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Abstract 

The oocyte cumulus complex is mainly composed of an oocyte, the perivitelline space, zona pellucida and numerous 
granulosa cells. The cumulus granulosa cells (cGCs) provide a particularly important microenvironment for oocyte 
development, regulating its growth, maturation and meiosis. In this study, we studied the internal structures and cell-
to-cell connections of mouse cGCs using focused ion beam scanning electron microscopy (FIB-SEM). We recon-
structed three-dimensional models to display characteristic connections between the oocyte and cGCs, and to illus-
trate various main organelles in cGCs together with their interaction relationship. A special form of cilium identified 
in granulosa cell was never reported in previous literature.

Keywords Oocyte cumulus complex, Granulosa cells, Focused ion beam scanning electronmicroscopy, 3D 
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Introduction
A high-quality oocyte is the start of success for prenatal 
and postnatal life. In mammals, follicles act as the basic 
units for the oocyte development [1]. Basic on devel-
opmental stages, follicles are categorized as primitive, 
primary, secondary, antral or mature. When a follicle 

develops to antral stage, the oocyte and its surround-
ing granulosa cells form a compact complex named the 
oocyte cumulus complex (OCC) protruding from the 
inside wall to the antrum of the follicle. The OCC, is 
composed of the oocyte, the perivitelline space, zona 
pellucida (ZP) and numerous cumulus granulosa cells 
(cGCs), from inside to outside. Just like the feeding cells, 
the cGCs regulate the development, maturation and mei-
osis of the oocyte through molecular communication, 
nutrient transport and energy provision [2–4]. They also 
coordinate the whole reproductive process in response to 
oocytogenic factors, follicle paracrine signals and endo-
crine hormones. In recent years, in  vitro fertilization 
(IVF) has flourished and solved a lot of infertility prob-
lems. However, the live birth rate still hovers at 30 − 40%, 
far from satisfaction. A lot of failures are due to setbacks 
in oocyte retrieval, fertilization or embryonic develop-
ment. Studies have shown that most of those failures 
were associated with the abnormal structure of oocytes 
or OCCs [5, 6]. Therefore, observation and analysis of 
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OCC structure is the cornerstone of understanding the 
causes of corresponding types of infertility.

Ultrastructure of OCCs was revealed over half a cen-
tury ago [7]. Most studies took close look into OCCs 
and their accessory organelles by transmission electron 
microscopy (EM) or scanning EM [7–9]. However, tra-
ditional EM techniques failed to reconstruct fine micro-
structural features in three-dimension (3D) view due to 
limitation of imaging methods in which plane figures 
were obtained by collecting signals from electron beams 
penetrating or reflexing to ultrathin, resin-embedded 
samples. In 1988, the first focused ion beam scanning 
electron microscope (FIB-SEM) was introduced and per-
fectly overcome the above limitation of traditional EM 
techniques. Not until the end of the twentieth century 
did scientists realize the value of FIB-SEM in biology. In 
2013, Schertel et al. successfully reconstructed the mouse 
optic nerve and spores of Bacillus subtilis at freezing 
temperature using FIB-SEM, demonstrating the poten-
tial of FIB-SEM to image the ultrastructure of organisms 
in their natural state [10, 11]. By means of gallium ion 
beam sputtering trimming tissue accurately sputtering 
tissue with gallium ion beam, FIB-SEM collects continu-
ous serial surface scanning images with z-axis high-reso-
lution. After digital reconstruction, precise 3D structure 
images can be obtained [12–14]. The resolution level in 
FIB-SEM 3D images is high enough to visualize all orga-
nelles and macromolecular complexes, making it a pow-
erful tool for biological research [15].

In this study, by using FIB-SEM, we investigated the 
OCCs and the organelles inside cGCs, and developed 
the 3D structure model for the first time. The 3D images 
revealed not only information about individual granulosa 
cell organelles, but also the spatial relationship between 
organelles and between cells, providing an approach to 
understanding the OCC metabolism mechanism. Fur-
thermore, we discovered a special ciliary structure in 
granulosa cells, which was never described in previous 
literature. These updates in structural data may bring 
insights into OCC structure and morphogenesis.

Materials and methods
Experimental animals and animal handing
C57BL/6J mice were purchased from shanghai SLAC 
Animal Laboratory. The mice were housed in cages and 
maintained under a constant 12 h-bright and 12 h-dark 
cycle at 21 − 23 ºC with unlimited access to standard 
chow and water in a specific pathogen-free (SPF) vivar-
ium at Zhejiang Provincial People Hospital. Four-week-
old female mice were injected intraperitoneally with 
PMSG to promote follicular development. 16 − 18 h later, 
they were dissected to collect ovaries. This work was 

approved by the Institutional Review Board of Zhejiang 
Province People’s Hospital.

Intraovarian follicle isolation
The mouse ovarian tissue was cleaned with D-Hanks. 
After separating the surrounding connective tissue, the 
ovaries were cut into cubes at about  1mm3. The tissue 
cubes were transferred into EP tubes, mixed with colla-
genase I (2 mg/ml) and DNase (2 mg/ml) for digestion in 
a 37  °C, 5%-CO2 incubator for 60  min, and blown with 
a pipette for about 4 times every 15 min. After that, the 
suspension was filtered to obtain individual follicles. 
Multiple follicles with different diameters (< 40  μm, 
40-100 μm, > 100 μm) were isolated. Based on morphol-
ogy and diameter characteristics, we selected one rep-
resentative sample from the follicles, which is a mature 
follicle.

Samples and preparation for FIB‑SEM
All samples were collected quickly and fixed for 24 h in 
2.5% glutaraldehyde with 0.1  M phosphate buffer. They 
were washed in phosphate buffer (0.1 M) and treated with 
a solution containing equal volumes of 1%  OsO4 and 1.5% 
potassium ferrocyanide for 1  h. The samples were then 
rinsed with double-distilled water  (ddH2O) and treated 
with 2% aqueous  OsO4 for 30 min at room temperature. 
After rinsing with  ddH2O, the samples were immersed 
in 1% aqueous uranyl acetate overnight at 4  °C. Follow-
ing that, they were dehydrated sequentially with a series 
of gradient acetone (50% − 70%-90% − 100%, each for 
20 min). Then the samples were infiltrated with a mixed 
solution containing acetone and Epon 812 (1:1) and spun 
overnight. Lastly, the mixed solution was replaced with 
Epon 812 resin to embed the samples at 60 °C overnight.

FIB‑SEM data collection
Cured resin blocks were manually trimmed to expose 
the samples using a glass knife. The final block size was 
made as small as possible (about 1  mm3 in size) to mini-
mise sample drift from continuous degassing of resin. To 
obtain the area of interest, we used a scanning electron 
microscope (SEM) (Thermo Fisher, Helios UC G3), which 
allowed synchronous tissue trimming and surface scan-
ning imagery. The electron beam (SEM portion) helped 
to select and locate the site of interest, then the ion beam 
(FIB portion) was applied to prepare the block face for 
automated image stack acquisition. In this study, the data 
were collected from serial surface view mode, with slice 
thickness at 9 nm, at 30 keV and 0.79 nA. Each serial face 
was then imaged with an acceleration voltage of 2 kV and 
a current of 0.2 nA, in backscatter mode, with an in-col-
umn backscatter electron detector. We obtained images 
with 6144 × 4096 pixels, at a resolution of 9 nm per pixel. 
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The resolution of FIB-SEM is nearly 1000 times higher 
than that of ordinary optical microscopes, making it pos-
sible to directly distinguish and classify cells upon the 
subcellular structures.

Image processing and segmentation
The image stack was aligned and cropped, using Amira 
6.5 (Thermo Fisher). The granulosa cell organelles were 
segmented and labeled manually. Surface-generation 
tools were used to compute the surfaces, then these sur-
face files were simplified to 10% of the original value and 
saved as MRC Stack files (.mrc). All the resulting files 
were reassembled, colored and rendered into images in 
Chimera1.14.

Results
Oocyte Cumulus Complex Structure
A typical follicle with a diameter of 135 μm was selected 
for analysis (Fig.  1A). The two-dimensional (2D) pic-
ture of the OCC is presented (Fig.  1B), focusing on the 
cGCs, zona pellucida, the perivitelline space and a part 
of the oocyte. The reconstructed 3D structure model 
gives a more straightforward illustration (Fig. 1C). Most 
granulosa cells in the OCC are round or elliptical with 

an average diameter of 9 μm. Both cGCs and the oocyte 
have continuous cytoplasmic membrane with great 
abundance in thin cytoplasmic projections, or so-called 
microvilli. These microvilli are often seen in touch with 
each other between cells (Fig.  1C). The granulosa cells 
adjacent to ZP possess characteristically wide and long 
microvilli penentrating the ZP, as denmonstrated clearly 
in our reconstructed 2D pictures (Fig.  1G − H) and 3D 
model (Fig. 1I).

Intracellular structure of cumulus granulosa cells
In this study, three typical granulosa cells adjacent to ZP 
had been selected for organelles observation (Fig. 2). The 
FIB-SEM section shows a large, round and deep-colored 
nucleus, separated from the cytoplasm by a continuous 
electron-dense nuclear membrane (Fig. 2A). The nucleus 
has a double-layered nuclear membrane, adsorbing 
more heavy metal and rebounding more electron den-
sity. Therefore the nucleus appeared more intense than 
other organelles. Abundant organelles, especially mito-
chondria, endoplasmic reticulum (ER) and lipid droplets 
(Fig.  2B − D), are seen in the cytoplasma. Mitochondria 
are mainly irregularly round or elongated with many 
tightly packed tubule vesicle cristae. ER is composed of 

Fig. 1 Partial structure of oocyte cumulus complex (OCC). A Light microscope image of a follicle with a diameter of about 135 μm (left). 
A schematic diagram (right) illustrates the follicle structure. B 2D SEM image of a part of OCC. C Reconstructed 3D model of the same part 
of the OCC. D‑F Three consecutive SEM image sections focusing on the same granulosa cell with the transzonal projections (TZP) structure. G‑H 
Reconstructed SEM image of Fig. 1d highlighting the granulosa cell, TZP and zona pellucida. I Reconstructed 3D model of a cGC with TZP. The red 
rectangular box represents the TZP structure
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tubular and vesicular membrane structure. Lipid drop-
lets are spherical structures with high electron density, 
always located near the cell membrane.

Labelled by Amira 6.5 software, 3D images of these 
granulosa cell had been reconstructed. In 3D view, the 
nucleus is not fully round, and its surface undulating and 
wrinkled. A large depression is seen on one side (Fig. 2E). 
The cell is rich in mitochondria, which appear in tubu-
lar, linear or oval shape. Most of them are aggregated, 
only a few scattered (Fig. 2F). ER is the largest organelle, 
which is continuous membrane-bounded network struc-
ture without free fragments (Fig. 2G). There are abundant 
lipid droplets. Most of them are smooth and spherical, 
diameters ranging from 50 to 800 nm, and the rest appear 
dumbbell-shaped or irregular (Fig. 2H).

Putting all the 3D models of intracellular organelles 
above together and looking as a whole (Fig.  2I − L), we 
can see that ER forms multiple layers of concentric circles 
embracing the nucleus. Mitochondria also intersperse 

around nucleus and attach to ER closely, formed mito-
chondria smooth ER (M-SER) aggregates and mito-
chondrial vesicle (MV) complexes. The lipid droplets 
distribute near the periphery of mitochondria. The calcu-
lated volume of a single nucleus, total mitochondria and 
total ER is 1.4 ×  1011nm3, 3.5 ×  1010nm3 and 3.1 ×  1010  nm3 
respectively, about 36%, 9% and 8% of the whole cell. The 
total area of mitochondria and ER are 3.5 ×  106nm2 and 
9.1 ×  106  nm2 respectively. The average total number of 
mitochondria is 288 per granulosa cell.

By FIB imaging, a special ciliary structure was discov-
ered in granulosa cells for the first time. This structure 
was found in all the three cGCs we chose (Fig. 3A-C). It 
is an elongated straight spindly-shaped structure, extend-
ing from deep inside of cytoplasm and protruding out of 
the cell surface. The spatial localization of cilia in cells 
is well illustrated after further 3D reconstruction and 
transparentizing of the granulosa cells (Fig.  3D − I). The 
average root diameter, total area and volume of cilia are 

Fig. 2 Models of individual organelles of cumulus granulosa cells (cGC). A SEM image of several characteristic organelles. B,C,D SEM images 
of three different cGCs showing large nuclei in cells. E 3D model of nuclear structure. F 3D model to show rod- and thread-shaped mitochondria. 
Most of them clustered together, and a few scattered (colored with pink). G 3D model to show endoplasmic reticulum (ER) with net-like structure 
and a sheet-like or tubular cavity (colored with green). H 3D model to show lipid droplets in different sizes (colored with orange). I,J,K,L 3D model 
to show spatial relationship between organelles in a cGC. Note the close contact between mitochondria and ER, warpped the nucleus with lipid 
droplets scatted peripheral

Fig. 3 Structural model of the special ciliary structure. A,B,C SEM images of three cumulus granulosa cells (cGCs) with characteristic cilia 
at transverse sections (a,b) and longitudinal section (c). D,E,F Reconstructed ciliary structures in their corresponding cGCs. G,H,I 3D model to show 
spatial relationship of cilia in cGCs with color transparency. J Magnified image of the transverse section of the distal cilium showing the absence 
of 9 + 2 structure. K Magnified image of the longitudinal structure of the distal cilium showing basal body at its root (red box). L Reconstructed 
model to show the different orientation of cilia in cGCs around the oocyte. M Horizontal schematic displaying the spatial position and directions 
of the cilia of four cGCs

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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250-300  nm, 4 ×  106nm2 and 1.5 ×  108nm3, respectively 
(Fig.  3G − I). After ffurther magnification of the images, 
we discovered that the 9 + 2 structure is absent at the 
projecting segment in transverse section (Fig.  3J). From 
longitudinal section, basal body is seen at the root of the 
cilium near daughter centrioles (Fig. 3K), docking the cil-
ium to the cellular membrane through its distal append-
ages (Fig. 3K). We performed 3D reconstruction on cilia 
of a group of adjacent cGCs and revealed that the cilia 
were in different directions (Fig. 3L − M). One cilium was 
noted to be penetrating the zona pellucida.

Spatial relationship between ER, mitochondria and lipid 
droplets
Most mitochondria are tubular, linear, or oval granular. 
They are vesicular bodies surrounded by a double-lay-
ered unit membrane. The inner membrane extends into 

the mitochondrial matrix and forms a lamellar or tubu-
lar inner fold called ridge. The endoplasmic reticulum 
is strip-shaped, block-shaped, or unilateral ring-shaped, 
which can reconstruct to form a network structure [16].

As showed in Fig. 2, mitochondria and ER are closely 
related within cGCs. In order to understand their inter-
action in detail, we selected images of three typical cGCs 
for further analysis. All the three cells present a lot of 
connections between mitochondria and ER (Fig. 4A − C). 
It can be seen clearly on the magnified image that sev-
eral portions of mitochondrial outer membranes touch 
ER membrane (Fig. 4D − F), forming a mitochondrial-ER 
structure coupling. At these sites, the distance between 
the membranes of the two organelles is about 9-36 nm. 
This coupling is usually associated with functions such 
as calcium signal regulation, phospholipid synthesis and 
transport. In addition, a lot of mitochondria are almost 

Fig. 4 Reconstruction model to illustrate interaction between mitochondria and endoplasmic reticulum (ER) in cumulus granulosa cells (cGCs). 
A,B,C Three representative SEM images to show interaction of mitochondrial and endoplasmatic reticulum in two cGCs. D,E,F Zoom-in views of red 
boxes in a,b,c, respectively. G,H,I 3D reconstructed models of d,e,f, respectively. (Red: mitochondria; green: ER)
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"inlaid" in the depressions of the ER (Fig.  4G, H). Such 
spatial relationship may play a role in regulation of mito-
chondria function and replication. Furthermore, some 
tubular ER distorts mitochondria (Fig. 4I). One hypoth-
esis is that ER constantly squeezes mitochondria, causing 
regional shrinkage, and leading to mitochondrial division 
and fusion.

Lipid droplets are composed of a neutral lipid core 
with a small amount of free cholesterol wrapped by a 
phospholipid monolayer. The endoplasmic reticulum 
membrane is surrounded by droplets, indicating that 
lipid droplets are closely related to the endoplasmic 
reticulum. In addition, there is evidence that eukaryotic 
biological lipid droplets originate from the endoplasmic 
reticulum [17]. Lipid droplets are also spatially close to 
mitochondria in the mature granulosa cells of mice. The 
mitochondria surround the lipid droplets and there is 
often direct contact. It was noted that mitochondria tend 
to make contact with large lipid droplets as compared to 
small lipid droplets. This gives a clue that the interaction 
between lipid droplets and mitochondria [18] is under 
some regulation.

Interaction between cGCs
The OCC contains a large number of cGCs. We cropped 
the original FIB-SEM images and picked out some adja-
cent cGCs of interest to study their intercellular inter-
actions in detail (Fig.  5). Cell-to-cell linkage is seen 
between villi (Fig. 5A) or between a villium and smooth 
plasma membrane (Fig.  5B). This connection structure 
consists of adjacent cell membranes, local cytoplasma 
beneath the corresponding membrane and an intercellu-
lar part between the membranes (Fig.  5C, D). Revealed 
by the reconstructed 3D model, the adjacent cell mem-
branes at the junction are highly parallel (Fig. 5E − F) and 
almost touching one another, with the intercellular gaps 
as narrow as 2-3 nm (Fig. 5G − H). This is evidence that 
gap junctions, rather than tight junctions, exist between 
granulosa cells. These junctions appear in groups at the 
interactive site (Fig. 5I), and may concentrate in a small 
area where two or three cells meet. (Fig. 5J).

Discussion
Among various biological imaging methods, FIB-SEM 
exhibits obvious advantages in obtaining meticulous 
organelle information at a subcellular level with 3D view 
revealing entire cellular spatial distribution. Amira’s pre-
cise algorithm not only produce 3D images efficiently, but 
also facilitates the measurement, calculation and com-
paration of number, area and volume on target research 
objectives. In this study, combining computer image pro-
cessing with FIB‐SEM, a large amount of comprehensive 
3D information on cell substructures is obtained. The 

OCC, a special complex comprised of an oocyte and 
granulosa cells are described in 3D space. This is an ele-
mentary unit for female reproductive outcome because it 
is where oocyte growth, maturation, meiosis and ovula-
tion take place. FIB-SEM 3D imaging technology helps us 
to further understand the mechanism of functional reali-
zation in OCCs.

Differences between cells and extracellular matrix
Cells and extracellular matrix can be clearly distin-
guished in FIB-SEM images. 1) Based on the continuity 
of the structure. The cell structure was continuous in all 
images of FIB-SEM without interruption from the first 
slice to the last. Non cellular substances, however, were 
non-continuous and appeared randomly. 2) Based on 
the difference in electron density. The electron density 
of cellular structures was high, while the electron den-
sity of non-cellular structures was low. Under electron 
microscopy, the contrast between cellular structures and 
non-cellular structures was significant. 3) Based on the 
different morphology The cellular structure normally 
exists as an integrated structure, in the form of sheets 
or blocks, while the non-cellular structures (impurities) 
were mostly sparsely distributed dots.

Interaction between cells
As can be seen in our results, OCC is a multicellular 
complex rich in intercellular connections. These connec-
tions are an important basis for interaction and synergy 
between adjacent cells. In general, there are four main 
types of cell connections: a) tight junctions with block-
ing effect, which usually close the intercellular space at 
tissue surface; b) intermediate junctions with adhesion 
effect, which maintain cell shapes and transmit contrac-
tile force from cell to cell; c) desmosomes with anchor-
ing effect, which fix and support cells. d) gap junctions 
with communication effect, which facilitates intercellular 
exchange of certain small molecules and ions. Among the 
four types, only gap junctions were observed between 
cGCs and between oocytes and cGCs. On our 3D images, 
the adjacent plasma membranes at the junctions are very 
close to each other and extremely parallel, the distance 
is as short as 3  nm. The density and abundance in the 
microvilli-like protrusions on the surface of cGCs and 
oocytes facilitate the formation of extensive gap junc-
tions between cells.

Previously confirmed by X-ray diffraction technology, 
the gap junction is a hexameric structure of membrane 
protein molecules. Six monomers constitute a central 
tubule protruding outwards from the cell membrane, 
directly opposite to the central tubule of the adjacent 
cell in a spatial symmetry pattern. These central tubules 
may help facilitate exchanges of ions and small molecules 
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Fig. 5 3D model to show the interaction between representative cumulus granulosa cells (cGCs). A,B SEM images of different contact sites 
between two cGCs. C,D Zoom-in views of a and b respectively. E,F Reconstructed images to show the membrane contact according to c and d 
respectively. G,H Reconstructed 3D model to show the parallel membranes with narrow gaps. I multiple gap junctions between two cGCs. J 
concentrated gap junctions seen at a small area where three cells met
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between cells, such as amino acids, glucose, nucleotides, 
vitamins, hormones, growth factors, cAMPs, etc. Unfor-
tunately, the hexamer could not be observed at the FIB-
SEM resolution level.

Granulosa cells differentiate throughout follicular 
development from flat to columnar. They first form mon-
olayers then stratified layers, and then synthesize and 
secrete mucopolysaccharides surrounding the oocyte to 
assist zona pellucida formation. Meanwhile, the inner-
most layer consistently remains close contact with the 
oocyte to allow two-way communication [18]. The 
abundance in microvilli in both cGCs and oocytes were 
greater than we expected. The characteristic microvilli on 
the granulosa cells adjacent to ZP are called transzonal 
projections (TZPs). TZPs can pass through the ZP as 
thick as 3–5 μm and reach oolemma, forming gap junc-
tions connecting cGCs and the oocyte.

As the follicle develops, the plentiful cross-belt mem-
brane protrusions provide extensive gap junctions for 
better nutrients and signal transmission to regulate 
oocyte maturation [19]. The existence of gap junctions 
in OCCs is essential for follicles to develop, mature and 
respond to endocrine signals as a whole. In addition, gap 
junction is a dynamic structure [20], whose opening and 
closing can be regulated by many factors. For example, 
the pores close upon a decrease in membrane potential 
or pH, or an increase in calcium ions  (Ca2+) concentra-
tion, to protect cells from damage.

Organelles in cGCs
CGCs are the driver of follicular growth as they are 
responsible for energy supply and signal transmission 
[21]. Although appeared sphericalunder light microscopy 
observation, they are in fact in irregular shape. With the 
high resolution of the electron microscope, a large num-
ber of tentacles and pseudopods with different lengths 
can be seen on the cell membranes of cGCs. Oocytes, on 
the other hand are generally spherical even under elec-
tron microscopy, because they are plump and possess 
abundant microvilli on the surface of the cell membrane. 
In this study, we confirmed that cGCs have abundant 
typical energy and steroid producing organelles, such 
as mitochondria, ER and lipid droplets. Interaction is 
observed between these organelles.

In response to the need of follicular growth, oxidative 
phosphorylation is intensified in cGCs to produce suf-
ficient ATP [22], accompanied with high mitochondrial 
membrane potential [23] and high ROS levels [24, 25]. 
In our images, the mitochondria possess tightly-packed 
tubular vesicle cristae and distribute close to ER, which 
is evidence of highly active oxidative phosphorylation. 
However, pathological granulosa cells are characterized 
with mitochondrial crista dissolution, fracture, and 

vacuole formation. More seriously, pathological gran-
ulosa cells exhibit obvious features of apoptosis [26]. 
Besides, the 3D images also revealed a lot of M-SER and 
MV structures, which may be involved in material or 
membrane reservoirs, and work as one of the predictive 
factors for subsequent fertilization and early embryo-
genesis. In cGCs, the mitochondria tightly surround 
the lipid droplets. The mitochondrial-associated mem-
brane (MAM) not only forms a special part of ER but 
also constitutes the lipid synthesis center. Membrane 
contact sites between lipid droplets and mitochondria 
play a role in mitochondrial fatty acid transport and 
beta oxidation [27].

ER is the intracellular reservoir of  Ca2+ and contains 
most of the biosynthetic enzymes involved in the syn-
thesis of lipids. By regulating  Ca2+ signal transduction, 
ER controls lipid synthesis and mitochondrial biogenesis. 
The cGCs with vigorous ER provide more energy and 
materials to the oocyte. The abundance in functional ER 
is an indicator of good-quality cGCs.

The association between oocyte ultrastructural abnor-
malities and infertility was first reported by Afzeliusin in 
1955 [28]. Since then, EM technology has made a great 
contribution to the diagnosis of infertility-related dis-
eases, but the majority only focuses on abnormal struc-
ture of oocytes. As our understanding of the whole 
follicle structure deepens, the abnormal morphology of 
cGCs may also provide valuable diagnostic information 
in the future.

Discovery of cilia in granulosa cells
In this study, we discovered for the first time a special 
ciliary structure in granulosa cells. Cilia are microtu-
bule-based hair-like organelles with different functions 
at different stages of a cell. During cell division, it acts as 
a centriole; during functional phase, it acts as a sensor. 
Cilia protrude out of cell surface to help cell move and 
sense signals. It can thus be divided into two categories: 
motor cilia and non-motor cilia [29]. Motor cilia have a 
typical 9 + 2 microtubule structure. Take the tail of sperm 
as an example, its dysfunction is related to impaired male 
reproductive tract development and male infertility [30]. 
Non-motor cilia are also called sensory cilia, made up 
of microtubules. They may act as antennas, receiving 
and converting signals in intercellular communication 
[31], which is essential in the development of tissues and 
organs.

Although cilia are reported to be ubiquitous in cells, 
their existence and function in granulosa cells are still 
controversial [32]. Our study showed that each of the 
analyzed cGCs had a cilium lacking a central microtu-
bule. The cilia protrude out of the cell surface in ran-
dom directions. We hypothesize that they may help the 
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cGCs to perceive the external micro-environment and 
make adjustment according physiological activity.

Studies have shown that cilia have abundant  Ca2+ 
permeable membrane channels, activation of which can 
cause  Ca2+ influx. Is calcium channel the main sens-
ing channel in granulosa cell cilia? What signals do the 
cilia sense? What kind of cell activities can they regu-
late? What is the role of cilia in luteinization of granu-
losa cells? What is the association between the cilia and 
infertility? All of these questions deserve further study.

Conclusion
By conventional transmission and scanning EM, it is 
difficult to study the whole OCCs with regards to its 
morphology, intercellular relationship and intracellular 
organelles all at the same time because the OCCs are 
irregularly-shaped and information is limited on one 
single cross-section. FIB-SEM is a powerful technique 
to create fine 3D images, making it possible to collect 
global and local structural information of the OCCs. 
In this study, the general structural features of the 
OCCs, spatial relationship and connections between 
component cells, as well as the organelles of cGCs 
are displayed by FIB-SEM 3D reconstruction model. 
These images provide novel information in addition to 
previous conventional EM studies and help us further 
understand follicular physiology.
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