror symmetry, which extends basally to
the femur, runs through ventral-anterior pattern elements,
exactly as the Boundary Model predicted for patchy loss of
ventral-anterior identity (Figure 1C). Legs from wg mutants
show a range of pattern defects that could be explained by
defects at different locations within the ventral-anterior do-
main (MEINHARDT 1983; BAKER 1988b). The effect on gene
transcription of wg® and wg”, two alleles with similar pheno-
types and breakpoints at the 3’ end of the wg gene (BAKER
1987), have not been studied, but other studies of mutual an-
tagonism between wgand Dpp expression suggests that ventral
cells losing wg would adopt dorsal fate and express Dpp
(Brook and CoHEN 1996). (F) Unlike Hh expression, which
is stably conferred by inheritance of the posterior compart-
ment selector gene from embryogenesis, expression of Dpp
and wg is induced close to the posterior compartment by Hh
(BAsLER and STRUHL 1994). Expression of wgis limited to ven-
tral cells where it limits the expression and function of Dpp.
High levels of Wg and Dpp signaling in the center of the leg
disc confer distal fates on cells in this location. The most an-
terior cells (unlabeled) remain proximal because their low
exposure to Hh indirectly reduces levels of Wg and Dpp sig-
naling (BASLER and STRUHL 1994). Although Wg and Dpp sig-
naling must collaborate in the expression of distal genes (Kim
et al. 1996; LEcurT and CoHEN 1997), they antagonize one an-
other in dorsal and ventral patterning (STRUHL and BASLER
1993; Brook and CoHEN 1996).
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high point next to its low point, which seemed molecu-
larly unfeasible. Sequences of discrete states, like rainbow
colors, could also generate circumferential or proximo-
distal positional values. Such “state” models beg ques-
tions about how gaps in positional values could be sensed
and lead to regulation, and how change could occur
during evolution. Whatever the basis of these axes, the
complete circle rule for distalization implied some link
between the two.

BOUNDARY MODEL

Later, MEINHARDT (1983) proposed another way of
looking at the same experimental observations, trying
to relate them to the emerging genetic insights into
Drosophila development. In the boundary model,
MEINHARDT (1983) imagined that the leg imaginal disc
was divided into atleast three zones, like the segments of
an orange (Figure 1B). If each of the three zones pro-
duced a non-autonomous signal, then in principle every
cell would be able to tell its circumferential location
from the relative levels of the three signals. Intriguingly,
cells would also be able to deduce their chirality, i.e.,
which way around the limb was clockwise. MEINHARDT
(1983) further proposed that the close juxtaposition of
the three domains, which would normally occur only at
the center of the disc, generated a distal identity in
response to high levels of all three signals and that this
initiated the proximodistal axis by, for example, de-
fining the source of a proximodistal morphogen. There
could be more than three zones, and they could vary in
size or shape, but the three-zone model was the simplest
that could be envisaged. Two domains that were well
known experimentally were the anterior and posterior
compartments defined by clonal analysis and by the
posterior function of the engrailed gene. There was also
evidence that the ventral portion of the anterior com-
partment had some special properties, so that the ex-
ample of posterior, ventral-anterior, and anterior-dorsal
domains was used to illustrate the model (Figure 1B).
MEINHARDT (1983) explained how this model could ac-
count for the same experimental data as the polar co-
ordinate model.

Interesting experimental details from many prior
studies were marshaled in support of the boundary
model. One example concerns Bateson’s rules. The
biologist William Bateson, who had already given the
field of genetics its name, made a particular study of
anatomical aberrations that could be found in the
museums and curiosity cabinets of the Victorian world,
believing that such aberrations would provide insight
into the origins of morphology. In addition to defining
and drawing attention to homeosis, Bateson also listed
rules that seemed to apply to all the cases of extra limbs
that he examined (examples of extra limbs can now
readily be seen by entering “five-legged frog,” or some
such phrase, into your favorite Internet search engine).

Bateson’s rules are that, whenever a limb is duplicated,
the extra limb is a mirror image of the normal limb and
that, whenever a limb is triplicated, the three limbs
occupy a straight line, with the middle limb a mirror
image of the normal limb and the more distant ectopic
limb of normal chirality (MEINHARDT 1983).

In the boundary model, duplications and triplications
arise when the three domains are opposed ectopically,
generating ectopic distal sites and therefore additional
proximodistal axes. For example, Figure 1C shows how
respecification of a part of the ventral-anterior domain
as dorsal-anterior would lead to a duplication. Impor-
tantly, respecification might not be a complicated event
molecularly: if the dorsal-anterior domain was a default
state, it could result from a simple failure of local gene
expression within one of the other domains. The facility
with which the boundary model both explains Bateson’s
rules and parsimoniously suggests a basis for supernu-
merary limbs through a loss of part of the normal pat-
tern was one of its attractive features.

The polar coordinate model remained the more
widely known. The boundary model made more con-
crete predictions, however, by replacing the abstract
circumferential clockface concept with specific do-
mains, thereby relating the limb field to the earlier
embryonic epidermis, emphasizing non-autonomous
interactions at the boundaries between the domains as
the fundamental basis of patterning in both axes and
suggesting a specific mechanism connecting the cir-
cumferential and proximodistal axes.

ROLE OF WINGLESS IN LEG DEVELOPMENT

Some of the first molecular data came from the
segmentation gene wingless, the Drosophila prototype
of the Wnt family of signaling proteins. Since wingless
encoded a secreted protein and wg mutations acted
cell non-autonomously, wingless was a prime candidate
to encode a signaling molecule (CABRERA et al. 1987;
RijsEWIJK et al. 1987; BAKER 1988a). It was in leg de-
velopment that a correspondence between wg expres-
sion and function and the boundary model appeared
(Figure 1, D and E) (BAKER 1988b).

The wg gene was named on the basis of the home-
otic transformation of wings (and halteres) to thorax in
the viable wg' allele (SHARMA and CHOPRA 1976). Null
alleles fell into the segment polarity class of segmenta-
tion mutants (NUSSLEIN-VOLHARD and WIESCHAUS
1980). Legs and other adult appendages were affected
when wg function was reduced in the second larval
instar in hypomorphic genotypes such as wg”/wg” and
wg”™/null [both wg” and wg™’ are rearrangements
affecting a 3’ regulatory region (Figure 1E)] (BAKER
1988a,b). The effects of wg mutations were in no way
comparable to those of a mutation such as engrailed,
whose straightforward cell-autonomous homeotic effect
on the posterior compartment predicted its expression
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in posterior cells (GARCIA-BELLIDO and SANTAMARIA 1972;
MORATA and LAWRENCE 1975; KORNBERG ef al. 1985).
Instead, variable leg defects were seen in wg phenotypes
that included loss of circumferential pattern, duplica-
tions of many parts of the circumferential axis, growth
defects, loss of distal structures, or duplication of all or
part of the proximal distal axis (BAKER 1988a). This mix
of wg phenotypes seemed complex and possibly hard to
interpret developmentally.

Once wg expression was discovered in a ventral-
anterior wedge of the leg imaginal disc (Figure 1D);
however, the boundary model immediately suggested
how wgloss of function might give rise to all these phe-
notypes (Figure 1C). In the boundary model, loss of ventral-
anterior signaling predicted a distinct spectrum of defects
depending on where expression was lost, which could
include both the loss of ventral elements and duplications
centered on the ventral-anterior domain, which could in
turn regenerate a new proximodistal axis and duplicate
the limb (see Figure 1C for more details). Remarkably,
the spectrum of wg leg phenotypes corresponded with
these predictions (e.g, Figure 1E) (BAKER 1988b). This cor-
respondence seemed too striking to be coincidental.

One concern about these findings related to the
timing of proximodistal axis specification. Studies with
a temperature-sensitive allele of wg indicated that leg
patterning depended on wg function before the third
larval instar, whereas interrupting wg in the third in-
star had little morphological effect (BAKER 1988a). The
grafting and surgery experiments, the results of which
served as the basis for the polar coordinate and boundary
models, made use of third instar tissues (FRENCH et al.
1976). How could these findings be compatible? Recent
studies suggest that imaginal disc regulation is preceded
by a regression to an earlier developmental state as a
response to injury, so that operations performed on third
instar tissues probably trigger genes and patterning
mechanisms that act in the second instar of normal
development (SMITH-BOLTON et al. 2009).

DECAPENTAPLEGIC AND WINGLESS TOGETHER
DEFINE THE PROXIMODISTAL AXIS

Confirming the role of wg, and further understanding
the genetic basis of the proximodistal axis, required
several years, the development of reagents to express wg
and other genes ectopically, markers for distal cell fates
within the leg disc, and an appreciation for the role of
other secreted signaling molecules. Most importantly,
the distalless (DIl) and aristaless (al) genes were found to
encode homeodomain proteins expressed in distal
cells, which could be markers for distal fate determina-
tion in imaginal discs. Decapentaplegic (Dpp), a2 mem-
ber of the TGF- superfamily of signals, was also required
for distal limb development (SPENCER ef al. 1982;
PADGETT et al. 1987). Once it was possible to express wg
or Dpp ubiquitously, two groups of researchers demon-

strated that overexpressing Dpp or Wg induced DIl and
al wherever they overlapped. Thus, it seemed that over-
lapping Dpp and Wg signaling defined distal cell fates,
which normally occurred in the center of the leg disc,
corresponding to the general idea of the boundary model
(CAMPBELL et al. 1993; D1Az-BENJUMEA et al. 1994).

COMPARTMENTS AND SEQUENTIAL ROLES FOR
HEDGEHOG, DPP, AND WG

In contrast to the expression of wg, which corre-
sponded to a zone already highlighted in the boundary
model, the manner in which Wg and Dpp come to
overlap at the center of the leg disk differed from any-
thing envisioned beforehand (CampBELL and TOMLINSON
1995) (Figure 1F). Studies of Hedgehog (Hh), another
important and conserved secreted signaling molecule
(LEE et al. 1992; INGHAM and McMaHoN 2001), made a
key contribution. Hh is secreted in the posterior
compartment and required to maintain Wg and Dpp
expression in the neighboring anterior compartment
(Figure 1F) (BASLER and STRUHL 1994). Dpp is ex-
pressed in a stripe of both dorsal and ventral cells
near to the boundary with the posterior compartment
(Masuccr et al. 1990; POSAKONY et al. 1990). Dpp and
Wg expression overlap in all ventral cells along the
compartment boundary, but both the expression level
and function of Dpp are suppressed by Wg signaling,
so that levels sufficient for distal development are
confined to a small central region by this rather than
solely by the expression pattern (Figure 1F) (CAMPBELL
et al. 1993). Such mutual antagonism between Dpp and
Wg pathways acts at many levels and is a recurrent
feature often shared by their homologs in the Wnt and
TGF-B families (BRook and CoHEN 1996; ZENG et al.
2008). Thus, although three signals do interact to
define distal, Dpp does not have a dorsal-anterior
distribution, and Hh does not collaborate with Wg
and Dpp to form a tripartite distal cue, but instead acts
first to restrict the others (CAMPBELL and TOMLINSON
1995). How the distinction is made between cells that
express Dpp or Wg in response to Hh, and how Hh
maintains a stripe of Dpp expression but a wedge of Wg
expression, still remain little understood.

NO NEED FOR A PROXIMODISTAL MORPHOGEN?

As distal transcription of genes such as DIl in re-
sponse to Wg and Dpp signaling becomes better charac-
terized, the idea of a distal source of a proximodistal
morphogen has been superceded. It is now thought
that proximodistal information is conferred by Wg and
Dpp directly, with the most distal fates defined by high
levels of both Dpp and Wg signals (LEcuiT and COHEN
1997; EsTELLA el al. 2008). This idea was proposed in
studies of the wvestigial gene, which is required for
proximodistal outgrowth of wing tissue from the body
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and is expressed in a central region of the wing imaginal
disc in response to both Dpp and Wg (Kim et al. 1996). In
addition to DIl and al, other parts of the proximodis-
tal leg axis are characterized by expression of other
transcription factors (ABU-SHAAR and MANN 1998).
These might depend on intermediate levels of Wg and
Dpp signaling although this is not entirely straightfor-
ward, given that the sources of Wg and Dpp are
asymmetric in the disc.

In a sense, the two axes of the leg are defined by a
different logic at the promoters of target genes. Pro-
moters where Wg and Dpp signaling cooperate in
transcription are active at particular proximodistal lo-
cations; promoters where Wg and Dpp signaling have
antagonistic effects are active at particular locations
around the circumference. Because of the latter func-
tions, Wg and Dpp each individually contribute to
ventral and dorsal leg features, respectively, in addition
to proximodistal patterning (MORATA and LAWRENCE
1977; BAKER 1988b; Couso et al. 1993; STRUHL and
BasrLeEr 1993; HELD e al. 1994; KwoN el al. 2004;
SVENDSEN et al. 2009). The idea of a dedicated prox-
imodistal morphogen no longer seems necessary to
explain patterning, since the proximodistal axis itself,
once considered a new feature of limb or appendage
development, in fact exists latently within the embry-
onic epidermis or in principle in any other planar tissue
with two axes of positional information.

The fact that no proximodistal morphogen is essen-
tial to make an axis does not preclude evolution from
using one; in fact, there is a graded signal that acts only
within the most distal and evolutionarily most ancient
portion of the leg, the tarsus. Tarsus patterning depends
on a gradient of EGF receptor signaling emanating from
the most distal cells, and this depends on the activation
of DIl (CAMPBELL 2002; GALINDO et al. 2002). In another
example, the remodeled organizer at the future wing
boundary seems to employ Wingless as a distal morpho-
gen (ZeccA et al. 1996; NEUMANN and COHEN 1997).
There may be proximodistal morphogens in vertebrate
limb buds (TaBiN and WorLpPERT 2007). There are also
aspects of limb development that are less well under-
stood, such as cellular polarity or the coordination of
growth in the limb axis, in which morphogens might
be important.

DIFFERENT GENES FOR DIFFERENT LIMBS

Although the Drosophila leg is a useful starting point
for understanding proximodistal axes, other Drosoph-
ila appendages differ, as do limbs from other organisms.
In dorsal imaginal discs such as wing, haltere, and eye,
the expression of wg is similar in the second instar,
but becomes quite different by the third instar (BAKER
1988b; Couso et al. 1993; WiLLIAMS ef al. 1993). This
reorganization is now known to be related to the
establishment of a Notch (N)-dependent signaling

center at the future wing margin that expands the wing
primordium through a wing-specific transcription fac-
tor gene, vestigial (see MoraTA 2001 and Zrcca and
STRUHL 2010 for more details).

Before wg expression was described in the second
instar wing disc (Couso et al. 1993; WILLIAMS el al.
1993), the different third instar pattern was a concern,
since many thought of wing and leg discs as parallel,
homologous structures that should have homologous
axes. In fact, homology of dorsal and ventral discs had
been challenged for decades by some of the foremost
authorities on insect development, but with surprisingly
little impact on popular opinion. Donald Anderson had
described the origins of the wing and haltere discs as
outgrowths of the dorsal leg discs in studies of the
Queensland fruitfly, Dacus tryoni, and in doing so
presented a critique of the prevailing view of indepen-
dent origins, tracing this to uncritical observations
published in 1900 (ANDERsON 1963). V. B. Wigglesworth,
apparently independently, argued on the basis of com-
parative anatomy that insect wings evolved from the
limb base (WIGGLESWORTH 1973). In addition, clonal
analysis by WiEscHAUS and GEHRING (1976), found that
wing and leg discs shared common progenitor cells in D.
melanogaster. By the mid-1980s, developmental genetics
was also raising challenges to the notion of homologous
dorsal and ventral discs because the traditional view that
wing and haltere discs invaginated with the tracheal pits
was contradicted by the finding that tracheal pits form at
segment boundaries, while imaginal discs have to
originate at parasegment boundaries (STRUHL 1984;
MARTINEZ-ARIAS and LAWRENCE 1985). There were
thus legitimate reasons to question the homology of
wing and leg discs, even before the budding of wing
discs off the leg disc after their common ventral in-
vagination was finally observed directly in D. melanogaster
(CoHEN 1990). Nevertheless, it was easier to accept the
role of wgin the proximodistal axis once it was known
that the wing disc passed through a stage of expression
similar to the leg disc (Couso et al. 1993; WILLIAMS et al.
1993).

Comparing Drosophila and vertebrate limb develop-
ment is not straightforward. In vertebrates, for example,
Hox gene clusters play important roles in limb pattern-
ing that seem unrelated to anything in Drosophila
(ZakaNY and DuBouULE 2007). One similarity is that
both Drosophila legs and vertebrate limbs seem to
depend on an Sp class of transcription factors, which
in Drosophila bring the DIl gene under regulation of
Dpp and Wg (EstELLA and ManN 2010). Another
similarity is the conserved role of particular homodo-
main proteins in distinguishing limbs from a nearby
body wall (MoraTa 2001). The role of the apical
ectodermal ridge in vertebrate limbs more resembles
the modified distal organizer of a dorsal Drosophila
wing (MoraTa 2001; TaBIN and WoLPERT 2007). Most
relevant to this article, however, is the fact that,
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whereas the Wnt, TGF-B, and Hh signaling families
are important in vertebrate limbs, as in almost every
aspect of development, it is difficult to conclude that
they are used homologously to define their proximo-
distal axis.

ARE THERE GENERAL MECHANISMS FOR
LIMB FORMATION?

Is it surprising that limbs that behaved similarly in
studies using classical embryological approaches dif-
fer in their molecular construction? Perhaps there is
some genetic “deep homology” behind these common
properties. Perhaps the common feature is the interac-
tion of compartments (or other cell populations) in
defining new signaling centers. Perhaps the similarity is
in gene network topology whereby signals that, when
in opposition, define distinct circumferential values and
define a new proximodistal axis through target genes at
which they collaborate and reinforce. It is intriguing to
wonder whether Wg and Dpp could be replaced by
other molecules in a similar network, such as N and the
receptor tyrosine kinase-MAPK pathways, which also
often interact both antagonistically and collaboratively
(SunpARAM 2005).

CROSS TALK BETWEEN MODELS AND MOLECULAR
GENETICS OF LIMB FORMATION

It certainly was an exciting and unexpected experi-
ence for me to personally contribute to this field and to
uncover a piece of data such as the leg-disc expression
pattern of wg that unexpectedly linked several regions
of the jigsaw puzzle that has been limb patterning.
Having cloned wgin Peter Lawrence’s lab in Cambridge,
UK (Baker 1987), I was fortunate enough to find a
postdoc for myself in Gerry Rubin’s lab at the University
of California, Berkeley, where on a regular basis Jim
Fristrom’s lab was mass-isolating third instar imaginal
discs (EUGENE ¢ al. 1979), which could easily be used for
in situ hybridization experiments. Serendipitously, a
young Ph.D. student at Berkeley had been given the
difficult task of connecting the proximodistal limb axis
to the patterning of the embryonic epidermis in his
1987 qualifying exam, a subject on which the polar coor-
dinate model was silent, so the boundary model articles
were under much local discussion at exactly this time.
Mark Fortini later lamented that he was unable to unveil
the wg expression pattern and mutant phenotype in his
qualifying proposal, but he did manage to pass neverthe-
less. Because the boundary model was already worked out,
connections between wg expression and wg pheno-
types and their implications for limb formation were
exceptionally rapid, which made the science exciting.

How else did the models contribute to understanding
limb development? The leg expression of wg and hh

may have corresponded to the boundary model in par-
ticular, but the expression of Dpp was not as envisaged,
the way in which A4 interacts with wg and dpp was
unexpected, and the proximodistal axis was understood
in terms of response to Wg and Dpp signaling rather
than to a proximodistal morphogen that they induce
(CampPBELL and ToMLINSON 1995; LeEcurT and COHEN
1997; ESTELLA e al. 2008). The dorsal imaginal discs,
and perhaps the vertebrate limbs, also differ in many
molecular respects. Some would therefore argue that
most studies of the Drosophila limb would have pro-
ceeded, or did proceed, regardless of any models, or
that such preexisting models may even have distracted
researchers from forward experimental progress. It is
straightforward and increasingly common today to de-
scribe the molecular basis of limb development without
reference to the polar coordinate or boundary models.
Both models were attempts to interpret and synthe-
size experimental data, not just abstract theories. The
polar coordinate model defined the general questions;
the boundary model made mechanistic predictions
specific enough to be falsifiable, as some were. Both
models raised the profile of limb research by suggesting
its general significance. In the case of my research, the
imaginal disc expression pattern of wg would have
been of interest regardless, but I doubt that the wgleg-
disc expression pattern would have led as directly to ex-
amination and interpretation of the wgleg phenotype
without the knowledge of the boundary model, which
therefore had this positive effect. The influence on
experimental studies of Dpp or Hh may be less direct,
although its relevance was acknowledged as the central
role of Dpp and Wg in distal development became
established (CAMPBELL and TomLINSON 1995). The
boundary model also signified an appreciation for the
potential of developmental boundaries as organizers
of new features. Whereas it was certainly appreciated
beforehand that neighboring Drosophila compart-
ments had to interact if the tissue pattern was to be
continuous across such boundaries—as is the case when
compartment boundaries do not correspond to ana-
tomical boundaries—and also that segment and com-
partment boundaries might have special roles in
patterning, such as sources or sinks for hypothesized
gradients (Crick and LAWRENCE 1975; LAWRENCE
1981), the idea that the interaction between compart-
ments or other domains was the primary source of
patterning signals and even new axes was not wide-
spread, and the possibility that compartment bound-
aries were actually barriers to the spread of information
received more attention (WARNER and LAWRENCE 1982;
WEIR and Lo 1984). In retrospect, one can see similar-
ities in embryological concepts of interactions between
different cells, such as in the work of Horstadius (ERNST
1997), but at the time it was not easy in practice to
associate compartment boundaries, in particular, with
cell interactions or with generating novel organizers.
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