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Short Communication

Dynamics of decapentaplegic expression during regeneration of
the Drosophila melanogaster wing imaginal disc
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"Laboratory of Genetics, Department of Biology, University of Turku, Finland and 2Laboratory of Cell Cycle Genetics, Institute of Cytology
and Genetics, Lavrent’eva 10, Novosibirsk, Russia

ABSTRACT Regeneration of an imaginal disc involves highly ordered proliferation and pattern
regulation of the newly formed tissue. Although the general principles ofimaginal disc regeneration
have been extensively studied, knowledge of the underlying molecular mechanisms is far from
complete. Results from other model organisms suggest that regeneration is the result of local
recapitulation of the normal patterning genes. To analyze the dynamics of one major Drosophila
patterning gene, decapentaplegic (dpp), in wing imaginal disc regeneration, a vital GFP reporter
together with iontophoretic cell labeling were used. Our observations reveal that the restoration
of compartment-border-specific dpp expression is a common event in imaginal disc regeneration.
However, we did not find evidence of an upregulation of dpp expression during the regeneration

process.
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The development of Drosgp/iiaimaginal discs begins from a small
group of similar cells at the blastoderm stage and results in the
formation of adult appendages consisting of diverse cell types. This
transformation is known to involve highly ordered cell proliferation
and differentiation, and is shown to be under the control of diffusible
patterning molecules, morphogens. One such protein,
Decapentaplegic (Dpp), acts as a long-range morphogen, emanat-
ing from the vicinity of anterior-posterior (A/P) —compartment border,
patterning the developing wingfield (reviewed by Podos and Ferguson,
1999). The fundamental role of Dpp in controlling proliferation and
pattern formation of the wing disc has been shown in various
experiments (e.g. Chen and Struhl, 1996, Lecuit and Cohen, 1998).

The Drosopfiiaimaginal discs have been well-studied models
of epimorphic regeneration. Although the process has been exten-
sively studied in tissue and cell level, little is known about the
underlying molecular interactions controlling pattern regulation in
imaginal discs. However, recent molecular data on regeneration in
other model organisms has revealed many interesting properties of
regeneration in general. For example, in urodele (Tanaka, 2003)
and frog tadpole (Beck er a/, 2003) tail regeneration, the process
can be understood by a local recapitulation of the normal develop-
mental events. This means that major patterning genes are re-
employed in the blastema region where extensive cell proliferation
and pattern regulation occurs.

Although expressions of early patterning genes in the blastema
of Drosophilaimaginal discs have not been demonstrated to date,

some evidence exists that regeneration alters the gpp gene ex-
pression. Milétich and Limbourg-Bouchon (2000) have observed
that imaginal discs bearing s/m4 clones induce widening of the A/
P compartment-border-specific ggo expression. The authors pro-
posed that the widening could be a reaction to the regeneration
process produced by the s/m& -induced cell death. Similar widen-
ing of the gppexpression has also been seen when cell death has
been induced by X-irradiation (Milétich and Limbourg-Bouchon,
2000), or by the use of a temperature-sensitive cell-lethal allele of
suppressor of forked (Brook er al., 1993). These results suggest
that gppis one of the genes involved in the regulation of imaginal
discregeneration and that the control of pattern regulation does not
solely depend on the local interaction of cells apposed by wound
healing as suggested by the polar co-ordinate model (French era/,
1976).

In addition to the deviations observed in the compartment-
border-specific gpp expression, Brook et a/ (1993) found that
enhancer trap line E32, which is thought to reflect the expression
ofthe gppgene, is expressed in the blastema of a fragmented wing
imaginal disc. This was inferred as a requirement of the gppgene
in the control of the regeneration process. However, the occur-
rence and specific dynamics, as well as the function of the
blastema specific gpp expression were left unresolved.

Abbreviations used in this paper: dpp, decapentaplegic; GFP, green fluorescent
protein.
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In this study we examined the dynamics and occurrence of
ectopic gpp expression in fragmented and /7 o cultured wing
imaginal discs. We present evidence that the restoration of the
compartment-border-specific gpp expression is a common event
in Drosop/ilawing disc regeneration. It is shown that gppexpres-
sion is restricted only to blastemas which originate from the
interaction of two different compartments, namely anterior and
posterior. Further, our results suggest that the widening of the
compartment-border-specific ggoexpression is notinduced by the
regeneration process, at least to the extent detectable by our
method.

Results and Discussion

The /n vivoculture of Drosopfilaimaginal discs has provento be
a powerful method in the field of regeneration (O’Brochta & Bryant
1987, Bryant & Fraser 1988, Gibson & Schubiger 1999). Many
properties of pattern regulation, now widely accepted, have been
revealed by the culturing of imaginal disc fragments in adult and
larva abdomens. In this study, we have employed /7 v/ivo culturing
of disc fragments in adult hosts, together with iontophoretic cell
labeling (Fig. 1). To test our culture conditions, we localized the
area of regenerative proliferation with the H3 mitosis marker and
found that it coincided perfectly with the site of removed tissue (Fig.
2). The uncut control discs cultured under the same conditions
showed a significantly reduced mitosis number without any prefer-
able concentrations of mitotic cells. It is therefore reasonable to
believe that the culture method utilized is able to uncover the true
genetic interactions involved in regeneration.

The iontophoretic cell labeling was tested for stability of the
labeled spots during the /77 vivoculture (Fig. 3). The labeling pattern
was clearly visible after two days of culture, although some
transformations in the shape and label intensity could be seen. We
concluded that these alterations were due to the proliferation of the
labeled cells or those nearby. However, this control showed that
the position of the labeled spots was constant and, therefore, the
control spots can be used as reference points for the compartment-
border-specific gpp expression.

Fig. 1. The incisions of the

imaginal disc. The control cut

AB was used together with

rhodamine cell labeling (black

squares) on either anterior or

posterior, or both sides of dpp

\ ) =" ! expression. The number of the

\ / marked cells was restricted by

' . ) ; time, the discs could be kept in

| inappropriate culture condition

[ (i.e. Hank's solution) for only a

J short period of time (in our ex-

/ periment for approximately 20

min). The BC cut was used to-

- gether with rhodamine cell label-

ing (black circle denoted by the

arrow) in the location of disturbed

dpp expression. The gray stripe running through the length of the disc

denotes compartment-border-specific dpp expression. The disc is orien-
tated anterior side to the left and ventral up as in all the illustrated discs.

Fig. 2. Control of culture conditions. The inserted picture shows a wing
imaginal disc after four days of in vivo culturing. After this culture period,
developmental proliferation has ceased. The disc was cut (incision BC in
Fig. 1) in order to stimulate regenerative proliferation. In the large picture,
the same disc can be seen labeled with the H3 mitosis marker after an
additional 48 hours of culturing. The area of the healing wound shows
extensive labeling compared to the rest of the disc.

The results of Milétich and Limbourg-Bouchon (2000) showed
that imaginal discs bearing s/mt clones broaden the A/P —com-
partment-border-specific ggp expression. Such a widening was
inferred to result from the regeneration process since a similar
effect was also seen when cell death was induced using X-
irradiation (Milétich and Limbourg-Bouchon, 2000) or by the use of
a temperature-sensitive cell-lethal allele of suyppressor of forked
(Brook er al, 1993). We were interested to see whether the
widening could also be induced by incision of the disc, thus
providing evidence for gpg's role in the control of the local regen-
eration process. In order to do so, we have utilized the excision A’'B,
where only tissue of the A compartment was extirpated and the
cells expressing the gjpp gene were left intact.

To obtain firm evidence for the widening of ggpexpression, i.e.
recruitment of new cells to gyp-expressing state resulting from the
disc fragmentation, we expected the GFP domain to move closer
or to even overlap the rhodamine-labeled cells. From all the gpp
patterns resulting from the A’B cut we found that 81% (35/43) of
discs had an expression pattern indistinguishable from the one
before culturing (Fig. 4 A,B). The remaining 19% showed devia-
tions of the GFP domain exclusively in the wing pouch (an example
is given in Fig. 4D). However, none of these discs were observed
to possess the overlap of the GFP expression and rhodamine
labeled spots. The observed “widening” deviations in the GFP
pattern (as in Fig. 4D) could be explained by the distorted disc
morphology caused by wound healing stretching the wing pouch
tissue. In our experiment wound healing was sometimes seen to
cause transient aberrant tissue folding in the wing pouch, predomi-
nantly in the vicinity of the wound, resulting in reorganization of the
disc epithelia. In such cases the localization of the GFP expression
is nolonger reliable. As a result we conclude that although we were
unable to prove widening of the ggp expression in regard to the
rhodamine-labeled cells (Fig. 4) we could not exclude the possibil-
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Fig. 3 (Left). Control iontophoresis experiment showing the constant
pattern of cell labeling. (A) An intact wild type wing imaginal disc labeled
by iontophoresis. The same disc after (B) 24 and (C) 48 hours of in vivo
culture. Arrowheads mark the labeled cells in (A), (B) and (C).

Fig. 4 (Right). Expression of the dpp gene resulting from the AB cut (see Fig. 1). (A) The incised wing imaginal disc was rhodamine-labeled anteriorly
to the dpp expression zone (arrowheads). (B) After 48 hours of in vivo culturing, the expression zone was not altered with regard to the rhodamine spots.
Note the two missing rhodamine spots in (B). These spots represent either incorrect needle positioning causing the dye to be localized in the extracellular
matrix or insufficient volume of the dye. (C) Another disc labeled posteriorly to the dpp expression zone. (D) After 24 hours of in vivo culturing, the GFP
domain extends in the direction of the wound (see text for interpretation of such an event). There is no indication of the region of expression broadening

towards the rhodamine labeled cells.

ity that the widening of the gjgp expression is rarely induced by the
fragmentation and therefore left undiscovered in our experiment.
Interestingly, the widening of the compartment-border-specific gpo
expression has also been reported with /2 as well as /a#?
overgrowth mutant alleles (Garoia eza/, 2000). The latter suggests
that extensive gppexpression is related to proliferation rather than
regeneration per se. It is also worth noting that the cell deaths
induced during the course of the normal growth period, as done in
Milétich and Limbourg-Bouchon (2000) and Brook eza/. (1993), are
likely to delay the disc development. Such a developmental retar-
dation could result in prolonged existence of the wide gppdomain
characteristic of the early third instar wing disc (Burke and Basler
1996). As we failed to establish the upregulation of ggpexpression
in our experiment, we hypothesize that regenerative proliferationin
the blastema is controlled by other mechanisms, independent of
the diffusing DPP morphogen from the A/P compartment border.

Incision A'B showed no detectable ggpexpression in the wound
edges or the blastema during the observed culture period. This is
in agreement with the known imaginal disc development; gpp
expression is induced by the Hedgehog (Hh) morphogen diffusing
from the posterior compartment. The lack of gpp expression can
also be interpreted in regard to the signaling pathways controlling
the wound healing process. The involvement of the JNK signaling
pathway orchestrating the actin dynamics necessary for cell sheet

A

movement is well characterized in dorsal closure (Noselli, 1996)
and adult cuticle wound healing (R&met et a/., 2002). We have
observed similar activation of JNK signaling also in the initial
stages of wing imaginal disc wound healing (unpublished results).
Glise and Noselli (1997) showed that INK signaling in the leading
edge cells of dorsal closure induces the Dpp/TGF signaling path-
way. Although the specific function of this pathway in dorsal closure
is unknown, it has been proposed that Dpp controls the motility and
cell shape changes of the lateral epithelia (Riesgo-Escovar and
Hafen, 1997). In adult cuticle wound healing such Dpp signaling
has not been found (Ramet et a/, 2002). The absence of app
expression in the wound edges produced by the incision A'B
suggests that the imaginal disc healing process shows closer
genetic similarity to adult cuticle wound healing than dorsal clo-
sure.

Toinvestigate the possible gppexpression in blastema originat-
ing from different compartments the incision B'C was used. The cut
removed the ventral portion of the A/P -compartment border and a
rhodamine-labeled cell was introduced to mark the distal end of the
remaining ggp expression (Fig. 1). The labeled cell served as a
reference point, whereby it was possible to distinguish between the
aqppexpression before and after culturing. The observed temporal
(Fig. 5) and spatial (Fig. 6) dynamics of gppexpression during the
regeneration process indicated that gpp induction in the B'C

Fig. 5. A/P compartment border restoration during regeneration. (A) A wing imaginal disc before in vivo culturing showing the rhodamine-labeled
cell marking the rest of the dpp expressing tissue (arrowhead denoting the labeled cell in (A), (B), (C) and (D)). (B) The same disc after 48 hours of in vivo
culturing. Wound healing has brought the wound edges together but the labeled cell shows thatdpp expression has not yet been restored. (C) The same
disc after 72 hours of culturing. Some new dpp expression can be seen in the area of the regenerating blastema (arrow). (D) The same disc after 96 hours
of culturing. The dpp expressing zone has extended toward the disc edge (arrows).
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Fig. 6. Compartment-border-specific dpp expressionisrestoredto the
cells of the anterior compartment. (A) A wing imaginal disc before
culturing. (B) The same disc after 96 hours of in vivo culturing. The arrow
marks the site of wound healing which can be deduced from the “notch”
in the wing margin. Novel dpp expression can be distinguished to be
localized anteriorly from the site of the “notch”. Arrowheads denote
rhodamine-labeled cells in (A) and (B).

blastema was a common event. Our results showed that new gpp
expression emerges always (N=26) in the anterior side of the
healed wound (Fig. 6). This is in agreement with the normal disc
development since only the anterior cells are responsive to the Hh
signal diffusing from the posterior side (Strigini and Cohen, 1997).
Ifthe appearance of novel gppexpression were indeed to follow the
course of normal development, being dependent on the signal from
the posterior compartment, one should not detect any expression
before the ability of the wound edges to exchange information has
been restored. Bryant and Fraser (1988) have studied the move-
ment of intracellular dye molecules between imaginal disc wound
edges and showed that only after three days the gap-junctional
communication is fully re-established. The temporal dynamics of
app expression resulting from the B'C cut demonstrate that new
appexpression becomes visible after three days of culturing in the
apex of the healed wound and gradually grows distally during the
next 24 hours (Fig. 5) eventually covering the whole length of the
wound (Fig. 6). This kind of dynamic supports the view of gpp
expression being a consequence of the exchange of information
between the cells of two different compartments.

Despite the importance of the compartment-border-specific
gene expression during normal development, a complete imaginal
disc can be restored from a tissue of only one compartment by the
regeneration process (Bryant, 1975). This observation implies that
compartment borders can reappear during regeneration. More
straightforward evidence for the process was presented by Kunieda
et al. (1997). The authors demonstrated that the activation of the
compartment-border-specific genes can take place during the
regeneration of a Sarcophaga peregrine leg disc. In addition, a
recent study by Gibson and Schubiger (1999) showed that a new
compartment border is activated in a duplicating Drosgphila leg
disc. Our results support the inference made by Kunieda et a/.
(1997) that the compartment borders are restored during the
regeneration process. However, the temporal progression of the

border restoration differs between the studies; in Kunieda er a/.
(1997) wingless-expression was detected only after 2 days of
culture. The most probable explanation is that this is due to the
differences in the experimental approaches rather than in the
fundamental cellular processes; in our study, the cultivation of the
incised discs was carried out in adult female abdomens instead of
using artificial /77 vitro cultivation. As discussed in Kunieda er a/.
(1997), the concentration of ecdysone, among other additives, is
probably a crucial determinant of wound healing /7 vitro, and
consequently the border restoration progression.

Ectopic expression in the blastema of the fragmented wing
imaginal disc was also observed in the E32 enhancer trap insertion
near the gpp gene and was interpreted as reflecting an additional
requirement for gpp in the regeneration process (Brook ef al,
1993). The vital GFP reporter of ggpexpression used in our study
revealed expression only when the wound edges originated from
different compartments, namely anterior and posterior, and as also
noted by Brook et a/. (1993), is only induced on the anterior side of
the healing wound. Our finding suggests that ggpis notaregenera-
tion gene per se, but the expression is a secondary effect from the
apposition of cells with different selector gene identity.

The present study demonstrates that the blastema specific gpp
expression is dependent on the compartmental identity of the
wound edge cells. The expression emerges only from the apposi-
tion of anterior and posterior cells. This can be interpreted as a
restoration of the wing disc A/P compartment-border signaling
which most likely recapitulates the interactions governing the
normal disc development. However, our results do not support the
view that compartment-border-specific gpp expression is
upregulated in regenerating Drosgphila wing disc.

Experimental Procedures

Visualization of dpp expression and iontophoresis

The visualization of the gpp expression in wing imaginal discs was
conducted using a vital GFP reporter. A cross of P{Ga/4-gpp.blk1}/TM6B,
70 (obtained from S. Cohen) individuals with individuals bearing y w,
P{w*“=UAS-GFP.S65T} (insertion in Il chromosome, obtained from C.
Lehner) was performed and imaginal discs were dissected from non- 76
wandering-stage larvae. Although lacking the ability to reliably score the
deviations in gene expression intensity, the reporter allowed study of the
dynamics of expression in the same imaginal disc. Also, the use of
iontophoresis restricted us to using visualization methods where tissue was
left unfixed.

To prevent false interpretation of gene expression caused by tissue
reorganization due to the wound healing process we introduced “reference”
cells near the gjpp expression by labeling them with dextran-conjugated
rhodamine (Molecular Probes) (Fig. 1). The labeling was performed by
iontophoresis modified from Bryant and Fraser (1988). A glass capillary
was filled with rhodamine-labeled dextran and introduced into an imaginal
disc cell. The correct positioning of the capillary was followed by a small
membrane potential between the capillary and a buffer drop (Hank's
solution). A voltage impulse was applied to the system in order to drive the
stain into the cell. The degree of injected stain was estimated visually under
a fluorescence microscope.

Culture and incision of the imaginal discs

The /n vivo culturing of wing imaginal discs was performed in the
abdomens of adult females between one and five days old. The discs were
dissected and injected into the abdomens in PBS supplemented with 100
U penicillin/ml and 0.1 mg streptomycin/ml. The injected flies were main-
tained on standard medium and kept at 25°C during the culture period.
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Two different cuts were utilized (Fig. 1); incision removing tissue only
from the anterior compartment denoted as AB and incision disturbing both
anterior and posterior compartments denoted as BC. The cultured discs
were recovered from hosts after 24, 48, 72 or 96 hours and photographed
with an AxioCam MRc digital camera attached to an Axiovert-200 fluores-
cence microscope. The discs showing well-preserved morphology and
iontophoretic cell labeling were reinjected into hosts after photographing to
reveal the dynamics of gene expression. The pictures obtained were
merged and digitally processed using the Adobe Photoshop 5.5 software.

Visualization of regenerative proliferation

In order to reveal the specific location of regenerative proliferation, wing
imaginal discs from wild type late third instar larvae were dissected, injected
into adult hosts and cultivated for four days. This time period is sufficient to
cease the disc’s developmental proliferation and therefore to allow the
observation of mitoses specifically induced by the regeneration process
(Dale and Bownes, 1980; Bryant and Fraser, 1988). After the cultivation,
the discs were recovered from the abdomens, cut with a tungsten needle
(incision A’B, Fig. 1), photographed and reimplanted into fresh hosts for 48
hours. To visualize the mitotic cells of the recovered discs a H3-p primary
antibody (rabbit anti-H3-p [Upstate Biotechnology]) was used (1:100 dilu-
tion). The following secondary antibody was FITC conjugated goat-anti-
rabbit I9gG, (Molecular Probes) (1:200 dilution). The discs were mounted in
Mowiol supplemented with 10% DABCO and 0.2% NaN, and photo-
graphed with a Leitz Wild MPS46 camera attached to a Leitz Dialux 22
fluorescence microscope.
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