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Abstract
Although intercellular bridges resulting from incomplete cytokinesis were discovered in somatic
Drosophila tissues decades ago, the impact of these structures on intercellular communication and
tissue biology is largely unknown. In this work, we demonstrate that the ~250 nm diameter
somatic ring canals permit diffusion of cytoplasmic contents between connected cells and across
mitotic clone boundaries, and enable the equilibration of protein between transcriptionally mosaic
follicle cells in the Drosophila ovary. We obtained similar, though more restricted, results in the
larval imaginal discs. Our work illustrates the lack of cytoplasmic autonomy in these tissues and
suggests a role for somatic ring canals in promoting homogeneous protein expression within the
tissue.

Ring canals (RCs) are cytoplasmic bridges that form from cells with arrested mitotic
cleavage furrows. They provide direct cytoplasmic connections between sibling cells and, in
the Drosophila germline, are necessary for the transfer of nurse-cell cytoplasm into the
oocyte. In RC-containing tissues where mass-transfer of cytoplasm does not occur, such as
in the mammalian germline (1–5) or several somatic tissues in Drosophila (6–9), the role of
RCs remains poorly understood because genetic perturbation of RC proteins disrupts
cytokinesis. Here, we pursued a series of microscopy-based techniques in ovarian follicle
cells (FCs) and larval imaginal discs in Drosophila to investigate the role of somatic RCs in
protein movement between cells and across an epithelium.

In Drosophila egg chambers, germline cysts are encapsulated by two stem-cell derived
lineages of FCs that originate in the germarium and cease mitotic divisions at stage 6; RCs,
however, persist until the end of oogenesis indicating a lifespan of 1–4 days (10–12) (Fig.
1A). Ovarian FCs exchange GFP-tagged endogenous proteins and the photoactivatable
variant of GFP (PAGFP), which can be used to assay intercellular exchange (11) (Movie
S1). To evaluate the contribution of RCs to this movement, we co-expressed PAGFP (13)
with the RC marker GFP::Pav (14) and photoactivated single cells. Activated PAGFP
moved into neighboring follicle cells only if an intervening RC was present, indicating
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protein exchange occurs only through direct cytoplasmic contact (Fig. 1B–D). Following
single-cell photoactivation, we determined the size of FC syncytia by iteratively activating
cells that exchanged PAGFP with the initial cell. Our analysis revealed substantial
variability in syncytium size; most syncytia were between 3 and 10 cells (average of 8 cells)
(Fig. 1E, Movie S2), with a total observed range of 1–38 cells. We did not find a significant
correlation between syncytium size or orientation with respect to polar axes or other
morphological features of egg chambers.

Electron microscopy (EM) of somatic RCs reveals no occluding or transverse cytoskeletal
structures that might indicate a mechanism for protein gating or regulated transport (11, 15,
16); therefore, we tested whether protein exchange through RCs occurs by diffusion. We
quantified the change in fluorescence of FC cytoplasm following a single photoactivation
event (Fig. 1F) and compared these data to a computational model of diffusion developed
with The Virtual Cell (VCell, http://vcell.org/) (17). Our model estimated radii to be
between 0.04 and 0.11 µm (Fig. 1G, S1). This is slightly smaller than radii measured by EM
(0.08 – 0.14 µm) (15), which does not account for the visible geometric asymmetry or
partially occluding membranous structures in somatic RCs that reduce the effective radius.
We conclude that the model of diffusion correctly reports the effective radius of the
intervening RC and accurately replicates the movement of PAGFP between cells.

Having observed that GFP is free to diffuse between cells, we sought to investigate the
relationship of RC-based syncytia to the patch-like mosaic expression of Gal4/UAS-
transgenes in FCs (18) (Fig. 2A). We tested the idea that mosaic patches represent isolated
syncytia by conducting fluorescence loss in photobleaching (FLIP) experiments with GFP.
Bleaching of single cells within high-expressing patches of cells caused loss of fluorescence
only in neighboring cells with the same level of expression (Fig. 2B). In total, we probed 68
mosaic patch boundaries and never observed loss of fluorescence in cells of a different
mosaic patch. In a complementary approach, we evaluated the extent of PAGFP diffusion
within and between mosaic patches (Fig. 2C). PAGFP diffused into cells within a single
patch, but not into cells of a different patch. These data support our hypothesis that mosaic
patches represent isolated syncytia and reflect the underlying intercellular connectivity
created by RCs.

Given the non-autonomy of GFP, we conducted a fluorescent in situ hybridization (FISH)
and immunofluorescence (IF) co-stain to compare the abundance of GFP transcript and GFP
protein in FCs expressing UAS-GFP. In stage 9 egg chambers, when the c855a-Gal4 driver
begins expression, we found few cells with detectable levels of GFP transcript compared to
the distribution of GFP protein (Fig. 2D). In stage 10 egg chambers, where c855a-Gal4
expression is strongest, we found small, dispersed clusters of 2–4 cells with high levels of
transcript amongst large groups of cells with high concentrations of GFP protein (Fig. 2E,
S2). Thus, under the control of the c885-Gal4 driver, GFP protein is translated in a few,
sparse cells and equilibrates within FC syncytia to provide protein to the majority of cells
within the epithelium.

GFP is also a common marker used with FRT-based mitotic recombination, a strategy
employed to generate clonal groups of genetically mutant cells within a heterozygous tissue
(19). Diffusion of protein into or out of these groups of cells (clones) via RCs could
compromise subsequent phenotypic analysis, so we generated a two-part labeling system to
investigate this possibility. We combined the LacO/I DNA marker, which reliably marks the
recombination status of each cell (20–22), with a diffusible, recombination-induced Ubi-
GFP transgene. Following recombination and mitosis, GFP is reconstituted in cells
containing two copies of the LacO element (2xLacO) (Fig 3A, supplemental online text).
We then look for the presence of GFP in the other, LacO-negative side of the clone as
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evidence for diffusion through the bridging RC that connects the 2xLacO and LacO-
negative cells (Fig 3B). We refer to this method as syncytial tracing by recombination-
induced transcription, or STRIT (17).

Our results revealed extensive diffusion of GFP across the two sides of FRT clones and into
non-recombinant cells. We categorized 145 isolated clones by the extent of GFP diffusion
into the LacO-negative cells: no diffusion across the bridge RC (None), diffusion into part
(Part) or all (Full) of the LacO-negative clone, and diffusion beyond the LacO-negative
clone into non-recombined cells (Full+) (Fig. 3B,C). In total, 90% of LacO-negative clones
contained GFP suggesting that nearly all observable RCs in FCs permit intercellular
diffusion.

We further categorized our results by the number of cell-cycles since clone formation
(division group) as a measure of the clone’s age (Fig. 3D). We observed an increasing
fraction of GFP-negative (None) and “Part” clones in older STRIT lineages, indicating a
loss of functional bridge RCs (supplemental online text). These data support an estimated
RC half-life of 10 cell cycles, or ~4 days, which is close to the ~4.5 day lifespan of FCs,
suggesting that the majority of RCs remain functional throughout oogenesis. We also
counted the appearance of non-functional connections within LacO-negative clones of the
Part-filled group to be approximately 15% of the total number of divisions (27/179).
Because this value is based on the diffusion of GFP, and therefore includes possible non-
functional RCs still visible by microscopy, the complementary 85% represents an estimate
of the number of functional RCs. In sum, these data supports previous reports that ~90% of
FC divisions form RCs (11) and also suggests that an additional ~5% of RCs visible by
confocal microscopy no longer connect cells. The functional 85% of RCs directly connect
the cytoplasm of cells within their lineage and form many syncytial groups in which
diffusible protein is free to equilibrate. Significantly, inter-clonal diffusion of makers (i.e.
GFP) or proteins (11) can result in ambiguous clonal boundaries and complicate the
interpretation of phenotypes, as evidenced by diffusion of both GFP and SMRTER protein
into Smr1 cells (Fig. 3E,F, S4).

EM and confocal microscopy have also revealed somatic RCs in Drosophila larval imaginal
discs (7, 8, 11, 16). We determined that 60%–80% of cellular divisions are represented by
GFP::Pav labeled structures in third instar wing discs, equaling approximately 1,500–3,000
potential RCs within the wing blade (Fig. S5). We assayed intercellular connectivity in the
wing disc by photoactivation of PAGFP and by STRIT clonal analysis, and observed
evidence of intercellular diffusion with both techniques (Fig. 4A–C, S6). Though technical
challenges of imaginal disc tissue made reliable identification of intercellular diffusion more
difficult, we estimate that <20% of cells showed intercellular diffusion with PAGFP and
<10% of STRIT clones showed diffusion across the bridge RC. Importantly, we observed
GFP in LacO-negative clones only up to two cells in size, suggesting that bridge RCs have a
short functional lifespan (less than two cell cycles). The perdurance of non-functional RCs
in the tissue could explain the abundance of GFP::Pav structures observed by microscopy. In
support of this hypothesis, EM of the wing imaginal discs revealed both intact RCs and
many examples of engulfed, burst, and degrading RCs (Fig. 4D,E, S7). Together, these
results suggest that RCs allow intercellular diffusion in imaginal discs as they do in FCs, but
since the number of functional RCs in imaginal discs is low, they are unlikely to
significantly alter large-scale pattern formation.

Our results provide strong evidence that somatic RCs act as direct intercellular channels
through which cytoplasmic protein can diffuse. In the ovarian FCs, RCs remain functional
for several days and result in the formation of syncytial groups that allow equilibration of
protein between cells, and in many cases, across mitotic clones. The incomplete autonomy
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of mitotic clones in FCs urges caution when interpreting mitotic clone data, where clonal
markers or proteins of interest may not accurately report the genotypes of cells. We also
show that transcriptional disparities underlie the observed mosaicism of Gal4/UAS-GFP
within the follicular epithelium, and they are much greater than is evidenced by protein
concentration, which equilibrates among the cells of each syncytial group. Interestingly,
proteins and protein complexes that display endogenous mosaic expression, including
several ribosomal proteins, are also unable to diffuse between cells (11). Thus, the ability to
equilibrate levels of some proteins in syncytial clusters may benefit FCs by allowing them to
compensate for transcriptional variations across the epithelium.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Diffusion of PAGFP and syncytial organization of FCs
(A) Schematic of a Drosophila ovariole from the germarium (G) through a stage 10 egg
chamber. The germline cysts (grey) are encapsulated by FCs (green) that continue mitosis
until stage 6, completing ~9 cell cycles. (B–D) FCs expressing GFP::Pav and
Tub>mC3PAGFP were individually photoactivated (red circle) and images were collected
pre-activation (B), post-activation (C), and 18 minutes after activation (D). PAGFP moved
only into cells connected by RCs (yellow markers, arrows indicate direction of movement).
(E) In tissue expressing Tub>PAGFP, iterative activation revealed the extent of individual
syncytia. (F,G) Following a single-cell photoactivation event (F), the fluorescence intensity
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in FCs was measured and plotted against a model of diffusion (G). Modeled estimates of RC
radii shown inset (R1, R2). The cell border colors of the FC schematic (F) correspond to the
data series and radii values (green = donor cell; red, blue = recipient cells). Stage 10 egg
chambers were used in all panels. Scale bars = 10µm.
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Fig 2. Protein equilibration in FCs
(A) Stage 10 FCs expressing c855a>GFP have a mosaic, patch-like distribution of GFP. (B)
FLIP analysis evaluates the intercellular connectivity of cells within patches (yellow lines
indicate patch boundaries). Upon bleaching single cells (red circles), multiple cells within
the patch exhibit FLIP (yellow asterisks). (C) Detection of the low, pre-activation
fluorescence of Tub>mC3PAGFP in stage 10 FCs reveals its mosaic, patch-like distribution.
Activation (red outline) within a mosaic patch of cells (yellow outline) showed diffusion
only within the patch (yellow arrowheads) and no diffusion across a boundary. (D,E) FISH/
IF analysis of c855a>GFP egg chambers showed GFP transcript to be significantly more
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mosaic than GFP protein. Only single, isolated cells in stage 9 egg chambers (D) and small
clusters of cells in stage 10 egg chambers (E) (outlined in yellow) had detectable levels of
GFP transcript compared to wider distribution of GFP protein at both stages. Scale bars =
10µm.
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Fig 3. Non-autonomy of mitotic clones
(A) Representation of the STRIT marking system in G1, G2, and after mitosis. One
recombinant daughter contains 2xLacO and a functional GFP gene, while the other inherits
neither. (B) Possible outcomes of STRIT clones: no GFP diffusion (None), diffusion across
the bridge RC (yellow arrow) into some (Part) or all LacO-negative cells (Full), and
diffusion into non-recombined cells (Full+) through pre-existing RCs. Grey line indicates
plane of division. (C) Representative STRIT clones displaying varying degrees of inter-
clonal diffusion. In ‘Full+’, GFP from 2xLacO cells (2x) is found in non-recombined,
1xLacO cells (1x) on the far side of the LacO-negative clone. (D) Evaluation of LacO-
negative STRIT clones grouped according to the degree of GFP diffusion and clone age, or
division group (number of cells). The total number of clones in each division group (grey
series) is given on the right axis. (E) A 4-cell Smr1/Smr1 clone (outlined in yellow) in which
3 cells (around yellow asterisk) contain detectable levels of GFP and SMRTER protein. The
red rectangle indicates the region quantified in panel G, and cells in the region are numbered
(inset). (F) Cells 3 and 4 contain lower, but detectable levels of both GFP and SMRTER,
indicating diffusion into the Smr1/Smr1 clone. Scale bars = 10µm.
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Fig 4. Intercellular diffusion in the wing imaginal disc
(A) Photoactivation of Tub>mC3PAGFP (white channel) in a region of the wing-blade
(dashed line) reveals rapid intercellular diffusion (yellow arrowheads). Two consecutive
activation and recovery events are shown and quantified on the right (average pixel
intensity). Intercellular exchange is evidenced by the decrease in cytoplasmic fluorescence
in the activated ‘donor’ cell during the recoveries while the ‘receiving’ cell shows an
increase. (B,C) STRIT clones in wing imaginal discs show diffusion of GFP into small
LacO-negative clones (yellow outlines). (B) 1-cell clone in the peripodial epithelium, (C) 2-
cell clone in the wing-blade epithelium. Scale bars = 10 µm. (D,E) EMs of RCs in the wing
imaginal disc. Many longitudinally sectioned RCs connect cells (D), but approximately half
do not. (E) Engulfed RC with a membrane cap at one end (yellow arrowhead). Scale bars =
500 nm.
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