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Abstract. Growing the intracellular bridges that con-
nect nurse cells with each other and to the developing
oocyte is vital for egg development. These ring canals
increase from 0.5 pm in diameter at stage 2 to 10 pm in
diameter at stage 11. Thin sections cut horizontally as
you would cut a bagel, show that there is a layer of cir-
cumferentially oriented actin filaments attached to the
plasma membrane at the periphery of each canal. By
decoration with subfragment 1 of myosin we find actin
filaments of mixed polarities in the ring such as found
in the “contractile ring” formed during cytokinesis. In
vertical sections through the canal the actin filaments
appear as dense dots. At stage 2 there are 82 actin fila-
ments in the ring, by stage 6 there are 717 and by stage
10 there are 726. Taking into account the diameter, this
indicates that there is 170 p.m of actin filaments/canal at
stage 2 (® X 0.5 pm X 82), 14,000 pm at stage 9 and
~23,000 pm at stage 11 or one inch of actin filament!
The density of actin filaments remains unchanged
throughout development. What is particularly striking

is that by stages 4-5, the ring of actin filaments has
achieved its maximum thickness, even though the diam-
eter has not yet increased significantly. Thereafter, the
diameter increases. Throughout development, stages
2-11, the canal length also increases. Although the den-
sity (number of actin filaments/pm?) through a canal
remains constant from stage 5 on, the actin filaments
appear as a net of interconnected bundles. Further in-
formation on this net of bundles comes from studying
mutant animals that lack kelch, a protein located in the
ring canal that has homology to the actin binding pro-
tein, scruin. In this mutant, the actin filaments form
normally but individual bundles that comprise the fi-
bers of the net are not bound tightly together. Some
bundles enter into the ring canal lumen but do not com-
pletely occlude the lumen. All these observations lay
the groundwork for our understanding of how a non-
contractile ring increases in thickness, diameter, and
length during development.

chinery of motile cells and in the scaffolding that

maintains cell shape. However we still have only a
rudimentary understanding of how the scaffold is formed
in vivo, what the essential non-actin components are, and
precisely how the steps in assembly and/or dynamics are
regulated.

In the past few years interest in Drosophila oogenesis
has increased enormously because this well-described and
progressive process offers a logical and practical place to
understand developmental programming in an organism
where genetic strategies followed by molecular analysis
have been particularly successful. Cell biologists interested
in the formation of actin scaffolds are also interested in
Drosophila because mutations affecting specific cytoskele-
tal proteins are available and null mutants lacking these
actin binding proteins have a discernible phenotype.

A typical Drosophila ovary contains ~16 tubular ovari-

GCTIN filaments are key elements in the dynamic ma-
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oles, each representing an independent egg assembly line.
Each ovariole is tipped with a distinct region or germar-
ium in which germ line and somatic stem cells become or-
ganized into follicles; each follicle leaves the germarium
and continues developing as it moves posteriorly within
the ovariole. In the germarium each germ line stem cell di-
vides mitotically four times. Cytokinesis is incomplete and
accordingly the 16 cells remain connected through cleav-
age furrows that subsequently develop into ring canals.
Among the 16 cells, one develops into the oocyte while the
other 15 become nurse cells. The oocyte nucleus enters
meiosis and undergoes very little transcription during oo-
genesis. In contrast the nurse cells become polyploid and
synthesize mRNA, proteins, ribosomes, and organelles
that are provided to the oocyte by cytoplasmic flow
through the ring canals (see Cooley and Theurkauf, 1994).
Surrounding this nurse cell-oocyte syncytium is a mono-
layer of ~1,000 follicle cells of somatic origin. This unit has
been termed an egg chamber but corresponds to a follicle
in other species.

The ring canals of Drosophila have attracted attention
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ever since Warn et al. (1985) showed that the periphery of
the ring canal stained with fluorescent phalloidin and thus
contained actin filaments. Immunofluorescence studies
have shown that at least two other proteins, hts (Yue and
Spradling, 1992) and kelch (Xue and Cooley, 1993), are
also located in the ring canal (Robinson et al., 1994). Al-
though the ring canals have been examined in thin sections
at low resolution, surprisingly no one has described the
distribution, polarity, length, number or packing of the ac-
tin filaments in the canal in wild-type Drosophila or in mu-
tants. Nor has it been determined if the “homogenous ma-
terial” at the borders of the canal is even filamentous
(Mahowald, 1971; Mahowald and Kambysellis, 1980; Yue
and Spradling, 1992; Robinson et al., 1994). This lack of in-
formation is possibly due to the fact that these egg cham-
bers are difficult to fix. A more likely reason is that thin
section analysis before or after detergent extraction, or ac-
tin filament decoration with subfragment 1 of myosin, is te-
dious, labor intensive, and old-fashioned.

The purpose of this paper is to describe the organization
of the actin filaments in ring canals in some detail and to
suggest how this canal increases in diameter, length and
width. A puzzling feature of ring canal actin filaments (re-
call that the ring canal is derived from the contractile ring)
is that this ring does not contract, but in fact does just the
opposite, it expands. During an early stage in egg chamber
maturation (e.g., stage 2) the ring canal is less than 0.5 pm
in diameter, yet at a late stage (e.g., stage 11) it is 10 pm in
diameter (Warn et al., 1985). As will be documented be-
low this expansion requires a 134-fold increase in the total
length of F-actin as well as an increase in the number of
actin filaments.

It is our hope that this detailed description of ring canal
development will be useful to other investigators employ-
ing this system to understand how actin scaffolds are formed.
We also describe the ring canals in kelch mutants that fail
to express a ring canal protein (Xue and Cooley, 1993) as
it helps us to understand the net-like structure of the ring
canal in stages 6-11. The kelch protein has homology to
the actin binding and crossbridging protein, scruin (Way et
al., 1995), found in Limulus sperm (Tilney, 1975).

Materials and Methods

Culturing of Drosophila

Wild-type (Canton S) and kelch mutant (Xue and Cooley, 1993) flies were
obtained from Lynn Cooley (Yale University, New Haven, CT) and cul-
tured using standard methods at 25°C. The kel"* allele was maintained
over the CyO balancer (Lindsley and Zimm, 1992). kel*°/kel™® adult fe-
males were identified by their wild-type (Cy*/Cy*) wing phenotype. To
obtain ovarioles with follicles at all stages in oogenesis we took newly
emerged flies and placed them in new vials for 4 d. 1 d before killing we
added a small dollop of yeast paste to stimulate oogenesis. By the time of
death the females had enormous abdomens with ovarioles swollen with
egg chambers at all stages.

Drosophila Saline

One of the keys to adequate fixation is to dissect out the egg chambers in a
Drosophila saline that is not hypertonic. Singleton and Woodruff (1994)
analyzed Drosophila hemolymph and found that the tonicity of the
hemolymph is 255 mOsmol/l, lower than that of all existing formulations
of Drosophila saline. They then designed a saline that had the same osmo-
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larity by freezing point depression as Drosophila hemolymph. Physiologi-
cally this difference in tonicity is essential in maintaining the egg chambers
in a “functioning” state as assayed by (a) dye spread from the nurse cells
to the oocyte and (b) potential differences across the epithelium. We use
their glutamate saline solution made up with the following ingredients:
100 mM sodium glutamate, 25 mM KCl, 15 mM MgCl,, 5 mM CaSO,, and
2 mM sodium phosphate buffer at pH 6.9. This solution is slightly hypo-
tonic but it can be made isotonic by the addition of glucose if necessary.

Light Microscope Procedures

After ovarioles and egg chambers are dissected, fixed, and washed, we ex-
amine them with a fluorescent microscope using the methods of Peifer et al.
(1993). This includes fixation for 15-30 min with freshly made paraformal-
dehyde in a solution as follows: 5.0 ml of 0.2 M Pipes, 0.4 ml of 25% Triton
X-100, 4.0 ml 2.5% paraformaldehyde, 40 pl 250 mM EDTA neutralized
to pH 7.0, 0.4 m! 50 mM MgSO,, 160 ! H,O. The material is then washed
in a solution of 50 mM Tris (pH 7.4), 150 mM NaCl and 0.5% Nonidet
containing goat serum and BSA, and then incubated with phalloidin con-
jugated to thodamine (Sigma Chem. Co., St. Louis, MO). The preparation
is then examined with a Zeiss Universal fluorescent microscope (Carl
Zeiss, Inc., Thornwood, NY).

Detergent Extraction

After dissection in the glutamate saline solution just described, egg cham-
bers are extracted for 10 min at 4°C in a solution containing 1% Triton
X-100, 3 mM MgCl,, and 30 mM Tris (pH 7.5) with agitation on a rotating
shaker. After 10 min, the detergent extracted egg chambers are fixed by
immersion. In some preparations we add phalloidin to the detergent solu-
tion and in the fixative to be sure that the filaments do not break down be-
fore fixation.

Decoration with Subfragment 1 of Myosin (S1)

After detergent extraction, the egg chambers are incubated in a solution
containing 4 mg/ml S1 in 0.1 M phosphate buffer (pH 6.8) for 20 min at
room temperature on a rotating table. The S1 had been prepared many
years before and kept frozen in small aliquots in liquid nitrogen at a con-
centration of 70 mg/ml (Tilney and Tilney, 1994).

After decoration, the specimen is washed in phosphate buffer and fixed
at room temperature in 1% glutaraldehyde in 0.1 M phosphate buffer at
pH 6.8 containing 2% tannic acid. The preparation is then washed in
buffer and postfixed for 45 min at 4°C in 1% OsQO, in 0.1 M phosphate
buffer at pH 6.2 and processed further as mentioned below.

Electron Microscope Procedures

For routine examination of egg chambers before or after detergent extrac-
tion they are fixed by immersion in a freshly made solution of 1% glutaral-
dehyde (from an 8% stock; Electron Microscope Sciences, Fort Washing-
ton, PA), 1% 0OsO, and 0.05 M phosphate buffer at pH 6.2. Fixation is
carried out for 45 min at 4°C. Because the glutamate in the Drosophila sa-
line (small quantities are introduced when the egg chambers are pipetted
into fixative) interacts with the fixative after 5 min the egg chambers are
put into fresh fixative.

After fixation the egg chambers are washed three times for 5 min each
in 4°C water to remove excess phosphate and then stained en bloc over-
night in 0.5% uranyl acetate. The specimens are then dehydrated in ace-
tone and embedded in Epon. Thin sections are cut with a diamond knife,
stained with uranyl acetate and lead citrate, and examined with a Philips
200 electron microscope. It is essential to examine uncoated grids.

Rationale for Fixation Methods Used

To visualize the actin cytoskeleton one must extract from view as many
soluble components as possible because with conventional fixation they
obscure the actin cytoskeleton (see Tilney and Tilney 1994). For Dro-
sophila egg chambers this turns out to be a particularly thorny problem as
each egg chamber is surrounded not only by a layer of follicle cells, but
worse, by a thick basement membrane secreted by the follicle cells. Fur-
thermore the nurse cells produce large numbers of soluble macromole-
cules: ribosomes, tRNAs, mRNAs, and proteins for use later on in devel-
opment.

The key to fixation of the egg chambers is to use an isotonic or slightly
hypotonic saline solution so that the oocyte and nurse cells are not
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shrunken before fixation. This seems obvious, but, as already mentioned,
most Drosophila saline solutions are hypertonic to Drosophila hemolymph
(Singleton and Woodruff, 1994). We then use a fixative designed to ex-
tract the soluble proteins but maintain the cytoskeleton (see Tilney and
Tilney, 1994). Briefly, if one uses osmium and glutaraldehyde together,
the osmium pokes holes in the plasma membrane that allows small soluble
proteins to escape before being cross-linked in place by the fixative. The
fixative is made in a low pH phosphate buffer that tends to stabilize the
actin filaments to the destructive properties of osmium. To further avoid
osmium mediated degradation, fixation is carried out at 4°C for no longer
than 45 min (Tilney and Tilney, 1994). More details of the cytoskeleton
can be visualized if the egg chamber is detergent extracted before fixation.

Actin Filament Measurements

Thin sections of detergent extracted egg chambers were scanned and pho-
tographs of vertical sections (see Fig. 3) through canals were taken at
35,000%. Favorable negatives were enlarged photographically to 200,000~
250,000 times. Under a lit magnifier the number of dots or transverse sec-
tions of actin filaments was counted. As each dot on the micrograph was
counted it was crossed off with a grease pencil so no dots were counted
more than once. Some micrographs were counted twice; the difference in
actin filament number was less than 1%.

To obtain the density (number of filaments per pm?) we overlaid mi-
crographs of vertical sections of ring canals with a sheet of mylar and
traced the region that was counted. This region was cut out and weighed
and compared to a cut out of a pm? that had been magnified to the same
degree. Because ring canals in stages 6 to 10 consist of separate bundles of
filaments, we cut out only that part of the ring canal that contained fila-
ments (e.g., see Fig. 5, the cross section of the ring of a stage 9 egg cham-
ber has 4 portions on the right).

Results
Phalloidin Staining of F-Actin in Ring Canals

Each egg chamber contains a single developing oocyte and
15 nurse cells all surrounded by a layer of follicle cells (Fig.
1). The nurse cells and oocyte are all derived from four
consecutive mitotic divisions of a single germ line cell. Cy-
tokinesis is incomplete resulting in all 16 cells being con-
nected together by intracellular bridges that subsequently
differentiate into ring canals (Fig. 2). Each oocyte has four
ring canals (Figs. 1 and 2) as does one of the nurse cells.
Two other nurse cells have three ring canals, four contain
two, and the remaining eight have only one(Fig. 2). Be-
cause there are four consecutive divisions and time has
passed between these divisions, logically the oocyte (la-
beled O in Fig. 2) must have rings of different diameters.
This can be seen by carefully examining the oocyte illus-
trated in Fig. 1, where canals of 4-9, 3-8, 2-9, and 2:6 um
are present. Since the last mitotic division would give rise
to the smallest canals and the most recently formed cells
must be located at the periphery of the mass of 16 cells, we
would predict that the smallest canals would located far-
thest from the oocyte. This is indeed true (Fig. 1, arrow).
Thus, the diameters of the ring canals vary in a predictable
way that is dependent upon the time elapsed during these
mitotic divisions.

Organization of Actin Filaments in Ring Canals

The terminology we use to describe the plane of sections
through the ring canals is illustrated in Fig. 3. It is easy to
obtain vertical, oblique and grazing sections through ca-
nals, but horizontal sections are difficult to get because the
egg chambers, even at early stages, are large relative to the
thickness of thin sections and the orientation of the canal
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Figure 1. A portion of a single ovariole stained with fluorescent
phalloidin illustrating two egg chambers. The oocyte (O) of each
egg chamber is round and contains four ring canals of different
diameters. The arrow points to a ring canal between two nurse
cells located furthest from the oocyte. This canal was formed dur-
ing the last mitotic division of the germ line cell. Its diameter is
identical to the smallest of the four ring canals of the oocyte. Ring
canals between many of the 15 nurse cells can also be seen.

is not predictable. For example, a stage 4 egg chamber is
40-50 um in diameter and by stage 9 the egg chamber is
150 X 300 pm while the section thickness is only 0.05 wm.

In Fig. 4 a we depict a horizontal section through a ring
canal of a stage 9 egg chamber. This canal connects the cy-
toplasm of a nurse cell with oocyte cytoplasm. These
would be located in planes in front and behind this section.
Located within the canal are mitochondria, ER, and ribo-
somes, presumably on their way into the oocyte. At the
margins of the canal is a layer of filaments aligned circum-
ferentially around the canal (Fig. 4 ). From the phalloidin
staining illustrated earlier (Figs. 1 and 4 a, inset) we can
show that these filaments are actin filaments,

In vertical sections through a ring canal (Fig. 4 c) the
plasma membranes of two adjacent cells can be easily
identified even at low magnification because of the layer

63



Figure 2. Drawing illustrat-
ing the appearance of the
ring canals during the four
consecutive mitotic divisions
of the germline cell in the egg
chamber. Each oocyte (O) is
ultimately connected to four
nurse cells. As ring canal di-
ameter increases during the
time period that has elapsed
during these four divisions
the canals will be of different
sizes depending upon when
division occurred. Signifi-
cant is the fact that the nurse
cells with the smallest canals
should be located at the pe-
riphery of this 16-cell cluster
while the oocyte will have
four ring canals, each of a dif-
ferent diameter.

of electron dense material attached to the cytoplasmic sur-
face of the common plasma membrane: inside this is some
filamentous material which must be the actin filaments
that we visualize by phalloidin staining. Peripheral to the
ring capal the oocyte plasma membrane has numerous
projections or microvilli extending from the surface of the
oocyte membrane (Fig. 4 a). The actin filaments in these
microvilli account for the diffuse phalloidin staining of the
outer ring (Fig. 4 a, inset).

Careful examination of the ring canals present in stage 6
and older egg chambers reveals that the actin-containing
ring is not homogeneous but instead consists of bundles of
actin filaments. Similar bundles have recently been de-
scribed by Riparbelli and Callaini (1995). In spaces be-
tween the actin filament bundles we find ribosomes and
small vesicles (Fig. 4, a and b).

From thin sections through egg chambers extracted with
Triton the plasma membrane and most of the other cyto-

GRAZING

HORIZONTAL

VERTICAL OBLIQUE

Figure 3. Drawing illustrating four possible section planes that
will be made through an individual ring canal, e.g., horizontal,
vertical, grazing and oblique. Beneath each is the image of the
ring canal visualized in a thin section.

solic membranes are solubilized and all that remains are
the chromatin, ribosomes, and the cytoskeleton. None of
these components diffuse away because they are enclosed
by the basement membrane that surrounds the entire egg
chamber, a layer secreted by the follicle cells. If collage-
nase is added either before or during detergent extraction
everything disperses as the basement membrane has been
solubilized.

The electron-dense material formerly located on the in-
ner surface of the plasma membrane remains attached to
the actin filaments in the ring so that the outer margin is
still distinct. At the same time the underlying actin fila-
ments are clearly visible because the soluble proteins have
diffused away before fixation. Thus, in a horizontal section
individual filaments can be resolved; some are several mi-
crons in length (data not shown). In vertical sections the
actin filaments in the ring appear as dots as they are cut in
transverse section (Fig. 5). Vertical sections from stage 6
to stage 10 show clusters of dots or a network of actin fila-
ment bundles. In the spaces between the bundles we see ri-
bosomes. Even though the same network pattern exists in
non extracted preparations of ring canals of stages 6 to 10,
we were concerned that the separations between bundles
might be larger in extracted preparations due to the depo-
lymerization of the actin filaments before fixation. This
does not seem to be a concern because if we add phalloi-
din to the detergent solution, which should stabilize the ac-
tin filaments so that they do not depolymerize before fixa-

Figure 4. (a) A horizontal section through a ring canal of a stage 9 egg chamber. Attached to the cytoplasmic surface of the plasma
membrane limiting the canal is a thin layer of electron dense material. Within this material is a layer of actin filaments that encircles the
canal. Within the canal proper (which connects the developing oocyte to a nurse cell) are mitochondria, elements of rough ER, a vacu-
ole, and ribosomes. Peripheral to the canal proper are numerous microvilli (M:) that are connected to the plasma membrane of the oo-
cyte (upper part of the sections) and a nurse cell (lower part). We can identify the oocyte microvilli by the coated pits and vesicles used
in yolk protein uptake. The insert is a fluorescent micrograph of an individual ring canal in a stage 7 egg chamber stained with fluores-
cent phalloidin. The fluorescence of the inner ring is due to the actin filaments in the ring canal proper. The outer, more diffuse, fluores-
cence ring can be ascribed to actin filaments in the microvilli that surround the ring canal. (b) Higher magnification of the ring canal il-
lustrated in a. The actin filaments in this horizontal section can be seen to be arranged circumferentially around the canal. The electron
dense material can be seen to be attached to the cytoplasmic face of the plasma membrane limiting the canal. (c) A vertical section
through a ring canal. Attached to the cytoplasmic face of the plasma membrane limiting the ring canal is some electron-dense material
and within this is at low resolution some amorphous material that at higher resolution appears as electron dense dots or cross sections of
actin filaments. This canal connects the cytoplasm of two adjacent cells.
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Figure 6. (a) Thin section through a portion of an egg chamber of an ovariole that had been detergent extracted for 10 min then incu-
bated in subfragment 1 of myosin before fixation. In this section is a portion of a former ring canal. The electron dense material limiting
the canal on its margins is visible. The arrows point to the filaments that will be shown at higher magnification in b. (b) A portion of the
section illustrated in 6 a is shown at higher magnification. Near and in some cases extending from the electron dense material that lim-
ited the margin of a ring canal are some actin filaments decorated with subfragment 1 of myosin to reveal an arrowhead appearance. Of
particular interest is the fact that the filaments illustrated here demonstrate mixed polarities. The polarity of four of these are indicated

by the arrows.

tion, the same discontinuities of approximately the same
size in the actin ring and the electron dense material are
found.

Actin Filaments in the Ring Canals Have
Mixed Polarities

Surrounding each ovariole is a thin layer of skeletal mus-
cle that, by contracting, moves the developing egg cham-
bers posteriorly. To visualize the polarity of the actin fila-
ments one can decorate them with subfragment 1 of myosin
that gives the filaments an arrowhead appearance. The ac-
tin filaments in these muscles decorate beautifully after
detergent extraction. Because detergent extraction, which
is necessary to allow the S1 to diffuse into the egg cham-
bers, solubilizes formed organelles and membranes, the
ring canals do not necessarily remain in their original ori-
entations.

The electron-dense material that was formerly attached
to the cytoplasmic surface of the plasma membrane around
the ring canals continues to be associated with the actin fil-
aments surrounding the ring canals (Fig. 6 a). Inside this
dense material is a large population of decorated actin fila-

ments. Two features are obvious; first, individual filaments
can be followed for distances of up to 3 um and second,
while individual filaments display unidirectional polarity
as judged by the S1 arrowheads, a comparison of neigh-
boring filaments in the same canal reveals some pointing
one way, others in the opposite direction (Fig. 6 b). Thus,
the filaments in the ring canals are of mixed polarities.

Expansion of the Ring Canals during Oogenesis

Besides the obvious increase in ring canal diameter during
development, there is also a dramatic increase in thickness
and in length of the ring canals (see Fig. 7 for the terminol-
ogy). We used phalloidin stabilized, extracted prepara-
tions because we can count the filament number in vertical
sections and at the same time measure the diameter, thick-
ness and length of the canals (Tables I and I and Fig. 5).
Ring canals of stage 2 egg chambers measure 0.5-1.0 um
in diameter by light microscopy (Warn et al., 1985) and
0.65 pm in thin, vertical sections. By stage 11 some have
reached their maximum diameter of 10 pm. This change in
diameter of ~15-fold is an increase in circumference (mwd)
of 29.4 pm (107—0.657). From these same vertical sections

Figure 5. (a) Ring canals of detergent extracted egg chambers of stage 2, stage 3, stage 6, and stage 9. From micrographs such as these
we can measure the diameter, thickness, and the length of the ring canals. In stage 2 and 3 egg chambers the actin filament part of the
ring is homogeneous, yet by stage 9 the actin containing portion is broken into four discrete bundles on the right hand and 3 on the left.
(b) Portions of the right side of the ring canals illustrated at higher magnification. The electron dense dots are cross sections of actin fil-
aments.
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Figure 7. Drawing illustrating the terminology we will use to de-
scribe the dimensions of the ring canal.

we can determine the number of actin filaments in each
half ring canal by enlarging the requisite micrographs and
counting the number of actin filaments seen in cross sec-
tion (see Table II). In a stage 2 ring canal we count 82 fila-
ments and in a stage 9 ring canal 726.

From the above values we can calculate the total length
of F-actin per canal which is the filament number times the
circumference. This calculation is interesting because it
tells us how much F-actin is added to the ring canal as it in-
creases in diameter. Thus, in a stage 2 egg chamber there is
170 pm of F-actin (0.65 X w X 82) per canal and in a stage
9 ring canal 14,316 pm (6.28 X w X 726). Assuming the
same filament number at stage 11 (we have no direct ob-
servations on the number), there should be 22,796 pm (10
X 1 X 726) or a 134-fold increase during development.

How is F-actin assembly increased by 134-fold during
ring canal development? Do the ring canals increase in
size at a constant rate throughout development or are
there periods of rapid expansion followed by periods of
slower expansion and how does this relate to increases in
the amount of F-actin? To answer these questions we ex-
amined specific stages in development and correlated
changes in the diameter, width, and length of the ring ca-
nals with the amount of F-actin. Specific stages are identi-
fied by changes in the morphology of the egg chambers
such as the distribution of follicle cells, total dimensions,

Table 1. Dimensions of the Ring Canal during Stages in
Development

Stage Thickness SEM Length SEM Diameter SEM

2 0.06 (5) 0.01 0.22 (5) 0.01 0.65 (3) 0.18
3 0.24 (4) 0.02 033(5) 0.03 1.02 (2) 0.01
5 0.41(9) 0.04 0.46(11) 0.02 1.52 (6) 0.07
6 0.35(13) 0.02 0.58 (11) 0.03 229 (7) 0.17
7 0.26 (8) 0.01 0.90(2) 0.08 4.62 (5) 0.21
9 0.37 1.87 6.28

All measurements are in microns. The number in parentheses, number of canals ex-
amined.
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Table II. Measurement of Actin Filaments in the Ring Canals
during Stages in Development

Stage Filament Density Total length
no./ring filament no./um? um?

2 82 3727 170

3 366 4206 1172

6 717 5049 5403

7 768 3918 12,781

9 726 4118 14,316

the appearance of yolk platelets and nurse cell dumping.
From information published in the literature (see Sprad-
ling, 1993) we first related egg chamber stage, e.g., 2-11, to
elapsed time in development as it is the latter that is im-
portant here (Fig. 8 a). Using this standard curve and in-
formation included in Tables I and II we can express the
increase in ring canal diameter, thickness and length (Fig.
8, b—d) relative to developmental time.

What our measurements show is that the ring canal di-
ameter (Fig. 8 b) increases slowly until stage 5; from stage
S on the diameter increases dramatically. In contrast the
thickness of the actin containing portion of the ring in-
creases during stages 2-5, but after stage 5 no further in-
crease in thickness occurs (Fig. 8 ¢). Thus, canal thickness
and diameter appear to be increasing at different times
during development. The length of the ring increases from
stage 2 until stage 10 (Fig. 8 d). The growth in the early
stages (stages 2-5) is due to an increase in the number of
actin filaments. As ring length increases from stage 6 to
stage 10 the total number of filaments (as assayed by the
number of filaments counted in single cross section
through the canal, Tables I and IT) remains constant (Ta-
ble IT) but bundles appear with separations between them.
Another way of expressing this is to measure the density
of the actin filaments as a function of time (Fig. 9 a). Here
we disregard the spaces between the bundles. For exam-
ple, in Fig. 5, a vertical section of a stage 9 egg chamber,
there are three to four discrete bundles in the ring. The
density of actin is calculated from the bundles only, not the
space between them. It turns out that the density or num-
ber of actin filaments per unit area in a thin section re-
mains constant throughout development (Fig. 9 a). After
stage 5 increases in canal length must occur by breaks or
discontinuities appearing in the F-actin containing rings.
Thus, the ring canals of older stages are composed of an
interlocking net of filament bundles, a conclusion strength-
ened by our data on the kelch ring canals (see below).

Finally, we plotted the total length of F-actin vs. devel-
opmental time (Fig. 9 ¢). What this curve shows is that al-
though the density of the filaments remains constant (Fig.
9 a), there is a huge increase in the total amount of actin at
later stages in development, e.g., after stage 5. This is due
to the striking increase in circumference of the ring canals
in these later stages.

We are aware that there are inherent errors in these
measurements. First, although we tried to be accurate in
assessing the embryonic stages to individual egg chambers,
we recognize that until stage 11 each stage is 4-6 h in dura-
tion so exact timing is difficuit. Second, the diameters of
individual ring canals in the same egg chamber vary. These
differences in diameter reflect the age of the individual
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ring canals after formation (see Fig. 2). Since the ring ca-
nals on the oocyte are positioned at random, when we cut
sections through the surface of the oocyte we have no way
of knowing if a particular canal is the result of the first or
last mitotic division. On the other hand, it is possible that
we are measuring the same ring canal in each egg chamber
because each egg chamber is positioned in the microtome
in the same orientation. Thus, we try to cut a grazing sec-
tion through the interface between the oocyte and its near-
est nurse cells. And finally, there may be differences in the
total amount of F-actin in individual ring canals of the
same diameter. We counted the number of actin filaments
in three vertical sections through 3 different ring canals at
stage 10. The values are 677, 734, and 766. If these are rep-
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Figure 9. (a) Graphs of density of actin filaments vs. develop-
mental time; (b) number of actin filaments vs. time; and (c) total
amount of actin in the ring canal. The density remains constant as
does the number of filaments after stage 6, but the total amount
of actin continues to increase with time.

resentative values, then differences in individual ring ca-
nals of the same diameter would result in a relatively small
error.

How then does the F-actin in the ring increase? Where
are monomers added? How long are individual actin fila-
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ments? Why do bundles appear after stage 5 and lie in a
net instead of a homogeneous mat? One possibility for the
last question is that as the canal increases in diameter en-
tirely new assembly sites are activated on the ring canal
membrane. Thus, new bundles of actin would start appear-
ing. Such a hypothesis is strengthened by the data from ex-
amining the kelch mutant that provides additional informa-
tion on the net of actin bundles that appears from stage 6 on.

kelch Ring Canals

Cytoplasmic transport from the nurse cells into the oocyte
occurs in two phases. The first, or slow phase, begins at
stage 5 (Spradling, 1993). A second, or late phase, begins
in stage 11 egg chambers when massive dumping of nurse
cell cytoplasm into the oocyte occurs during a 30-min pe-
riod. From the literature the first defect noted in the kelch
egg chambers is in stage 7-8 egg chambers (Xue and
Cooley, 1992) when the oocyte increases in size more
slowly than the wild-type even though yolk protein uptake
occurs on time. The late phase fails to take place in the
kelch mutant egg chambers (Xue and Cooley, 1992) and,
accordingly, kelch females do not lay eggs and are sterile.
Antibodies to the kelch protein in wild-type flies localize
to the ring canals from stage 3 onwards (Xue and Cooley,
1992; Robinson et al., 1994). From light microscopic obser-
vations Robinson et al. (1994) conclude that the kelch
transport defect is due to occlusion, either partial or com-
plete, of the ring canals by actin filaments.

In thin sections we could find no differences in the actin
filament organization comparing wild-type and kelch ring
canals in thin sections of stage 2 to stage 5 egg chambers.
However, kelch ring canal diameter and length were
greater than those measured in the wild-type from stage 5
to stage 8 (see Table II and Table III). It appears that the
kelch ring canals are enlarging in diameter and length
ahead of schedule. Since we judge stage number in large
measure by the size of the egg chamber, it is probable that
the kelch egg chambers actually may develop more slowly
and thus are smaller than wild-type at the same stage.
What we notice is that the kelch nurse cells tend to degen-
erate prematurely e.g.. from stage 8 to stage 10. The onset
of degeneration is variable and depends on the specific egg
chamber and the specific ovariole, some earlier than oth-
ers. What we mean by degeneration is a vacuolization and
loss of density of the cytoplasm and loss of the continuity
in the nuclear envelope. In short, degeneration can occur
well before the stage when nurse cell dumping should occur.

Changes in the actin filament organization in kelch ring
canals begin at stage 6 and continue until degeneration
sets in. Bundles composed of parallel oriented filaments
extending from the dense material associated with the cy-
toplasmic surface of the plasma membrane in the canal en-
ter into the canal proper (Fig. 10) as if not firmly attached
to the dense material. These bundles can join with other
bundles and a single bundle of filaments can fray into a
number of sub-bundles. The cytoplasm between these
fraying and anastomosing strands contains ribosomes,
small elements of the rough surfaced ER, and vesicles and
vacuoles of varying sizes and density. The behavior of
these bundles can be best appreciated by examination of
our tracings of serial sections through one canal (Fig. 11).
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Table I1I. Dimensions of kelch Ring Canals during Stages in
Development

Stage Length SEM Diameter SEM
3 0.25 (1) 0.60 (1)

5 0.60 (4) 0.02 2.58 (3) 0.13
8 097 4) 0.03 499 (2) 0.71
9 0.90 (9) 0.48 4.51(5) 0.48

All measurements are in microns. The number in parentheses, number of canals exam-
ined.

By stage 9 to stage 10 measurements of the canal length of
kelch ring canals is less than that of the wild-type (Table
IIT). This reinforces our reconstructions and emphasizes
that what is occurring in this mutant is that the filament
bundles, which in the wild type remain at the margins,
stray away from the margins into the canal proper. Thus,
the canal proper looks like it contains a network of bun-
dles where individual bundles are separated by greater dis-
tances than in the wild-type. The canal proper is never
completely occluded however; ail the canals we have ex-
amined have a lumen large enough to pass mitochondria
as well as space between the bundies that would allow
movement of organelles through the canal. Thus, the fail-
ure to produce eggs is not simply due to occlusion or par-
tial occlusion of the ring canals, but is instead somehow re-
lated to the degeneration of the nurse cells and oocyte at
stages before nurse cell dumping.

Discussion

Organization of Actin Filaments in the Ring Canal

Although it has been assumed that the actin filaments in
the ring canals are arranged in a circumferential pattern
based upon the arrangement of the actin filaments in the
contractile ring of dividing animali cells and in the band in-
side the zonula adherens in epithelial cells, to our knowi-
edge this is the first detailed report that demonstrates this
conclusively in the ring canals of Drosophila. From sec-
tions of known orientation we find that the actin filaments
in the ring canals are circumferentially oriented, aligned
parallel to each other, and at all stages packed at approxi-
mately the same density although not packed with a high
degree of order (e.g., hexagonally packed). By decorating
the actin filaments in the ring canals with subfragment 1 of
myosin (S1) we can glean two additional facts, namely that
the filaments in the ring canal tend to be long, e.g., more
that 3 pm in length and are bipolar in orientation.

Ring Canal Increases in Diameter, Thickness, and
Length in Two Discrete Phases

During oogenesis there are substantial increases in ring ca-
nal diameter (15-fold), circumference (45-fold), thickness
(6-fold), and tube length (6-fold) (summarized in Fig. 12).
These changes occur in two phases. First the canal in-
creases in thickness from stage 2 to stage 5 during a period
when the diameter is essentially unchanged (Fig. 8 b). This
involves an increase in the number of filaments seen in a
transverse section from 80 at stage 2 to ~~700 at stage 6.
From stage 5 until nurse cell dumping (stage 11) the fila-
ment number does not change (Fig. 9 b). During the sec-

70



Figure 10. (a—d) Thin sections through kelch mutant ring canals of a stage 9 egg chamber. Unlike the wild-type ring canals (Figs. 4 and
5), the actin filaments normally located exclusively near the inside electron dense rim of the canal extend as bundles from the rim into
the lumen. The filaments within the bundles lie parallel to each other. Adjacent bundles join and separate from each other. In nearly
vertical sections a central opening between adjacent cells can be found containing mitochondria.
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Figure 11. Tracing of serial
sections through one ring ca-
nal of a stage 9 egg chamber
of a kelch mutant.

ond phase the diameter and accordingly the circumference
increases dramatically resulting in a threefold increase in
total filament length. This huge increase in the amount of
F-actin is accompanied by a conversion of the single actin
ring into a ring of anastomosing bundles of filaments (Fig.
12). This 2-phase strategy of ring canal construction makes
good sense biologically. Since the function of the actin
containing portion of the ring seems to be to stabilize the
ring and thus ensure that the canal remains open during
development and does not collapse, it must be constructed
early in development. This is essential as mRNAs are
transported throughout development from the nurse cells
to the oocyte (see Cooley and Theurkauf, 1994). Once the
wall of the canal has been stabilized, the canal can gradu-
ally increase in diameter.

In another actin-containing system, namely the forma-
tion of stereocilia in hair cells of the inner ear, there are, as
in the formation of the mature ring canal, discrete phases
in the formation of stereocilia (see Tilney et al., 1992).
These developmental steps are attributable to actin fila-
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Figure 12. Drawing illustrating the growth of a ring canal from
stage 2 (1) to stage 4 (2) to stage 9 (3). See text for details.

ment nucleation, elongation and crossbridging into bundles.

Expansion of the Ring Canal

Careful analysis of the expansion of the ring canal made us
aware of two features that were not recognized or appreci-
ated heretofore. First, from stage 5 onwards the initially
homogeneous actin ring is transformed into an anastomos-
ing network of filament bundles. Second, since the density
or number of filaments per unit area in our vertical sec-
tions through ring canals remains constant throughout de-
velopment even though the filament number increases in
the first phase or forms a network in the second phase, the
filaments must be crosslinked to the same degree at all
stages. Thus, there must be a constant ratio of crosslinking
molecules to F-actin. This is not a trivial point as we esti-
mate that during development there is a 134-fold increase
in F-actin such that at stage 10 a single ring canal contains
23 mm (w X 10 wm X 726) or nearly one inch of actin.

Given these facts, the question that immediately comes
to mind is how does the ring canal expand. Does the 134-
fold increase in F-actin arise exclusively by adding G-actin
to the ends of existing filaments or are new filaments as-
sembled, or both? Do filaments slide past one another and
if so, how, given that there is no seam in the canal and the
filaments are crossbridged together?

One can think of a number of possibilities to explain ring
canal expansion. The first is an expanding gel theory. In
this model a donut shaped gel expands. The donut and the
hole get bigger. This model would predict that the density
inside the donut would decrease. Since the density (num-
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ber per unit area) of filaments in the actin ring remains
constant throughout expansion, this model clearly does
not jibe with our results.

A second model is that of sliding filaments past one an-
other to expand the canal. The only known motors that in-
duce sliding of actin filaments are the myosins whose di-
rection of movement is dictated by the polarity of the actin
filaments. Since the ring canal is a derivative of a contrac-
tile ring used in cytokinesis, it is likely that the barbed ends
of the filaments are attached to the membrane. The fila-
ments would then slide past one another by the action of
myosin and the ring would contract by necessity because
the actin attached to the membrane can only pull the
membrane inwards, based on the polarity of actin just like
the contractile ring during cytokinesis. Thus, this model is
incompatible with expansion.

A third model is that individual filaments in the canal in-
crease in length by the addition of subunits and expansion
occurs by the sliding of filaments past one another using
cross-links that are made and broken repeatedly. Addi-
tional cross-links must be added so that they remain in
proportion to the increases in filament length. In this
model sliding of the elongating filaments must occur as
there is no seam in the canal or a specific end point for all
the filaments in the canal. Such a model would lead to ex-
tremely long filaments as the circumference of a stage 10
ring is wD or 31.4 pm so that the minimum length of fila-
ments would be at least 30 pm There is very little informa-
tion on actin filament lengths, but filaments longer than
5~10 pm, the length of filaments in microvilli or stereocilia
(see Tilney et al., 1992) are rare. The only documented
case is in Limulus sperm where 60-pm-long filaments oc-
cur, but this is an unusual case as each filament is stabi-
lized by overlapping scruin molecules that inhibit filament
or breakdown (Tilney, 1975; Tilney et al., 1981). Thus, al-
though this model is possible, we feel that it is unlikely.

The final model is based on the growth of Listeria tails
(see Tilney and Tilney, 1994). In this model the ring grows
by polymerization of actin at the membrane from new
sites. After stage 5 when the thickness of the ring has
reached its maximum value, we invision that new filaments
are assembled in proportion to increases in the diameter
of the ring. This model is consistent with our data with the
proviso that bundles of newly assembled actin filaments
must slide past other bundles to increase the radius of the
ring. What is intriguing about this model is that if the bun-
dles are not tightly associated with each other, they may
end up in the lumen of the canal. This may explain our ob-
servations on the kelch mutant where the bundles of actin
filaments enter and partly occlude the lumen of the canal.

What Might Be the Function of the kelch Protein?

The kelch-encoded protein has homology with the actin
binding protein, scruin, found in Limulus sperm (Way et al.,
1995). From three-dimensional reconstructions (DeRosier
et al., 1982; Bullitt et al., 1988; Schmid et al., 1991, 1994;
Owen et al., 1993) it has been determined that a single
scruin molecule binds to two adjacent subunits on a single
actin filament. By doing so scruin stabilizes the filaments
(a) so that they do not depolymerize, (b) so that the helical
symmetry of the filaments is fixed, and (¢) so that actin
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binding proteins such as myosin will not interact with the
filaments. Furthermore, the outer surfaces of a scruin mol-
ecule, e.g., the portion not attached to the actin filament or
the back of the molecule, can interact with the outer sur-
face or back of another scruin molecule on an adjacent fil-
ament. Consequently scruin may act as a cross-linker of
adjacent filaments albeit in a different way than conven-
tional crosslinks such as fimbrin or fascin.

Unlike scruin, which contains two large nearly identical
domains on either end of the molecule and many tiny re-
peated domains, the kelch protein has only one large do-
main with a series of repeated domains nearly identical to
the tiny domains of scruin. Thus, it is likely that kelch can
only bind to one subunit in an actin filament rather than
two. Whether kelch protein can dimerize has not been es-
tablished nor is it known whether the backs of kelch pro-
teins located on two adjacent actin filaments can interact
and lead to adjacent filament association. Along these
lines, we should mention that the NH,-terminal region of
kelch is related to domains responsible for protein—protein
interactions among a large class of transcription factors
(Bardwell and Treisman, 1994). The BTB domain (also
known as the POZ domain) is a NH,-terminal feature
found in transcription factors encoded by the Drosophila
bric-a-brac, tramtrack, and Broad-Complex genes (Harri-
son and Travers, 1990; DiBello et al., 1991; Zollman et al.,
1994). How this domain relates to kelch function is un-
clear.

From the literature we know that the kelch proteins can
be found in the ring canals of stage 2 to stage 11 egg cham-
bers by antibody staining (Robinson et al., 1994). How-
ever, no discernible phenotype is seen in kelch mutants un-
til stage 7 or stage 8 at which point the oocyte appears
slightly smaller in size and grows at a slower rate. Later the
characteristic nurse cell dumping in stage 11 egg chambers
fails to occur; Robinson et al. (1994) conclude that this is
due to canal occlusion or partial occlusion by individual
actin filaments, a process that began at stage 7 or 8 as the
canals appear somewhat thicker. With the greater resolu-
tion achieved with the electron microscope on thin sec-
tions and from serial sections of kelch mutants we now
know that the canals remain open albeit with tendrils of
actin filament bundles extending into the canal. The exist-
ing opening could allow mitochondria and other large or-
ganelles to be transferred to the egg. We found here that
the nurse cells in kelch mutants begin to degenerate pre-
maturely, well before the nurse cell dumping phase. This
degeneration includes loss of the tfiuclear envelope and
vacuolization of the cytoplasm. We know from the litera-
ture that if Drosophila are in a hostile environment for lar-
val growth, e.g., low humidity, lack of nutrients, or seem-
ingly idiosyncratic factors (see Spradling, 1993) eggs, even
mature eggs, are not laid, but resorbed. Thus, factors that
slow development will inhibit the eggs from precociously
entering the oviduct. We think that may explain why kelch
females do not lay eggs, the eggs having degenerated be-
fore ovulation. The question then becomes: what is the ex-
act function of the kelch protein and why does its absence
slow development? One possibility, mentioned in the pre-
ceding section is that the kelch protein may act to cross-
link adjacent bundles of filaments to each other. As new
bundles form and extend from the plasma membrane in-
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creasing the diameter of the ring, the kelch protein will
then hold these bundles together forming a compact net of
peripherally oriented bundles that together form a reason-
ably compact ring. If the kelch protein is absent, the bun-
dles are no longer compact but enter into the canal and
slow transport. Why the nurse cells degenerate prema-
turely is still not clear, but perhaps it is due to merely a
slowing of development. If the lifetime of the nurse cells is
under tight temporal control then premature nurse cell de-
generation would result in an immature egg that would be
resorbed.
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