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Abstract

Proper development and maturation of oocytes requires interaction with granulosa cells. Previous
reports have indicated that mammalian oocytes connect with cumulus cells through gap junctions
at the tip of transzonal projections that extend from the cells. Although the gap junctions between
oocytes and transzonal projections provide a pathway through which small molecules (<1 kDa)
can travel, it is unclear how molecules >1 kDa are transported between the oocytes and cumulus
cells. In this study, we presented new connections between oocytes and granulosa cells. The
green fluorescein protein Aequorea coerulescens green fluorescein protein (AcGFP1) localizing
in oocyte cell membrane, 1,1'-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate and
dextran conjugates (10,000 MW) injected into the oocytes, which were unable to pass through
gap junctions, were diffused from the oocytes into the surrounding granulosa cells through these
connections. These connect an oocyte to the surrounding cumulus and granulosa cells by fusing
with the cell membranes and forming a large complex during follicle development. Furthermore,
we show two characteristics of these connections during follicle development—the localization of
growth and differentiation factor-9 within the connections and the dynamics of the connections
at ovulation. This article presents for the first time that mammalian oocytes directly connect to
granulosa cells by fusing with the cell membrane, similar to that in Drosophila.

Summary Sentence

An oocyte connects with surrounding granulosa cells by fusing with cell membranes. These con-
nections are important for transportation between the oocyte and granulosa cells and for ovulation.
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Introduction

The process of oocyte development is supported by granulosa and
theca cells [1-7], and the bidirectional communication between an
oocyte and granulosa cells is important for the development and
maturation of the oocyte. As early as 1976, Anderson et al. reported
that oocytes are connected to companion cells through gap junctions
in mouse, rat, rabbit, and primate models [8], and several roles for

these connections have subsequently been reported. For example,
cyclic guanosine monophosphate, supplied by cumulus cells through
the gap junctions, controls oocyte meiotic arrest [5]. In mice lacking
connexin 37, which is a gap junction protein, the gap junctions be-
tween the oocytes and transzonal projections (TZPs) were ablated,
and oogenesis and follicular development were abnormal [9]. Thus,
gap junctions represent key communication pathways that control
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the development of oocytes and follicles [5, 6, 10]. On the other
hand, Drosophila oocytes are linked to 15 nurse cells by an in-
tercellular bridge called a ring canal [11, 12]. Transcription in the
Drosophila oocyte is inactive during oogenesis, and most of the mR-
NAs and proteins that are required for development are produced
and transported from the linked nurse cells through the ring canal
[13].

We examined the follicular development in mouse ovaries us-
ing time-lapse images of cultured ovarian tissue that was extracted
from mice containing the transgenes oogenesin 1 (Oogl) pro3.9
and ROSA26 (R26)-H2B-mCherry [14-17]. Through this original
culture method, we were able to observe the process from follicle
development to ovulation in vitro [17]. Oogl is an oocyte-specific
gene in the ovaries that is expressed after the start of meiosis [14],
and Ooglpro3.9 mice contain a transgene that connects the Oogl
promoter to a gene in the Aequorea coerulescens green fluorescein
protein (AcGFP1). The AcGFP1 signal is detected in the transgenic
oocytes beginning in the primordial follicle stage [15]. This gene
also contains a neuromodulin fragment that targets AcGFP1 to the
plasma membrane; therefore, AcGFP1 should be expressed only in
oocyte membranes in transgenic mice. However, we found that
AcGFP1-positive projections were elongated from the oocytes to
the granulosa-cell area, for example, with neuron dendrites. In this
study, we analyzed the structure of the projections, and clarified that
oocytes connect with surrounding granulosa cells by fusing with the
cell membrane. These connections were sustained in the cumulus—
oocyte complexes during follicle development, so we named them
connections in the cumulus-oocyte complex (CCOCs). Here we pro-
vide the characteristics and roles of CCOCs during follicle develop-
ment.

Materials and Methods

Animals

All mice used in our experiments were housed in an environmentally
controlled room maintained at 23 £ 1°C with a 12 h light/12 h
dark cycle. Animal care and the experiments using them were con-
ducted in accordance with the Guidelines for Animal Experimenta-
tion, Aichi Medical University, Japan, and were approved by The
Animal Care and Use Committee, Aichi Medical University (Ex-
perimental No.1150). In this report, two types of transgenic mice
were used-Ooglpro3.9 mice, provided by the RIKEN BioResource
Center through the National Bio-Resource Project of the Ministry
of Education, culture, Sports and Technology (MEXT), Japan (Ac-
cession No. BRC06134), and R26-H2B-mCherry mice, provided
by the RIKEN Center for Life Science Technologies (Accession
No. CDB.0239K, http://www.clst.riken.jp/arg/reporter_mice.html).
All transgenic mice were backcrossed to a C57BL/6 strain. Poly-
merase chain reaction (PCR) genotyping of each transgenic mouse
was as previously reported [15, 16].

Ovarian tissue culture

The ovarian tissue of a 4-week-old Ooglpro3.9/R26-H2B-mCherry
female mouse was sliced into four pieces and cultured on a cell-
culture insert. The culture conditions and detailed methods we used
were as reported previously [17].

Imaging of cultured ovarian slices

Time-lapse images of cultured ovarian slices were captured at 30
min intervals using a CellVoyager CV1000 confocal scanner box
(Yokogawa Electric Corporation).The Z-step size was 5 um, and
the Z-stack thickness was ~150 pum.

Ovary cryosection stains

Tissue sections were obtained by embedding the ovaries of 3- and
6-month-old female mice in optical cutting temperature compound
(Sakura Finetek). The ovaries were then frozen in liquid nitrogen
and cut to a thickness of 12 um using a cryostat, CM 3050S
(Leica Biosystems), before being fixed in 4% paraformaldehyde
(Nacalai Tesque, Inc.) for 20 min on ice and washed with Ca?*-
and Mg?*-free phosphate buffered saline (PBS). Cryosections were
treated with PBS containing 0.1% Triton X-100 for 10 min, and
blocked with Blocking One (Nacalai Tesque, Inc.) at room temper-
ature (RT). Sections were then incubated overnight with a chick
anti-green fluorescent protein (GFP) antibody (1:500 dilution; prod-
uct no. ab13970; Abcam, Inc.), or both of an anti-GFP antibody
and a rabbit anti-growth and differentiation factor-9 (GDF-9) anti-
body (1:200 dilution; product no. ab93892; Abcam, Inc.), at 4°C,
after which they were washed four times with PBS. The sections
were then incubated at RT for 90 min with goat anti-chick anti-
body Alexa Fluor 488 (1:500 dilution; product no.150169; Abcam,
Inc.), rhodamine phalloidin (1:1000 dilution; Thermo Fisher Sci-
entific), and DAPI (1:1000 dilution, SIGMA-Aldrich Corporation)
(Figures 1 and 3), or with goat anti-chick antibody Alexa Fluor 488,
goat anti- rabbit antibody Alexa Fluor 594 (1:500 dilution; product
no.ab150080; Abcam, Inc.), and DAPI (Figure 6). Following incuba-
tion, the sections were washed four times with PBS and cover-slipped
with Vectashield mounting medium (VECTOR Laboratories), before
images were captured using the LSM710 confocal microscope (Carl
Zeiss Microimaging Co., Ltd).

Injection of Dil and dextran conjugated with Alexa594
into oocytes

Dextran conjugated with Alexa Fluor 594 (Abcam, Inc.) was
injected into the oocytes of the cultured ovaries using a mi-
croinjector (Eppendorf). The tissues were cultured for 46 h, af-
ter which their images were captured using confocal microscopy.
Water-resistant gel paste containing CM-1,1’-dioctadecyl-3,3,3%,3’-
tetramethylindocarbocyanine perchlorate (Dil, Thermo Fisher) was
embedded into oocytes in 14-um-thick cryosections, and their time-
lapse images were captured at 10-min intervals using confocal mi-
croscopy, with a Z-step size of 2 um.

Electron microscopy

The ovaries of postnatal-day-4 wild-type (WT) female mice were
fixed overnight using 2% paraformaldehyde and 2% glutaraldehyde
(Electron Microscopy Sciences) in 0.1 M phosphate buffer (PB, pH
7.4) at 4°C. Following fixation, the samples were washed three times
with 0.1 M PB for 30 min, and fixed with 2% osmium tetroxide in
0.1 M PB for 2 h at 4°C. Samples were dehydrated in graded ethanol
solutions (50%: 20 min at 4°C; 70%: 20 min at 4°C; 90%: 20
min at RT; 100%: 20 min at RT), infiltrated twice with propylene
oxide (PO) for 30 min, and added to mixed solutions of 70% PO
and 30% resin (Nisshin EM Co.) for 1 h. Sample tube caps were
left open overnight to evaporate the volatile PO, before the samples
were transferred into 100% resin and polymerized for 48 h at 60°C.
Polymerized resin samples were cut into 70-nm sections using a
diamond knife and ultramicrotome (Leica Biosystems). The sections
were then stained with 2% uranyl acetate for 15 min at RT, washed
with distilled water, and then stained with lead stain solution (Sigma-
Aldrich Corporation) for 3 min at RT. The stained sections were
analyzed using a transmission electron microscope (JEOL Ltd), and
their images were captured using a charge-coupled device camera
(JEOL Ltd).
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Figure 1. Localization of AcGFP1 in the follicle and the cumulus-oocyte complex. (A and B) Follicles expressing AcGFP1 in the cultured ovary of an Oog1pro3.9
mouse. (C-F) Follicles stained using anti-GFP antibody (green), phalloidin (red), and DAPI (blue). (C) Primary follicle. (D) Secondary follicle. (E) An early antral

follicle. (F) Graafian follicle. Scale bars, 50 um.

Immunoelectron microscopy

The ovaries of 10-week-old Ooglpro3.9 mice were fixed with 4%
paraformaldehyde and 0.1% glutaraldehyde (Electron Microscopy
Sciences) in 0.1 M PB (pH 7.4) for 1 h at 4°C, after which they
were washed three times for 15 min each in 0.1 M PB. The fixed

ovaries were then dehydrated in 50% and 70% ethanol solutions
for 30 min at 4°C before being infiltrated three times with a mix-
ture of ethanol and resin (1:1) for 30 min at 4°C. Samples were
then transferred to fresh 100% resin and subjected to ultraviolet
polymerization overnight at 4°C. The ovaries embedded in
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polymerized resin were sliced into ultrathin 80-nm sections using a
diamond knife and ultramicrotome (Leica Biosystems) and mounted
on nickel grids. Sections were then incubated overnight at 4°C with
rabbit anti-GFP antibody (Abcam, Inc.) in PBS containing 1% bovine
serum albumin (BSA), washed three times for 1 min each with 1%
BSA/PBS, and incubated with anti-rabbit IgG antibody conjugated
with 10 nm gold particles for 2 h at RT. Following the three PBS
washes, the sections were fixed in 2% glutaraldehyde in 0.1 M PB,
dried, and then were stained for 15 min with 2% uranyl acetate.
Lastly, the sections were stained with lead stain solution (SIGMA-
Aldrich Corporation) for 3 min at RT, and images of the stained
sections were captured using the JEM-1400plus transmission elec-
tron microscope (JEOL Ltd).

RNA isolation, cDNA synthesis, and reverse
transcription PCR

The oocytes and surrounding granulosa cells were removed from the
cryosections of the Ooglpro3.9 and WT female mouse ovary us-
ing PALM Micro Tweezers (Carl ZEISS Microimaging Co., Ltd).
Total RNA was then extracted from 20 dissected tissues using
the RNeasy Micro Kit (QIAGEN Company), Following the man-
ufacture’s protocol, the cDNA from each sample was synthesized
using the SuperScript III First-Strand Synthesis system (Invitrogen
Corporation). Finally, to confirm Oogl and AcGFP1 mRNA ex-
pression in the oocytes and granulosa cells from each mouse line,
synthesized cDNA was subjected to PCR on PCR Thermal Cycler
Dicer (Takara Bio), following the protocols outlined in previous
reports [14, 15].

Western blotting

Four ovaries obtained from two 30-day-old C57BL/6 female mice
were homogenized in 100 uL lysis buffer (Tissue Extraction Reagent
I, Invitrogen Corporation) containing EDTA-free protease inhibitor
cocktail (Clontech). The extract was then centrifuged at 15,000 rpm
for 10 min at 4°C. Each 5 uL sample, the supernatant and mouse
recombinant GDF-9 (product no. 739-G9/CF, R&D Systems, Inc.)
diluted in lysis buffer, was mixed with 5 uL sample buffer contain-
ing 2-mercaptoethanol (Bio-Rad), and was boiled for 5§ min at 95°C.
Each sample was separated using 10% SDS acrylamide gel elec-
trophoresis, and transferred to a polyvinylidene difluoride membrane
(Bio-Rad). The membrane was blocked in Blocking One (Nacalai
Tesque, Inc.) for 20 min, then incubated with anti-GDF-9 antibody
(1:1000 dilution; product no. ab93892; Abcam, Inc.) at RT for 1
h. After washing in tris-buffered saline and polysorbate (Tween 20;
TBST), the membrane was incubated with goat anti-rabbit antibody
HRP conjugate (Bio-Rad) at RT for 1 h, and then washed again in
TBST. Chemiluminescence was detected using Clarity Western ECL
substrate (Bio-Rad), and the image was captured using Amersham
Imager 600 (GE Healthcare).

Results

AcGFP1 is transferred from oocytes to granulosa cells

On examining the time-lapse images of cultured Oog1pro3.9 mouse
ovaries, elongated projections were observed on the oocytes (Fig-
ures 1A and B, and Supplemental Movie S1). The AcGFP1 signal
was saturated on Figure1A and B because the images were captured
to observe the projections under specific time-lapse condition. The
signal in the granulosa cells was lower than that in the oocytes;

therefore, the projection was not detected under normal capturing
condition (Supplemental Figure S1).

To observe the detailed structure of the AcGFP1-positive pro-
jections (Figure 1A and B), we stained cryosections of Ooglpro3.9
mouse ovaries with anti-GFP antibody (Figure 1C-F) for immuno-
histochemical analyses. These results clearly showed that AcGFP1
was localized in the cell membrane of granulosa cells, as with the
oocytes. AcGFP1 was localized in all granulosa cells at the primary
and secondary follicle stages (Figure 1C and D), while it was local-
ized only in cumulus cells after the antral follicle stage (Figure 1E
and F), and disappeared from these cells after ovulation (data not
shown). Not all primary follicles were AcGFP1 positive (4/8); how-
ever, AcGFP1 was found in the granulosa or cumulus cells in all
of secondary and antral follicles (secondary follicle: 30/30, antral
follicle: 29/29). AcGFP1 expression level increased as the follicles
grew; therefore, we could not detect the AcGFP1 signal in the early
primary follicle stage.

We confirmed that Oogl and AcGFP1 mRNAs were expressed
in the oocytes (Supplemental Figure S2); however, AcGFP1 protein
localized to both the oocytes and granulosa cells. These results in-
dicate that AcGFP1 was transferred to the granulosa cells from the
oocytes.

Dil and dextran-Alexa Fluor 594 conjugates transferred
from oocytes to granulosa cells via an interconnection
We injected Dil into the oocytes of the ovarian cryosections of a WT
mouse to determine how AcGFP1 in the oocyte membrane was trans-
ferred to granulosa cells (Figure 2A). Dil could not pass through gap
junctions and instead spread along the cell membranes[18], similar
to how AcGFP1 spreads within the follicles of Ooglpro3.9 mice.
Dil injected into the oocytes diffused through the connections be-
tween the oocytes and the granulosa cells (Figure 2B-H). To confirm
whether Dil spread from an oocyte on which cell membrane was
broken by freezing or sectioning, we injected Dil on the oocytes
of ovarian cryosections from Ooglpro3.9 mice (Supplemental
Figure S3). The Dil signal merged with the AcGFP1 signal but did
not spread beyond the AcGFP1-positive area in the follicle (7/7).
This result provided the evidence that Dil spread through CCOCs in
the same way as AcGFP1 in the follicle and not by leaking from the
damaged oocyte membrane (Supplemental Figure S3), which also in-
dicated that there are connections by which Dil can be transferred be-
tween oocytes and granulosa cells (Figure 2D-H). In fact, there were
two types of connections, phalloidin-positive TZPs and phalloidin-
and AcGFP1-positive CCOCs (Figure 3A-D). Furthermore, data
from immunoelectron microscopy images showed AcGFP1-positive
and AcGFP1-negative connections (Figure 3E-H). At the gap junc-
tions, little AcGFP1 was detected in TZPs. On the other hand, a
large amount of AcGFP1 was localized in the elongated projection
extending from the oocyte (Figure 3F and G). These results show new
connections between an oocyte and granulosa cells through which
AcGFP1 can pass.

Next, to further determine whether substances in the cytoplasm
can diffuse from the oocytes into granulosa cells, we injected dextran
conjugated with Alexa Fluor 594 (10 000 MW), which cannot pass
through gap junctions, into five oocytes of secondary or antral fol-
licles in cultured ovarian tissue (Figure 4). Although two of the five
follicles continued to grow, damage from the injection prevented the
growth of the others (data not shown). After injecting the dextran
conjugated with Alexa 594 and culturing for 46 h, its diffusion was
confirmed in both growing follicles (Figure 4C and D), indicating
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Figure 2. Water-resistant gel paste containing Dil injected onto the oocyte in the prepared cytosection of the ovary. (A, B, E, G) 1 h after injection. (C, D, F, H)
10 h after injection. (E-H) Enlarged images between the oocyte and granulosa cells in (D), (E) and (F), (G) and (H) are at the same location. The asterisk in (A)
denotes injected water-resistant gel paste containing Dil. The arrows in (E-H) indicate CCOCs between the oocytes and granulosa cells. Dil is red in (B) and (C),

and white in (D-H). Notes: o, oocyte. ¢, cumulus cell. Scale bar, 50 xm.

that the substances localized in the cytoplasm are also able to pass
through CCOCs, as is seen with both AcGFP1 and Dil.

Oocytes connect with granulosa cells and granulosa
cells connect with each other by fusing with the cell
membrane

To elucidate the structure of CCOCs, we examined ovarian folli-
cles using an electron microscope. In this experiment, we focused on
the primary follicles because TZPs and CCOCs were winding into
the zona pellucida after the secondary follicle stage, making it dif-
ficult to clearly identify their entire structure (Figure 3E). The data
showed the existence of a direct connection between the oocytes and
granulosa cells by fusing with the cell membrane (Figure SA and B).
Moreover, the results showed that granulosa cells also connect with
each other through this fusion (Figure 5C and D), which indicates
that oocytes and surrounding granulosa cells share cytoplasm with
CCOCs and form a large cellular complex during follicle develop-
ment.

Two types of projections developed in the primary follicle stage—
one from granulosa cells to an oocyte and the other from an oocyte
to a granulosa cell (Figure SE-G). Fusion with cell membrane was
formed mainly at the projections from the oocytes to the granu-
losa cells in the primary follicles (4/11, Figure 5B), and not at the
projections from the granulosa cells to the oocytes (0/14, Figure 5F).

The role of CCOCs during follicle development and
ovulation

We confirmed GDF-9 was localized in the follicles of Ooglpro3.9
mice (Figure 6A—C). This important protein is secreted by the oocytes
and controls the proliferation of granulosa cells during follicle de-
velopment [19]. Immunohistochemistry showed that GDF-9 is lo-
calized in the oocytes, granulosa cells, and CCOCs (Figure 6B and

C). The specificity of anti-GFP and GDF-9 antibody was confirmed
(Supplemental Figure S4). The anti-GDF-9 antibody detected mainly
pro-mature GDF-9 in the mouse ovary extract (Supplemental Figure
S4B); therefore, it is speculated that most of the signals in Figure 6A—
C represent the localization of pro-mature GDF-9 in the oocytes and
granulosa cells [20]. This result suggests that large molecules can be
transported through CCOCs to control oocyte and follicle develop-
ment.

Our time-lapse movie of an ovary from Ooglpro3.9/H2B-
mCherry mouse showed that a strong AcGFP1 signal elongates from
the oocytes in a specific direction at ovulation, coincident with the
ovulation route (Figure 6D-K and Supplemental Movie S2). In the
three cultured ovarian tissues, 12 oocytes had ovulated, and the
elongated projection was seen on 10 of 12; however, the projections
can be seen only if the intensity of AcGFP1 is sufficient. Thus, the
expression level intensity of AcGFP1 in the two oocytes in which
AcGFP1-positive projections were not observed might has been low.
Because the cumulus cells connect with oocytes through CCOCs
(Figure 1F), these elongated projections revealed that cumulus cells
move in the direction of ovulation and pull the oocyte in that same
direction.

Discussion

In this study, the identification of CCOCs depended on AcGFP1
and Dil localization within the plasma membrane. AcGFP1 and Dil
were localized in oocyte cell membranes and could not be trans-
ferred through the gap junctions. From these results, we considered
the following three possibilities: (1) AcGFP1 mRNA is transferred
from oocytes to granulosa cells; (2) oocyte cell membranes are di-
rectly connected with those of granulosa cells by fusing with cell
membrane, or (3) oocyte membranes are transported to granulosa
cells by exosomes [6]; however, AcGFP1 mRNA expressed only in
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Figure 3. Localization of AcGFP1 in CCOCs and TZPs. (A-D) Immunohistochemistry images. Anti-GFP antibody (green), phalloidin (red), and DAPI (blue). (B,
C, D) Elongated images of the square area in (A). Arrows indicate AcGFP1-positive CCOCs. (E-H) Immunoelectron microscope images between an oocyte and
granulosa cells. Black dots denote the signal of anti-GFP antibody. (F G) Enlarged images of the area enclosed by a square in (E), respectively. (H) Negative
control stained rabbit IgG. Notes: o, oocyte. g, granulosa cell. zp, zona pellucida. TZPs, transzonal projections. The white scale bar in (A) and (B): 20 um; the

black line in (E): 1 um; the dashed line in (F): 200 nm.

Figure 4. Dextran conjugates with Alexa594 injection in the oocyte of a cultured ovary. (A, B) 1 h after injection. (C, D) 46 h after injection. Dextran conjugates
are red in (A) and (C) and are white in (B) and (D). Notes: o, oocyte. g, granulosa cell. Scale bar, 50 um.

the oocytes (Supplemental Figure S2), and the oocytes in the cryosec-
tions, could not release exosomes (Figure 2), so we concluded that
oocytes and granulosa cells are connected through cell-membrane
fusion. Using Ooglpro3.9 mouse ovary, we then found that there
are connections other than gap junctions through TZPs, and that
AcGFP1 diffuses through them (Figures1 and 3, and Supplemental
Movie S1). It is difficult to distinguish between CCOCs and TZPs
using conventional experimental methods, including electron mi-
croscopy and immunohistochemistry, because their structures are
nearly the same (Figure 3).

In primary follicles, AcGFP1 had already diffused from the
oocytes to the granulosa cells (Figure 1C), so CCOCs had already
formed in those follicles (Figures 1 and 5); however, it was not clear
in this study whether primordial follicles contained CCOCs because
the expression of AcGFP1 was low in these follicles, and CCOCs
were not found using electron microscopy. If CCOCs are formed
from the primary follicle stage, their formation might correlate with

the quiescence and activation of primordial follicles. It remains un-
clear how the quiescent primordial follicles in the ovary are activated,
but formation of CCOCs might provide a clue.

In the primary follicle stage, CCOCs and TZPs are very short
because the zona pellucida is not yet formed (Figure 5). Two
types of projections were formed in these follicles (Figure SE-G).
CCOCs were formed at the projection that connected the oocytes to
the granulosa cells; therefore, we speculated that these projections
formed CCOCs (Figure 5G), while the projections from the gran-
ulosa cells to the oocytes formed TZPs (Figure SF). The detailed
structure of CCOCs is not clear, but the electron microscope im-
age showed that the cell membrane was directly fused between an
oocyte and the granulosa cells and no specific structure was observed
(Figure SB).

The diffusion of enhanced cyan fluorescent protein (ECFP) from
the oocytes to the granulosa cells was observed in follicles that
were reconstructed in vitro (Hayashi K, personal communication)
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Figure 5. Electron microscope images. (A-G) Between an oocyte and the granulosa cells in the primary follicles. (B, D, F G) Enlarged images of the area enclosed
by a square in (A), (C), and (E), respectively. Notes: o, oocyte. g, granulosa cell. zp, zona pellucida. Scale bars, 2 um (line) and 1 um (dashed line).

[21]. The oocytes in the follicles were derived from the embryonic
stem cell line, BVSCH18, that contains the transgenes Blimp-m Venus
and stella-ECFP, and the granulosa cells were derived from gonadal
somatic cells of the albino ICR (named after the Institute of Can-
cer Research) strain mice; therefore, the ECFP in the granulosa cells
must have been transferred from the oocytes. These results support
the results in our study and show that CCOCs are formed by con-
tact between oocytes and pre-granulosa or granulosa cells, and that
substances in the oocytes can be transferred into the granulosa cells
in much the same way as dextran conjugates injected into the oocyte
(Figure 4). Our study showed that the substances in the cell mem-
brane (AcGFP1 and Dil) and in the cytoplasm of the oocytes (dextran
conjugates and GDF-9) can be transferred into the granulosa cells.
AcGFP1, Dil, and dextran conjugates might freely diffuse through
CCOCs, but a regulatory mechanism of transportation is needed for
GDF-9 and other factors to be able to correctly control the growth
of oocytes and granulosa cells. In fact, AcGFP1 mRNA does not dif-
fuse from the oocytes into the granulosa cells (Supplemental Figure
S2). To understand the mechanism of oocyte development and mat-
uration, the roles and regulatory mechanisms of transport through
CCOCs must be elucidated.

The number of CCOCs is lower than the number of TZPs (Fig-
ure 3B); however, CCOCs connect the oocyte and all the granulosa
cells in the follicle at the primary and secondary follicle stages, and all
cumulus cells at the antral and Graafian follicle stages (Figure 1C-F).
It is considered that granulosa cells differentiate into cumulus and
mural granulosa cells at the antral follicle stage, and that paracrine
factors secreted from oocytes inhibit the differentiation of cumulus
cells into mural granulosa cells [22]. Our results show that proteins
in the cytoplasm can pass through CCOCs; therefore, the differen-
tiation of granulosa cells might be controlled through CCOCs, by
limiting the distribution of key differentiation factors for cumulus
cells.

Although the mechanism by which oocytes physically ovulate
from a follicle has not yet been revealed, our results highlight the

sequence of events that take place in the follicle during this time
(Figure 6D-K and Supplemental Movie S2). First, the basement
membrane of the follicle is first degraded by proteolysis [23-25].
Then, the cumulus cells move out from the cleavage point and the
oocyte is pulled by the cumulus cells out of the follicle (Supple-
mental Movie S2). It is not clear how the movement of cumu-
lus cell is induced to move, but our results confirm that oocyte
movement is physically controlled by these cells and CCOCs at
ovulation.

Previous reports have presented the importance of communica-
tion between an oocyte and the surrounding cumulus cells through
TZPs. An oocyte stimulates the metabolism and growth of granu-
losa cells through paracrine factors, bone morphogenetic protein 15,
and GDF-9. On the other hand, transportation of small molecules,
cAMP, and amino acid from granulosa cells into an oocyte through
TZPs controls oocyte meiosis and oocyte maturation [26-28]; how-
ever, the zona pellucida separates an oocyte and the granulosa cells,
so itis not clear how large molecules are correctly transported. In this
article, we present that CCOCs connect the oocytes to the surround-
ing granulosa cells, forming a huge complex that then nurtures the
oocytes. This structure has many other advantages, such as storing
large amounts of maternal factors within an oocyte, and controlling
the development and maturation of the oocytes in response to physi-
ological changes in the ovary. Thus, in addition to the role of CCOCs
identified in our results, they must also perform various important
roles in the regulation of oocyte development and maturation. Our
results lay the foundation for future research on the development
and maturation of the mammalian oocyte.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplemental Information contains Supplemental Experimental Pro-
cedures, two figures and one table are available online.
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Figure 6. The role of CCOC in follicle development. (A—C) Secondary follicle images stained with anti-GFP antibody (green), anti-GDF-9 antibody (red), and DAPI
(blue). The arrows in (B) and (C) denote localization of GDF-9 in AcGFP1-positive CCOCs. (D-K) Time-lapse images of a cultured ovary in aOog1pro3.9 mouse. (D,
F H, J) Bright-field images. (E, G, I, K) AcGFP1 images. (D, E) 43 h culture. (F, G) 51 h culture. (H, 1) 55 h culture. (J, K) 59 h culture. Notes: o, oocyte. g, granulosa

cell. Scale bar, 100 m.

Supplemental  Figure S1. Cultured ovarian tissue of
Ooglpro3.9/R26-H2B-mCherry mouse. (A-C) Cultured ovar-
ian tissues were obtained from 30-day-old mouse and cultured for
14 days. (A) AcGFP1, (B), mCherry, (C), merged image. Scale bar,
100 pm.

Supplemental Figure S2. Oogl1 and AcGFP mRNA expression pat-
terns. Expression of Oogl and AcGFP mRNA in follicles was
checked using PCR, and the samples were microdissected. The pur-
ple encircled area in (B) was dissected as an oocyte sample; the purple
area in (D) was dissected as a sample of granulosa cells. (A) Intact
follicle image. (C) Image after partial oocyte dissection. (E) Image
after dissection of a part of granulosa cell area. (F) Electrophoresis
image. Notes: Tg denotes samples obtained from Ooglpro3.9 mouse
ovaries. W, samples obtained from mouse ovaries. O, oocyte sample
in B. G, sample of granulosa cell in D. Scale bar, 100 pm.
Supplemental Figure S3. Water-resistant gel paste containing Dil in-
jected onto the oocyte in the cryosection of the Ooglpro3.9 mouse
ovary. (A—C) Images of an antral follicle 15 h after injection of water-
resistant paste containing Dil. (A) Dil; (B) AcGFP1; (C) merged im-
age of A, B, and bright field. Notes: o, oocyte. Scale bar, 100 pm.

Supplemental Figure S4. Specificity of anti-GFP and anti-GDF-9 an-
tibodies. (A) Secondary follicle in a cryosection of wild type mouse
that was stained with anti-GFP antibody (green), phalloidin (red),
and DAPI (blue). Notes: o, oocyte. g, granulosa cell. Scale bar, 50
um. (B) Western blotting for GDF-9 in ovarian extract. A band at
20 kDa is processed mature GDF-9, and a band at ~60 kDa is pro-
mature GDF-9 (arrow head). a, mouse recombinant GDF-9 (1 ng,
predicted band size: 20 kDa). b, mouse ovarian extract.
Supplemental Movie S1. Time-lapse movie of follicle development
in the cultured ovary of Ooglpro3.9/H2B-mCherry mouse. The re-
producing speed is 10 frames/s. Green. AcGFP1. Red, mCherry.
Supplementary Movie S2. Time-lapse movie of follicle development
in the cultured ovary of Ooglpro3.9/H2B-mCherry mouse The re-
producing speed is 5 frames/s. Green, AcGFP1. Red, mCherry.
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