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ABSTRACT Regeneration of lost body parts has traditionally been seen as a redeployment of
embryonic development. However, whether regeneration and embryonic development are
controlled by identical, similar or different genetic programmes has not been fully tested. Here,
we analyse proximal-distal regeneration in Drosophilaleg imaginal discs using the expression of
positional markers, and by cell-lineage experiments, and we compare it with the pattern already
known in normal development. During regeneration, the first proximal-distal positional markers
reappear in overlapping patterns. As the regenerate expands, they segregate and further markers
appear until the normal pattern is produced, following a proximal to distal sequence that is in fact
the reverse of normal leg imaginal disc development. The results of lineage tracing support this
interpretation and show that regenerated structures derive from cells near the wound edge.
Although leg development and leg regeneration are served by a set of identical genes, the ways
their proximal-distal patterns are achieved are distinct from each other. Such differences can
result from similar developmental gene interactions acting under different starting conditions.
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Introduction

Regeneration is one of the most fascinating phenomena in
biology. All animals have the ability to develop, most have some
ability to repair damaged structures, but only a minority are able
to regenerate completely lost organs (reviewed in Sanchez
Alvarado, 2000). The lack of experimental systems amenable to
genetic analysis for the study of regeneration has hampered its
understanding and the answering of crucial questions. It is not
known if regeneration proceeds similarly in all animals; that is, if
there are universal rules and constraints to regeneration; or what
are itsrelationships to normal developmental processes. Humans
show a limited ability to regenerate some structures, and the
possibility to uncap hidden regenerative abilities has therapeutic
implications.

Drosophila limbs and appendages develop from imaginal
discs, transitory larval structures that transform into their corre-
sponding adult structures during metamorphosis. Imaginal discs
have a remarkable capacity for regeneration after damage, cut-
ting or partial amputation when cultured inside adult individuals
(see methods). Numerous studies in the 1970-80s produced

several models and rules that formally explained the main out-
comes of disc regeneration, such as the Polar Coordinate Model
(PCM; French et al., 1976), with subsequent revisions in Bohn,
1976; Schubiger and Schubiger, 1978; Strub, 1979; Bryant et al.,
1981; Couso etal., 1993; and the Boundary Model (BM; Meinhardt,
1982, 1983). Inthe leg imaginal disc, removal of its distal (central)
part, followed by culture in a growth permissive environment,
induces the regeneration of the lost (distal) structures from the
proximal cut edge (terminal regeneration; French et al., 1976;
Schubiger and Schubiger, 1978; Strub, 1979). If the distal part of
the leg disc is cultured alone, distal structures will be produced
fromthe cut edge leading to a duplication of the fragment. The fact
that disc fragments bearing proximal parts regenerate the distal
elements, whereas distal fragments duplicate these elements
and do not regenerate the proximal ones, has been termed ‘distal
transformation’, which appears to be the rule in terminal regen-
eration. An extrapolation of this rule might suggest that the order

Abbreviations used in this paper: AEL, after egg laying; EGFR, epidermal growth
factor receptor; PD, proximal-distal.
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of appearance of regenerated structures would be, at first, from
proximal to distal. However, even if distal cells would not normally
switch to proximal fates in terminal regeneration, they have been
shown to do so during intercalary regeneration (i.e. regeneration
that follows after tissue between a proximal and a distal point is
removed and the two stumps joined together) as shown in cock-
roaches (Bohn, 1976; Truby, 1985), the phasmid Carausius (Bart,
1988) and crickets (Mito et al., 2002).

Insight into the molecular mechanism of leg imaginal disc
regeneration had to wait for the molecular understanding of normal
leg imaginal disc development. In the developing leg disc, hedge-
hog (hh)is expressed inthe posterior compartment cells of the disc,
and induces decapentaplegic (dpp) and wingless (wg) expression
inadjacentdorsal and ventral cells, respectively (Basler and Struhl,
1994). The combined activity of Wg and Dpp signalling establishes,
in second instar larval discs, the expression of Distalless (Dll) inthe
centre of the disc, and of dachsund (dac) more proximally (Fig. 1A)
(Diaz-Benjumea et al., 1994; Campbell and Tomlinson, 1995;
Lecuit and Cohen, 1997). Lineage tracing (Weigman and Cohen,
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1999) shows that the ‘distal transformation rule’ also applies to
normal development at this early stage. Proximal-most cells (which
do not express DIl) can switch their pattern of gene expression as
the disc grows and acquire Dllexpression, and hence, distal fates,
while distal cells do not switch off DIl expression, nor convert to
proximal-most fates (Wu and Cohen, 1999). Later on, at the early
third instar stage, DI, Dpp and Wg activity induce expression of
vein (vn), the epidermal growth factor receptor (EGFR) ligand, at
the centre of the disc (Campbell, 2002; Galindo et al., 2002). This
sets in motion a Wg- and Dpp-independent intercalation process
thatresults in the proximal-distal (PD) subdivision of the D//domain
through overlapping ring-like gene expression patterns (Campbell,
2002; Galindo et al., 2002; reviewed in Kojima, 2004). Briefly, tarsal
and pretarsal (distalmost) PD fates are determined by a gradient of
EGFR activity in a distal to proximal direction as revealed by the
activation of the distal markers C15, aristaless (al) and Bar (B)
earlier than more proximal markers such as bric-a-brac (bab),
rotund (rn) and apterous (ap) (Fig. 1 B-C) (reviewed in Couso and
Bishop, 1998; Galindo and Couso, 2000; Kojima, 2004).

Fig. 1. Wild-type and regenerative
development. Diagrams of (A) early
and (B) late third-instar leg imaginal
discs. Dorsal is up and distal right.
Relevant gene expression domains are
colour coded along the leg proximal-
distal axis. (C) Adult leg with its seg-
ments coloured according to the gene
expression domains in (B). (D) Triple
staining of an early third-instar leg disc
showing al (red) and Bar (blue), and
absence of ap (green). The dashed
white line indicates the disc contour.
(E) Triple staining of a late third-instar
disc. At this stage ap (green) is ex-
pressed, (staining as for D). (F) Triple
staining in early pupal disc beginning to
evert. ap (green) is expressed in the
presumptive Ta4, overlapping the proxi-
mal part of the Bar domain (stained in
blue, overlap appears pale blue, ar-
row), but not the distal part of the Bar
domain ( Bar-only, dark blue), which
defines the presumptive Tab adjacent
to the presumptive pretarsus (express-
ing al, red). Arrowheads point to
adepithelial myoblasts expressing low
cut levels of ap. Dashed line as in (D). (F’)
Green channel excluded, to show the
entire Bar domain more clearly. (G)
Diagrams showing amputation in a late
third instar disc (left), and equivalent
position in an adult leg (right), where
black dashed line indicates the site of the cut. (H) Disc amputated
at 120 h. AEL and then cultured showing formation of a cuticular
scab (brown colour) over an unstained disc. (I) Regeneration of a
proximal fragment cultured for 7 days showing duplicated distal
structures, (ap green, al red). (J) Side view of a proximal leg disc
fragment undergoing typical regeneration of the distal region after
7 days of culturing, showing a single focus of regenerating ap
(green) and al expression (red, overlap in yellow). This typical
regeneration is the basis for the results presented in this report
(see text for details). Dashed line as in (D).
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Molecular data on insect limb or leg disc regeneration started
with the observation that the hh and wg signalling cascades are
active duringthe process (Brook et al., 1993; Gibson and Schubiger,
1999). More detailed information arose from new studies of termi-
nal andintercalary leg regeneration in the cricket Gryllus bimaculatus
(Mito et al., 2002; Nakamura et al, 2007, 2008; reviewed in
Nakamura, 2008). As in Drosophilaleg development, the formation
of a new PD axis is triggered at the site where healing of the cut
surface brings together ventral wg-expressing cells and dorsal
dpp-expressing cells in the newly established AP boundary (Mito
et al., 2002). At this site, Wg+Dpp activate DIl. At later stages,
Wg+Dppand, likely, Dilactivate EGFR signalling which is required
for distal leg structures, the tarsus and the pretarsus (claws).
Together with DIl EGFR signalling activates al in the pretarsus
(Nakamura et al., 2008).

In summary, the deployment of key signalling molecules in the
early stages of leg disc development in Drosophila, and their
redeployment in leg regeneration in other insects, are strikingly
similar and consistent with the predictions of the BM (Meinhardt
1982, 1983) modified by Campbelland Tomlinson (CTBM; Campbell
and Tomlinson, 1995). However, whether the spatial sequence of
pretarsal and tarsal marker acquisition described during later
developmentis similarly redeployed during regeneration had yetto
be explored. During late development these markers are ex-
pressed from distal to proximal, apparently contravening the ex-
trapolation of the ‘distal transformation rule’ observed previously in
terminal regeneration. Thus, we have investigated the expression
of eight marker genes, labelling tarsal and pretarsal segments, and
their sequence of appearance during terminal regeneration in
Drosophila leg discs. Moreover, the reversibility of cell fate speci-
fication, monitored by changes in gene expression, was also tested
using lineage-tagged methods. We find that while the final patterns
of gene expression along the PD axis of regenerated discs are
similar to that of a fully developed imaginal disc, their temporal and
spatial redeployment follows a proximal-to-distal sequence which
is the opposite than during normal disc development. We also find

Fig. 2. Primary regenerative responses. (A) Late third-instar disc
expressing apGal4-UASGFP (green) before amputation and (B) immedi-
ately after amputation, stained with phalloidin (red). In (B) ap expression
is no longer visible due to distal amputation, and new expression has yet
to be produced. Frontal view; dashed lines indicate the disc contour. (C)
Expression of the JNK phosphatase puckered (puc, in green) in an
amputated disc after 24h. of regeneration. Morphology of the disc is
revealed with phalloidin (red). puc is extensively expressed over the disc
but mainly follows the opposing wound edges, and the peripodial
membrane (green staining outside the disc contour stained in red; see
text and compare with control in D). Arrowhead indicates the centre of
the wound. (C") Same as in (C) with green channel excluded. (D) Wild type
puc (green, GFP) expression and anti- cleaved Caspase3 (blue)ina 110h.
AEL third instar disc. puc expression is seen mainly in peripodial cells near
the disc stalk (arrow), and cell death revealed by cleaved Cas3 occurs in
a sparse pattern throughout the disc. Some overlap is observed at the
presumptive femoral chordotonal organ (arrowhead). (D’) Enlargement
of the center of the disc in (D). White dashed line surrounds the tarsal
knob, containing the presumptive pretarsus, Ta4 and Ta5. (E) Detail of a
regenerating distal tip showing cell death 4 days after amputation,
revealed with anti-cleaved Caspase 3 (Casp3, blue) with ap (green) and
C15 (red) expression. C15 is engulfed by ap expression. Some dying cells
in the regenerate are observed (arrow), but not at higher levels than
unoperated controls (see D). (E’') Same as in (D), green channel only.
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that proximal cells can readily adopt more distal identities and vice-
versa. The implications of similarities and differences between disc
development and disc regeneration are discussed.

Results

Leg discs from 100-110 h.AEL larvae were dissected and their
presumptive distal ends beyond tarsus three (Ta3) amputated (Fig.
1G). Lack of ap-GFP expression in cut discs was used to deter-
mine proper excision (Fig. 2 A,B) as apis expressed in tarsus four

UAS-GFP;puc-Gal4
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(Ta4). Pattern regeneration was studied by monitoring gene ex-
pression patterns removed or affected by the amputation: bab and
rnin proximal tarsal segments (Tal-Ta4), apin Ta4; Bin Tab, and
the pretarsal markers C15, al, dlim1 and the EGFR ligand vn
(Campbell, 2005; Kojima et al., 2005; Pueyo and Couso, 2004;
Pueyo et al., 2000; Tsuiji et al., 2000). Two types of control were
used: normal developing discs, and unoperated discs transplanted
and cultured as in the regeneration experiments. As with previous
studies of disc regeneration, some variability was observed. In
particular, discs amputated too late (and presumably exposed to
the prepupal ecdysone pulse at 110 h.AEL) do not regenerate, but
instead form a cuticular scab around the wound (Fig. 1H). Discs
amputated between 100-110 h.AEL occasionally give rise to distal
duplications (Fig. 11) but usually regenerate a single distal end (Fig.
1J). Here we present only results that we observe to be reproduc-
ible.

Primary regenerative responses
24 hours after cutting, the circular wound generated by the
amputation appeared completely healed. Wound healing in leg

Fig. 3. Origin and proliferation of
cells in leg disc regenerates. (A) Mi-
totic patterns revealed by anti-H3P (red)
in a wild-type leg disc (frontal view)
with rGal4-UASGFP expression in
green. (B) Disc immediately after am-
putation. rn expression remains at the
wound edge (arrowhead) and mitosis
remains unaffected. (C) Side view of
regenerating disc. After 2 days of cul-
ture mitoses (red) are concentrated
near the wound area (arrowhead) in the
absence of ap epidermal expression.
The green stained cells (arrow) are
myoblasts inside the disc lumen, that
express low levels of ap independently
of epidermal development (see meth-
ods and compare with Fig. 1F). Dashed
white line indicates disc contour. (D)
After 4 days mitoses are more gener-
ally distributed throughout the disc.
Regenerated ap epidermal expression
is observed (arrowhead, green). Thick
dash line as in C, thin dashed lines
indicate the presumptive distal tip,
magnified in the inset at the upper right
hand corner. (E) Side view of a control
leg disc (distal to the right) before cut-
ting for the cell lineage tracing experi-
ment. White dashed lines indicate the
future plane of amputation. The tarsal
ring ofap-GFP expressionisingreen. A
substantial number of myoblast cells
also express lacZ (asterisk). (E') Same
as for (E) with green channel excluded.
(F) Disc at 7 days of regeneration show-
ing expression of ap and C15. Cells

imaginal discs seemsto occur, asinwing discs (Bosch et al., 2005),
by zipping up the wound edges left by the cut giving rise to
fragments with round morphologies. Closure of wound edges
proceeds through formation and contraction of actin cables (Fig. 2
B,C stained red with phalloidin). In addition, the INK phosphatase,
puckered (puc), which in regenerating wing discs highlights the
regenerating cells close to the wound (Bosch et al., 2005; Mattila
et al., 2005), is also induced in several rows of cells at the wound
edges (Fig. 2C, marked with GFP). However, the larger wound
area and its highly convoluted edges after distal removal in leg
discs (as compared to wing disc fragmentation), together with the
additional expression of puc in peripodial and other cells in leg
discs (Fig. 2 C,D), makes pucaless useful marker than in wing disc
regeneration. Finally, some sparse cell death is observed both in
controls (Fig. 2D) and in amputated discs (Fig. 2E), but it is not
enhanced or prevalent in the regenerating tissue.

Origin and proliferation of cells in leg disc regenerates
Mitotic activity was checked and compared to early reports in
regenerating legs, (Bryantand Fraser, 1988; Karpen and Schubiger,

derived from the ap lineage are revealed with lacZ staining (blue). lacZ partially overlaps C15 (red, overlap in pink cells at the distal tip, arrow), while
it labels all cells between Ta4 and C15 (arrowhead), as well as extending more proximally. (F') Same as for (F) but blue channel only. (G) Control disc
before cutting showing concurrent expression ofrn-GFP (green) and lineage-taggedact-lacZ cells. Note little or no overlap with C15 (red). Dashed line,
plane of future amputation. (G') Same as in (G) with green channel excluded. (H) At 7 days of regeneration, C15 (red) is observed distal to actual rm
expression (green). lacZ expression is now present in all C15-expressing cells (arrow; overlap in pink). (H’) Same as in (H), blue channel only.



1981; Kiehle and Schubiger, 1985), and to recent data on regen-
erating wing imaginal discs (Bosch et al., 2008). While uncut and
freshly cut discs show moderate and sparse mitotic activity (Fig. 3
A,B), 2-day regenerating discs show a clear increase in mitotic
activity (Fig. 3C) in areas at and close to the wound. At 4 days of
regeneration, mitotic activity, while higher than in unoperated
discs, has a more scattered distribution. Interestingly, mitotic cells
do occur in the regenerating distal domain (inset in Fig. 3D).

To ascertain the origin of cells in the regenerate we used a cell
lineage-tracing method (Weigmann and Cohen, 1999; Bosch et
al., 2008) in discs carrying apGal4 UAS-GFP/act-FRT-stop-FRT-
lacZ, UAS-FIp. In such discs, Flp recombinase, expressed in the
ap domain, excises the flip-out ‘stop’ cassette from the inactive
reporter construct to generate an active act>lacZ transgene.
Thus, constitutive /lacZ expression is clonally inherited in all the
progeny of ap-Gal4-expressing cells in which the excision takes
place. Meanwhile, GFP expression driven by ap-Gal4 indicates
the cells in which the ap gene is actually active. In unoperated
control discs, lacZ expression and GFP expression co-localize in
the ring of ap-expressing cells (Fig. 3E). As expected, ap and the
pretarsal marker C15 show completely non-overlapping expres-
sion. After cutting, neither lacZ nor GFP expression is detected
(not shown). At 7 days of regeneration, expression of /JacZ occurs
in most of the regenerate including the distal-most regions, while
GFP is restricted to a more proximal area forming the actual ring

Fig. 4. Pattern formation during leg imaginal
disc regeneration. /n all cases apGal4 UAS-GFP
is shown in green, and stainings in the red and
blue channels are written on the left of the panels.
Thick dashed lines indicate disc contours, and thin
dashed lines indicate the presumptive distal leg
proper. (A) Control intact disc after 7 days of
culture showing the patterns of ap (green) and
C15 (red). (B) Operated disc after 4 days of regen-
eration. New ap (green) and C15 (red) expression
overlaps in some cells (yellow spots; arrows in B’,
B"). (B’) Magnification of white box in (B). (B”)
Same as (B’) with red channel excluded. (C) After
7 days of regeneration, ap (green) and C15 (red)
are expressed in different cells but very close to
each other. (D) Control intact disc after 7 days of
culture showing expression ofap (green), B (blue),
and al (red). (D’) Enlargement of the white box in
(D). (D") Same as (D’) with blue channel excluded.
(E) Operated disc after 4 days of regeneration
stained forap (green) andal (red). ap is expressed
at the regenerating tip (white box) while al is not,
being only present in its proximal domain (arrow).
(E’) Enlargement of the white box in (E). (E”)
Same as (E’) with green channel excluded. (F)
Enlargement of 7-day regenerating leg tip show-
ing expression of ap (green), B (blue) and al (red).
Arrows point to overlapping ap and al expression
(overlap in yellow). Arrowhead indicates overlap
of B andal expression (overlap in pink). (F',F” ,F""’)
Same as in (F) with exclusion of green, red and
blue channels respectively. (G) Enlargement of
anotherleg disc after 7 days of regeneration. Here
B andap do not overlap withal. (G") Same asin (G)
with blue channel excluded.
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of regenerated ap expression (Fig. 3F). Interestingly, expression
of lacZand expression of the distal (pretarsal) marker C15overlap
extensively in the distal cells of the regenerate (see cells labelled
in pink in Fig. 3F) while lacZlabels all cells between C15and Ta4
(where ap-driven GFP is expressed), (Fig. 3F’). This suggests
that proximal-distal fates do not segregate from the very begin-
ning of regeneration, but rather do so later on, as regeneration
proceeds.

The origin of cells in the regenerate was also studied by
lineage-tagging the expression of rnGal4. rn expression overlaps
ap but also extends more proximally (see Figs. 1 B,C and 3A);
hence, cuts performed proximal to Ta4 fall within the rn domain,
so that wound edge cells are rn positive (Fig. 3B). In unoperated
control discs, lacZ expression matches very closely the actual rn
expression (labelled with GFP) and no or little overlap with C15is
detected (Fig. 3G). After 7 days of regeneration, lacZ expression
occurs all over the regenerate while GFP expression (green label)
does not occur in the most distal regions (Fig. 3H). Importantly,
the extensive overlap between C15-expressing cells and lacZ
cells in 7 day regenerates indicates that all C15-expressing cells
derive from lacZexpressing cells (Fig. 3H,H’). In addition, the non
overlap between C15and rnGal4-driven GFP cells indicates that
at 7 days of regeneration rnexpression has already ceased in the
pretarsal cells of the regenerate.

Altogether, lineage-tagging with ap and rn strongly indicates

o—al + o-B 7d

_g-al + 0-B 7d
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o—bab vn-lacZ 4d | [o-bab o-dlim1 Oh|

o—dlim1 7d

Fig. 5. Epidermal growth factor receptor (EGFR)-related gene expression during regenera-
tion. /n all cases, apGald UAS-GFP is showed in green, and staining in the red and blue channels
is written on the left of the panels. (A) Control disc before cutting, showing ap (green) and bab
(blue) co-localization in Ta4, and exclusion from the distal tip (dlim1, red). (A") Same as in (A), blue
channel only. (B) Proximal fragment after cutting. Neither ap nor dlim1 expression remains.
Arrowhead points out the centre of the wound. (C) Regenerating area after 4 days showing new
ap expression (green) and decreasedbab expression (blue) where vn expression has reappeared
(red, and asterisk). Arrowhead, overlapping expression of ap and vn. (C’) Same as in (C), blue
channel only. (C”*) Same as in (C), blue channel excluded. (D) 7-day regenerating disc. dlim1

expression (red) overlaps more extensively with ap (green) thanal (compare with Fig. 4F), orC15
(compare with Fig. 4B). (D’) Same as (D) with red channel excluded. (E) Another regenerated tip,

here with separated dlim1 (red) and ap (green) domains.

that all cells in the regenerate originate from cells close to the
wound. Hence regeneration occurs by the formation of a local
blastema, (Odelberg, 2004). Moreover, the increase in mitotic
activity near the wound and in the blastema further attest that
growth of the regenerate basically results from local proliferation
and not from cells proliferating and migrating from the rest of the
disc. Finally, distal fates are regenerated from cells with a more
proximal identity. We study this process in more detail in the next
section using further molecular markers.

Tracking pattern formation using molecular markers

In control unoperated discs, the tarsal markers ap (Ta4) and B
(Tab) and the pretarsal markers C15, dlim1 and al are expressed
in a proximal-distal sequence of partially overlapping (i.e. ap+B)
and non-overlapping domains (Fig. 4 A,D) as in wild-type discs

(Fig. 1 D-F). To infer how this pattern is
restored during imaginal leg disc regenera-
tion, we tracked these and other markers (see
below) within regenerates. Expression of the
pretarsal marker C15is observed at 4 days,
though at variance with normal development
itis found engulfed, and partially overlapped,
by ap expressing cells (Fig. 4B). At 7 days of
regeneration ap and C15 domains no longer
overlap (Fig. 4C) though they are closer to
each other than in unoperated discs (Fig. 4
A,D). In contrast, al protein (Al), was not
found in 4 day regenerates despite ap being
already present (Fig. 4E); a situation unlike
normally developing discs. At 7 days of re-
generation, non-overlapping al and ap do-
mains, closerto each otherthanin unoperated
discs, are clearly detected flanking a B-only
domain between them (Fig. 4G). In some
discs, however, ap and al do still overlap
(arrows in Fig. 4F).

To further investigate the process of pat-
ternformation during regeneration, three other
markers were studied: bab, a tarsal gene
(Godt et al., 1993); dlim1, a pretarsal marker
(Lilly et al., 1999; Pueyo et al., 2000; Tsuji et
al., 2000), and vn, the EGFR pathway ligand
expressed in the pretarsus (Schnepp et al.,
1996; Campbell, 2002; Galindo et al., 2002).
bab expression is similar to rn, and they both
overlap each other and extend more proxi-
mally than ap (Fig. 5A). As expected, bab is
expressed in all cells around the wound after
amputation (Fig. 5B), and in early blastema
cells (not shown). At 4 days of regeneration,
discs show decreased bab levels where vn
expression reappears (Fig. 5C), although
some overlaps are still visible. As occurs
during normal development, this decrease
suggeststhat EGFRisrepressingtarsal genes
(Campbell, 2002; Galindo etal., 2002). Inturn
dlim1, which is an EGFR-dependent, late
pretarsal marker (Galindo et al. 2005), was
found to overlap with ap in scattered cells of
some discs at 7 days of regeneration (Fig. 5D) whereas in other
discs of this age their expression domains do not overlap (Fig.
5E).

As seen in normal development (see Fig. 5A), control
unoperated discs after 7 days in culture show non-overlapping
expression patterns for these three markers (not shown). There-
fore, and as seen above for ap, C15, al and B, the transient
overlapping patterns seen in regenerating discs after 7 days in
culture cannot be considered artefacts of culture conditions.

Discussion
We have used lineage-tagging methods and the expression of

eight tarsal and pretarsal marker genes to a) track the origin of
blastema cells, b) explore the reversibility of cell fate specification,



and c) set out the order of appearance of these markers during leg
imaginal disc regeneration and compare it to the sequence during
normal development. The final aim was to test whether pattern
formation during development and during regeneration achieve
identical final products by similar or different mechanisms.

The origin of blastema cells and the reversibility of cell fates

The vast literature on thymidine and BrdU experiments show-
ing cell proliferation at and close to the wound (e.g. Bryant and
Fraser, 1988; Anderson and French, 1985; Kiehle and Schubiger,
1985; Truby, 1985), together with cell lineage tracking using
wound cell markers, (e.g. the gene coding for the phosphatase of
the JNK pathway puckered (puc), Bosch et al., 2008), clearly
indicates that cells close to the wound are the main source of
blastema cells in regeneration of Drosophila imaginal discs.
Indeed, the lineage tagging experiments here reported using the
markers rnand ap (Fig. 3 C-H) have shown that cells derived from
rn- and ap-driven lacZ tagged cells fill the entire blastema, while
rn and ap actual gene expression appears restricted to more
proximal regions. Altogether, this definitely proves earlier sug-
gestions (Abbott et al., 1981) that systemic cells (wandering stem
cells) or cells from areas far from the wound make no contribution
to the blastema.

In this report we have also examined the ability of cells to
change their developmental fate in response to amputation.
Using the same lineage method, we find that cells expressing
tarsal markers such as bab, rn and ap, lose their expression and
activate the distalmost pretarsal markers as well as other markers
of distal tarsal segments (e.g. Barin Ta5). This results in transi-
tory, yet non-wild-type, overlaps of proximal and distal markers,

Fig. 6. Diagrammatic models of regulatory relationships of proxi-
mal-distal (PD) patterning genes in distal leg imaginal discs during
development (A-D) and regeneration (E-H). Genetic interactions are
drawn above and below each model respectively. (A) At second instar
(LIl) the distal leg is composed of antagonistic dac and DIl domains
established by wg and dpp (Lecuit and Cohen, 1997, Abu-Shaar and
Mann, 1998). (B) At early third instar, EGFR signalling is activated, and
together with DIl induces B, C15 andal in the centre of the disc (Campbell
2002, Galindo et al., 2002, 2005). Antagonistic transcriptional repression
between the pretarsal genes (C15, al and later dlim1) and Bar refines
these domains (Campbell 2005, Kojima et al., 2000; 2005; Pueyo et al.,
2000, Pueyo and Couso, 2004, Tsuji et al., 2000). (C) Later on, the tarsal
genes (rn andbab) are activated by DIl while inhibited distally by EGFR and
proximally by dac (Galindo et al., 2002). (D) At mid-third instar ap is
activated in Ta4 by the combination of Bar (Kojima et al., 2000, 2005;
Pueyo et al., 2000; Pueyo and Couso, 2004), and tal (Pueyo and Couso
2008), while inhibited by the pretarsal genes indirectly via Notch signal-
ling (De Celis Ibeas and Bray, 2003; Campbell, 2005; Kojima et al., 2005).
(E) After cutting, the distalmost (wound) cells are tarsal cells, expressing
rn and bab, and also DI, wg and dpp (not indicated). (F) At 3-4 days, vn
expression reappears by the action of overlapping wg, dpp and DII
(Galindo et al., 2002, Mito et al., 2002, Nakamura et al., 2007, 2008, this
work) and activates B via EGFR signalling. Since the regenerating cells
have already been exposed to the tal signal (Pueyo et al., 2008), they
respond immediately to B expression by activating ap (this work). (G) At
later stages, higher EGFR levels activate the pretarsal genes (al, C15,
dlim1) close to, or overlapping with, Bar and ap (Campbell, 2002; Galindo
etal., 2002, 2005; this work). (H) Finally, pretarsal genes repress B and
ap directly (Pueyo and Couso 2004, this work) and fill the centre of the
disc, achieving the normal pattern.
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such as those between ap and the distal pretarsus markers dlim1,
aland C15, and that of bab and vn (Figs. 4 and 5). This indicates
that proximal cells near the wound, or their descendants, lose
their proximal fates and are induced to turn on the distal markers
to provide the population of cells that contribute to the pretarsus
and the tarsal segments distal to the amputation plane. Although
some of these results could be due to perdurance of apGal4- or
rnGal4-driven GFP and not to proper gene expression, lineage-
tracking experiments clearly show that most of the C15cells, and
the cells between C15 and Ta4, descend from cells that had
expressed ap and rn at some point before or during regeneration.
Interestingly, at 4 days and even at 7 days of regeneration some
distal and proximal markers still show small areas of overlap.
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Thus ap/vnand ap/C15 may overlap at 4 days (but not at 7 days),
while aplal, Blaland ap/dlim1 still overlap in some discs at 7 days
(Figs. 4 and 5). Importantly, in fully regenerated leg discs, tarsal
and pretarsal (PT) domains never overlap. Furthermore, our
results also indicate that the expression of distal markers is
acquired in a proximal to distal sequence from ap-to-C15 in
contrast to the wild-type distal-to-proximal sequence that goes
from C15to ap (see Fig. 6), (Campbell, 2005; Kojima et al., 2000;
2005; Pueyo and Couso, 2004; Pueyo et al., 2000; Tsuiji et al.,
2000).

Overall our results show that during terminal regeneration in
Drosophilaleg imaginal discs, fates are regenerated in a proximal
to distal sequence, and proximal cells switch their pattern of gene
expression as the disc grows, to acquire distal fates. This fits an
extrapolation of the ‘distal transformation rule’ proposed using
morphological markers (French et al., 1976; Schubiger and
Schubiger, 1978; Strub, 1979). It should be bourn in mind,
however, that in several arthropods the reverse holds true during
intercalary regeneration (Bohn, 1976; Truby, 1985; Mito et al.,
2002), and during normal distal development. Thus ‘distal trans-
formation’ might arise from a specific requirement to develop
distal fates in the presence of pre-existing proximal ones, rather
than as a result of hard-wired regeneration rules (see below).

Regeneration follows specific developmental timings and
emergent gene interactions

Fig. 6 shows a comparison of cell signalling activity and PD
patterning gene expression in the Drosophila leg imaginal disc
during development (Fig. 6 A-D) and during regeneration (Fig. 6
E-H). In normal leg development, B and the pretarsal markers al
and C15are activated by a gradient of EGFR activity in the centre
of the DIldomain at early third larval instar (72-80 h.AEL), (Fig. 6
A-B) (Campbell, 2002; Galindo et al., 2002). Subsequently, more
proximal fates (tarsus 1-4) develop, through the activation of bab
and rn around B by EGFR (Fig. 6C), and by the transient
activation of the tarsal-less (tal) gene by a B-dependent signal
(Pueyo and Couso, 2008) from 80-96 h.AEL. The last PD gene to
be expressed is ap, in the most proximal B-expressing cells (Ta4)
by a B- and tal-dependent activation at 90-96 h.AEL (mid-third
instar) (Pueyo and Couso, 2008). Expression of ap never over-
laps with al, dlim1or C15(Fig. 6D), (Campbell, 2005; Kojima etal.,
2005; Pueyo et al., 2000). If gene expression is considered an
accurate indication of territorial determination, then PD pattern
during development occurs by first setting the distalmost end
(pretarsus and Ta5), followed by intercalation of proximal tarsal
elements (Tal-3) and finally by a distal one (Ta4). This contra-
venes the impression that limbs develop from proximal to distal,
and the ‘distal transformation’ rule during regeneration, but up-
holds the rules of the boundary models with a distal organiser
(Meinhart, 1983; Campbell and Tomlinson, 1995).

During terminal leg imaginal disc regeneration (Fig. 6 E-H),
the relationships between the markers observed here are as
follows. After amputation, the bab and rndomains (Tal-3) are the
most distal fates (Fig. 6E). After 3-4 days of regeneration, activa-
tion of vn (presumably by wg and dpp, which are active in
regenerating discs, Brook et al., 1993; Gibson and Schubiger,
1999; Mito et al., 2002; unp. obs.), represses bab and seems to
activate joint expression of B and ap (Fig. 6F). Later on, EGFR
activity is also required to activate the pretarsal genes al, dlim1

and C15 (Fig. 6G).

The expression of ap before the pretarsal genes suggests that
a signal already present in the tarsal cells of the proximal disc
fragment is permitting ap expression in B cells. During normal
development this cell signal is triggered by tal and acts between
84 and 96 h.AEL (Galindo et al., 2007; Pueyo and Couso, 2008).
Inregenerating discs a requirement for the talsignal is suggested,
as in normal development (Kojima et al., 2000; Pueyo and Couso,
2008), by the inability of ectopic Bto raise ap expression outside
the regenerated tarsal region. In normal development, the re-
quirement for tal signalling delays ap activation; this delay allows
segregation of pretarsal (C15/alldlim1) and B territories, and
hence, precludes overlaps of ap with pretarsal genes. However,
during distal regeneration in 100-110 h.AEL discs, the blastemal
tarsal cells have already been exposed to the normal tal signal at
80-96 h.AEL, and are therefore competent to initiate ap expres-
sion as soon as B expression reappears. This generates the
overlaps observed between ap and pretarsal genes. To resolve
them, the pretarsal genes seem to repress B directly, and might
repress ap indirectly at a distance (through Notch signalling) as
occurs during normal development (Campbell, 2005; Kojima et
al., 2005; Pueyo and Couso, 2004). However ectopic expression
experiments have revealed that the pretarsal genes (which en-
code transcription factors) also have the ability to repress the ap
gene directly (Pueyo and Couso, 2004; Kojima et al., 2005), even
though their expression patterns usually never overlap during
normal development. This ability is also revealed during regen-
eration, and in this way, back-up, emergent properties of the
normal developmental programme are exploited to resolve the
new situation created during regeneration.

The regenerative programme is not perfect. The presence of
Ap protein leads to the formation of Ap/B dimers (Pueyo and
Couso, 2004) that lower the availability of B/B homodimers to
counteract repression by C15/Al/Dlim1 complexes and promote
Tab determination (Kojima et al., 2005; Pueyo and Couso, 2004).
Thus the co-localization of Ap and B reduces the pool of B-only
cells necessary for Ta5 determination. This effect reduces the
size of Ta5 and compromises the orderly differentiation of coher-
enttarsus 4, 5 and pretarsus territories (Pueyo and Couso, 2004;
Kojima et al., 2005). Accordingly, tarsus 4 and 5 are often fused
afterregenerative developmentininsects (Karpen and Schubiger,
1981; Tanaka et al., 1992; unp. obs.).

Taken together, our results show that regeneration takes
advantage of the remarkable resilience of developmental
programmes. They suggest that during leg regeneration cells find
themselves in abnormal situations, requiring them to bridge
together a developmental programme that generates fates from
the distal tip with a regenerative growth driven from the proximal
end. Our work generally upholds the ‘distal transformation rule’,
but also reveals the adaptable way in which it is accomplished.
Our observations do not fully favour an orderly ‘Proximal to Distal’
mode of regeneration. Lineage-tracing experiments show that the
leg tip develops from more than just ap-expressing cells, and also
gene expression markers reveal near-simultaneous activation of
several PD markers. In our experiments PD gene expression
patterns can reappear mixed-up, and proper PD fates only segre-
gate after secondary gene interactions, in concert with expansion
of the regenerate through cell proliferation. This interpretation
could also apply to overlapping Hox expression in regenerating



amphibian limbs (Gardiner et al.,, 1995; Carlson et al., 2001),
corroborating again the similarity between both systems. The
question arises as to why normal development proceeds in its
particular way when regeneration offers an alternative. A likely
answer might be that during regeneration a higher degree of
variability in the patterns of gene expression is the rule, and often
only an approximate optimal final situation is achieved. Hence the
‘normal development’ route appears as a more robust and reliable
process that still benefits from the back-up properties that regen-
eration seems to exploit.

Materials and Methods

Drosophila stocks and genetics

Fly cultures were grown on standard medium at 25°C. Reporter alleles
used were: vn®lacZ (Galindo et al., 2002); apGal4 (Calleja et al., 1996);
rnGal4 and rnlacZ (St Pierre et al., 2002). Genetic markers and chromo-
some balancers are described in FlyBase (http://flybase.bio.indiana.edu).

Surgery and in vivo disc culture

Male foreleg imaginal discs were removed from wandering larvae
(100-110 hours after egg laying; h.AEL, identified by behaviour and
morphology) in Schneider’s insect medium (Sigma), and cut with tung-
sten needles across the PD axis proximal to apGal4 UAS-GFP expres-
sion in tarsus 4 (Ta4). Dissection was performed under a fluorescence
microscope. apis also detected in adepithelial myoblasts but this expres-
sion is weaker and easily distinguished (see Fig. 1F). Following estab-
lished procedures (Schubiger, 1978), experimental (ap- fragments) and
unoperated (uncut) discs were implanted into the abdomens of recently
eclosed Canton S females and kept at 25°C. Following a culture period of
2, 4, or 7 days, implanted discs were removed from the hosts and
analysed.

Cell lineage experiments

To explore the origin of cells in regenerates of proximal leg fragments
we used a cell lineage-tracing method (Weigmann and Cohen, 1999;
Bosch et al., 2008) in leg discs of two different genotypes. In the first,
Act5c-FRT-stop-FRT-lacZ;UAS-flipase/TM6Bflies were crossed to apGal4
UAS-GFP/CyO and leg discs from the larval offspring were cut proximally
to the GFP ring in Ta4 as above. In the second, Act5c-FRT-stop-FRT-
lacZ;UAS-flipase/TM6Bline was crossed to UAS-GFP; rnGal4/TM6Band
leg discs from the larval offspring were also cut proximally to Ta4, using
the tarsal folds as morphological markers. Proximal fragments were
implanted into adult hosts and left to regenerate for 7 days before
analysis. In these experiments, FLP recombinase is expressed either in
the apdomain or in the rndomain, excises the flip-out ‘stop’ cassette, and
generates an active actin>lacZtransgene which is clonally inherited in all
progeny of ap-Gal4 or rn-Gal4-expressing cells in which the excision took
place. Todetect lacZexpression, an anti-B-galactosidase antibody (1:1000,
Cappel) was used and detected with a donkey anti-rabbit rhodamine-
labelled secondary antibody (1:200, Jackson Immunoresearch). GFP
activity driven by ap or rnwas monitoredby GFP fluorescence. ap shows
two distinct levels of expression (as in wings), low in adepithelial cells and
high in epidermal cells.

Immunohistochemistry

Antibody staining was carried out as reported in Bishop et al. (1999).
Primary antibodies were: anti-Bgal (rabbit, 1:1000, Cappel), anti-
PhosphoHistone3 (rabbit, 1:1000, Upstate Biotechnology), anti-C15
(1:1000, Campbell, 2005), anti-Al (rat, 1:1000, Campbell et al., 1993),
anti-B (rabbit, 1:20, Higashijima et al., 1992), anti-Dlim1 (guinea-pig,
1:1000, Lilly et al., 1999) and anti-Bab (rat, 1:800, Godt et al., 1993).
Secondary antibodies conjugated with FITC or rhodamine were provided
by Jackson Immunoresearch and used 1:200. Incubation was done at
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Room Temperature for 2 h. or overnight at 4°C. Discs were analysed with
a Zeiss LSM 510 confocal microscope. Images were processed with
ImageJ (NIH Image; www.rsb.info.nih.gov/ij) and Photoshop 7.0 (Adobe
Corporation).
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