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Abstract

Signaling in the granulosa cells of mammalian ovarian follicles is necessary for maintaining prophase arrest in the oocyte and for mediating the
resumption of meiosis in response to luteinizing hormone (LH). However, the follicle also includes an outer layer of theca cells, some of which
express receptors for LH. To investigate whether theca cells are required for maintaining meiotic arrest and reinitiating meiosis in response to LH,
we mechanically separated the granulosa cells and oocyte from the theca and basal lamina. This was accomplished by cutting a slit in the outer
surface of isolated follicles such that the mural granulosa cells and cumulus-oocyte complex were extruded from the theca shell, forming a lawn
of cells on an organotypic membrane. The remnant of theca cells and basal lamina was then removed. The separation of the granulosa cells from
the theca cells and basal lamina was demonstrated by immunofluorescence localization of endomucin (blood vessels of the theca) and laminin
gamma (basal lamina). Cells comprising these granulosa cell-oocyte complexes expressed LH receptors and were connected by gap junctions.
Oocytes within these granulosa cell complexes maintained meiotic arrest and resumed meiosis in response to LH, showing that the granulosa
cells alone, without theca cells, transduce these signals. This semi-intact and mostly 2-dimensional preparation could facilitate imaging studies of

follicle physiology.
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Within a mammalian preovulatory follicle, the oocyte is sur-
rounded by approximately 10 layers of granulosa cells con-
nected to each other and to the oocyte by gap junctions. The
approximately 3 layers of granulosa cell bodies closest to
the oocyte, called cumulus cells, are partially separated from
the outer layers of mural granulosa cells by an antral space.
Outside of the granulosa compartment, separated by a basal
lamina, are several layers of theca cells. The theca includes
steroidogenic cells, smooth muscle cells, immune cells, and fi-
broblasts, as well as an extensive network of blood vessels (1).

The granulosa cells of preovulatory follicles of mice and
rats, as well as several other mammalian species, maintain
the oocyte in meiotic prophase arrest by providing cyclic
guanosine monophosphate (¢cGMP) that diffuses into the
oocyte through gap junctions, where it inhibits meiotic
progression by inhibiting the breakdown of cyclic adenosine
monophosphate (2-4). The preovulatory surge of luteinizing
hormone (LH) then acts on its receptors located in a subset
of the mural granulosa cells adjacent to the basal lamina (5)
to cause meiotic resumption and ovulation. LH activation of
its receptor leads to inactivation of the natriuretic peptide re-
ceptor 2 guanylyl cyclase, lowering cGMP in the granulosa
compartment, and by way of gap junctions, cGMP subse-
quently decreases in the oocyte (4, 6, 7). This cGMP decrease
releases meiotic arrest, with nuclear envelope breakdown

occurring in the oocyte a few hours after a mouse follicle is ex-
posed to LH.

Although the LH receptors (LHRs) in the mural granulosa
cells appear to be solely responsible for mediating the reinitia-
tion of meiosis, many of the cells in the theca also express
LHRs (5). As with many aspects of theca biology (1), the pos-
sible role of theca cells in responding to LH surge remains in-
completely understood. Bovine theca cells undergo changes in
transcription in response to the LH surge (8), but the physio-
logical consequences are unknown. Here, we investigate the
possible function of the theca cells in LH signaling of meiotic
resumption by physically separating granulosa cell-oocyte
complexes from the theca cells of fully grown mouse follicles.

Materials and Methods

Mice

Protocols covering the maintenance and experimental use of
mice were approved by the Institutional Animal Care
Committee at the University of Connecticut Health Center.
The studies were performed using wild-type C57BL/6] mice
(originally obtained from The Jackson Laboratory, Bar
Harbor, ME), B6SJLF1/] mice (The Jackson Laboratory), or
C57BL/6] mice with a hemagglutinin (HA) epitope tag on
the endogenous LHR (HA-LHR) (5). The HA-LHR mice are
available from the Mutant Mouse Resource and Research
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Centers repository at The Jackson Laboratory (RRID:
MMRRC_071301-JAX).

Culture of Isolated Follicles and Granulosa
Cell-Oocyte Complexes

Fully grown follicles, 320 to 400 pm in diameter, were dis-
sected from ovaries of 23- to 26-day-old mice with no previous
hormonal treatment. The follicles were cultured on optically
clear organotypic membranes (Millicell-CM low height culture
plate inserts an ~40-pm-thick membrane with 0.4-um pores;
MilliporeSigma, St. Louis, MO; PICMORGS0) (9). The inserts
were placed in 35-mm Petri dishes containing 1.6 mL of MEMa
without phenol red (Gibco 41061-029), supplemented with
75 ug/mL penicillin G (Sigma P7794), 50 ug/mL streptomycin
(Sigma S6501), 3 mg/mL BSA (MP Biomedicals, 103700),
and a mixture of 5 pg/mL insulin, 5 ug/mL transferrin, and
5 ng/mL selenium (Sigma 11884). FSH (from ovine pituitary,
National Hormone and Pituitary Program, Torrance, CA)
was included in the medium (0.3 nM) to stimulate LHR expres-
sion. LHR expression occurs only in fully grown follicles,
beginning approximately 12 hours after FSH receptor stimula-
tion and continuing to increase up to 48 hours (5).

Twelve follicles were placed on each Millicell, using a mouth
pipet. After a few hours, the follicles had flattened on the
Millicell such that the oocytes with their prophase-arrested nu-
clei were visible (9). Any follicles in which the oocytes had re-
sumed meiosis spontaneously were discarded. Follicles were
then cut using two 30-gauge needles and cultured overnight
to generate open follicles (see results). Four to 5 hours after re-
moving theca remnants from the open follicles, LH (from ovine
pituitary, National Hormone and Pituitary Program) was ap-
plied at a concentration of 10 or 300 nM, by transferring the
Millicell to a new dish. A timeline of these procedures is shown
in Fig. 1A. As controls, Millicells were transferred in parallel to
dishes without LH. If these controls showed >25% spontan-
eous nuclear envelope breakdown at 5 hours, the experiment
was excluded from the analysis of the time course of
LH-induced nuclear envelope breakdown.

Imaging of Granulosa Cell-oocyte Complex
Formation and LH-induced Nuclear Envelope
Breakdown

For visualizing the formation of the granulosa cell-oocyte
complexes and for scoring of the time course of LH-induced
nuclear envelope breakdown, follicles on the Millicell mem-
branes were imaged using a Zeiss Standard upright micro-
scope with a 20x/0.4 NA LD Acroplan objective and
photographed using an iPhone camera (model SE, Apple,
Cupertino CA) and a LabCam Microscope adapter (iDu
Optics, New York, NY). For documenting the appearance
of the oocyte and cumulus cells before and after applying
LH, granulosa cell-oocyte complexes on the Millicell mem-
brane were photographed using a Zeiss Axioskop upright
microscope with a 10x/0.3 NA PlanNeofluar objective and
a Zeiss Axiocam 208 camera.

Immunofluorescence Labeling and Confocal
Microscopy

For fixation and immunofluorescence labeling, Millicells with
open follicles or granulosa cell-oocyte complexes were rinsed
by exchanging the culture media under the membrane with 1x
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PBS. Millicells were then transferred to 35-mm dishes contain-
ing 4% paraformaldehyde (157-8, Electron Microscopy
Sciences, Hatfield, PA) in PBS. The dishes were kept at 4 °C
for 20 minutes, then rinsed 3 times with 1x PBS. Millicells
were placed in 0.2% Triton-X 100 in PBS for 10 to 15 mi-
nutes, rinsed again with PBS, then incubated in 1 mL of block-
ing buffer (5% normal goat serum in 1% BSA in PBS) for 30
minutes. Millicells were then incubated overnight at 4 °C
in 0.5 mL of diluted antibody, in 35-mm dishes wrapped
with parafilm. The following antibodies were used: anti-
endomucin (rat, 1:200, Santa Cruz Biotechnology sc65495,
RRID:AB_2100037), anti-laminin gamma (rat, 1:100, Santa
Cruz Biotechnology sc65643, RRID:AB_1123687), anti-HA
(rabbit, 1:500, Cell Signaling Technology 3724, RRID:
AB_1549585), and anti-connexin 43 (rabbit, 1:100 Cell
Signaling Technology 3512, RRID:AB_2294590).

After rinsing in PBS, Millicells were incubated in 1% BSA in
PBS for 10 minutes, then in 1 mL of secondary antibody di-
luted 1:500 to 1:1000 for 30 minutes, followed by a final rinse
in PBS. Secondary antibodies were from ThermoFisher
Scientific: Alexa fluor 488 goat-anti-rat (A48262, RRID:
AB_2896330), Alexa fluor 488 goat-anti-rabbit (A11034,
RRID:AB_2576217), and Alexa fluor 647 goat-anti-rabbit
(A32733, RRID:AB_2633282).

For fluorescence imaging, Millicells were transferred to a
35-mm glass-bottom dish (Mattek, Ashland, MA; P35GINV-
1.5-20-C) containing 1 mL of PBS. Fluorescence and scanning
transmission images were collected using a laser scanning con-
focal system (LSM 980, Zeiss) on an inverted microscope, with
a 10x, 0.5 NA Fluar objective.

Results

Generation of Granulosa Cell-oocyte Complexes
From Antral Follicles

When placed in culture on Millicell membranes, the originally
spherical ovarian follicles flattened to form disks ~500 pm in
diameter, allowing visualization of the oocyte with its
prophase-arrested nucleus and nucleolus (9). Approximately
3 hours after isolating the follicles, we cut a slit in the follicle
surface, using two 30-gauge needles, one to hold the follicle in
place and a second to make a small cut (Fig. 1A and 1B). This
allowed the granulosa cells and oocyte to extrude, forming a
lawn of granulosa cells surrounding the prophase-arrested
oocyte (Fig. 1C). The extrusion of cells began immediately
after cutting the follicle, and the lawn continued to expand
over time. Approximately 80% of these “open follicles” main-
tained meiotic arrest in the oocyte for at least 20 hours.
Approximately 20 hours after making the initial cut to release
the granulosa cells and oocyte, we cut away the theca remnant
(Fig. 1A and 1D) and removed it, leaving a lawn of granulosa
cells, ~300 to 1000 pm in diameter, surrounding the oocyte
(Fig. 1D). Approximately 60% of these “granulosa cell-oocyte
complexes” maintained meiotic arrest in the oocyte when ob-
served 4 hours after removing the theca remnant.

Granulosa Cell-oocyte Complexes Are Theca Free

In open follicles, theca and basal lamina protein markers re-
mained associated with the theca remnant, and not with the
extruded granulosa cells. Little or no endomucin, a protein
that is present in the endothelial cells of the theca layer (10),
was detected in the extruded cells of open follicles (Fig. 2A).
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Figure 1. Formation of open follicles and granulosa cell-oocyte complexes. (A) Timeline of experimental procedures. (B) An intact follicle. The dashed
line indicates the cut made to allow extrusion of the granulosa cells to form an open follicle. (C) A follicle at 10 minutes, 3 hours, and 18 hours after
cutting to allow granulosa cell and oocyte extrusion. (D) An open follicle before and after removing the theca. The dashed line indicates the cut made to
remove the theca remnant to form a granulosa cell-oocyte complex. All scale bars are 100 pm.

Likewise, laminin gamma, a marker for the basal lamina (11),
remained associated with the theca cells, with little or none as-
sociated with the extruded granulosa cell-oocyte complexes
(Fig. 2B).

Localization of LH Receptors and Gap Junctions in
Granulosa Cell-oocyte Complexes

To examine the localization of LHRs, granulosa cell-oocyte
complexes were generated using mice with an HA epitope
tag on the endogenous LHR, for immunofluorescence label-
ing with an HA tag antibody (5). As in intact follicles, LHRs
were heterogeneously expressed in granulosa cells distant
from the oocyte (Fig. 3A). Based on measurements from 4
images like that in Fig. 3A, the region containing LHRs occu-
pied ~50% to 70% of the total area of the complex. The
granulosa cells throughout the complex were connected by
gap junctions, as indicated by immunofluorescence labeling

of gap junction plaques using an antibody against connexin
43 (GJA1) (9) (Fig. 3B). This distribution is similar to that
seen in intact follicles (9).

LH Induces Nuclear Envelope Breakdown in
Granulosa Cell-oocyte Complexes

To test the LH responsiveness of the granulosa cell-oocyte com-
plexes, LH or control medium without LH was applied, and the
cultures were observed hourly to score for the presence of an in-
tact nuclear envelope and nucleolus in the oocyte. Almost all
controls without LH maintained meiotic arrest over a 6-hour
period (Fig. 4A and 4C). In contrast, 89% of oocytes in
LH-treated granulosa cell-oocyte complexes underwent nu-
clear envelope breakdown ~2 to 5 hours after LH exposure
(Fig. 4B and 4C), indicating the resumption of meiosis. This
time course is similar to that of LH-induced nuclear envelope
breakdown in intact isolated follicles (5, 12-14). These results
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Figure 2. Immunofluorescence localization of theca and basal lamina markers, showing their separation from the granulosa cells in open follicles. (A)
Transmitted light image and immunofluorescence of endomucin. (B) Transmitted light image and immunofluorescence of laminin gamma. Both scale

bars are 100 ym.
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Figure 3. Immunofluorescence localization of HA-tagged LH receptor and connexin 43 (GJA1) in granulosa cell-oocyte complexes. (A) Transmitted light
image and immunofluorescence of HA-tagged LH receptors. (B) Immunofluorescence of connexin 43.

showed that the granulosa cells alone, without theca cells, can
transduce the LH signal that causes meiotic resumption.

In control complexes that were cultured for 6 hours without
LH, the appearance of the ~3 layers of cell bodies closest to
the oocyte, corresponding to the cumulus cells of an intact fol-
licle, showed little or no change in 11/14 examples examined
(Figs. 4A). In contrast, in 7/8 examples photographed at 6
hours after LH application, nuclear envelope breakdown
was accompanied by the cumulus cells becoming rounder
and less adherent to their neighbors (Fig. 4B), as occurs during
cumulus expansion (15).

Discussion

Our results show that the granulosa cells alone, without theca
cells, can transduce the LH signal that reinitiates meiosis in the

oocyte, at least in this in vitro system. These studies confirm
and extend previous research that suggested this same con-
clusion (16). In previous experiments, granulosa-oocyte com-
plexes were enzymatically isolated from ovaries of 12-day-old
mice, removing almost all of the theca cells and basal lamina
from the follicles, based on transmitted light observation.
After a 10-day culture period in the presence of FSH, LH
was found to induce nuclear envelope breakdown in oocytes
within these complexes, although the kinetics were slower
than reported in intact follicles (5, 12-14). LH also caused ex-
pansion of the cumulus cell mass. In the present study, we gen-
erated granulosa cell-oocyte complexes from follicles that
grew to their full size in vivo, and demonstrated, using mo-
lecular markers, that the theca cells and basal lamina were re-
moved. We showed that LH application to granulosa
cell-oocyte complexes causes nuclear envelope breakdown
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Figure 4. LH-induced resumption of meiosis in granulosa cell-oocyte complexes. (A) A granulosa cell-oocyte complex at 0 and 6 hours after applying a
control solution, showing maintenance of meiotic arrest. (B) A granulosa cell-oocyte complex at 0 and 6 hours after applying LH, showing breakdown of
the oocyte nuclear envelope and nucleolus, and rounder cumulus cells that are less adherent to their neighbors (right). Dashed circles depict the
cumulus cell region. All scale bars are 100 um. (C) Time course of nuclear envelope breakdown in granulosa cell-oocyte complexes after transfer of the
Millicell to a dish containing LH or control media. n values indicate the total numbers of complexes analyzed for each condition. The graph combines the
results of 6 experiments with either C57BL/6J or B6SJLF1/J mice, using either 10 or 300 nM LH. Similar results were obtained in each individual
experiment. Nuclear envelope breakdown in a few of the controls without LH appeared to be due to mechanical disturbance during transfer of the
Millicell.

to occur with kinetics similar to those in intact follicles, indi- ~ whether the LHRs in the theca cells are required for other as-
cating that LHRs in the theca cells are not needed to transduce ~ pects of the follicle’s response to the LH surge, including
the signal that reinitiates meiosis. It remains to be determined ~ ovulation.
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The granulosa cell-oocyte complexes preserve the gap junc-
tions and LHRs that allow signaling from the granulosa cells
to the oocyte in a mostly 2-dimensional structure. As in intact
follicles (5, 17), there is a region of cells expressing LHRs and
a region of cells closer to the oocyte that do not express LHRs
(Fig. 3A). These 2 regions might correspond to the outer mural
granulosa cells, where LHRs are present in an intact
follicle, and a combination of the cumulus and inner mural
granulosa cells, which lack LHRs in an intact follicle. The
LHR-expressing region occupies ~50% to 70% of the total
area of the granulosa cell-oocyte complex, consistent with
previous measurements indicating that ~57% of the granulo-
sa cells in an intact follicle are in the outer mural region where
LHRs are expressed (5). Thus, although the LHR-expressing
cells are rearranged after being extruded from the follicle,
the fractional area that they occupy in the complex is similar
to that occupied by outer mural cells in an intact follicle.

The sharp boundary seen between LHR-expressing and
nonexpressing cells may be determined by a combination of
inhibitory factors from the oocyte and interaction with the
basal lamina. Signaling molecules from the oocyte, including
GDF9 and BMP135, are thought to inhibit the expression of
the LHRs in cumulus and inner mural cells (18, 19), and these
may function in granulosa cell-oocyte complexes as well.
Conversely, contact of the mural cells with the basal lamina
acts together with FSH to induce LHR expression (18).
Because the mural granulosa cells were in contact with the
basal lamina and FSH together for more than 3 hours before
the follicle was cut, these cells could have been determined
to express LHRs while they were in contact with the basal
lamina and remained as a population distinct from the cells
that were originally in the inner mural and cumulus regions.

Because granulosa cell regulation of the oocyte is main-
tained with less surrounding tissue compared with an intact
follicle, granulosa cell-oocyte complexes might be useful for
live imaging of LH-induced events such as meiotic resumption
in the oocyte (20), changes in the cell processes between cumu-
lus cells and the oocyte (21), and granulosa cell migration
(17, 22). The accessibility of the granulosa cell surface to
the medium could also allow introduction of experimental
reagents that cannot pass through the intact follicle tissue,
facilitating studies of LH-signaling mechanisms. In addition,
development of methods to form functional granulosa cell-
oocyte complexes on a glass surface could facilitate imaging
of processes such as oligomerization of LHR proteins (23)
and LHR internalization (24).
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