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Abstract

Previous in vitro studies have suggested that SLIT ligands could play roles in regulating ovarian granulosa cell proliferation and gene expression,
as well as luteolysis. However, no in vivo study of Slit gene function has been conducted to date. Here, we investigated the potential role of Slit1
in ovarian biology using a Slit1-null mouse model. Female Slit1-null mice were found to produce larger litters than their wild-type counterparts due
to increased ovulation rates. Increased ovarian weights in Slit1-null animals were found to be due to the presence of greater numbers of healthy
antral follicles with similar numbers of atretic ones, suggesting both an increased rate of follicle recruitment and a decreased rate of atresia.
Consistent with this, treatment of cultured granulosa cells with exogenous SLIT1 induced apoptosis in presence or absence of follicle-stimulating
hormone, but had no effect on cell proliferation. Although few alterations in the messenger RNA levels of follicle-stimulating hormone-responsive
genes were noted in granulosa cells of Slit1-null mice, luteinizing hormone target gene mRNA levels were greatly increased. Finally, increased
phospho-AKT levels were found in granulosa cells isolated from Slit1-null mice, and SLIT1 pretreatment of cultured granulosa cells inhibited the
ability of both follicle-stimulating hormone and luteinizing hormone to increase AKT phosphorylation, suggesting a mechanism whereby SLIT1
could antagonize gonadotropin signaling. These findings therefore represent the first evidence for a physiological role of a SLIT ligand in the
ovary, and define Slit1 as a novel autocrine/paracrine regulator of follicle development.

Summary Sentence
Slit1-null mice are hyperfertile due to enhanced antral follicle survival, ovulation rates, AKT signaling, and gonadotropin-dependent gene
expression.
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Introduction

The ovarian cycle is a tightly regulated process that cul-
minates in release of fertilizable oocytes by the ovary and
is essential for the establishment and maintenance of preg-
nancy. At the endocrine level, it is mainly controlled by
the gonadotropins, follicle-stimulating hormone (FSH) and
luteinizing hormone (LH), two peptide hormones secreted
by the anterior pituitary gland [1]. These act upon folli-
cles at the post-secondary stages of development to regu-
late their survival and growth, the biosynthesis of steroid
hormones, cumulus expansion, ovulation, luteinization, and
oocyte maturation [2–6]. Whereas the generation and char-
acterization of Fshr- and Lhcgr-null mouse models unequiv-
ocally proved the essential roles of the gonadotropins in
ovarian follicle development [3, 7], it is now clear that a
number of additional, intraovarian paracrine and autocrine
factors are also required. These factors notably include IGF-1,
steroid hormones, prostaglandins, WNTs, fibroblast growth
factors, epidermal growth factor-like molecules and several
transforming growth factor-β superfamily members. These
not only regulate the preantral stages of follicle development
(i.e., before gonadotropin responsiveness is acquired) but
also subsequently act to coordinate and modulate follicular
responses to the gonadotropins [8–20].

Another family of signaling molecules that may play impor-
tant roles in regulating ovarian follicle development are the
SLITs. SLITs are best known for the roles that they play during
the development of the central nervous system, as well as for
their tumor-suppressive activity in a variety of cell types [21–
24]. They act as the ligands for the Roundabout (ROBO) fam-
ily of single-pass transmembrane receptors. Three Slit and four
Robo genes have been identified, although Robo3 and Robo4
are structurally distinct and appears incapable of binding SLIT

ligands [23, 25]. Slit/Robo signaling is complex and involves
a number of distinct pathways. For instance, in developing
neurons, SLITs can signal via Ca2+ and small GTPases (RhoA,
Rac, Cdc42) to regulate the actin cytoskeletal rearrangements
that alter cell adhesion and drive cell migration [23]. More
recently, a number of studies from the field of cancer research
have shown that SLITs also act by suppressing AKT activity
[22, 24] through a mechanism that is not completely under-
stood. Importantly, both FSH and LH signal via AKT [26–28],
although it remains unknown if SLIT ligand(s) signal via
AKT in follicular cells or if this may modulate gonadotropin
signaling in the context of follicle development.

Little is known of the potential roles of Slit/Robo signaling
in the ovary. The expression of various SLITs and ROBOs
has been described in oocytes, granulosa cells, and corpora
lutea in women, mice, cows, ewes, and hens [29–34]. SLIT2/3
and ROBO2 expression has been shown to increase during
luteolysis in women, as does the expression of Slit2 and Robo1
in the same context in mice [30, 34]. Pharmacologic inhibition
of Slit/Robo signaling was shown to enhance human luteal
cell survival in vitro, suggesting a functional role for Slit/Robo
in mediating luteolysis [34]. In the hen, genetic manipulation
of SLIT2 and SLIT3 expression in follicular granulosa cells
in vitro showed that they act to inhibit cell proliferation,
as well as to reduce the messenger RNA (mRNA) levels of
FSHR and steroidogenic enzymes, apparently by signaling via
ROBO1 and ROBO2 [30, 35, 36] have produced the only
in vivo functional analysis of Slit/Robo signaling in the ovary
reported thus far. In their study, they examined the repro-
ductive phenotype of mice with a single null allele for both
the Robo1 and Robo2 genes (i.e. Robo1+/−; Robo2+/−).
These mice were found to be hyperfertile, apparently due to
decreased granulosa cell apoptosis and follicle atresia [30].
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In this study, we aimed to determine the role of Slit1 in
mouse ovarian physiology. Using a combination of molecular
biology and functional genomics approaches, we found that
Slit1 serves to inhibit follicular AKT activity, gonadotropin-
dependent gene expression, granulosa cell and follicle survival,
and female fertility.

Material and methods

Animal models, fertility, and ovulation rate assays

Slit1-null mice were as previously described [37] and main-
tained on a C57BL/6 J genetic background. Mice used in
experiments were generated by mating mice that were het-
erozygous for the null allele, thereby generating Slit1-null
and wild-type (WT, control) littermates with identical genetic
backgrounds. Eight-week-old mice used for follicle counting,
hormone measurements and immunohistochemistry were sac-
rificed during diestrus, as determined by vaginal cytology [38].
Fertility was assessed by mating 8-week-old Slit1-null (n = 12)
and control (n = 10) females with WT males for a period of
6 months and counting numbers of litters and pups (at birth)
produced. Males were removed after 6 months and the females
monitored for 3 weeks for the production of a final litter. Ovu-
lation rates were determined by housing 8-week-old Slit1-null
(n = 6) and control (n = 6) females with WT males and mon-
itoring daily for the presence of a copulatory plug. Females
were sacrificed on the morning that the plug was observed,
the oviducts isolated and placed in saline solution in a Petri
dish, and the ovulated cumulus–oocyte complexes (COCs)
released by tearing the ampullae of the oviducts with forceps.
Retrograde flushing with saline was also done to expel any
remaining COCs. The experiment was also performed using
immature (22- to 25-day-old) Slit1-null (n = 5) and WT (n = 6)
female mice stimulated with 5 IU (IP) of equine chorionic
gonadotropin (eCG; Folligon, Merck) followed 48 h later by
an ovulatory dose (5 IU, IP) of human chorionic gonadotropin
(hCG; Chorulon, Merck). The mice were sacrificed 24 h
afterward and the COCs isolated and counted as described
above. All animal procedures were approved by the Comité
d’éthique de l’utilisation des animaux (CÉUA—Institutional
Animal Care and Use Committee) of the Faculté de médecine
vétérinaire of the Université de Montréal and conformed to
the International Guiding Principles for Biomedical Research
Involving Animals.

Follicle counting

Antral follicle counting and atresia scoring was done as pre-
viously described [38]. Briefly, left ovaries from 8-week-old
Slit1-null (n = 8) and WT (n = 9) mice were fixed in 10%
formalin prior to paraffin embedding. Ovaries were then
serially sectioned at a thickness of 6 μm, and every fifth
section was stained with hematoxylin and eosin. All antral
follicles (corresponding to Pedersen classes 6–8 [39]) with a
visible oocyte nucleus were counted and scored as healthy
or atretic. The primary criteria of atresia scoring were (1)
presence and degree of pyknosis (condensed granulosa cells or
cells with condensed nuclei), (2) presence and degree of loss
of granulosa cell attachment to oocytes or loss of cumulus
cells, and (3) presence of polymorphonuclear neutrophils.
Secondary criteria were granulosa cell vacuolation, sparse
or missing granulosa cells, and integrity of the basement
membrane.

Granulosa cell isolation and culture

Granulosa cells were isolated from the ovaries of immature,
eCG- or eCG/hCG-treated (see above) Slit1-null and WT mice
using the needle puncture technique [40], followed by filtra-
tion using 40 μM cell strainers (Progene 71-229481-ULT, Ulti-
dent, St-Laurent, QC, Canada) to remove debris and COCs.
Recovered cells were then analyzed by Western blotting or
RT-qPCR (see below) or seeded onto 96-well plates (Ther-
moFisher Scientific) (cells from 0.5 ovary per well) in MEM
1X (ThermoFisher Scientific) supplemented with 0.25 mM
sodium pyruvate (ThermoFisher Scientific), 3 mM L-
glutamine (Wisent Inc.), penicillin–streptomycin (Wisent Inc.),
and 1% fetal bovine serum (FBS; Wisent Inc.) and incubated
(5% CO2/95% air) for 3 h at 37◦C to attach. Cells were
then serum-starved for 2 h before treatment (or not) with
50 ng/ml human recombinant LH or FSH (National Hormone
& Peptide Program) or PBS (control). Recombinant mouse
SLIT1 (10 μg/ml) (5199-SL-050, R&D systems) was added
1 h prior to gonadotropin treatment in certain groups. Slightly
different culture and treatment conditions were used for the
TUNEL and flow cytometry assays, as described below.

Immunohistochemistry

Ovaries obtained from adult or immature mice 48 h after
eCG were fixed in 10% formalin and paraffin-embedded. Fol-
lowing sectioning (3 μm), deparaffinization, rehydration, and
sodium citrate heat-mediated antigen retrieval, sections were
incubated with anti-SLIT1 (Santa Cruz, sc-376,756, 1:250)
or Cleaved Caspase 3 (Cell Signaling, 9661, 1:200) primary
antibody overnight. Detection was performed using the Vec-
tastain Elite ABC Horseradish peroxidase (HRP) Kit followed
by the DAB Peroxidase (HRP) Substrate Kit according to the
manufacturer’s instructions (Vector Laboratories). Slides were
counterstained with hematoxylin prior to mounting.

Western blotting

Proteins were extracted from freshly isolated or cultured gran-
ulosa cells (GCs) by lysis in sodium dodecyl sulphate (SDS)
loading buffer containing 5% β-mercaptoethanol (BioShop).
Samples were resolved on 4–10% precast polyacrylamide gels
(Biorad, #5678095) and transferred to low-autofluorescence
PVDF membranes (Biorad, #1704275). Membranes were
blocked with 5% non-fat dry milk in Tris-buffered saline
supplemented with 0.1% Tween 20 (BioShop) (TBST) and
probed with antibodies raised against Phospho-AKT(S473)
(Cell Signaling, 4060, 1:1000), AKT (Cell Signaling, 4691,
1:1000), or Cleaved Caspase 3 (Cell Signaling, 9661, 1:500)
overnight at 4◦C in TBST supplemented with 5% BSA
(Bioshop). Membranes were then probed with anti-rabbit IgG
HRP Conjugate (Promega) diluted in 5% non-fat powdered
milk for 1 h at room temperature. The antibody against
ACTB (β-actin, loading control, sc-47778) was diluted
1:10 000 in 5% non-fat powdered milk and incubated for
1 h at room temperature. Luminescent signal was generated
using Immobilon Western Chemiluminescent HRP substrate
(MilliporeSigma). Images were captured with ChemiDoc MP
Imaging System (Bio-Rad) and signals quantified using Image
Lab Software v.5.0 (Bio-Rad).

Real-time polymerase chain reaction analyses

Total RNA from granulosa cells was extracted, quanti-
fied, and reverse-transcribed as previously described [41].
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Polymerase chain reactions consisted of 2.3 μl of water,
6 pmol of each forward and reverse gene-specific primer,
7.5 μl of Advanced qPCR mastermix with Supergreen Lo-
ROX (Wisent Inc.), and 4 μl of cDNA (diluted 10-fold from
the RT reactions). Specific primer sequences are listed in
Supplementary Table 1. Real-time PCR reactions were run
using a CFX96 Touch Real-Time PCR Detection System (Bio-
Rad). The thermal cycling program was the same in all cases,
and as previously described [41]. Messenger RNA levels were
determined using CFX ManagerTM Software 3.0 (Bio-Rad),
with the mathematical model according to Pfaffl [42] and
using Rpl19 as the housekeeping gene.

Flow cytometry analyses

Granulosa cells were seeded onto 24-well culture plates (106

cells per well) and cultured in Dulbecco’s Modified Eagle
Medium (DMEM)/F12 (Wisent, 319-085-CL) medium sup-
plemented with 10% FBS and penicillin/streptomycin and
incubated for 24 h (37◦C; 5% CO2). Following 24 h of
treatment with SLIT1 (10 μg/ml) or vehicle (PBS) (n = 4
wells/treatment) cells were trypsinized, centrifuged (1200 g
for 10 min), and fixed in 70% ethanol overnight at 4◦C.
Cells were washed and stained with RNase A (ThermoFisher
Scientific, EN0531) and PI (Merck, 537060-5ML) solution
and incubated at 37◦C for 30 min in the dark. The proportion
of cells in each phase of the cycle was then assessed (30 000
cells/analysis) using a BD Accuri C6 Flow Cytometer (BD
Biosciences) and FlowJo 10.6.2 software (BD Biosciences).

TUNEL assays

Granulosa cells were seeded in 8-well chamber slides (2 × 106

per well) (Thermo Scientific, #154941). Cells were cultured in
DMEM supplemented with 1% FBS for 3 h prior to treatment
with SLIT1 or vehicle (PBS) for 1 h, followed by and FSH or
vehicle (PBS) for 4 h. The medium was removed, and cells
were labeled using the In Situ Cell Death Detection Kit, TMR
red (Roche, #12156792910) according to the manufacturer’s
instructions. The percentage of dead cells was quantified using
ImageJ 1.53a software [43] as previously described [44] on
monochrome images (n = 16/treatment).

Hormonal assays

Blood samples were collected by cardiac puncture prior to
euthanasia and allowed to clot at room temperature for
90 min. Following centrifugation at 2000 g for 15 min at room
temperature, serum samples were transferred to polypropy-
lene tubes and stored at −80◦C until analyzed. Serum estradiol
levels were determined by ELISA, whereas LH and FSH levels
were determined by radioimmunoassay (RIA). Progesterone
levels in serum and in spent culture media were determined
by RIA. All assays were performed by the Ligand Assay
and Analysis Core Laboratory of the University of Virginia
(Charlottesville, VA).

Statistical analyses

Normality was assessed using the Shapiro–Wilk test. When
data followed a normal distribution, the Student t-test was
used whenever two groups were to be compared. For analyses
involving more than two groups, ANOVA (one-way or two-
way) was conducted, followed by the Bonferroni multiple
comparison test. In cases where the data deviated from a
normal distribution, a Mann–Whitney test was used whenever
two groups were to be compared. In cases involving more

than two groups, the Kruskal–Wallis test followed by the
Dunn multiple comparison test was performed. Fertility data
were analyzed using the chi-square test. Statistical analyses
were done using GraphPad Prism software version 10.1.0
(GraphPad Software) and Rstudio (R version 4.2.1). Data
are presented as means ± SEM. P ≤ 0.05 was considered
statistically significant.

Results

To identify Slit gene(s) that may have biological roles in
ovarian granulosa cells, an initial screening was conducted
in which primary cultures of mouse granulosa cells were
pretreated with recombinant SLIT ligands, followed or not
by addition of gonadotropin. Cells were then monitored for
changes in the activity of several signal transduction pathways
and the mRNA levels of key ovarian genes. From these initial
experiments, SLIT1 was found to suppress the phosphoryla-
tion of AKT (Figure 1A and B), as well as to antagonize the
LH-induced increase in the mRNA levels of Ereg and Star. The
latter effects were found to be dose-dependent (Figure 1C) as
well as time-dependent (Figure 1D), reaching maximal effect
1 h post-LH treatment. Decreases in StAR mRNA levels
were also accompanied by decreased levels of progesterone in
spent culture media (Figure 1E). In vivo ovarian Slit1 expres-
sion was then studied by immunohistochemistry and RT-
qPCR on a time course using the gonadotropin-primed imma-
ture mouse model. Results showed high and invariant levels
of Slit1 mRNA throughout antral follicle development (i.e.,
0–48 h post-eCG) and throughout the hCG-induced ovulatory
process (Supplementary Figure 1A). Immunohistochemistry
analyses showed abundant Slit1 expression in follicles from
the secondary stage through ovulation, and apparently local-
izing exclusively to the granulosa cells, as well as to luteal cells
in adult mice (Supplementary Figure 1B). On the basis of these
findings, Slit1 was selected for subsequent in vivo functional
analyses.

To elucidate the roles of Slit1 in the ovary, female Slit1-null
mice [37] were first housed with WT male mice and their
fertility assessed by counting numbers of litters and pups pro-
duced over a period of 6 months. Although Slit1-null females
produced numbers of litters comparable to their (control) WT
littermates, their litter sizes were significantly larger (≈0.8
pup/litter, Table 1). To determine if this increased fertility was
due to an increased ovulation rate, cumulus–oocyte complexes
were retrieved from the oviducts of adult Slit1-null mice
following natural mating, as well as from immature mice
following eCG/hCG superovulation. In both cases, Slit1-null
animals produced significantly higher numbers of ovulated
COCs than their WT controls (Table 2). Analyses of ovarian
weights at 2, 6, and 9 months of age showed ovaries from
Slit1-null mice to be ≈25–50% heavier than those of their WT
counterparts (Supplementary Figure 2), and initial histologic
analyses suggested that this could be due to an increased abun-
dance of large follicles (Supplementary Figure 3). A follicle-
counting experiment using serial sectioning was therefore
conducted to quantify any potential changes in follicular
development dynamics. This revealed larger numbers of total
and healthy antral follicles in the ovaries of 8-week-old
Slit1-null mice compared to their WT littermates, whereas
numbers of antral follicles undergoing atresia were com-
parable between groups (Table 3, Supplementary Figure 3).

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioae106#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioae106#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioae106#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioae106#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioae106#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioae106#supplementary-data
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Figure 1. Bioactivity of recombinant SLIT1 in primary granulosa cell cultures. (A) Immunoblotting analyses of total AKT (t-AKT) and phospho-AKT (p-AKT)
levels in granulosa cells treated or not with SLIT1, with ACTB (β-actin) serving as a loading control. (B) Densitometric analysis of the immunoblotting
experiment depicted in A (n = 6/group). (C) Dose–response analysis of Ereg and Star mRNA levels in granulosa cells pretreated with graded doses of
SLIT1, followed (or not) by LH treatment (n = 4/group). (D) Time course analysis of Ereg and Star mRNA levels in granulosa cells pretreated (or not) with
SLIT1 (10 μg/ml), followed (or not) by LH treatment for the indicated times (n = 4/group). (E) Progesterone levels in spent culture media from the
experiment shown in (D). Columns = means, error bars = SEM, statistically significant differences between groups (P < 0.05) are indicated with an
asterisk (∗) or with letters; columns lacking a common letter being significantly different from one another.
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Table 1. Fertility trial

WT Slit1 −/−

n 10 12
No. of litters 5.6 ± 0.22 6.08 ± 0.14
Total pups 35.1 ± 2.59 43.08 ± 1.90

∗

Litter size 6.24 ± 0.31 7.07 ± 0.25
∗

∗
Significantly different from control, P < 0.05.

Table 2. Ovulation rates

WT Slit1 −/−

Superovulation 26.3 ± 3.77 43.2 ± 5.63
∗

Natural mating 9.0 ± 0.63 12.7 ± 0.56
∗∗

∗
Significantly different from control, P < 0.05.

∗∗
Significantly different from

control, P < 0.01.

Table 3. Antral follicle counts

WT Slit1−/−

Healthy follicles 9.78 ± 1.14 14.25 ± 1.49
∗

Atretic follicles 1.44 ± 0.41 2.0 ± 0.44
Total 11.22 ± 1.43 17.0 ± 2.18

∗

∗
Significantly different from control, P < 0.05.

Table 4. Cell cycle assay

PBS SLIT1

G1 (%) 82.94 ± 3.41 83.32 ± 1.90
S (%) 4.14 ± 2.73 5.89 ± 2.34
G2/M (%) 12.23 ± 2.20 10.26 ± 1.90

These findings suggested both an increased rate of follicle
recruitment and a decreased rate of atresia occurring in the
ovaries of Slit1-null mice.

To evaluate the effects of SLIT1 on granulosa cell pro-
liferation, granulosa cells from WT mice were placed in
culture and treated (or not) with SLIT1 and subjected to
propidium iodide staining/Fluorescence-activated cell sorting
(FACS) assays. SLIT1 treatment had no measurable effect on
the proportion of granulosa cells in any phase of the cell cycle
(Table 4). To determine the effects of SLIT1 on granulosa cell
apoptosis, similar cultures were treated with SLIT1 and/or
FSH, and analyzed by TUNEL. These assays showed that
SLIT1 induces apoptosis in vitro, either in presence of absence
of FSH (Figure 2A and B). Comparable results were obtained
when apoptosis was detected by measurement of cleaved
Caspase-3 expression by western blotting (Figure 2C and D).
Together with the in vivo findings, these results suggest that
loss of Slit1 enhanced granulosa cell and follicle survival, lead-
ing to larger numbers of follicles being available to ovulate,
with resultant increased ovulation rates and enhanced fertility.

To determine the molecular basis for the changes in
ovarian physiology in Slit1-null mice, mRNA levels of key
gonadotropin response genes were determined by RT-qPCR
in granulosa cells isolated from the ovaries of immature
mice following eCG treatment for 48 h, as well as from
additional groups that received a subsequent hCG treatment
for 4 or 12 h. Results showed few changes in the mRNA
levels of FSH-responsive genes at 48 h post-eCG relative to
controls, although a significant decrease in Fshr mRNA levels

was noted in the Slit1-null group (Figure 3A). Consistent
with the lack of changes in the expression of FSH-regulated
steroidogenesis-related genes (i.e., Nr5a2, Cyp19a1), serum
estradiol levels were also comparable between groups
(Supplementary Table 2).

Unlike what was observed for FSH-responsive genes at 48 h
post-eCG, granulosa cells from Slit1-null mice had increased
mRNA levels of many LH-responsive genes following hCG
treatment, particularly at 12 h (Figure 3B and C). These
included groups of genes involved in ovulation/luteinization
(i.e., Pgr, Vegfa, Klf4), extracellular matrix remodeling, and
cumulus expansion (i.e., Adamts1, Ptx3, Has2), as well
as luteal cell steroidogenesis (i.e., Nr5a2, Star, Cyp11a1,
Hsd3b2). Although the latter finding complemented the sup-
pression of LH-induced Star mRNA levels and progesterone
secretion that we had observed in granulosa cells in response
to SLIT1 in vitro (Figure 1), circulating progesterone levels
were not abnormally increased following hCG treatment
in immature Slit1-null mice and were also comparable
to controls in adult mice (Supplementary Table 2). This
unexpected lack of change was not due to a compensatory
effect higher in the hypothalamo-pituitary-gonadal (HPG)
axis, as circulating FSH and LH levels were also found to
be comparable between groups (Supplementary Table 2).
Together, these findings suggest that Slit1 acts to antagonize
the regulation by the gonadotropins (particularly LH) of at
least a subset of their target genes.

To begin delineating the signaling mechanism whereby
Slit1 may regulate gonadotropin target gene expression
and promote apoptosis in granulosa cells, we examined the
effect of exogenous SLIT1 on gonadotropin-regulated AKT
phosphorylation levels in cultured granulosa cells from WT
mice. Results showed that SLIT1 pretreatment inhibited
the ability of both FSH and LH to induce AKT activity
(Figure 4A–D). Similar results were obtained when this exper-
iment was conducted using cells isolated from Slit1-null mice.
Importantly however, intrinsic levels of AKT phosphorylation
were found to be significantly higher in granulosa cells from
Slit1-null mice relative to controls (Figure 4A–D), indicating
that Slit1 serves to suppress AKT signaling in granulosa cells
in vivo.

Discussion

A handful of previous studies have employed pharmacologic
and genetic approaches to manipulate SLIT expression or
signaling in ovarian follicular granulosa cells, resulting in
altered proliferation, apoptosis and gene expression [30, 34–
36, 45]. These have suggested potential physiological roles
for Slit/Robo signaling in mediating processes such as follicle
selection and growth, as well as luteolysis. However, no study
to date has examined the physiological roles of SLIT ligands
in the ovary in vivo. Here, using a Slit1-null mouse model
and complementary in vitro assays using cultured granulosa
cells treated with recombinant SLIT1, we show that Slit1
serves as a positive regulator of granulosa cell apoptosis and
follicular atresia. In absence of Slit1, a decreased rate of
follicle atresia was observed, with accompanying increased
numbers of healthy follicles, increased ovulation rates, and
hyperfertility. Conversely, SLIT1 treatment induced granulosa
cell apoptosis in vitro. These findings define Slit1 as a novel
regulator of follicle development and, together with a previous
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Figure 2. Recombinant SLIT1 induces apoptosis in primary granulosa cell cultures. (A) Representative photomicrographs (bar = 500 μM) of TUNEL
analyses of granulosa cells pretreated (or not) with SLIT1 (10 μg/ml), followed (or) not by FSH treatment. Insets: high-magnification images (bar = 20 μM).
Red = TUNEL signal, blue = DAPI counterstain. (B) Quantitative analysis of the experiment depicted in (A). (C) Immunoblotting analyses of cleaved
Caspase-3 expression in granulosa cells treated or not with SLIT1 (10 μg/ml), with ACTB (β-actin) serving as a loading control. (D) Densitometric analysis
of the immunoblotting experiment depicted in (C) (n = 6/group). Columns = means, error bars = SEM, statistically significant differences between groups
(P < 0.001) are indicated with asterisks (∗∗∗) or with letters; columns lacking a common letter being significantly different (P < 0.05) from one another.

study of the ovarian functions of Robo1 and Robo2 [30],
indicate that Slit/Robo signaling serves as an intra-ovarian
mechanism that limits female fertility by inhibiting follicle
survival.

Further investigation will be required to fully elucidate the
mechanisms whereby Slit1 exerts its effects in granulosa cells.
Our initial findings show that it inhibits AKT activity, as
has been shown in other cell types, notably in the context
of tumor suppression [46, 47]. Both FSH and LH signal via
AKT [26, 27, 48, 49], and indeed our data indicate that
Slit1 can counteract their ability to increase AKT activity.
FSH is well-known to act as a follicle survival factor, notably
by inhibiting autophagy and apoptosis through activation of
AKT and mTOR [50]. It is therefore tempting to speculate
that Slit1 promotes follicular atresia by antagonizing an FSH-
regulated AKT survival signal. However, our data suggest
that Slit1 has little or no effect on other key physiologic
effects of FSH, such as promoting cell proliferation and estra-
diol secretion, nor does it appear to have much effect on

the expression of FSH target genes. The latter finding was
particularly surprising given that FSH regulates a large pro-
portion of its target genes by signaling via AKT and FOXO1
[51]. One potential explanation for this is the decreased
expression of Fshr that we observed in the granulosa cells
of Slit1-null mice, which could represent a compensatory
response that decreases FSH responsiveness, thereby main-
taining relatively normal proliferation, steroidogenesis, and
target gene expression despite increased AKT activity. The
mechanism whereby Slit1 promotes granulosa cell apoptosis
would therefore seem to be either independent of its AKT-
regulatory effects, or it involves the suppression of AKT
signaling in a manner that somehow does not interfere with
other aspects of FSH action.

Increased ovulatory efficiency in Slit1-null mice appeared to
be the result of increased numbers of healthy antral follicles
present in the ovary and hence larger cohorts of follicles avail-
able to ovulate with every cycle. However, we cannot exclude
that an enhanced response to LH also contributed to this
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Figure 3. Alterations in gonadotropin response gene mRNA levels in the granulosa cells of Slit1-null mice. RT-qPCR analyses of mRNA levels of the
indicated genes in granulosa cells isolated from the ovaries of immature mice 48 h following eCG treatment (A), or from eCG-primed mice 4 h (B) or 12 h
(C) following an ovulatory dose of hCG (n = 5/group). Columns = means, error bars = SEM, statistically significant differences between groups are
indicated with asterisks (∗: P < 0.05, ∗∗: P < 0.01, ∗∗∗: P < 0.001, ∗∗∗∗: P < 0001).
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Figure 4. Increased endogenous and gonadotropin-stimulated phospho-AKT levels in the granulosa cells of Slit1-null mice. (A) Immunoblotting analyses
of total AKT (t-AKT) and phospho AKT (p-AKT) levels in granulosa cells from mice of the indicated genotypes, pretreated or not with SLIT1 (10 μg/ml)
prior to treatment (or not) with FSH. ACTB (β-actin) served as a loading control. (B) Densitometric analysis of the immunoblotting experiment depicted in
(A) (n = 6/group). (C) Same as (A), except cells were treated with LH rather than FSH. (D) Densitometric analysis of the immunoblotting experiment
depicted in (C) (n = 4/group). Columns = means, error bars = SEM, statistically significant differences between genotypes (P < 0.05) are indicated with an
asterisk (∗); columns lacking a common letter are significantly different (P < 0.05) from one another.

phenotype. Indeed, enhanced AKT signaling and increased
mRNA levels of LH target genes involved in processes such
as follicle rupture and cumulus expansion were observed in
response to hCG in Slit1-null mice. These effects could not
be attributed to increased Lhcgr expression and are therefore
presumably the result of the loss of Slit1-regulated signaling
processes. Although it is well established that AKT is activated
by LH, its roles in mediating the biological effects of LH have
not been characterized as extensively as its roles in mediating
the effects of FSH. Most studies thus far suggest that LH-
regulated AKT activity serves as a survival signal [52], but
evidence for its involvement in LH-regulated activities such
as ovulation and luteal steroidogenesis is scant. It therefore
seems likely that the increase in expression in LH target
genes observed in the granulosa cells of ovulatory follicles
of Slit1-null mice involves mechanisms other than (or in
addition to) enhanced AKT signaling. If suppression of AKT
by Slit1 does indeed serve to promote luteal cell apoptosis,
this finding would be consistent with a previous study, which
found that the addition of a chimeric ROBO1/Fc protein
(which inhibits Slit/Robo signaling by sequestering SLIT lig-
ands) to cultured human lutein cells resulted in decreased
apoptosis [34]. While the latter study proposed that this could
be indicative of a role for Slit/Robo signaling in mediating
luteolysis, our histologic analyses of ovaries from Slit1-null
mice showed no obvious impairment of this process. Fur-
ther analyses would however be required to determine if
subtle changes in apoptosis occur in luteal cells in absence
of Slit1.

SLIT1 treatment of granulosa cells resulted in the down-
regulation of Star mRNA levels and progesterone secretion
in vitro, and granulosa cells from Slit1-null mice had corre-
spondingly increased expression of Star and of genes involved
in progesterone biosynthesis. We therefore expected to find
increased serum progesterone levels in Slit1-null mice, but
found no evidence for this in either eCG/hCG-treated imma-
ture mice or in adult mice. Progesterone production by the CL
is thought to be regulated mainly at the level of the expression
of Star, and it is not thought to be stored in meaningful
amounts in luteal cells [53]. As such, it seems unlikely that the
lack of increase in circulating progesterone in Slit1-null mice
could be explained by altered release by the CL. Progesterone
has a short elimination half-life (minutes) and is metabolized
in large part by the liver and by the CL itself [54–56], so
compensatory changes in metabolism might provide part of
the answer. Further experiments would be required to test this
hypothesis.

In summary, this study shows that Slit1 represents an impor-
tant new regulator of granulosa cell apoptosis and follicular
atresia, and adds SLITs to the list of ovarian autocrine/-
paracrine signaling molecules that regulate follicle develop-
ment. Future studies will be required to define the mechanisms
of action of Slit1, including the potential genomic and nonge-
nomic means by which it induces apoptosis, how its signal
is transduced, and how it modulates gonadotropin signaling.
Similarities between the ovarian phenotypes of Slit1-null and
Robo1/2 haploinsufficient mice [30] suggest that the former
may represent the physiological ligand of the latter, though
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this remains to be proven, and the physiological (and poten-
tially redundant) roles of Slit2 and Slit3 in the ovary remain
to be determined.
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