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Introduction

Utilizing viral proteins for induction of cell-specific death is a 
valuable tool for the analysis of the intricacies of cell interdepen-
dency in organ formation, elucidating new functions of distinct 
cell populations and development of an organism as a whole.1

The wild-type M2 protein exists as a 97 amino acid protein that 
has a transmembrane domain comprised of four alpha helices2,3 
that form the pore of a proton selective ion channel,4 which is acti-
vated to conduct transport of protons at low pH (below 6.5).5 The 
modified M2 channel, referred to as M2(H37A), loses channel 
selectivity for protons, allows for the additional transport of Na+ 
and K+ and reduces the pH sensitivity of the channel such that 
it is constitutively active.6,7 Cells that are transgenically express-
ing this mutant channel thus become permeable to a continuous 
influx of monovalent cations and are destroyed. This M2(H37A) 
variation of the influenza A virus M2 protein has been proven to 
work successfully in a vertebrate model system, Xenopus laevis, to 
selectively ablate both heart cells and macrophages.1 The benefits 
of using this specific toxic viral protein over other previously uti-
lized transgenic toxins has been discussed in detail.1

In this study, M2(H37A) has been expressed using the Gal4-
UAS system8 and cell-specific enhancers to induce selective cell 
death in Drosophila imaginal discs, hemocytes and heart cells. 
We demonstrate that use of the toxin effectively causes specific 
cell ablation of Drosophila tissues, and is equally effective as 
ablation driven by the well established pro-apoptotic gene, reaper 
(rpr), a regulator of programmed cell death.9 This system is thus 
a useful tool for studying cell lineages and the function of dis-
tinct cell populations during development. Furthermore, it may 
be used in conjunction with any number of different enhancers 
for lineage-specific cell ablation.

the expression of toxic viral proteins for the purpose of eliminating distinct populations of cells, while leaving the rest 
of an organism unaffected, is a valuable method for analyzing development. Using the Gal4-Uas system, we employed 
the M2(h37a) toxic ion channel of the influenza-a virus to selectively ablate the Drosophila eye-antennal imaginal discs, 
hemocytes, dorsal vessel and nervous tissue and comparatively monitored the effects of expressing the apoptosis-
promoting protein Reaper in identical cell populations. in this report, we demonstrate the effectiveness of M2(h37a)-
mediated ablation as a new means to selectively eliminate cells of interest during Drosophila development.
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Results and Discussion

To introduce ablation by influenza virus M2(H37A) into the 
Drosophila system, UAS-M2(H37A) transgenic lines were gener-
ated. Then tissue-specific Gal4 drivers were employed for expres-
sion of the toxin in eye, blood, heart and neural tissues. Identical 
crosses were carried out with UAS-rpr for comparison of the 
M2(H37A) toxin effect.

ablation of the eye. First, M2(H37A)-induced ablation was 
applied to eye development. The efficiency of toxin-induced 
cell ablation was most clearly seen in crosses with eyeless-Gal4, 
an eye-specific enhancer.10 Both crosses of UAS-rpr and UAS-
M2(H37A)-3ME with eyeless-Gal4 resulted in a lack of eclosion 
of flies kept at room temperature and 25°C. When flies were 
removed from their pupal casings, it was found that they had 
arrested at different developmental stages ranging from early 
pupae to almost fully developed flies. As a result, some cephalic 
structures consisted of only the presumptive proboscis still 
attached to the larval mouth hook (fig. 1c), while others were 
fully formed though lacking any eyes. Crosses between eyeless-
Gal4 and less efficient toxin lines (ex. UAS-M2(H37A)-1LE) 
were also conducted to verify that the toxin was working specifi-
cally to ablate the eyes. A small number of flies from these crosses 
were able to eclose and they displayed a total absence of eye tis-
sue (fig. 1B), reduced eyes, and/or cyclopia. Premature death 
caused by ablation of cephalic structures, observed in M2(H37A) 
toxin and Rpr crosses, were due to non-specificity of the eyeless 
driver. This was correlated with the observed expression pattern 
of eyeless-Gal4>UAS-2x EGFP.

Blood cell ablation. Next, blood cell-specific ablation was 
achieved with the M2(H37A) toxin utilizing the lamellocyte 
enhancer line MSNF9mo-Gal4>UAS-Red Stinger in a hopTuml 
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dorsal vessel, crosses were made with hand-GFP; hand-Gal4, 
which displays expression in cardioblasts and pericardial cells of 
the embryonic, larval and adult dorsal vessel. Similar to what was 
observed in eye tissue, M2(H37A)-induced ablation (fig. 3E–h) 
did not commence until mid to late second instar larval stage, 
whereas Rpr-induced cell death began at about embryonic stage 
15 (fig. 3J), leaving the lymph glands freely floating by the begin-
ning of first larval instar stage. Corresponding to the findings in 
larvae, M2(H37A)-expressing adult flies displayed zero to one 
pericardial cell associated with the dorsal vessel (fig. 4c). In con-
trast, cardioblasts seemed to be intact for crosses done with UAS-
M2(H37A)-3ME, indicating that the efficiency of ablation is 
dependent on cardiac cell type. Analysis of the phase of lethality 
indicated no significant death, as compared to the control cross 
(y1 w67c23 crossed with hand-GFP; hand-Gal4) during embryo-
genesis, larval or pupal stages at 29°C for progeny expressing the 
toxin (suppl. fig. 1).

Adult progeny from crosses with UAS-rpr, which produced 
almost complete ablation of the dorsal vessel, resulted in signifi-
cantly reduced life spans, with a precipitous increase in death on 
average at about five days post-eclosion (suppl. fig. 1). In con-
trast, adult progeny from crosses with UAS-M2(H37A)-3ME, 
which specifically ablated the excretory cells (pericardial neph-
rocytes) that flank the dorsal vessel (fig. 4c), did not have as 
severe of a reduction in life span, but did die prematurely relative 
to control animals (y1 w67c23 crossed with hand-GFP; hand-Gal4) 
(suppl. fig. 1).

ablation of nervous tissue. The toxin line was also tested 
with the embryonic nervous system driver elav-Gal4, which is 
expressed in glial cells and mitotically active neuronal progeni-
tor cells in the brain and presumptive ventral ganglion begin-
ning at embryonic stage 12,15,16 and continues to be expressed in 
the central nervous system of third instar larva. Similar to what 
was observed in the heart, no ablation of elav-expressing ner-
vous system cells occurred during embryonic stages. Ablation of 
cells only began to be apparent during the middle of the second 

background. The dominant hopTuml mutation in the Hop Janus 
kinase causes hyperactivation of the Hop-DStat92e  pathway11 
and premature differentiation of prohemocytes leading to 
 leukemia-like defects in Drosophila.12 MSNF9mo is a char-
acterized enhancer region that is active in lamellocytes13 and 
MSNF9mo-Gal4>UAS-Red Stinger larvae display strong fluores-
cence due to the massive amounts of lamellocytes produced in 
the hopTuml background. When crossed with UAS-M2(H37A)-
3ME,  however, almost all lamellocytes were destroyed, and 
those that remained were aggregated into large melanotic masses 
(fig. 2d–f and arrowheads). In comparison, UAS-rpr induced 
by MSNF9moGal4 resulted in substantial cell death but only a 
few small melanotic masses, as expected with normal clearance 
of cells undergoing apoptosis. Blood smears of third instar larvae 
confirmed specificity of toxin ablation and demonstrated a signif-
icant reduction in circulating lamellocytes, with other hemocyte 
populations unaffected. The observation that M2(H37A) and 
Rpr function led to qualitatively different results post lamellocyte 
ablation, in terms of enhanced melanotic tumor formation being 
observed in M2(H37A) animals, suggested the two proteins do 
not act via the same apoptosis-promoting mechanism.

Similar results were seen with the crosses with the hemocyte 
enhancer hemese-Gal4, which is expressed in about 80% of cir-
culating hemocytes, and displays strong ectopic expression in 
the salivary glands.14 Expression of the toxin resulted in a sig-
nificant reduction in fluorescent cells, including ablation of the 
salivary glands in all third instar larvae and melanotic masses in 
the hemolymph that attached to organelles in roughly half of the 
total population screened. Though ablation with UAS-rpr resulted 
in a reduction in fluorescence comparable to that of larvae from 
crosses with UAS-M2(H37A)-3ME, it was found that Rpr was not 
always completely effective in that some third instar larvae still 
had aggregations of GFP-expressing hemocytes and GFP-positive 
blood smears though melanotic masses were rarely seen.

ablation of the heart. The M2(H37A) toxin was also used 
to ablate heart cells. To induce the M2(H37A) transgene in the 

Figure 1. varying strengths of different toxin lines in ablating the eye. (a) control: y1 w67c23 x eyeless-Gal4. (B) crosses between eyeless-Gal4 and the less 
effective UAS-M2(H37A)-1LE toxin line resulted in a rate of eclosion of 1:10. the progeny from this cross displayed the total absence of eyes, reduced 
eyes, and/or cyclopia. (c) in contrast, crosses with both the highly efficient toxin lines UAS-M2(H37A)-3ME and UAS-rpr resulted in flies arresting at 
different stages of development within pupal casings. Progeny from UAS-M2(H37A)-3ME toxin strain x eyeless-Gal4 cross showed cephalic structure 
consisting of only the presumptive proboscis still attached to the larval mouth hook (arrowhead). ablation of cephalic structures were due to the non-
specificity of the eyeless driver, as verified by eyeless-Gal4>UAS-GFP screening.
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Figure 2. increase in size of melanotic masses in third instar larvae. hopTum-l MSNF9mo-Gal4>UAS-Red Stinger was crossed with y1 w67c23 (a–c), UAS-
M2(H37A)-3ME (D–F) and UAS-rpr (G and h). a significant reduction in circulating lamellocytes marked with DsRed was seen in crosses with both 
UAS-M2(H37A)-3ME and UAS-rpr as shown in (e and h), respectively. in addition, large melanotic masses formed in more than half of all larvae from the 
UAS-M2(H37A)-3ME crosses (arrowheads in D–F). in contrast, resulting progeny from crosses between UAS-rpr and hopTum-l MSNF9-Gal4 UAS-Red Stinger 
did not display large melanotic masses (G and h). in third instar circulating hemocytes, a reduction in lamellocytes was seen in the progeny from UAS-
M2(H37A)-3ME crosses (F) as compared with the control crosses with y1 w67c23 (c).
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and hopTuml, a gift from Shubha Govind (City College of New York). 
The following fly stocks were obtained from the Bloomington 
Drosophila Sock Center: eyeless-Gal4 (FBst0005534), rpr-Gal4 
(FBst0005824), elavC155-Gal4 UAS-eGFP (FBst0006925), UAS-
2xEGFP (FBst0006874), UAS-Red Stinger (FBst0008545) and 
hemese-Gal4 UAS-GFP (FBst0008700). y1 w67c23 (FBst0006599) 
was used as a wild-type strain. While these Gal4-inducing strains 
are well characterized as to their cellular sites of expression, the 
initial characterization of other Gal4 strains by the G-TRACE 
cell lineage analysis technique may prove worthwhile prior to 
their use in directing UAS-M(H37A) for the purpose of selective 
cell ablation.17

dna construction and generation of transgenic flies. 
Directed expression of the toxin gene was accomplished using the 
Gal4-UAS system.8 pUAST-M2(H37A) was derived by inserting 
the M2(H37A) toxin-coding sequence from pCS2-M2(H37A)1 
into the BgLII and XbaI sites of the pUAST vector.8 For the gen-
eration of the lamellocyte specific Gal4 driver, the misshapen 
140 bp region was cut with Bgl II and BamHI from pHStinger-
MSNF9mo13 and subcloned into a pPTGAL vector.18 Injections 
were performed as described previously.19 At least four indepen-
dent transgenic lines were generated and analyzed for pUAST-
M2(H37A) construct function. All four demonstrated the ability 

instar larval stage (data not shown). Notably, UAS-rpr did not 
work as efficiently in ablating cells expressing elav-Gal4. Stage 
17 embryos showed a reduction in fluorescence intensity and an 
absence of the presumptive salivary glands. However, the ventral 
ganglion remained intact through the end of the larval first instar 
stage (data not shown).

In summary, it has been determined that M2(H37A) toxin-
mediated cell destruction is as efficient as rpr in selectively ablat-
ing hemocytes and imaginal discs. However unlike rpr, the toxin 
displays a characteristic of being more efficient in ablating cer-
tain cell types (ex. pericardial cells vs. cardioblasts) and show-
ing a delay in cell ablation until post-embryonic development. 
Utilization of this new method of cell ablation in Drosophila may 
be highly beneficial to studies which require a method of cell 
ablation that is not completely dependent on apoptosis and allows 
for selective elimination of imaginal or polytene cells during lar-
val stages of development.

Materials and Methods

drosophila strains. Fly stocks were kept on standard 
 cornmeal-based medium. The following lines were used: hand-
GFP; hand-Gal4, a gift from Zhe Han (University of Michigan) 

Figure 3. Developmental profile of dorsal vessel formation following crosses with UAS-(H37A)-3ME and UAS-rpr at 29°c. hand-GFP; hand-Gal4 was 
crossed with y1w67c23 (a–D), UAS-M2(H37A)-3ME (e–h) and UAS-rpr (i–L). Rpr-mediated ablation of cardioblasts begins at embryonic stage 15, whereas 
the M2(h37a) toxin is only activated at the late second larval instar stage. embryonic stage was calculated from the middle of a 2 hr egg lay. embryonic 
stage 13–14 (a, e and i), 15 (B, F and J), 16-17 (c, G and K) and third instar larvae (D, h and L). Green indicates hand-GFP-expressing cardioblasts, pericar-
dial cells or lymph gland cells.
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A live adult female (≤2 days post-eclosion) was mounted at the 
wings and dorsal side of the thorax, with its ventral side up, onto 
a glass slide, with melted paraffin. The legs were removed and 
abdomen was then dissected under 50 μl 1x PBS. After the ven-
tral epithelium, Crop, Malpighian tubules, gut, rectal ampulla, 
 ovaries and fat bodies were removed, the abdomen was fixed with 
50 μl 3.7% formaldehyde in PBS for 20 min and then incubated 
with Alex594 conjugated phalloidin (1:40 in PBS, Molecular 
Probes Invitrogen) for 72 hr, in the dark, at 18°C for actin stain-
ing of cardiac myofibrils.
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note

Supplementary materials can be found at:
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to ablate cells, but with different efficacies presumably due to 
positional effects of transgene chromosome site insertions. The 
UAS-M2(H37A)-1LE strain was shown to be less efficient in kill-
ing cells while the UAS-M2(H37A)-3ME strain proved highly 
efficient in this process. We also recombined an MSNF9mo-Gal4 
line with UAS-Red Stinger and hopTum-l on the same X chromo-
some. Due to the temperature-dependent nature of Gal4 induc-
tion, experiments were carried out at room temperature, 25oC 
and 29oC to monitor the effect of induction at different levels.

gfP assessment of embryos and larva at specific stages. 
UAS-M2(H37A)-3ME males were crossed to females of the indi-
cated transgenic strains, with females allowed to lay eggs for 2 
hr on grape agar plates with yeast paste before removal of the 
parents. Embryos and larva were kept on the plates and grown at 
indicated rearing temperatures (ambient, 25°C, 29°C). Embryos 
were dechorionated with 50% bleach for 3 min and washed with 
DI water prior to imaging. Embryos and first instar larva were 
imaged using a Zeiss Axioplan2 microscope (Thornwood, NY, 
USA) and subsequent larval stages were imaged using a Zeiss 
Lumar.V12 Stereoscope. Larval ages were calculated from the 
midpoint of the egg lay period.

analysis of the adult dorsal vessel. Dissection and analysis 
of the adult fly heart was achieved using a modified protocol.20 

Figure 4. visualization of the adult heart. (a and B) control cross: hand-GFP; hand-Gal4 with y1w67c23. (c and D) hand-GFP; hand-Gal4 crossed with UAS-
M2(H37A)-3ME. Dorsal vessel myofibrils of dissected adult females (≤2 days old) were visualized with alexa594-conjugated phalloidin, with cardioblasts 
and pericardial cells marked by hand-GFP. all pericardial cells except for one, in one third of population screened, were ablated by crosses with the 
M2(h37a) toxin. as a result of the ablation crosses, all dorsal vessels were characterized by abnormally organized myofibrils but maintained cardioblast 
GFP expression.
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