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The Notch pathway plays diverse and complex roles in cell signaling during development. In the

mammalian ovary, Notch is important for the initial formation and growth of follicles, and for regu-

lating the proliferation and differentiation of follicular granulosa cells during the periovulatory period.

This study seeks to determine the contribution of female germ cells toward the initial activation and

subsequent maintenance of Notch signaling within somatic granulosa cells of the ovary. To address this

issue, transgenic Notch reporter (TNR)micewere crossedwith Sohlh1-mCherry (S1CF) transgenicmice to

visualize Notch-active cells (EGFP) and germ cells (mCherry) simultaneously in the neonatal ovary. To test

the involvement of oocytes in activation of Notch signaling in ovarian somatic cells, we ablated germ

cells using busulfan, a chemotherapeutic alkylating agent, or investigated KitWv/Wv (viable dominant

white-spotting) mice that lack most germ cells. The data reveal that Notch pathway activation in

granulosa cells is significantly suppressed when germ cells are reduced. We further demonstrate that

disruption of the gene for the Notch ligand Jag1 in oocytes similarly impacts Notch activation and that

recombinant JAG1 enhances Notch target gene expression in granulosa cells. These data are consistent

with the hypothesis that germ cells provide a ligand, such as Jag1, that is necessary for activation of

Notch signaling in the developing ovary. (Endocrinology 160: 2863–2876, 2019)

The ovary is important for female fertility, as it con-

tributes to reproductive health through the pro-

duction of sex hormones and the generation of follicles

that facilitate oocyte development (1, 2). The earliest

follicles are composed of two cell types, the oocyte and

the pregranulosa cells, that interact during a process

termed nest breakdown (1, 2) in which germ cells

connected by cytoplasmic bridges are invaded by pre-

granulosa cells to encapsulate individual oocytes. Se-

lected cohorts of newly formed primordial follicles are

then recruited to undergo growth and maturation fol-

lowing sexual maturity (3). The establishment of a finite

number of primordial follicles during the perinatal

period is important, as these follicles represent the re-

productive potential of the female organism. Although

there are multiple signaling modalities that are neces-

sary for the development of the follicle (4), there has

been recent focus on juxtacrine, or contact-dependent,

signaling because of the spatial relationships and in-

teractions between the oocyte and the surrounding

somatic pregranulosa cells (5, 6).

Studies investigating juxtacrine signaling, specifically

Notch signaling, have shown that this pathway is in-

volved in follicle development and overall female fertility

(7–15). There is an activation of Notch signaling in the

ovary during the time of germ cell nest breakdown and

follicle establishment starting at embryonic day (E)15.5

in the mouse (8). Notch activity, as measured using the

transgenic Notch reporter (TNR) (16), an EGFP reporter

gene expressed dependent on the Notch pathway tran-

scription factor Rbpj, increases throughout embryonic

development and continues postnatally during follicle

growth (8). Notch activity is observed at postnatal day

(PND)0 in somatic cells, identified as granulosa cells, that
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form intricate cage-like structures that encircle oocytes

(8). Quantitative gene expression analyses using whole

ovaries revealed significant expression of Notch

component and downstream effector mRNAs, with

Notch2, Jagged1, and Hes1 being particularly abun-

dantly expressed at embryonic (8) and postnatal times

(10). Additionally, in situ hybridization and immuno-

localization studies showed that the receptors Notch2 (8,

10) and Notch3 (9, 17) are expressed in granulosa cells,

the ligand Jagged1 (8, 10) is expressed in oocytes, and the

ligand Jagged2 (9, 18) is expressed in both cell types

depending on the follicle stage studied.With this dynamic

temporal expression of Notch components, as well as the

observed spatial relationships between Notch receptors

and ligands, Notch signaling has the potential to play

roles in cell-to-cell communication and the regulation of

follicle and ovarian function.

Experiments to inhibit Notch signaling in the ovary

have revealed several reproductive phenotypes. Following

Notch inhibition with the g-secretase inhibitorN-[N-(3,5-

difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester

(DAPT) (19), cultured ovaries showed increased retention

of germ cell nests and decreased primordial follicle pop-

ulations (10, 20, 21). Additionally, ovaries inwhichNotch

activity was inhibited were shown to have more apoptotic

cells, suggesting that Notch contributes to granulosa cell

survival in newly formed follicles (10, 20, 21). Mice

with conditional Jagged1 knockout (cJ1KO) or condi-

tional Notch2 knockout (cN2KO) within the oocytes or

granulosa cells, respectively, have reproductive pheno-

types impacting follicle formation and growth. These

include a decrease in the primordial follicle population

and an increased incidence of multi-oocytic and abnor-

mal follicles, although many normal follicles remain (8,

15). Granulosa cells within follicles in these mice also

have increased apoptosis and decreased proliferation,

although not all follicles are impacted and some mature

normally (8). Furthermore, gene expression analyses

reveal decreased expression of Notch components

and downstream effectors (8). The phenotypes observed

within these conditional knockout mice were correlated

with altered fertility. Our group showed that cJ1KO mice

were subfertile (8), whereas Xu andGridley (15) found that

the cN2KO mice generated in their laboratory were like-

wise subfertile. Overall, these data highlight the importance

of Notch signaling in follicle development and ovarian

function.

Based on the localization of Notch ligands in the

oocyte andNotch receptors in the surrounding granulosa

cells, we hypothesized that the oocyte may be an im-

portant source of ligand for initial activation of Notch

signaling in the pregranulosa cells and that reducing the

oocyte population during development would affect

Notch activation in ovarian pregranulosa cells. To test

this, we used two mouse models with a reduced oocyte

pool and investigated the consequences on Notch sig-

naling either during late embryogenesis or postnatally.

We first ablated oocytes using a chemotherapeutic agent,

busulfan (22, 23), in a double-reporter mouse that flu-

orescently labeled Notch-active cells using the TNR (16)

and germ cells using a Sohlh1-mCherry (S1CF) reporter

(24). Because we found that busulfan-treated mice were

unable to deliver viable pups for postnatal analysis, we

also used a mouse with a point mutation of the c-Kit

receptor, an important component of KIT signaling that

impacts oocytemigration, proliferation, and survival (25,

26). The KitWv/Wv or viable dominant white-spotting

mouse (25), expressing the same Notch activity re-

porter, was used to study differences in Notch activation

and distribution in early postnatal development. We

demonstrated that a reduction of oocytes is associated

with decreased Notch activity, although a basal level of

reporter expression remains. To test whether the Notch

ligand JAG1 from oocytes might act on Notch receptors

in granulosa cells, we examined oocyte-specific Jag1

knockout mice and found decreased expression of the

Notch transgenic reporter. Finally, we complement our

in vivo studies by demonstrating that recombinant JAG1

activates Notch target genes in cultured granulosa cells,

as well as inducing its own expression, thus providing a

potential mechanism of signal propagation in growing

follicles. These results are consistent with the oocyte and

JAG1 being important for initial Notch pathway acti-

vation in the developing mouse ovary.

Methods

Mouse care and generation of mouse lines
Mice were housed in controlled environmental conditions with

access to water and food ad libitum on a 12-hour light/12-hour
dark cycle.Mice were fed a diet free of alfalfa and soybeanmeal to
minimize levels of naturally occurring phytoestrogens and to re-
duce autofluorescence in tissue samples used for ex vivo imaging
(2919 Teklad diet for breeding and 2916 Teklad diet for main-
tenance, Harlan Laboratories, Indianapolis, IN). Timed matings
were used, with E0.5 designated as 12:00 PM on the day of vaginal
plug detection. PND0 was designated as the first 24 hours after
birth. All procedures were approved by the Northwestern Uni-
versity Institutional Animal Care and Use Committee.

The TNR and SOHLH1-mCherry (S1CF) reporter lines (27)
were graciously provided by Dr. Nicholas Gaiano from Johns
Hopkins University (16) and Dr. Aleksandar Rajkovic from
University of Pittsburgh (24), respectively. Female TNR/1mice
were crossed with male S1CF/1 mice to generate TNR/1;
S1CF/1 mice. Male TNR/1; S1CF/1 mice were crossed with
wild-type (WT) females to generate TNR/1; S1CF/1 embryos.
Genotyping was performed by PCR using primer sets for EGFP
and mCherry; primer sequences can be found in an online
repository (27).
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The KitWv/Wv mouse (25) carrying the TNR Notch reporter
was generated through a cross between a KitWv/1 mouse, pro-
vided by the laboratory of Danielle Maatouk at Northwestern
University (28), and a TNR/1 mouse. After confirmation of the
TNR/1; KitWv/1 heterozygous mouse genotype, these mice were
crossed with heterozygous KitWv/1mice to generate homozygous
TNR/1; KitWv/Wv mice. Primer sequences for genotyping can be
found in an online repository (27).

The cJ1KO mouse model was generated as previously de-
scribed (8). The TNR reporter was incorporated into the cJ1KO
mouse line for these studies.

Busulfan treatment
TNR/1; S1CF/1 male mice were mated with CD-1 females

until a vaginal plug was detected. The pregnant dams were
monitored until 11.5 days after conception, when the mice were
injected IPwith vehicle or busulfan (100mg/kg) dissolved in 90%
corn oil/10% ethanol. The pregnant dam was monitored until
18.5 days after conception (E18.5), when intact embryos were
extracted for embryonic ovary isolation. Isolated ovaries were
processed for histology, imaging, and gene expression analyses.

Primary granulosa cell culture and recombinant

JAG1 ligand
To make recombinant JAG1–coated substrate, tissue culture

plates were incubated with a solution of 5 mg/mL recombinant
rat Jagged1-Fc chimeric protein (R&D Systems, Minneapolis,
MN) and 1 mg/cm2 fibronectin (Sigma-Aldrich, St. Louis, MO)
overnight at 4°C with shaking to allow for protein adsorption.
Control wells were coated with fibronectin only. Ovaries were
dissected from PND19 mice. Granulosa cells were collected by
follicle puncture and cultured as previously described (29).
Oocytes were removed with a 40-mm cell strainer (Fisher Sci-
entific, Hampton, NH). Granulosa cells were plated onto the
control or recombinant JAG1 substrates at 175,000 cells per
well in 24-well plates in a humidified incubator at 37°C and 5%
CO2 using a 1:1 ratio of DMEM/F12 medium (Fisher Scientific)
supplemented with 15 mM HEPES (pH 7.4), 5 mg/mL trans-
ferrin, 2 mg/mL insulin, 40 ng/mL hydrocortisone, 10% fetal
bovine serum, and 100 U/mL penicillin/streptomycin (4F
media). Cells were allowed to adhere overnight, followed by
treatment with 20 mM DAPT (SelleckChem, Houston, TX) or
DMSO vehicle for 24 hours in those experiments where an
inhibitor was used.

Quantitative reverse transcription PCR gene

expression analysis
Ovaries were isolated and preserved in RNAlater reagent

(Life Technologies, Carlsbad, CA) at 280°C until RNA ex-
traction. RNA was extracted using an RNeasy Plus mini kit
(Zymo Research, Irvine, CA). RNA concentration and quality
were assessed using a NanoDrop spectrophotometer (Thermo
Scientific, Carlsbad, CA). RNA was reverse transcribed to
cDNA using SuperScript VILO master mix (Life Technologies).
Quantitative reverse transcription PCR (qRT-PCR) assays were
performed using SYBR Green PCR master mix (Life Tech-
nologies) with an Applied Biosystems 7300 (Life Technologies)
thermocycler. The comparative cycle threshold method (30)
was implemented for relative quantification using Rpl19 as an
internal control (31). The sequences for primers used in gene
expression analyses can be found in an online repository (27).

Confocal microscopy
Ovaries were dissected at the specified time points and

placed in PBS, stained with Hoechst 33234 dye (10 mg/mL) for
15 minutes, and imaged to detect the EGFP and mCherry
fluorescent reporters. Confocal imaging of whole ovaries was
performed using either a Leica SP5 confocal microscope or a
Leica SP8 confocal microscope with the following filters:
401 nm for Hoechst 33234, 488 nm for EGFP, and 536 nm for
mCherry. Images were processed from Z-stack data (1-mm step
size) of the entire gonad at PND0 and PND3, and of the middle
70 mm of the gonad at P10 to generate a maximum intensity
projection of the fluorescent channels using Fiji/ImageJ (32).

Quantification of EGFP fluorescence
Five independent 50- 3 50-mm squares were randomly

placed on confocal images from control or busulfan-treated
ovaries using an ImageJ grid generator. The mean fluorescence
intensity of each EGFP-positive cell within the squares was
measured, also using ImageJ. For experiments to establish
proximity relationships between oocytes and EGFP-positive
cells, mCherry-positive oocytes were identified (also within
randomly placed squares, as above), and EGFP-positive cells
within that square were scored as being either in contact with a
circle of diameter 25 mm surrounding that oocyte (;20 mm), or
outside of this circle. Finally, for the busulfan-treated group, the
mean fluorescence intensity was determined for individual
EGFP-positive cells either adjacent to oocytes or not, using the
radial distance method described above. Four independent mice
from each treatment group were analyzed.

Histological examination

and immunohistochemistry
Ovarian tissue samples were dissected and fixed overnight at

4°C in 4% paraformaldehyde in PBS and dehydrated in 70%
ethanol for storage. Samples were embedded in paraffin and
sectioned at 5mmfor histological analysis.Hematoxylin and eosin
staining, immunohistochemistry, and immunofluorescence
were performed as described in previous publications (8, 10).

Statistical analysis
Data are presented as means 6 SEM. Experiments were

performed using replicates and control groups as stated in the
figure legends. An F test was conducted to compare homoge-
neity of variances between the relevant treatment groups or
genotypes. When an F test indicated a significant difference in
variances between the means, nonparametric testing was
conducted as appropriate. Differences between groups were
calculated using GraphPad Prism (GraphPad Software, La
Jolla, CA) applying a two-tailed t test with Bonferroni cor-
rection, or ANOVA with a Tukey post hoc test, as appropriate.
Differences are indicated as significant at a 95% CI (P, 0.05).

Results

Busulfan-treated and control TNR/1; S1CF/1 E18.5

ovaries were assessed qualitatively for oocytes and for

EGFP expression using immunodetection as well as

confocal imaging. E18.5 was chosen to allow significant

time for busulfan, administered at E11.5, to exert its

doi: 10.1210/en.2019-00564 https://academic.oup.com/endo 2865
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effects while recognizing that the busulfan-treated dams

are unable to give birth. Vasa immunodetection (33) and

mCherry fluorescence were both decreased in the

busulfan-injected ovaries, confirming a reduction in the

number of oocytes (Fig. 1). Imaging of the busulfan-

treated ovaries also revealed an overall decrease in

EGFP fluorescence compared with controls. Both the

mCherry and EGFP signals were still detected in the

busulfan-treated ovaries, suggesting that some germ cells

remained, as well as some residual Notch activity (Fig. 1).

We quantitatively evaluated the effects of busulfan by

examining mRNA expression of oocyte- and granulosa

cell–specific genes. Consistent with the imaging, oocyte-

specific Vasa, Sohlh1, and Jag1 mRNA expression was

found to be significantly decreased (Fig. 2A), whereas the

granulosa cell markers Nr5a1 (SF-1), Foxl2, and Inha

showed no significant changes in mRNA abundance

(Fig. 2B). Expression of the mRNAs for the most

abundant Notch receptors in granulosa cells, Notch2 and

Notch3 (8, 10), was also examined. Notch2 was sig-

nificantly reduced, whereas Notch3 was unchanged

(Fig. 2C). These data confirm that busulfan depleted a

significant fraction of the oocyte population, but the

expression of multiple genes specific to granulosa cells

within the ovary was not significantly affected by the

drug.

Notch downstream target/effector gene expression

and Notch reporter activity were next analyzed by

measuring Hes1, Hey2, Heyl, and Egfp mRNAs. Both

Hey2 and Heyl mRNAs were decreased in the busulfan-

treated samples, althoughHes1was unchanged (Fig. 2D).

Most importantly, the Notch activity reporter, the TNR

Egfp mRNA, showed a significant decrease in expression

in busulfan-treated ovaries (Fig. 2D). This suggests that the

substantial reduction in oocytes caused by busulfan

treatment negatively affects overall Notch activity in the

embryonic ovary.

Due to the residual Notch activity observed in the

busulfan-treated ovary, we sought to investigate the

spatial relationships between remaining oocytes and

Notch-active cells. At E18.5, oocytes that remained

following busulfan treatment and expressed the S1CF

transgene were surrounded by strongly positive EGFP-

expressing somatic cells (Fig. 3). Areas devoid of oocytes

also had EGFP-expressing cells, but they were in general

not as abundant or intense. Similarly, there were rare

oocytes not associated with EGFP-expressing cells, al-

though the health of these oocytes following the busulfan

treatment is not known. To more quantitatively evaluate

localization and expression of the TNR reporter in these

ovaries, the mean fluorescence intensities and numbers of

EGFP-expressing cells in both the control and busulfan-

treated groups were determined, as well as the mean

fluorescence intensities of somatic cells either adjacent

to, or away from, oocytes following busulfan treatment

(Fig. 3). These data support a relationship between

oocytes and those somatic cells that most intensely ex-

press the EGFP Notch reporter.

To examine postnatal ovaries, we

used a Kit mutant mouse line (KitWv/Wv)

(25), known as the dominant white-

spotting mouse, in which a point muta-

tion in the c-Kit receptor suppresses oo-

cyte migration, proliferation, and viability

(26). Ovaries from KitWv/Wv mice are

smaller in size and have a very limited

oocyte population compared with con-

trols, making them useful in studying the

relationship between oocytes and Notch

activity. We did not use the Sohlh1-

mCherry reporter at these postnatal times

because it does not mark oocytes beyond

the primordial follicle stage (24, 34). The

Notch TNR reporter was introduced into

KitWv/Wv mice, and oocyte depletion was

confirmed by histologically examining

PND10 ovaries (Fig. 4A). TNR/1;

Kit1/1 and TNR/1; KitWv/Wv ovaries

were imaged to assess EGFP expression

and distribution at PND0, PND3, and

PND10, times associated with the germ

cell nest stage (PND0), germ cell nest

Figure 1. Imaging TNR (EGFP) expression following busulfan treatment of embryonic

TNR/S1CF ovaries. E18.5 ovaries isolated from dams injected with vehicle (control) or

busulfan at gestation day E11.5 are shown. Whole ovaries were used for confocal

fluorescence microscopy to detect the Sohlh1-mCherry reporter or the TNR-EGFP reporter

and were subsequently sectioned and processed for immunohistochemical detection of VASA

protein. Original magnification, 320; scale bars, 50 mm. Images from two representative

animals are shown from n 5 5 for each condition.
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breakdown to form primordial follicles (PND3), and

initial growth of primary and early secondary follicles

(PND10) (Fig. 4B). At each time point, EGFP fluores-

cence signal in the KitWv/Wv ovaries was decreased

compared with controls.

Quantitative gene expression analyses were con-

ducted as described for the busulfan studies using the

oocyte-specific factors Vasa and Jag1, as well as the

granulosa cell-specific factors, Foxl2, Amh, and Inha.

Fig. 5 shows data from PND0, and Fig. 6 shows data

from PND19. Vasa and Jag1 mRNA expression were

significantly decreased in KitWv/Wv mice in comparison

with Kit1/1 mice (Figs. 5A and 6A), although the three

granulosa cell markers showed no significant changes

(Figs. 5B and 6B). The Notch receptors Notch2 and

Notch3 were likewise unchanged (Figs. 5C and 6C).

Figure 2. Ovarian gene expression changes following embryonic busulfan exposure. Ovaries were isolated at E18.5 from TNR/1; S1CF/1

embryos from dams injected at E11.5 with vehicle or busulfan, and RNA was prepared for qRT-PCR analyses of mRNA abundance. (A) Germ cell

markers. (B) Granulosa cell markers. (C) Notch receptors. (D) Notch target/effector and reporter genes. n 5 7 to 10 animals, with each animal

represented as either an open square (control) or filled circle (busulfan) in the scatter plots. Means 6 SEM are shown. *P , 0.05.

Figure 3. Relationship between Notch activity and remaining germ cells in the busulfan-exposed embryonic ovary. Embryonic ovaries isolated at

E18.5 from dams injected with (A) vehicle or (B) busulfan at E11.5 are shown. Whole ovaries were used for confocal fluorescence microscopy to

detect the Sohlh1-mCherry reporter (germ cells) or the TNR-EGFP reporter (Notch-active cells). The white boxes indicate specific areas shown at

increased magnification in (C)–(E). The white arrows indicate oocytes, and the yellow areas show GFP-positive somatic cells. These are generally

in close association (C and D), although examples of GFP-positive cells without an apparent oocyte in the visual field are observed [single yellow

arrow in (E)]. (F) Mean fluorescence intensity of EGFP-expressing somatic cells in control and busulfan-treated ovaries is shown, determined as

described in the “Methods” section. (G) The average number of these EGFP-positive cells in proximity to oocytes as a function of the treatment

is shown. (H) Mean fluorescence intensity of EGFP-positive cells either adjacent to or away from oocytes, determined as described in the

“Methods” section. n 5 4 mice for each group. (A–E) Scale bars, 50 mm. The bars over the scatter plots designate mean 6 SEM. *P , 0.05.
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Next, Notch target/effector gene expression was in-

vestigated. At PND0Hey2was decreased (Fig. 5D), and

by PND19 Hey1, Hey2, and Heyl were all decreased

(Fig. 6D). Finally, the EGFP Notch activity reporter was

significantly repressed at both postnatal times (Figs. 5D

and 6D). Similar results were obtained at PND3 and

PND10 (27). Altogether, imaging and gene expression

analyses of the oocyte-depleted KitWv/Wv ovary revealed

significantly attenuated Notch activity throughout pre-

pubertal postnatal development.

Whereas there are almost no oocytes in the KitWv/Wv

ovaries, a small number do survive in some animals (26).

Figure 4. TNR (EGFP) expression in the tnr/white-spotted mouse ovary. (A) Ovarian histology of representative control (Kit1/1) and mutant

(KitWv/Wv) animals at PND10. Scale bars, 100 mm. (B) EGFP imaging at PND0, PND3, and PND10 in control and white-spotted ovaries. Original

magnification, 320; scale bars, 100 mm. These are representative of n 5 3 for each group at each time point shown.

Figure 5. Ovarian gene expression in control and white-spotted mouse ovaries at PND0. Ovaries were isolated at PND0 from TNR/Kit1/1 mice

(open bars with green boxes) or TNR/KitWv/Wv mice (filled bars with black circles) and RNA was prepared for qRT-PCR analyses of mRNA

abundance. (A) Germ cell markers. (B) Granulosa cell markers. (C) Notch receptors. (D) Notch target/effector and reporter genes. n 5 5 animals,

with each animal represented as a point in the scatter plots. The bars designate mean 6 SEM. *P , 0.05.

2868 Hubbard et al Notch Signaling and Ovarian Granulosa Cells Endocrinology, December 2019, 160(12):2863–2876
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To investigate spatial relationships between Notch-active

cells and any surviving oocytes, immunodetection using an

EGFP antibody (35) was performed on TNR/Kit1/1 and

TNR/KitWv/Wv ovaries at PND19 (Fig. 7). There was strong

EGFP immunostaining within control samples, particularly

within granulosa cells adjacent to oocytes (Fig. 7A). In

contrast, EGFP expression in KitWv/Wv ovaries varied,

depending on the presence of oocytes. In the absence of

oocytes (Fig. 7B) there was a detectable but diffuse signal

observed. However, in the presence of oocytes that had

survived (Fig. 7C) there was an intense and localized EGFP

signal observed in the granulosa cells of follicles that had

formed around these oocytes. The oocytes that remained in

the PND19 Kit-mutant ovaries are not fragmented, appear

morphologically healthy, and have a size and shape ap-

propriate to the follicle. However, others have demon-

strated that by 6 to 8 weeks of age these oocytes are lost as

the ovary becomes devoid of all germ cells (26).

Figure 6. Ovarian gene expression in control and white-spotted mouse ovaries at PND19. Ovaries were isolated at PND19 from TNR/Kit1/1 mice

(open bars with green boxes) or TNR/KitWv/Wv mice (filled bars with black circles) and RNA was prepared for qRT-PCR analyses of mRNA

abundance. (A) Germ cell markers. (B) Granulosa cell markers. (C) Notch receptors. (D) Notch target/effector and reporter genes. n 5 4 to 7,

with the number of animals for each measurement indicated by the individual symbols shown in the scatter plots. The bars designate the

mean 6 SEM. *P , 0.05.

Figure 7. TNR (EGFP) expression and localization in control and white-spotted mouse ovaries at PND19. (A) TNR/Kit1/1 ovary and (B)

TNR/KitWv/Wv ovaries. PND19 ovaries were used for immunohistochemical detection of the EGFP Notch reporter. Original magnifications, 320

and 360; scale bars, 50 mm. These are representative images from n 5 3 mice. The two TNR/KitWv/Wv ovaries shown illustrate one example

without any apparent oocytes (left) and another with multiple remaining oocytes (right).
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The observations in both the busulfan-treated and

KitWv/Wv mouse models support the concept that the

oocyte serves as an important signal for Notch pathway

activation in the surrounding somatic cells during

ovarian development. Prime candidates for this signal are

the Notch ligands Jag1 and Jag2. We elected to focus on

Jag1, as it is more abundantly expressed in the ovary

and is largely restricted to the oocyte at these prepubertal

times (8, 9). To ask whether Jag1 is sufficient to acti-

vate the Notch pathway in granulosa cells, we turned to

cultured primary granulosa cells where it was possible to

test the effects of an rJAG1 fusion protein immobilized

to the culture dish (36–38). Indeed, we observed that

recombinant JAG1 stimulated expression of the Notch

target/effector genes Hes1, Hey2, and Heyl (Fig. 8). This

effect was specific, in that it was reversed in the presence

of the pan-Notch inhibitor DAPT.

To ask whether Jag1 is necessary for the observed

effects of oocytes on Notch activation, we turned to mice

in which the Jag1 gene is conditionally disrupted in

oocytes (8). Although there are follicular abnormalities in

these ovaries, particularly apparent at later stages of

development (8), at PND10 they have abundant oocytes

within normal-appearing follicles (Fig. 9A). To in-

vestigate Notch activation, we crossed mice carrying

the TNR Notch reporter into the cJ1KO background

(TNR/Jag12/2 mice). Ovaries were harvested at PND10

for mRNA expression analysis. Jag1 mRNA is signifi-

cantly reduced as expected, as is the EgfpNotch reporter

mRNA (Fig. 9B) and the endogenous Notch target gene

mRNAs Hes1, Hey2, and Heyl (Fig. 9C). Thus, in the

presence of oocytes, loss of Jag1 from the oocytes alone

significantly impacts the activity of the TNR Notch re-

porter in the ovary.

Finally, although JAG1 from the oocyte may activate

Notch signaling in granulosa cells contacting the oocyte,

or in those able to communicate with the oocyte through

transzonal projections (39–41), there must be additional

Figure 8. Effects of recombinant Jag1 protein on Notch target gene expression in granulosa cells. Primary cultured granulosa cells were plated

onto immobilized recombinant JAG1 (rJ1) overnight as described in the “Methods” section and treated with vehicle or the Notch inhibitor DAPT

for 24 h before isolation of RNA. Expression of the Notch target/effector genes (A) Hes1, (B) Hey2, and (C) Heyl was analyzed. n 5 3 for each

condition, with each biological replicate indicated as a point on the scatter plots. The bars designate mean 6 SEM. Means not sharing the same

letter are significantly different (at P , 0.05).
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mechanisms that propagate and maintain this signal in

growing multilayer follicles. In testing the activity of

recombinant JAG1, we investigated its effects on the

expression of genes encoding Notch ligands and re-

ceptors (Fig. 10). We observed that JAG1 stimulated its

own expression while not altering expression of genes for

the ligand Jag2 or the receptors Notch2 and Notch3

(Fig. 10A). The effect on Jag1 gene expression was

specific and could be reserved with the pan-Notch in-

hibitor DAPT (Fig. 10B). This may provide a mechanism

through which a Jag1-mediated Notch signal can be

propagated across layers of granulosa cells within the

growing follicle once activated in granulosa cells by the

oocyte.

Discussion

Communication between distinct ovarian cell types is

critical for the formation, growth, and maturation of

follicles as well as for regulating the developmental

programs of these cells themselves. This is perhaps best

understood in the context of the bidirectional signaling

between the oocyte and surrounding somatic cells that

will form the granulosa cells of the follicle. A variety of

factors from the oocyte, including multiple TGF-b family

proteins, act on granulosa cells to regulate their initial

proliferation during follicle growth and their later ac-

quisition of steroidogenic potential as they differentiate

in mature follicles (42–45). Conversely, factors including

both steroid and protein hormones from the granulosa

cells impact the metabolism and growth of the oocyte as

well as its eventual meiotic maturation (46–50). Al-

though the role of secreted molecules in this intricately

orchestrated and functionally important cellular cross-

communication is well established, it has also been long

recognized that direct physical contact between these

juxtaposed cell types is also critical to follicle develop-

ment. Gap junctions are one such form of physical

communication (39, 40), and, indeed, disruption of the

genes encoding the gap junction constituents Connexin-

37 (Gja4) in the oocyte or Connexin-43 (Gja1) in

granulosa cells results in female infertility (51–53).

In this study, we investigate another form of contact-

dependent, or juxtacrine, cell communication via the

Notch signaling pathway. The Notch pathway is one of

the most highly conserved signaling systems in metazoan

Figure 9. TNR (EGFP) expression in the ovaries of oocyte-specific Jag1 knockout mice. (A) Histology of WT and knockout (J1KO) ovaries at

PND10, showing the presence of oocytes in the knockout ovaries. Scale bars, 100 mm. (B) Gene expression analysis indicating levels of Jag1 and

Egfp mRNAs in normal littermates (NLM) (open bars) or cJ1KO/TNR (filled bars) ovaries at PND10. n 5 4, with each animal shown as a point in

the scatter plots. (C) Gene expression analysis indicating levels of Hes1, Hey2, and Heyl mRNAs in NLM (open bars) or cJ1KO/TNR (filled

bars) ovaries at PND10. n 5 5, with each animal an individual point in the scatter plots. The bars designate mean 6 SEM.

*P , 0.05.
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organisms, and it acts in a context-dependent fashion to

regulate many aspects of cellular behavior during de-

velopment (54–57). Its actions often involve cross-talk

with various endocrine or paracrine signals (58–62).

Recent studies using granulosa cell culture, ovary culture,

and mouse knockout models have revealed Notch sig-

naling to be important for the formation and growth of

ovarian follicles and for female fertility (7–15). Consis-

tent with these functions, numerous Notch ligands, re-

ceptors, and effector genes are expressed on the mouse

ovary (9), and their abundance and distribution are

developmentally regulated (7, 8, 10). Given this com-

plexity, we have used a TNR mouse in which EGFP

expression is regulated by the canonical Notch pathway

obligate transcription factor Rbpj (16) to integrate and

visualize Notch signaling activity in the mouse ovary (8).

Using this reporter, we previously demonstrated that

Notch activity is detected in the ovary by E15.5 in diffuse

somatic cells near oocytes, an association that becomes

increasingly apparent by birth during the early stages of

primordial follicle formation (8).

To better understand the initial activation of Notch

signaling in the ovary, we tested the hypothesis that

signaling from the oocyte to surrounding somatic cells is

necessary for Notch activation, by chemically or genet-

ically ablating oocytes and assessing the impact on Notch

signaling. The data demonstrate that reducing oocyte

numbers during early development leads to a significant

attenuation in the expression of Notch target genes and

of the Notch activity reporter in the ovary, both in the

late embryonic and early postnatal time periods. Fur-

thermore, we show that the loss of the Notch ligand Jag1

from the oocyte can suppress Notch signaling in the

ovary, whereas Jag1 alone is sufficient for activation of

Notch signaling in granulosa cells. Collectively, these

results support a role for the oocyte and Jag1 in the initial

activation of Notch signaling in somatic granulosa cells

at the time of follicle formation.

In both mouse models, the loss of oocytes and reduced

expression of oocyte-specific markers was associated

with significantly reduced levels of Notch target gene and

reporter mRNAs, despite the relatively unchanged ex-

pression of several granulosa cell-specific genes. It is

likely that this maintenance of granulosa cell identity is

transitory, and will eventually be lost, as is the case in

other mouse models of oocyte loss where granulosa cell

transdifferentiation is observed (63–66). However,

somatic cells in the white-spotted mouse ovary have

Figure 10. Effects of recombinant JAG1 protein on Notch ligand and receptor gene expression in granulosa cells. Primary cultured granulosa

cells were plated onto fibronectin (control) or immobilized recombinant Jag1 as described in the “Methods” section. (A) Expression of the Notch

ligands Jag1 and Jag2 and the Notch receptors Notch2 and Notch3 was analyzed. (B) Expression of the ligand Jag1 was analyzed with or

without a 24-h treatment with the Notch inhibitor DAPT. n 5 3 for each condition, with individual experiments shown as points on the scatter

plots. The bars designate mean 6 SEM. In (A), *P , 0.05. In (B), means not sharing the same letter are significantly different (at P , 0.05).
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previously been shown to normally express ovarian

markers in the absence of oocytes during fetal life, ar-

guing that germ cells are not required for the maturation

of pregranulosa cells (28). Although TNR reporter ex-

pression was reduced in the two mouse models used in

our studies, it was not eliminated, and remained at

;30% of control levels. In busulfan-treated mice, this is

likely in part explained by the substantial number of

remaining oocytes that can be visually observed with the

Sohlh1 and Vasa markers. A dose of busulfan that op-

timized oocyte loss while still allowing the embryos to

survive was used for this study, but some oocytes do

survive. Although many of the EGFP-expressing somatic

cells are localized near these remaining oocytes, Notch-

active cells can also be observed in areas devoid of

oocytes. Because the timing of oocyte death in response

to busulfan is likely variable, some of these TNR-positive

cells may have been adjacent to viable oocytes before the

oocytes themselves were lost. Consistent with our find-

ings in the ovary, busulfan treatment in male mice to

reduce testicular germ cell numbers also results in at-

tenuated expression of the Notch target genes Hey1 and

Hes1 (67), although residual expression of these genes

remained.

Despite the effectiveness of the genetic white-spotted

mouse model at reducing oocyte numbers, a basal level of

TNR reporter expression remained in these ovaries as

well. This may reflect activation of the reporter, and of

Notch target genes, by noncanonical signaling mecha-

nisms independent of the Rbpj transcription factor or of

Notch ligand–receptor interactions (68–70). It also likely

reflects Notch activity in ovarian cells other than gran-

ulosa cells. Using flow cytometry to sort both granulosa

cells (Foxl2-positive) and Notch-active cells (TNR re-

porter), we found that;20% of the Notch-active cells in

the PND21 ovary are not granulosa cells (36). Because

Notch signaling is involved in vasculogenesis in many

tissues (11, 14, 71–73), it is likely that this nongranulosa

cell population includes vascular precursors such as

endothelial cells in which Notch activity is expressed in

response to stimuli other than the oocyte. In addition to

the residual EGFP expression found diffusely throughout

the ovary, strong expression was observed in granulosa

cells of the rare follicles that formed around oocytes that

had survived, consistent with these oocytes directly

supporting Notch reporter gene activation.

Given the well-established cross-talk between Notch

and a diversity of other signaling pathways (58–62), as

well as the importance of the oocyte to the overall health of

granulosa cells, many factors from the oocyte might

contribute to regulating Notch activity in granulosa cells.

However, the direct stimulus seemed likely to be an ac-

tivating Notch ligand working in trans (74). The ligands

Jag1 and Jag2 are abundantly expressed in the ovary (8,

9), whereas the three delta-like ligands are found at low

levels at these stages but are induced by gonadotropin

stimulation and have been implicated in later vasculari-

zation (11, 72, 73). Jag1 is predominantly found in the

oocyte of early stage follicles (7–10) but is expressed in the

granulosa cells of growing follicles and is strongly upre-

gulated by gonadotropins in the periovulatory period (29).

In contrast, Jag2 has been reported to be found in the

oocyte (18) but it is more abundantly expressed in the

granulosa cells of growing follicles (9). This suggested that

Jag1 was the more likely candidate for an oocyte factor

activating Notch signaling, and both the loss-of-function

conditional knockout mice and the gain-of-function ac-

tivation of Notch with recombinant Jag1 experiments

reported here support this concept. A similar observation

of Notch target gene activation using recombinant Jag1

ligand has been made in cultured testicular Sertoli cells

(67). It remains possible that Jag2 from the oocyte is also

involved, as we have demonstrated that recombinant Jag2

can activate Notch target genes in a manner similar to that

reported here for recombinant Jag1 (36).

The processes by which a Notch signal might be

propagated across multiple cell layers in a growing fol-

licle remain poorly understood. In early stage follicles,

granulosa cells not directly contacting the oocyte can

remain in physical communication with it through spe-

cialized cytonemes termed transzonal projections, which

are capable of traversing the zona pellucida and forming

contacts to the oocyte at gap or adherens junctions

(39–41). An attractive mechanism for signal propagation

beyond this follicular stage is lateral induction, an

established phenomenon in Notch signaling whereby a

receiving cell upregulates expression of a ligand that

activates receptors in adjacent cells allowing a wave of

cells to be induced toward the same fate (75). Our finding

that recombinant Jag1 induces its own expression in

cultured granulosa cells, and the observation that Jag1

expression in granulosa cell increases as follicles mature,

is consistent with Jag1 from the oocyte initiating an

expansion of Notch activation across the follicle. Indeed,

the TNR is highly expressed in larger preantral and antral

follicles where mural granulosa cells have no contact with

the oocyte (Fig. 7). Interestingly, recombinant Jag2 does

not stimulate the expression of Jag1 (or of Jag2) in these

cells (36), consistent with the notion that Jag1 is the more

likely candidate for such a lateral induction mechanism.

Taken together, these data reveal an important role

for the oocyte in initial activation of Notch signaling

in granulosa cells during follicle formation. They sup-

port a model in which Notch ligands such as Jag1 from

the oocyte act on Notch receptors, predominantly

Notch2 and Notch3, on granulosa cells to stimulate the
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expression of Notch target genes, especially those of the

Hey family of transcriptional repressors. The functional

importance of these events and of Notch activation in

granulosa cells is supported by the follicular phenotypes

of mice lacking Notch2 (8, 15) or Hes1 (76) in granulosa

cells, and by extensive data from ovary and granulosa cell

cultures using Notch inhibitors, RNA interference

knockdown, and neutralizing antibodies to reveal pro-

found effects on granulosa cell survival and proliferation

(7, 10, 11, 13, 20, 21, 28, 36). Numerous questions for

future study remain. An important aspect of Notch

signaling is the endocytosis and processing of both ligand

in the sending cell and receptor in the receiving cell (77,

78), likely contributing to the bidirectional nature of the

oocyte–granulosa cell communication. Much work re-

mains to establish whether Jag1 does indeed mediate

classical lateral induction (75) within the growing follicle

and whether coexpression of ligands and receptors in

granulosa cells leads to a related cis-inhibition phenom-

enon (74). Finally, further investigations to better ap-

preciate the context-dependent nature of Notch signaling

(79) as applied to the ovary and the regulation of female

fertility are warranted.
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