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Ovulation and inflammation share common attributes, including immune cell invasion into the
ovary. The present study aims at deciphering the role of dendritic cells (DCs) in ovulation and
corpus luteum formation. Using a CD11c-EYFP transgenic mouse model, ovarian transplantation
experiments, and fluorescence-activated cell sorting analyses, we demonstrate that CD11c-posi-
tive, F4/80-negative cells, representing DCs, are recruited to the ovary under gonadotropin reg-
ulation. By conditional ablation of these cells in CD11c-DTR transgenic mice, we revealed that they
are essential for expansion of the cumulus-oocyte complex, release of the ovum from the ovarian
follicle, formation of a functional corpus luteum, and enhanced lymphangiogenesis. These exper-
iments were complemented by allogeneic DC transplantation after conditional ablation of CD11c-
positive cells that rescued ovulation. The pro-ovulatory effects of these cells were mediated by
up-regulation of ovulation-essential genes. Interestingly, we detected a remarkable anti-inflam-
matory capacity of ovarian DCs, which seemingly serves to restrict the ovulatory-associated in-
flammation. In addition to discovering the role of DCs in ovulation, this study implies the extended
capabilities of these cells, beyond their classic immunologic role, which is relevant also to other
biological systems. (Molecular Endocrinology 28: 1039–1054, 2014)

The analogy between inflammation and ovulation, first
suggested 3 decades ago (1), took into account ovar-

ian attributes associated with an immune response, such
as increased vascular permeability and prostaglandin syn-
thesis. Moreover, expression levels of inflammation-asso-
ciated genes such as cyclooxygenase-2 (Ptgs2), hyaluro-
nan synthase-2 (Has2), and TNF�-stimulated gene-6
(Tnfaip6) are up-regulated in the ovary in response to the
preovulatory surge of LH (2). Finally, follicle rupture,
which allows the release of the ovum from the ovarian
follicle, involves the action of proteinases, bradykinins,
and histamine, accompanied by enhanced ovarian blood

flow, all attributes of acute inflammatory reaction (3–8).
Similarly, accumulating evidence suggests that different
leukocyte populations are recruited to the ovary under
gonadotropin regulation. Specifically, localization and
characterization of ovarian leukocyte subsets, such as
macrophages, mast cells, neutrophils, T lymphocytes, and
more recently CD8��/� cells, are currently established,
although the role these cells play during ovulation is only
partially documented (9–12). On the other hand, the po-
tential role of CD11c-positive, F4/80-negative cells, ap-
parently representing dendritic cells (DCs), in ovulation
has not been studied.
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DCs are specialized antigen-presenting cells, which
play a pivotal role in initiating and coordinating the in-
nate and adaptive immune responses by priming T cells
(13–15). An increasing body of evidence suggests that
aside from the classic role of DCs in inducing immunity
against infectious agents, they also take part in the im-
mune tolerance to innocuous antigens (16, 17). More re-
cent studies employed conditional ablation of CD11c-
positive cells by using the CD11c-diphtheria toxin
receptor (DTR) transgenic mice, in which ablation is
achieved by diphtheria toxin (DTX) administration, to
describe new roles for DCs that are also independent of
their immunological virtues (18–25). Using this mouse
model, we recently showed that CD11c-positive cells are
essential for successful embryo implantation via their ef-
fects on decidual tissue remodeling, independent of their
immunologic anticipated role in the establishment of ma-
ternal-fetal tolerance (22). The loss of DCs using the DTR
mouse model is especially attractive because the DTX
causes cell death in nondividing, terminally differentiated
cells and does so by inducing apoptosis. Because the toxin
induces apoptosis by inhibition of protein synthesis and
activating components of the death receptor pathway,
there is no induction of inflammation after DTX admin-
istration (26, 27). Accordingly, studies that used the
CD11c-DTR mouse model could not detect cell infiltra-
tion or inflammation in response to DTX-induced cell
death. Because clearance of apoptotic cells does not in-
duce a proinflammatory immune response, the depletion
via DTX can be considered to occur under conditions of
immunological steady state (21, 28).

The objective of the current study was to examine the
ovaries for the presence of DCs, follow their possible ac-
cumulation in response to the ovulatory stimulus, unveil
their function in ovulation and decipher their mechanism
of action.

Materials and Methods

Animals
Sexually immature (24-day-old) transgenic CD11c-DTR�/�

female mice (B6.FVB-TgItgax-DTR/green fluorescent protein
[GFP] 57Lan/J) harboring a gene encoding a DTR/GFP fusion
protein (23), transgenic CD11c-enhanced yellow fluorescent
protein (EYFP), and wild-type C57BL/6 mice were purchased
from Harlan Laboratories. Animals were handled at the Animal
Breeding Center of the Weizmann Institute of Science according
to the guidelines of the Weizmann Institute Animal Care and
Use Committee.

Experimental protocols
Ovulation was induced by intraperitoneal administration of

human chorionic gonadotropin (hCG) (5 IU; Organon) to preg-
nant mare serum gonadotropin (PMSG) (5 IU; Chronogest; In-
tervet)–primed female mice. At different time intervals (0, 4, 8,
12, 16, 20, and 24 hours) after hCG administration, mice were
killed and their ovaries recovered.

Conditional depletion of CD11c-positive cells
For systemic depletion of DCs, female CD11c-DTR trans-

genic mice, expressing a primate DTR, were intraperitoneally
injected with 2 to 4 ng of DTX (D-0564; Sigma-Aldrich) per
gram of body weight, 24 hours after PMSG administration. For
local DC depletion, DTX (0.1, 0.5, 1, 5, 10, and 20 ng) was
injected into the ovarian bursa of CD11c-DTR transgenic fe-
male mice. As controls, CD11c-DTR and C57BL/6 mice were
administrated either PBS or DTX, respectively.

Effect of DC depletion on cumulus
expansion/mucification

Cumulus-oocyte complexes (COCs) recovered from either
DTX-treated or untreated CD11c-DTR transgenic mice at 8
hours after hCG administration were analyzed. For that pur-
pose, the mice were killed, and their ovaries were removed. The
large antral follicles were punctured and the COCs were re-
leased and inspected under a dissecting microscope. The num-
bers of expanded and compact COCs and the number of de-
nuded oocytes in each ovary was monitored.

airSEM imaging of COCs
COCs were recovered from either DTX-treated or untreated

CD11c-DTR transgenic mice at 8 hours after hCG administra-
tion and imaged by airSEM. The airSEM (B-Nano Ltd.) is a
novel imaging platform centered around a unique scanning elec-
tron microscope operating in open air (29). It operates in a direct
correlative manner as follows: the sample is first imaged in the
optical microscope for orientation and region of interest selec-
tion followed by its shuttled to the scanning electron microscope
optical axes with accurate registration. Before imaging, recov-
ered COCs were immersed in fixation solution containing poly-
cationic dye, ruthenium red, followed by staining with uranyl
acetate, a procedure that was recently developed for specific
airSEM imaging of biological tissues (Solomonov, I., D. Talmi-
Frank, Y. Milstein, S. Addadi, A. Aloshin, and I. Sagi, manu-
script submitted for publication). Images were acquired by
backscattered channel, the beam energy was 30 kV, and the
probe current was 500 pA.

Allogeneic ovary transplantations
Ovaries from sexually immature 22-day-old C57BL/6 female

mice were transplanted under the kidney capsule of EYFP-
DC11c transgenic hosts, as described elsewhere (30). Six to 7
days later, host mice were treated with PMSG-hCG for induc-
tion of ovulation as described previously. Transplanted ovaries
recovered 24 hours after hCG administration were processed
for histology and fluorescence microscopy.
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Allogeneic transplantation of DCs into the ovarian
bursa of DTX-treated CD11c-DTR mice

For generation of DCs from murine bone marrow, we used
the procedure described by Lutz et al (31) with minor modifi-
cations. In brief, bone marrow cells from tibias and femurs of 5-
to 6-week-old C57BL/6 mice were cultured in RPMI 1640 me-
dium supplemented with 10% heat-inactivated fetal calf serum
(HyClone), 2 mM L-glutamine, 1% sodium pyruvate, 1% non-
essential amino acids (Sigma-Aldrich), 5 � 10�5 M �-mercap-
toethanol, combined antibiotics, and 200 U/mL granulocyte
macrophage colony-stimulating factor (GM-CSF) (ProSpec).
Concentrations were adjusted to reach 4 � 106 cells/mL, and 10
mL was seeded in 100-mm Petri dishes (Falcon 351029). On day
3, another 10 mL of medium containing 200 U/mL GM-CSF
was added to the plates. On day 6, half of the culture superna-
tant was replaced with fresh medium containing 200 U/mL GM-
CSF. On day 8, nonadherent cells were collected, adjusted to
15 � 106 cells/mL, resuspended in fresh medium containing 100
U/mL GM-CSF, and seeded in 100-mm tissue culture plates
(Falcon 353003) for 24 hours. On day 9, nonadherent cells were
harvested, washed, and resuspended in PBS to reach 9 � 106

cells/mL before injection. A total volume of 10 �L of either this
cell suspension or PBS was injected into the ovarian bursa of
DTX-treated CD11c-DTR transgenic mice, at 4 hours before
hCG administration. Ovulation was evaluated by counting the
number of oocytes found in the oviduct at 24 h after hCG
administration.

Flow cytometry analysis
Ovaries were dissociated (gentelMACS Dissociator, MACS

Miltenyi Biotec), stained, and subjected to fluorescence-acti-
vated cell sorting FACS analysis (FACSCalibur cytometer, using
CellQuest software; BD Bioscience). The staining reagents used
included the phycoerythrin-coupled anti-CD11c antibody, an-
tigen-presenting cell–coupled anti-F4/80 antibody, and 7-ami-
noactinomycin D (7AAD); all were purchased from eBioscience.
The Fluorescence Minus One method was used to set proper
gating.

Quantitative real-time PCR
RNA was extracted and cDNA was prepared as we described

previously (32). Primers were designed with Primer Express
software (Applied Biosystems) and analyzed with the BLAT pro-
gram for their specificity. The PCR primer pairs are described in
Supplemental Table 1Supplemental Table 1. Relative quantifi-
cation of the mRNA was performed by using the StepOne sys-
tem v2.1 (Applied Biosystems). Quantitative real-time PCRs (10
�L) were performed with 2 �L of cDNA, 2.5 pmol of each
primer, and 5 �L of Fast SYBR Green Master Mix (Applied
Biosystems). As an internal control, �2-microglobulin was am-
plified in parallel for each sample and used for normalization.
Results are expressed relative to the calibrator sample using the
2�(��CT) method. Data are presented as 2�(��CT) values
(mean � SEM) normalized to the same calibrator sample to
facilitate comparison of fold change (y-axis) with treatment.
The amplification process was monitored through the fluores-
cence of SYBR Green.

Mass spectrometry protein analyses of the
extracellular matrix of COCs

COCs were recovered from large antral follicles of either
DTX-treated or untreated CD11c-DTR transgenic mice at 8 h
after hCG administration, as described above. The protein levels
of versican V1 isoform (VACN-V1) and TNFAIP6 were mea-
sured using mass spectrometry. For this purpose, recovered
COCs were incubated in hyaluronidase (1 �g/mL in PBS) for 5
minutes at 37°C and centrifuged, and the supernatants were
collected for analysis. Samples were mixed in 200 �L of 0.1 M
Tris/HCl containing 4% SDS and 0.1 M dithiothreitol and in-
cubated at 95°C for 3 minutes. Samples were then alkylated for
20 minutes in 0.05 M iodoacetamide in 8 M urea. An FASP
protein digestion kit (Protein Discovery) was used for SDS re-
moval as follows. Samples were mixed with urea, centrifuged
through a YM-30 membrane, and then digested overnight at
37°C with trypsin (Promega) in 0.05 M NH4HCO3. The filtrate
was collected on the next morning and acidified with 5% formic
acid. The samples were then ready for the first dimension of the
2-dimensional liquid chromatography.

Digested protein was separated offline (first dimension) on
an UltiMate 3000 Capillary/Nano LC System using a strong
cation-exchange column (300 �m inside diameter � 15 cm,
packed with Bio-SCX, 5 �m; LC Packings). A 60 minute gradi-
ent of 0.1% formic acid-5% acetonitrile (A) and 0.1% formic
acid-5% acetonitrile containing 500 mM ammonium acetate (B)
was used to elute the peptides. Samples were segregated into 5
regions: 0 to 12, 12 to 24, 24 to 36, 36 to 48, and 48 to 60
minutes. Such concatenation yielded 24 combined fractions for
subsequent second-dimension reversed-phase liquid chroma-
tography. Each combined fraction was separated on an in-
house–made reversed-phase column (75 �m inside diameter �
15 cm, packed with ReproSil-Pur C18AQ, 0.3 �m; Dr. Maisch
GmbH). Mobile phase A consisted of 95% Milli-Q water, 5%
acetonitrile, 0.1% formic acid, and 0.005% trifluoroacetic acid.
Mobile phase B consisted of 90% acetonitrile, 0.1% formic
acid, and 0.005% trifluoroacetic acid. Samples were analyzed in
an LTQ-Orbitrap XL instrument (Thermo Fisher Scientific) op-
erated in the positive ion mode. The mass spectrometer was
operated in the data-dependent mode. Survey mass spectrome-
try scans were acquired in the Orbitrap with the resolution set to
a value of 60 000. Up to the 7 most intense ions per scan were
fragmented and analyzed in the linear trap. Raw spectra were
processed using MASCOT (Matrix Science) against a UniProt
mouse database. Search parameters included the fixed modifi-
cation of carboxyamidomethylation on Cys, and variable mod-
ifications including oxidation on Met and deamidation on Asn
and Gln. The search parameters were as follows: maximum 2
missed cleavages, initial precursor ion mass tolerance of 10
ppm, and fragment ion mass tolerance of 0.6 Da. To validate the
datasets generated by mass spectrometry, database search files
generated by MASCOT were imported into Scaffold and further
analyzed from within Scaffold, using the spectral quantitative
value display option with the following filter settings: Min Pro-
tein 99%; Min # Peptides 2; and Min Peptide 95%. Each bio-
logical replicate was imported into Scaffold and combined, and
the numbers of assigned peptides and spectra in each biological
replicates were used for protein identification and quantifica-
tion. The integrated PeptideProphet and ProteinProphet algo-
rithms were used to control for false discovery rate and the
probabilities were set to a minimum of 95% and 99%, respec-
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tively. At least 2 unique matched peptides per protein were
required for confident protein identification.

Histology and immunohistochemistry
Ovaries were recovered at various time intervals after ovu-

lation induction (PMSG-hCG protocol, as described above)
from sexually immature (24-day-old) transgenic CD11c-
DTR�/� female mice (B6.FVB-TgItgax-DTR/GFP 57Lan/J),
transgenic CD11c-EYFP mice, and/or wild-type C57BL/6 mice.
Tissues were fixed in Carnoy solution, embedded in paraffin,
sectioned (4-�m thickness), and stained by hematoxylin and
eosin (Sigma-Aldrich) To mark blood vessels, paraffin sections
were stained for vascular smooth muscle cells (using anti-mouse
�-smooth muscle actin [SMA] antibodies, catalog no. A5691;
Sigma-Aldrich), as described previously (33). To mark the en-
dothelial cells of lymphatic vessels, paraffin sections were
stained for lymphatic vessel endothelial receptor 1 (LYVE-1)
(using anti-mouse LYVE-1 antibodies, catalog no.
103PA50AG; RDI). To monitor the dynamics of DC11c-posi-
tive cells in the ovaries, transgenic CD11c-EYFP mice at differ-
ent time intervals (0, 4, 8, 12, 16, 20, and 24 hours) after hCG
were administered BSA-Rox (10 mg/mL in PBS, 10 �L/g animal;
as described previously [34]), and killed 1 minute later. Paraffin
sections of their ovaries were stained with anti-GFP (primary
antibody: goat polyclonal anti-GFP, biotin [catalog. no.
ab6658; Abcam]; secondary antibody: Cy2-conjugated strepta-
vidin, catalog no. 016–220-084; Jackson ImmunoResearch)
and with Hoechst 33258 (Molecular Probes Invitrogen). Images
were obtained either with an E800 microscope equipped with
digital camera DXM 1200 (Nikon) or with a Pannoramic MIDI
digital slide scanner (3DHISTECH). Imaging conditions were
identical for all slides within each experiment.

Two-photon microscopy
Transgenic CD11c-EYFP mice were anesthetized by an in-

traperitoneal injection of ketamine (100 mg/kg, Ketaset; Fort
Dodge Laboratories) and xylazine (10 mg/kg, XYL-M; VMD).
Mice were intravenously injected with 2 fluorescent markers via
a tail vain catheter. Specific nonselective staining of all the cell
nuclei in the mouse was achieved by an injection of Hoechst
33258 (120 �L of 10 mg/mL). After 3 minutes, animals were
administered Qtracker 655 nontargeted quantum dots (3 �L
diluted in 150 �L of PBS; Invitrogen) to mark blood vessels.
Two minutes later, the animals were killed by cervical disloca-
tion, and the ovaries were removed for ex vivo imaging. Excised
ovaries were placed in a carrier slide and imaged in an upright
2-photon microscope (Zeiss LSM 510 META NLO; equipped
with a broadband Mai Tai HP femtosecond single-box tunable
Ti-sapphire oscillator, with automated broadband wavelength
tuning 700–1020 nm for 2-photon excitation [Spectra-phys-
ics]). Imaging was performed through �10 and �20 air lenses,
2-photon excitation with a wavelength of 920 nm, and emission
at 650 to 700 nm (vessels), 535 to 590 nm (YFP), and 390 to 465
nm (nuclei). Images were processed using ImageJ software (Na-
tional Institutes of Health).

Intravital microscopy of the ovary
CD11c-DTR�/� female mice were anesthetized by an intra-

peritoneal injection of ketamine and xylazine, as described
above. To expose the ovary, a 10-mm incision was made in the

skin and the dorsal abdominal wall ventrolateral to the lumbar
area, just above the location of the ovary. The ovary was ex-
posed by holding the adjacent fat pad with noncrushing forceps,
and the ovarian bursa was removed. Mice were placed on a stage
of a Zoom Stereo Microscope SZX-RFL-2 (Olympus) equipped
with a fluorescence illuminator and a PixelFly QE charge-cou-
pled device camera (PCO). The excitation and emission for the
red filter set were 550 and 605 nm, respectively. Images were
acquired using Camware camera-controlling software (PCO).
For fluorescence visualization of the ovarian blood vessels, BSA-
Rox (10 mg/mL in PBS, 10 �L/g animal, as described previously
[34]) was injected using a tail vein catheter. Images were taken at
0, 1, 2, 3, 6, 9, 12, 15, 18, and 21 minutes after BSA-Rox
administration, with a fluorescence exposure time of 10 ms. At
the end of the imaging session, the animal was killed by cervical
dislocation. Images were processed with ImageJ software. Re-
gions of interest were selected as the entire ovary, and the mean
signal intensity of the images at the different time points was
normalized to the signal at t � 1 minute (representing the initial
blood volume).

Progesterone assay
Serum progesterone concentrations were determined by the

American Medical Laboratories (AML Israel Ltd), using a solid-
phase, competitive chemiluminescence enzyme immunoassay
(Immulite 2000 Progesterone Kit, catalog no. L2KPW2; Sie-
mens Healthcare Diagnostics) performed on an Immulite 2000
Systems Analyzer. The lower progesterone detection limit was
0.2 ng/mL.

Statistical analyses
Comparisons between groups were performed with either

ANOVA or Kruskal-Wallis nonparametric ANOVA using com-
puter software (Statistix 8 Student Edition; Analytical Soft-
ware). ANOVA was used to analyze normally distributed data
(evaluated by the Shapiro-Wilk test) that had equal variances
between groups (evaluated by a Bartlett test), whereas Kruskal-
Wallis nonparametric ANOVA was used to analyze data that
were not normally distributed and/or had unequal variance be-
tween groups. Pearson �2 test analysis was used to compare
proportional data. Differences were considered significant at a
value of P � .05. Data are presented as means � SEM.

Results

DCs reside in the ovary and accumulate in the
newly formed corpus luteum

To demonstrate the presence of ovarian DCs and to
explore the possible change in their abundance in re-
sponse to the ovulatory stimulus, ovaries recovered from
sexually immature, PMSG-primed C57BL/6 female mice,
before and at different time intervals after hCG adminis-
tration, were subjected to FACS analysis (Figure 1, A–C).
We observed that the abundance of CD11c-positive cells,
present in the ovary even before treatment, gradually in-
creased after hCG administration. These observations are
consistent with previous reports of ovulation-associated
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massive ovarian infiltration by white blood cells (11).
However, the major leukocyte population described so
far is the F4/80-expressing macrophages (35), whereas
our study revealed that in addition to the CD11c-positive,
F4/80-positive cells (0.3% of large, live ovarian cells)
(Figure 1B), F4/80-negative cells, apparently representing

DCs, were also present at 48 hours
after PMSG administration (0.9%
of live ovarian cells) (Figure 1B) and
significantly expanded at 12 hours
after ovulation (5.2% of large live
ovarian cells) (Figure 1C). Support-
ing these findings, histological fluo-
rescence microscopy and ex vivo
2-photon microscopy examinations
of ovaries of CD11c-EYFP mice (13)
identified the typical dendritic mor-
phology of these cells and demon-
strated their dynamic accumulation
as ovulation approaches (Figure 1,
D–G and Supplemental Videos 1–3).
A small number of these cells was
detected between follicles before
hCG hormonal stimulation (Figure
1, D and E and Supplemental Video
1), whereas after hCG administra-
tion, a large number of cells with
dendritic morphology was observed
within the follicular wall (theca
layer) between the preovulatory fol-
licles and later in the newly formed
corpora lutea (Figure 1, D and F and
Supplemental Videos 2 and 3). Many
of the CD11c-positive cells were ob-
served in close proximity and within
the wall of blood vessels, suggesting
that these cells may be recruited to the
ovary from the circulation (5 hours
after hCG administration) (Figure 1G
and Supplemental Figure 1).

For a higher level of resolution,
sorted ovarian CD11c-positive, F4/
80-positive, and CD11b-negative
cells were further analyzed for the 2
DC maturation markers major his-
tocompatability complex class II
(MHCII) and CD86, as well as for
CD8� (36). FACS analysis per-
formed at 12 hours after ovulation
indicated that only 20.56% of the
ovarian DCs express MHCII and
only 13.2% express the CD86 mol-

ecule. In addition, the vast majority of ovarian DCs
(95.2%) were characterized as CD8�-negative cells.

Allogeneic ovary transplantations were performed to
further elucidate the recruitment of DCs into the ovary
after hormonal stimulus. For that purpose, ovaries from
sexually immature C57BL/6 female mice were trans-

Figure 1. DCs reside in the ovary before ovulation and accumulate in the newly formed corpus
luteum. A, FACS analysis of ovaries from sexually immature, PMSG-primed C57BL/6 female mice
recovered before and at 16, 20, and 24 hours after hCG administration. Ovaries were dissociated
into a single-cell suspension, stained with anti-CD11c fluorescent antibodies, and subjected to
FACS analysis. Ovaries from nontreated mice (without hormones) served as controls. The number
of repetitions, each consisting of 6 to 10 ovaries, is indicated at the bottom of the columns. Error
bars represent SEM. *, P � .05. B and C, FACS analysis of ovaries recovered at 48 hours after
PMSG administration (B) or at 24 hours after hCG administration to PMSG-primed C57BL/6 mice
(C). Ovaries were dissociated, immunostained for CD11c, F4/80, and 7AAD, and subjected to
FACS analysis. Only large 7AAD-negative (live) cells are presented. Proportions of gated cells of
total large ovarian cells are indicated. n � 4 individual experiments, with 3 to 5 animals each. D,
Fluorescence microscopy images of ovaries from CD11c-EYFP transgenic mice at different time
intervals after hCG administration demonstrating the dynamic accumulation of CD11c-positive
cells (green, CD11c-positive cells; red, blood vessels, BSA-Rox; blue, nuclei, Hoechst). NT, ovaries
of nontreated sexually immature mice (without hormones). E, Ex vivo 2-photon microscopy
image of ovaries recovered from CD11c-EYFP transgenic mice at 48 hours after PMSG
administration, demonstrating a small number of CD11c-positive cells between and around
preovulatory follicles (green, CD11c-positive cells; red, blood vessels, Qtracker 655 nontargeted
quantum dots; blue, nuclei, Hoechst; scale bar corresponds to 100 �m). F, Ex vivo 2-photon
microscopy image of ovaries recovered from PMSG-primed CD11c-EYFP transgenic mice at 24
hours after hCG administration demonstrating a large amount of CD11c-positive cells in a newly
formed corpus luteum (green, CD11c-positive cells; red, blood vessels, Qtracker 655 nontargeted
quantum dots; blue, nuclei, Hoechst; scale bar corresponds to 100 �m). G, Ex vivo 2-photon
microscopy image of ovaries recovered from PMSG-primed CD11c-EYFP transgenic mice at 5
hours after hCG administration demonstrating CD11c-positive cells near and within the wall of
blood vessels located in the ovarian interstitium (green, CD11c-positive cells; red, blood vessels,
Qtracker 655 nontargeted quantum dots; blue, nuclei, Hoechst; scale bar corresponds to 50 �m).
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planted under the kidney capsule of EYFP-CD11c trans-
genic hosts (30). Histological examinations revealed the
formation of new blood vessels and the presence of folli-
cles at various stages of development (Supplemental Fig-
ure 2A), indicating successful transplantation. Fluores-
cence microscopy detected CD11c-positive cells that
migrated into the transplanted ovaries of these mice in-
duced to ovulate by PMSG-hCG with accumulation par-
ticularly in the newly formed corpora lutea (Supplemental
Figure 2B). Only a small population of DCs was identified
around the follicles of the transplanted ovary in the ab-
sence of hormonal treatment. These results support the
recruitment of DCs to the ovary from the circulation upon
hormonal stimulation.

Conditional depletion of CD11c-positive cells
blocked hCG-induced ovulation

To study the function of ovarian DCs in vivo, we used
the previously established model of CD11c-DTR trans-

genic mice, the CD11c-positive cells of which express the
simian DTR (18–25). PMSG-primed CD11c-DTR mice
were treated with DTX 24 hours before hCG administra-
tion, thus, depleting the CD11c-positive cells before the
onset of the ovulatory response (Figure 2A). FACS anal-
ysis confirmed that DTX treatment depleted the vast ma-
jority (93%) of CD11c-positive cells in the ovaries of
CD11c-DTR mice (Supplemental Figure 3). Intraperito-
neal DTX administration significantly reduced the num-
ber of ovulated oocytes of CD11c-DTR mice, with no
such effect obtained upon either PBS injection to the
transgenic animals or DTX administration to wild-type
C57BL/6 mice (Figure 2B and Supplemental Figure 4A,
respectively). This observation was complemented by his-
tological examination that failed to detect ruptured folli-
cles but identified, in ovaries of CD11c-ablated mice,
oocytes trapped within corpora lutea (Figure 2D). Nei-
ther weight differences nor gross morphological abnor-

Figure 2. Conditional depletion of CD11c-positive cells blocks hCG-induced ovulation. A, Experimental model: conditional depletion of CD11c-
positive cells. CD11c-DTR transgenic mice, in which expression of simian DTR is under the control of the DC promoter sequence CD11c, were used
to study the function of DCs in vivo. PMSG-primed CD11c-DTR mice were treated with DTX 24 hours before hCG administration, thus depleting
the CD11c-positive cells before the onset of the ovulatory response. B, Ovulated oocytes recovered from CD11c-positive cell–depleted mice
compared with those from control mice. Sexually immature CD11c-DTR transgenic mice were treated with either DTX or PBS 24 hours before hCG
administration. Ovulated oocytes were recovered from their oviducts 24 hours after hCG administration. Each column presents the mean number
of ovulated oocytes per ovary (PBS, n � 16 mice; DTX, n � 22 mice). Error bars represent SEM. *, P � .05. C, Ovulated oocytes recovered after
local depletion of CD11c-positive cells. DTX (0, 0.1, 0.5, 1, 5, 10, and 20 ng) was injected unilaterally into the ovarian bursa of sexually immature,
PMSG-primed CD11c-DTR female mice at 24 hours before hCG administration (injected ovary), whereas the contralateral ovary remained
untreated (noninjected ovary). Ovulated oocytes were recovered separately from each oviduct at 16 hours after hCG administration. The effect of
DTX administration was dose dependent (P � .05). n � �6 mice/group; error bars represent SEM. D, Hematoxylin and eosin–stained histological
section of an ovary of a CD11c-depleted mouse showing a trapped oocyte (indicated by black arrow) that resides within the corpus luteum (scale
bar corresponds to 100 �m).
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malities could be detected in the ovaries of the CD11c-
ablated mice (Supplemental Figure 5).

To eliminate a possible effect of DTX directly on
oocytes, isolated oocytes from wild-type C57BL/6 and
from CD11c-DTR mice were incubated in DTX-contain-
ing medium. The oocytes resumed the meiotic division,
progressing to the second metaphase as indicated by the
presence of the first polar body (Supplemental Figure 4).

Unilateral injection of DTX into the ovarian bursa of
CD11c-DTR mice, performed to rule out a general sys-
temic effect, resulted, as expected, in failure of the respec-
tive ovary to ovulate. The effect of intrabursal DTX ad-
ministration was dose dependent (P � .05) (Figure 2C).
Furthermore, when DTX doses were low (�5 ng), only
the injected ovary was affected; however, a partial inhi-
bition of ovulation also occurred in the nontreated con-
tralateral ovary upon administration of a high dose of
DTX (�1 ng), possibly due to leakage to the circulation.

The effect of CD11c cell ablation after a single systemic
injection of DTX was transient, with 70% of the CD11c-
DTR mice responding to the commonly used protocol for
stimulation of ovulation by PMSG-hCG administration,
at 8 days after DTX treatment (n � 32 mice, P � .05).

Allogeneic transplantation of DCs into the ovarian
bursa of DTX-treated CD11c-DTR mice restores
ovulation

DCs were obtained from the bone marrow of wild-type
C57BL/6 mice and purified as described under Materials
and Methods. Only nonadherent cells were examined by
flow cytometry; the purified population consisted of 92%
to 97% CD11c-positive cells of which 88% to 96% were
also CD11b-positive, 0.5 to 2.5% were F4/80-positive,
and 0.02 to 0.2% were CD8�-expressing cells. Further
characterization of these immature bone marrow–de-
rived CD11c-positive cells revealed expression of low lev-
els of both MHCII and costimulatory CD86 molecules.
Injection of these cells directly into the ovarian bursa of
PMSG-hCG-treated CD11c-DTR mice restored ovula-
tion, evaluated by the number of oocytes found in the
oviduct at 24 hours after hormonal stimulation (Figure
3A). The injection of these cells also restored the ovula-
tion-associated expression levels of Adamts1 mRNA at
24 hours after hCG administration, which was down-
regulated upon DC ablation (Figure 3B).

Conditional depletion of CD11c-positive cells
reduced the expression of ovulatory-essential
genes, impaired cumulus cells
mucification/expansion, and increased the
expression of ovarian proinflammatory genes

To elucidate the mechanism by which DCs regulate
ovulation, quantitative RT-PCR analysis was performed

on ovaries recovered from PMSG-primed, DTX-treated
CD11c-DTR mice at 4 hours after hCG administration
(Figure 3C). Analyses showed no differences in the
mRNA encoding for LH receptor (Lhcgr) in hGC-treated
CD11c-ablated compared with hCG-treated CD11c-in-
tact mice. Furthermore, at 4 hours after hCG treatment,
the mRNA expressions of both epiregulin (Ereg) and am-
phiregulin (Areg) were similar in CD11c-ablated and in
CD11c-intact mice, suggesting that the LH receptor was
activated. However, analyses revealed that the ablation of
CD11c cells impaired the hCG-induced expression of
genes necessary for ovulation such as progesterone recep-
tor (Pgr) and disintegrin metalloproteinase with throm-
bospondin-like repeats (Adamts1) (37, 38). Administra-
tion of hCG to CD11c-depleted mice also failed to up
regulate genes that encode for Tnfaip6, and Vcan-V1. The
latter genes are essential for stabilization of the extracel-
lular matrix responsible for cumulus mucification/expan-
sion, which is a prerequisite for ovulation (39, 40).

The effect of the CD11c-positive cell depletion on cu-
mulus mucification/expansion was further evaluated by
morphological examination of the COCs under a dissect-
ing microscope (Figure 4A). As expected, a large fraction
of the COCs underwent expansion after hCG administra-
tion. However, upon administration of hCG to DTX-
treated mice, most of the oocytes recovered were de-
nuded. Furthermore, even in the small fraction of COCs
that display an expanded appearance, the cumulus cells
were easily dissociated. To examine the hyaluronan-rich
extracellular matrix in a higher resolution, COCs were
recovered from either DTX-treated or untreated CD11c-
DTR transgenic mice, at 8 hours after hCG administra-
tion, and imaged by airSEM. The airSEM imaging re-
vealed abnormally low amounts of extracellular matrix
between cumulus cells in CD11c-depleted mice (Figure 4,
B to C). Mass spectrometry analysis showed lower pro-
tein abundance of TNFAIP6 and VCAN-V1 in the extra-
cellular matrix of COCs that were recovered from
CD11c-DTR transgenic, hCG-administered, DTX-
treated mice than in mice that were not treated by the
toxin (Figure 4D). These findings indicated a role for DCs
in the stabilization of the extracellular matrix that holds
together the cumulus cells of the expanded COC.

In addition to its role in the stabilization of the extra-
cellular matrix, Tnfaip6 is also a potent anti-inflamma-
tory agent (41, 42). Another immune regulator, the ele-
vated expression of which in response to hCG was
observed in wild-type animals (Supplemental Figure 6)
but not in CD11c-depleted mice (Figure 3C), is the pitu-
itary adenylate cyclase–activating polypeptide (Ad-
cyap1). In association with the low mRNA expression of
these 2 genes encoding for the anti-inflammatory agents
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in CD11c-depleted mice, we found in their ovaries a sig-
nificant up-regulation of inflammation-associated genes,
such as Il1b, Tnf, Il6, Egr1, Ccl2, and Cxcl2 (Figure 5A).
In contrast, expression of genes encoding for Has2 and
Ptgs2 (43, 44) was unaffected. The mRNA expression

of all these inflammation-associ-
ated genes was not altered when
DTX was administered to wild-
type C57BL/6 mice (Supplemental
Figure 6).

Depletion of CD11c-positive
cells altered blood vessel
permeability and interfered
with the development of
ovarian lymphatic vessels

DCs were reported previously to
be involved in the regulation of an-
giogenesis in various tissues (45).
Accordingly, in the current study,
immunohistochemical analysis of
ovarian sections of mice adminis-
tered hCG for the blood vessel
marker �-SMA revealed a signifi-
cant elevation of blood vascularity,
particularly in the newly developed
corpora lutea. Surprisingly, deple-
tion of CD11c-positive cells by DTX
did not appear to alter ovarian
blood vessel development (Figure
5B). In agreement with this last ob-
servation, the hCG-induced mRNA
expression of vascular endothelial
growth factor A (Vegfa), known to
enhance angiogenesis, was not al-
tered in the ovaries of these mice
(Figure 5D). To gain further insights
regarding the permeability of blood
vessels in the luteal follicles after de-
pletion of CD11c-positive cells, we
monitored, at 24 h after hCG ad-
ministration, the in vivo dynamics of
a fluorescently labeled high-molecu-
lar-weight agent (BSA-Rox) injected
intravenously (46) (Supplemental
Figure 7). No significant difference
in blood density (ie, the ovarian flu-
orescent signal 1 minute after BSA-
Rox administration) could be de-
tected in the ovaries of CD11c-
ablated mice compared with ovaries
of CD11c-DTR mice treated with
PMSG-hCG only. Nevertheless,

over time, signal intensity dynamics in the imaged ovaries
of the CD11c-depleted mice demonstrated higher incre-
mental increase rates, indicating higher accumulation of
the BSA-Rox (Figure 5E).

Figure 3. The presence of CD11c-positive DCs in the ovary is essential for ovulation and for the
expression of hCG-induced ovulatory genes. A, Allogeneic transplantation of DCs into the
ovarian bursa of hCG-stimulated, DTX-treated CD11c-DTR mice restores ovulation. The graph
presents the number of oocytes ovulated after hormonal treatment (PMSG-hCG), hormonal
treatment after depletion of CD11c-positive cells (PMSG-DTX-hCG), and the combination of
hormonal treatment and DTX administration with allogeneic transplantation of DCs into the
ovarian bursa (PMSG-DTX-DCs-hCG). Sexually immature CD11c-DTR transgenic mice were
treated as described, and ovulated oocytes were recovered from their oviducts 24 hours after
hCG administration. Each column presents the mean number of ovulated oocytes per oviduct.
n � 15 mice. Error bars represent SEM. *, P � .05. B, Allogeneic transplantation of DCs into the
ovarian bursa of hCG-stimulated, DTX-treated CD11c-DTR mice restored Adamts1 mRNA
expression. Graph presents quantitative real-time PCR analyses of Adamts1 at 24 hours after
hCG administration. Ovaries were recovered from CD11c-DTR transgenic mice after either
hormonal treatment (PMSG-hCG), hormonal treatment after the depletion of CD11c-positive
cells (PMSG-DTX-hCG), or the combination of hormonal treatment and DTX administration with
allogeneic transplantation of DCs into the ovarian bursa (PMSG-DTX-DCs-hCG). n � 15 mice.
Error bars represent SEM. *, P � .05. C, Quantitative real-time PCR analyses of genes essential
for ovulation at 4 hours after hCG administration. Ovaries were recovered from DC-depleted
(hCG-DTX), nondepleted (hCG), and untreated (NT) CD11c-DTR mice. n � �4 individual
experiments, each including 4 mice/group. Error bars represent SEM. *, P � .05. Columns with
different markings (* vs ** vs no marking) are significantly different.

1046 Cohen-Fredarow et al Role of Ovarian DCs in Ovulation Mol Endocrinol, July 2014, 28(7):1039–1054

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article-abstract/28/7/1039/2623320 by W
eizm

ann Institute of Science user on 27 January 2019



Immunostaining of the LYVE-1 revealed severe retar-
dation in the development of the ovarian lymphatic ves-
sels in newly formed corpora lutea in the absence of
CD11c-positive cells (Figure 4C). In accordance, deple-
tion of CD11c-positive cells by DTX treatment of CD11c-
DTR mice abrogated the ability of hCG to induce the
expression of Adamts1 and Vegfc (Figures 3C and 5D,

respectively), which are both prolymphangiogenic factors
in the ovary (47, 48).

Depletion of CD11c-positive cells inhibited
progesterone production

We speculated that the extensive alterations in the
CD11c-depleted ovary might affect the steroidogenic ca-

Figure 4. Cumulus cell mucification/expansion is depended on the present of CD11c-positive DCs in the ovary. A, Conditional depletion of
CD11c-positive cells impaired cumulus cell mucification/expansion. The graph presents quantification of the morphological status of COCs
(compact, expended, and denuded; shown in the right panels) as was evaluated by light microscopy. COCs were recovered from either ovaries of
PMSG-primed mice with or without hCG administration (at 8 hours) or PMSG-primed mice treated by DTX followed by hCG administration. Most
COCs in PMSG-primed mice were compact and expended after hCG administration; however, many of the COCs recovered from CD11c-depleted
mice contained denuded oocytes (scale bar corresponds to 100 �m). B and C, Scanning electron microscopy (airSEM; backscattered with beam
energy of 30 kV and probe current of 500 pA) of COCs recovered from PMSG-primed CD11c-DTR transgenic, either DTX-treated (C) or DTX-
untreated (B), mice at 8 hours after hCG administration. Note the abnormal appearance and low amount of extracellular matrix between the
cumulus cells of CD11c-depleted mice (scale bar corresponds to 100 �m (upper images) and 10 �m (bottom images). D, Mass spectrometry
protein analysis of VCAN-V1 and TNFAIP6 in the extracellular matrix of COCs recovered from PMSG-primed CD11c-DTR transgenic, either DTX-
treated or DTX-untreated, mice at 8 hours after hCG administration.
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Figure 5. Depletion of CD11c-positive cells alters ovarian inflammatory gene expression, lymphatic vessel development, and progesterone
production. A, Quantitative real-time PCR analyses of inflammation-associated genes. Ovaries were recovered at 4 hours after hCG administration
from DC-depleted (hCG-DTX), nondepleted (hCG), and untreated (NT) CD11c-DTR mice. n � 4 individual experiments, each including 4
mice/group. Error bars represent SEM. *, P � .05. B, Immunostaining for the blood vessel marker �-SMA performed on ovaries recovered 20 hours
after hCG administration from DC-depleted (hCG-DTX), nondepleted (hCG), and untreated (NT) CD11c-DTR mice, demonstrating an hCG-
stimulated increase in ovarian blood vessels, particularly in the newly developed corpora lutea, that was not altered by depletion of CD11c-positive
cells (n � 5 mice, 10 ovaries/group; scale bar corresponds to 100 �m). C, Immunostaining for LYVE-1 shows a significant increase in the ovarian
lymphatic vessels after hCG administration that was severely impaired by the depletion of CD11c-positive cells (n � 5 mice, 10 ovaries/group; scale
bar corresponds to 200 �m). D, Quantitative real-time PCR analyses of Vegfa, and Vegfc. Ovaries were recovered at 4 hours after hCG
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pacity of the corpus luteum. Indeed, in animals depleted
of CD11c-positive cells, we determined a substantially
lower concentration of serum progesterone, the major
steroid hormone produced by the corpus luteum (Figure
5F). In agreement with this finding, a low expression of
the mRNA encoding for steroidogenic acute regulatory
protein (STAR), a key protein for steroidogenesis, was
found in ovaries of hCG-treated, CD11c-depleted mice at
4 hours after hCG administration (Figure 5G). Further-
more, at this time point, the mRNA expression of the gene
that encodes for P450 aromatase, Cyp19a1, tended (P �
.1327) to be higher in the ovaries of the DTX-treated,
CD11c-DTR transgenic mice compared with these same
mice that were not treated by the toxin (Figure 5G). It was
previously shown that down-regulation of Cyp19a1 after
LH stimulation is essential for luteinization, during which
the estradiol-producing granulosa cells are transformed
to progesterone-producing luteal cells (44, 49, 50).

Discussion

We show herein that CD11c-positive, F4/80-negative
cells, apparently representing DCs, reside in the ovary
before ovulation. In response to the ovulatory stimulus
provided by hCG, these cells gradually accumulate in the
preovulatory follicles and overpopulate the newly formed
corpus luteum. Our study further provides evidence for
the crucial role of these cells in ovulation. Specifically, we
demonstrated that after the depletion of these cells ovu-
lation failed. These findings are strongly complemented
by allogeneic transplantation of DCs into the ovarian
bursa of CD11c-depleted mice that restored ovulation.
Further mechanistic experiments provide evidence that
these cells take part in the hCG-induced up-regulation of
ovulation-essential genes, with no effect on the expression
of the LH receptor or its activation (ie, no changes in the
expression of Areg and Ereg). We also show that not only
follicle rupture but also the formation of a functional
corpus luteum is fully dependent on these DCs. Unexpect-
edly, our data also suggest that these cells mediate the
expression of a set of anti-inflammatory genes, appar-

ently involved in the restraint of the physiologic ovulato-
ry-associated inflammation (1, 2).

Previous studies showed that under gonadotropin reg-
ulation there is a massive infiltration of a white blood cell
subset to the ovary (11, 51–53). Our study detected in the
ovary a specific population of leukocytes displaying den-
dritic morphology, which express CD11c but not F4/80,
apparently representing DCs. This finding is in agreement
with a recent study that identified CD11c-positive cells in
the follicular fluid aspirated from the ovaries of women
undergoing fertility treatments in an in vitro fertilization
clinic (54). To study the function of these cells in vivo we
employed the strategy of conditional ablation of CD11c-
positive cells using the CD11c-DTR transgenic mouse
model (18–25). DTX was administered to these mice,
either systemically or to the ovarian bursa 24 hours before
hCG with the aim of depleting the DCs before the onset of
the ovulatory response.

CD11c is a type I transmembrane protein highly ex-
pressed by DCs (20, 23). However, a low level of expres-
sion of this protein was also reported for some subsets of
macrophages, natural killer cells, and neutrophils (21).
Accordingly, it has been shown previously that in addi-
tion to the desired specific depletion of CD11c-positive
DCs, the administration of DTX to CD11c-DTR trans-
genic mice results in the ablation of marginal zone mac-
rophages in the spleen and of sinusoidal macrophages in
the lymph nodes (20, 21). Therefore, it cannot be ruled
out that at least some of our findings obtained by the use
of this transgenic mouse model are not solely the conse-
quence of the massive ablation of DCs but also represent
the depletion of other cell types. Taking into consider-
ation previous reports of the high abundance of macro-
phages in the ovary (10, 52, 55), their contribution should
be taken into account. However, our analysis revealed
that the vast majority of macrophages (F4/80-positive,
CD11b-positive cells) in the ovary at 24 hours after hCG
administration do not express the CD11c marker (only
4.8% of ovarian macrophages are CD11b-, CD11c-, and
F4/80-positive cells). Furthermore, conditional ablation
of macrophages in a CD11b-DTR mouse, in which ex-

Figure 5. (Continued). administration from DC-depleted (hCG-DTX), nondepleted (hCG), and untreated (NT) CD11c-DTR mice. n � 4 individual
experiments, each including 4 mice/group. Error bars represent SEM. *, P � .05. E, In vivo ovarian fluorescent signal dynamics of BSA-Rox injected
intravenously at 24 hours after hCG administration to DC-depleted (hCG-DTX), nondepleted (hCG), and untreated (NT) PMSG-primed CD11c-DTR
mice (n � 5 mice/group). For each animal, the ovarian fluorescent signal in each time point was normalized to the initial signal (ie, at 1 minute,
associated with blood vessel density). Over time, the signal intensity dynamics in the imaged ovaries of the CD11c-depleted mice demonstrated
higher incremental increased rate, indicating higher accumulation of the BSA-Rox in their ovaries. F, Serum progesterone concentrations of either
CD11c-DTR (DTR) or wild-type (C57BL/6) mice. Serum progesterone concentrations were evaluated in untreated mice (NT) at 24 hours after hCG
administration to either PMSG-primed nondepleted (hCG) or PMSG-primed, CD11c-depleted mice (hCG-DTX). n � 5 mice/group; error bars
represent SEM. *, P � .05. G, Quantitative real-time PCR analyses of Star and Cyp19a1. Ovaries were recovered at 4 hours after hCG
administration from DC-depleted (hCG-DTX), nondepleted (hCG), and untreated (NT) CD11c-DTR mice. n � 4 individual experiments, each
including 4 mice/group. Error bars represent SEM. *, P � .05. Columns with different markings (* vs ** vs no marking) are significantly different.
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pression of human DTR is under the control of the mac-
rophage-specific promoter sequence CD11b, resulted in
ovarian hemorrhage associated with a significant endo-
thelial cell depletion and elevated erythrocyte accumula-
tion, suggesting that macrophages play a critical role in
maintaining ovarian blood vessel integrity (56). This phe-
notype is different from the one reported here for deple-
tion of CD11c-positive cells. Furthermore, unlike the ab-
sence of an effect on progesterone production reported in
a previous study that used intrabursal injections of clo-
dronate liposomes for specific depletion of macrophages
(57), we did find a significant reduction in serum proges-
terone after the depletion of CD11c-positive cells, as well
as uncharacteristic expressions of Star and Cyp19a1,
which are related to luteinization after hCG stimulation.
Chun et al (58) reported that neutrophil depletion by
vinblastine sulfate or cyclophosphamide administration
neither prevented ovulation nor altered the rate of follic-
ular rupture. In another study, Brännström et al (59) re-
ported only a minor decrease in ovulation rate and no
effect on progesterone production in rats treated with
neutrophil-specific, cytotoxic RP-3 monoclonal anti-
body. Furthermore, natural killer cells, as well as T and B
lymphocytes, have been shown to be unaffected in
CD11c-DTR genetic mice after DTX injection (20, 23,
60).

Taken together, the different phenotypes obtained
upon both macrophage and neutrophil depletion and our
rescue results after allogeneic transplantation of DCs into
the ovarian bursa strongly suggest that the findings re-
ported in the current study upon the ablation of CD11c-
positive cells are mostly attributed to the absence of DCs
rather than that of the other immune cells.

The depletion of CD11c-positive cells in our study re-
sulted in a severe reduction in the number of oocytes
ovulated after gonadotropin stimulation. Histological
analysis confirmed that after the depletion of CD11c-
positive cells, follicle rupture was impaired, and oocytes
remained trapped within the luteinizing follicles. These
effects of DC ablation were associated with reduced ex-
pression of genes essential for ovulation. Specifically, in
CD11c-depleted female mice, hCG failed to up-regulate
the expression of the gene encoding for the progesterone
receptor (Pgr). Previous studies have shown that null mu-
tation of the Pgr gene (37, 61) or treatment with proges-
terone receptor antagonists (62–64) lead to failure of go-
nadotrophin to stimulate ovulation, resulting in oocytes
trapped within unruptured follicles. Furthermore, Ad-
amts1, another ovulation-associated gene, the expression
of which in the ovary is stimulated by LH via the proges-
terone receptor (65, 66), also failed to rise in CD11c-
depleted mice, in response to hCG administration. These

findings are consistent with the demonstration of mature
oocytes trapped in ovarian follicles in the Adamts1-null
mice (67).

Analysis of the response of the COCs to the ovulatory
stimulus revealed that the hCG-induced formation of the
extracellular matrix (responsible for cumulus mucifica-
tion/expansion) was severely affected by the depletion of
CD11c-positive cells and that most of the oocytes were
partially or fully denuded. Furthermore, our airSEM
analyses clearly demonstrated a low amount and an ab-
normal appearance of the extracellular matrix between
cumulus cells of CD11c-depleted mice. In accordance,
administration of hCG to CD11c-depleted mice failed to
up-regulate the mRNA and protein levels of Vcan-V1 and
of Tnfaip6, which are both essential for the stabilization
of the extracellular matrix responsible for cumulus muci-
fication/expansion (39, 68, 69). Vcan-V1 is a preferred
substrate of the protease Adamts1; both proteins are co-
ordinately induced by the Pgr-mediated LH action and
colocalize in cumulus cells of ovulating follicles (70).
Considering this information, our data support the no-
tion that ovarian DCs elicit a positive ovulatory response
through their effect on cumulus mucification/expansion,
a prerequisite for ovulation.

In an in vitro study, human DCs were found to produce
high levels of Tnfaip6 in response to proinflammatory
mediators (lipopolysaccharides or cytokines) (42). In the
ovary, the expression of Tnfaip6 mRNA has been shown
to be induced rapidly in granulosa/cumulus cells of pre-
ovulatory follicles (43, 68) and by an ovulatory dose of
hCG, in association with expression of Ptgs2 in the same
cells (71). Interestingly, in the current study, the hCG-
induced expression of Ptgs2 was not affected upon deple-
tion of CD11c-positive cells, suggesting that the expres-
sion of Tnfaip6 and that of Ptgs2 are subjected to
different regulatory pathways.

Interestingly, along with the failure of hCG to stimu-
late the expression of the genes encoding for the 2 anti-
inflammatory agents, Tnfaip6 and Adcyap1 (41, 72, 73),
in ovaries of CD11c-depleted mice, we found in these
ovaries a significant excess of the inflammation-associ-
ated genes. Therefore, we infer that CD11c-positive cells
are involved in controlling the extent of the ovulatory-
associated inflammatory response provoked by ovulation
(1, 2). Indeed, participation of DCs in the reduction of
inflammation has previously been shown after viral infec-
tion or allergen inhalation (14) and in the burden of com-
mensal microbial stimuli in the intestine; however, our
findings may indicate that these cells act in attenuating
inflammation as part of a physiological event (ie, ovula-
tion) unrelated to interaction with foreign antigens.
Hence, our study discovers wide diversity and extended
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capabilities of DCs, beyond their classic immunologic
role, which are most likely relevant to many biological
systems and pathological conditions. Considering the
large repertoire of functions that can be attributed to
DCs, it is theoretically possible that in addition to their
role in ovulation, these immune cells may be involved in
the pathophysiology of ovarian inflammatory-related dis-
eases such as human ovarian hyperstimulation syndrome
and polycystic ovary disease (74). Furthermore, other
pathological conditions such as ovarian endometrioma
and metabolic syndrome/obesity (10, 75), which involve
ovarian dysfunction that may lead to infertility, as well as
autoimmune diseases and consequently premature ovar-
ian failure, may potentially involve these immune cells.
Because DCs were not studied in the ovary until recently,
additional research should be conducted to elucidate their
direct interaction with the granulosa, theca, and cumulus
cells for further evaluation of their possible involvement
in these pathological conditions.

DCs were reported previously to facilitate angiogenesis
in various tissues (45, 76–78). Furthermore, density and
permeability of blood vessels have been shown to be af-

fected under inflammatory conditions (79). In the current
study, immunohistochemical analysis of ovarian sections
for the blood vessel marker �-SMA and in vivo analyses of
injectable BAS-Rox dynamics in the ovaries after ovula-
tion could not detect changes in blood vessel density upon
the depletion of CD11c-positive cells. However, our re-
sults may suggest that the permeability of the ovarian
blood vessels in these animals was significantly increased.
This can be attributed to the resultant severe ovarian in-
flammation, as was demonstrated by up-regulation of the
proinflammatory gene and reduced expression of anti-
inflammatory genes in CD11c-depleted ovaries. In addi-
tion, other parameters, such as blood flow, the number of
capillaries perfused, and the capillary hydrostatic pres-
sure, possibly could have been altered upon the depletion
of CD11c-positive cells.

Lymphatic vessels are necessary for the maintenance of
fluid homeostasis, protein balance and immune cell traf-
ficking within tissues (80, 81). In the ovary, lymphangio-
genesis is hormonally regulated during folliculogenesis
and through the formation of a functional corpus luteum
(82). We found severe retardation in the development of

ovarian lymphatic vessels in the ab-
sence of CD11c-positive cells. This
finding is in agreement with a recent
report, which demonstrated that DC
depletion markedly inhibited the
lymphangiogenesis induced by T
cells in tertiary lymphoid structures
(19). We also found that in the ova-
ries of CD11c-depleted mice, hCG
failed to stimulate the expression of
the genes Vegfc and Adamts1, both
of which are known to be positively
associated with the development of
lymphatic vessels (48, 47). We there-
fore suggest that DCs are essential
for the LH-stimulated development
of lymphatic vessels in the ovary;
however, because the current report
focused on the involvement of DCs
in the ovulatory process, further
studies are needed to investigate the
mechanistic role of DCs in ovarian
lymphangiogenesis.

In the current study, hCG failed
to induce the proper production of
progesterone in the absence of
CD11c-positive cells. The extensive
alterations in the inflammatory en-
vironment, vascular permeability,
and lymphatic vessels during the lu-

Figure 6. Model depicting the role of DCs in the ovary during ovulation. Upon gonadotropin
stimulation, the relatively small ovarian DC population is essential for the LH-stimulated up-
regulation of specific ovulatory genes that are crucial for cumulus mucification/expansion and
ovulation. As the ovulatory process progresses, the ovarian DC population expands and localizes
to the newly formed corpus luteum. During this process, up-regulation of the inflammatory
repressing genes confine the inflammatory conditions provoked by ovulation. In the early luteal
phase, the substantial amount of DCs localized in the newly formed corpus luteum facilitates
progesterone production as well as ovarian lymphangiogenesis.

doi: 10.1210/me.2013-1400 mend.endojournals.org 1051

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article-abstract/28/7/1039/2623320 by W
eizm

ann Institute of Science user on 27 January 2019



teinizing stage of the CD11c-depleted ovary may have
impaired the steroidogenic capacity of the corpus luteum.
However, this could represent direct involvement of DCs
in regulation of ovarian steroidogenesis during ovulation.
In concurrence with that hypothesis, we found that de-
pletion of CD11c-positive cells significantly interfered
with the stimulatory effect of hCG on the expression of
the mRNA encoding for STAR, which is considered the
rate-limiting factor in the production of steroid hormones
(84). Furthermore, the mRNA expression of Cyp19a1 at
4 hours after hCG stimulation was atypical; rapid reduc-
tion of Cyp19a1 expression after LH stimulation is part
of luteinization; however, in the current study it tended to
be higher in the ovaries of the PMSG-hCG–administered,
DTX-treated CD11c-DTR transgenic mice than in the
mice that were not treated by the toxin. Additional studies
should be conducted to further explore the possible effect
of DC depletion on the steroidogenic capacities of gran-
ulosa and theca cells, as well as luteinizing cells, both in in
vitro conditions and by depletion of CD11c cells after
corpus luteum formation.

Based on observations presented herein, along with
previously reported studies, we put forward the model for
the role of DCs in ovulation shown in Figure 6. Upon
gonadotropin stimulation, the relatively small ovarian
DC population mediates the LH-stimulated up-regula-
tion of specific genes, such as Tnfaip6, Vcan-V1, Star,
Pgr, and Adamts1 that are essential for cumulus mucifi-
cation/expansion and ovulation. As the ovulatory process
progresses, the ovarian DC population expands and lo-
calizes to the corpus luteum to control the inflammatory
conditions provoked by ovulation. This activity is exe-
cuted by suppressing proinflammatory factors such as Il6,
Il1, Tnf, Ccl2, Egr1, and Cxcl2, which is secondary to
up-regulation of the inflammatory repressing genes Ad-
cyap1 and Tnfaip6. In the early luteal phase, the substan-
tial amount of DCs localized in the newly formed corpus
luteum facilitates progesterone production as well as
ovarian lymphangiogenesis.
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