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Abstract
Retinoic acid (RA) facilitates tissue morphogenesis by regulating matrix matalloproteinase
(MMPs) expression. Our objective was to examine the influence of RA on in vitro development of follicles enclosed within domestic cat ovarian tissues. Ovarian cortices from 9 prepubertal and 13 adult cats were incubated for 7 d in medium containing 0 (control), 1 or
5 μM RA and then analyzed for viability. Cortices from additional three animals of each
age group were cultured in the same condition and follicle morphology, stage and size
were histologically evaluated. In a separate study, cortices from 14 donors (7 prepubertal;
7 adult cats) were incubated in 0 or 5 μM RA for 7 d and assessed for (1) MMP1, 2, 3, 7, 9
and TIMP1 expression by qPCR and (2) protein expression of MMP9 by immunohistochemistry. Donor age did not influence follicle response to RA. Collective data from both
age groups revealed that percentages of primordial follicles in 5 μM RA treatment were
lower (P < 0.05; 40.5 ± 4.5%) than in fresh cortices (66.7 ± 5.3%) or controls (60.1 ± 4.0%)
with 1 μM-RA treatment producing intermediate (56.3 ± 4.0%) results. Proportion of primary follicles in 5 μM RA (21.7 ± 3.3%) was higher than in fresh cortices (4.9 ± 2.9%) and
controls (9.0 ± 2.8%) with 1 μM-RA treatment producing an intermediate value (13.8 ±
2.0%). Furthermore, proportion of secondary follicles increased after 7 d in the presence
of 5 μM RA (9.5 ± 2.7%) compared to other groups (fresh, 1.9 ± 0.8%; control, 2.6 ± 1.1%;
1 μM RA, 2.5 ± 0.2%). MMP9 transcript and protein were upregulated, whereas MMP7
mRNA was suppressed by 5 μM-RA treatment compared to fresh counterparts. RA did not
impact MMP1, 2, 3, 13 or TIMP1 expression. In summary, RA activated cat primordial follicle growth likely via a mechanism related to upregulation of MMP9 and down-regulation of
MMP7 transcripts.
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Introduction
Primordial follicle activation and growth progression beyond the primary follicle stage require
locally-produced factors and peptides independent of pituitary gonadotropins [1] as well as
support from surrounding somatic cells. Under these paracrine influences, a follicle undergoes
a marked increase in surface area as it transitions from the primordial stage to the primary,
secondary and, ultimately, preovulatory Graafian stage. During this development, there is continual remodeling of the follicle’s wall and the adjacent extracellular matrix (ECM) resulting in
collagen turnover in the theca externa and the surrounding ovarian stroma, all permitting follicular expansion [2,3]. The matrix metalloproteinases (MMPs), a family of zinc-containing
enzymes, appear to have a significant responsibility for these changes [2,3]. mRNA and protein
expression MMPs and TIMP, its tissue inhibitor, have been demonstrated in the ovary of multiple mammalian species, including the mouse, cow, pig, sheep and human [3]. We recently
reported expression of MMP1, MMP2, MMP3, MMP7, MMP9, MMP13 and TIMP1 mRNA in
the ovary of the domestic cat with abundance and expression pattern of these enzymes varying
during folliculogenesis [4]. Specifically, MMP1, 2, 3 and 9 mRNA increase multiple fold from a
primordial nadir to peak in follicles forming an antral cavity. Meanwhile, MMP7 transcripts
increase 2-fold between the primordial and primary stage and then plateau, whereas MMP13
mRNA peaks in the primary follicle (2.5-fold above baseline), but then is lower in more
advanced counterparts. Lastly, TIMP1 sharply increases (6-fold) in the secondary follicle stage,
but gradually declines thereafter. Collectively, these findings reveal that there is dynamic and
rather striking variation in various MMP enzymes over the course of the folliculogenic process,
suggesting different roles during follicular maturation.
Retinoic acid (RA), a vitamin A metabolite, has been shown to be involved in tissue morphogenesis, cellular proliferation, differentiation and apoptosis in multiple cell/tissue types
during embryogenesis and organogenesis [5,6]. This compound also is known to influence
MMP expression in many cell types. For example, a study of human neuroblastoma cells has
demonstrated that RA induces neuronal cellular differentiation by up-regulating MMP9
expression [6]. By contrast, it has been shown that RA down-regulates protein expression of
MMP2 and 9 that, in turn inhibits proliferation and migration of human arterial smooth muscle in vitro [7]. There also is evidence of RA influence on reproductive cells; examples include,
promoting oocyte maturation in the cow [8] and embryo quality in the human [9]. However,
the impact of RA on ovarian follicle development has not been investigated.
We study the domestic cat as a research model for two reasons. First, as a physically larger
species than conventional laboratory rodents, the cat offers more, analogous reproductive
complexities to women, including similarities in follicle and oocyte size and nuclear configuration [10]. Secondly, what has been learned about the domestic cat has application to comparative studies, and sometimes improved conservation, of a variety wild Felidae species, many of
which are vulnerable to extinction [11]. In both cases, we have been keen to thoroughly understand what regulates ovarian function, especially follicle development in vitro as a mean of rescuing the maternal genome represented in thousands of follicles that never fully develop and,
thus, never produce a viable, fertilizable oocyte [4,10,12,13]. Given this long-term aim as well
as knowledge that RA has cell promoting abilities [5–9], our objective was to examine, for the
first time, the influences of RA on in vitro folliculogenesis, specifically through an impact on
MMPs manifestation in ovarian tissue. Therefore, our hypothesis was that supplementing in
vitro culture environment with RA stimulates ovarian follicle development by altering MMP
expression. Because earlier work in our laboratory demonstrated a donor age effect on ability
of ovarian stromal cells to proliferate in vitro [13], we also compared the influence of RA on
follicles from prepubertal versus adult females.
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Materials and methods
Chemicals
All chemicals were purchased from Sigma-Aldrich (St Louis, MO) unless otherwise indicated.

Collection and in vitro culture of ovarian cortices
The source of ovaries was known age prepubertal (5–6 mo old, n = 19) and adult (8 mo-3 yr
old, n = 23) domestic cats (domestic short hair) in good health condition that had undergone
routine ovariohysterectomy at local veterinary clinics throughout the year. Upon excision of
the reproductive tract, each ovarian pair was removed from the oviduct/uterine cornus,
immersed in L-15 medium (containing 10 mM HEPES, 100 μg/ml penicillin G sodium and
100 μg/ml streptomycin sulfate) and transported in a 4˚C container to the laboratory within 1
to 6 hr. Ovaries of adult cats were obtained during inter-estrous period based on the absence
of corpora lutea and preovulatory follicles on both ovaries.
Ovarian cortical slices (1 mm thick) were dissected from the surface of each ovary using a
surgical blade and then sectioned in equal pieces (1–1.5 mm width) [12,13]. To avoid the influence of different intra-ovarian condition, tissue from both ovaries was combined for each
donor and then incubated (38.5˚C, 5% CO2, humidified air for 7 d) separately from other
donors. The basic culture medium used was standard for the domestic cat as developed for earlier studies [12,13]. The base medium was Eagle’s MEM supplemented with 0.4 μg/ml insulin,
0.4 μg/ml transferrin, 0.5 ng/ml selenium, 2 mM L-glutamine, 100 μg/ml penicillin G sodium,
100 μg/ml streptomycin sulfate, 0.05 mM ascorbic acid, 10 ng/ml porcine FSH (Folltropin-V,
Bioniche Animal Health, Belleville, ON, Canada), 0.1% (w/v) polyvinyl alcohol and 100 ng/ml
EGF [13]. To ensure freshness and eliminate metabolic waste, half the volume of the culture
medium was exchanged every 48 hr throughout the 7 d study interval.
‘The Smithsonian Conservation Biology Institute’ Animal Care and Use Committee has
granted a waiver of the animal care and use approval because the tissues were spayed materials
that otherwise would be discarded.

Assessment of follicle viability
Follicle viability within the ovarian cortical tissues was evaluated at Day 0 (fresh control; day of
tissue excision and initial incubation) or Day 7 of in vitro culture using calcein AM/ethidium
homodimer-1 staining (Invitrogen) and observation under a fluorescent microscope (Olympus BX40; Olympus America Inc., Central Valley, PA). Follicles were considered viable when
both the oocyte and surrounding granulosa cells fluoresced green by calcein. For each replicate, at least two cortical pieces were assessed for each fresh and culture treatments, with all follicles in a given piece counted regardless of size.

Histological analysis and classification of follicular structure
Histological analysis and classification of follicle structure post-treatment (see Experimental
Design below) were performed as described previously with minor modifications [10,11].
Briefly, pieces of fresh and cultured ovarian tissues were fixed in Bouin’s solution, maintained
at 4˚C overnight and fixative were changed to 70% ethanol and kept at 4˚C until being processed for histological analysis. Briefly, the fixed tissues were dehydrated in a graded series
(70%-100%) of ethanol solutions and then embedded in paraffin. Serial sections (5 μm thickness) of each cortical piece were cut and stained with hematoxylin (American MasterTech,
Lodi, CA) and eosin (American MasterTech). Tissue recovered from the same donor cat were
processed on the same day. Only follicles containing oocytes with a visible nucleus were
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assessed. For each ovarian piece, three sections (including the largest area at the center and
one piece before and another after, each at least 20 μm apart) were assessed by light microscopy (Olympus BX40) to determine the percentage of structurally normal follicles, at each follicular stage (follicle distribution), as well as their density and size. More specifically, all
follicles within a cortical piece were characterized as ‘normal’ (when the nucleus of the oocyte
and the surrounding granulosa cells were structurally intact) or ‘abnormal’ (oocyte and/or
granulosa cells contained a pyknotic, fragmented or shrunken nucleus) [12]. Percentages of
structurally-normal follicles per section were calculated by dividing the number of normal follicles by total number follicles evaluated. Follicle density was defined as total numbers of morphologically-normal follicles in 1 mm2 of ovarian cortex as assessed by IPLab imaging software
(BDBioSciences, San Jose, CA). Each follicle was further classified as (1) primordial (one layer
of flattened granulosa cells around the oocyte), (2) transitioning from primordial to primary (a
single mixed layer of flattened and cuboidal granulosa cells around the oocyte), (3) primary (a
single layer of exclusively cuboidal granulosa cells around the oocyte) or (4) secondary (two or
more layers of cuboidal granulosa cells) using criteria previously published by our laboratory
[12]. Follicular diameter was defined as the maximum diameter measured within the basal
membrane.

RNA isolation and quantitative reverse transcription polymerase chain
reaction (qPCR)
Expression of MMP1, 2, 3, 7, 9 and 13, as well as TIMP1, was determined by qPCR using fresh
and cultured ovarian tissue, as described previously [4]. Five to six freshly-collected ovarian
cortices (Day 0) from each animal as well as cortical pieces incubated for 7 days in the Control
(0 μM RA) or 5 μM RA treatment were lysed in Trizol (Invitrogen, Carlsbad, CA) and stored
at -80˚C until RNA extraction. Reverse-transcription was performed with a SuperScript III
first-strand synthesis system (Invitrogen) according to manufacturer’s instructions. For each
animal, qPCR was completed in triplicate using Power SYBR Green PCR Master Mix (Life
Technologies, Carlsbad, CA) and a 7300 real time PCR system (Life Technologies). PCR
amplification was conducted with 40 cycles (95˚C for 15 s and 60˚C for 60 s). Amplification
and melting curves of each PCR product were checked to verify efficiencies and the targeted
amplicon. The CT value of each gene was normalized against the average CT of glyceraldehyde-3-phosphate dehydrogenase (GAPDH, housekeeping gene) to generate a delta CT (ΔCT)
[14]. Target gene expression levels were determined by the comparative threshold cycle (ΔCt)
method [14]. Statistical analyses between ages and among treatment groups were performed
based on 2-ΔCT. Data were expressed as the relative mRNA expression given by the mean
(±standard error of mean [SEM] of 2-ΔCT and fold change over fresh tissues given by the mean
(±SEM) of 2-ΔΔCT. Primers for specific transcripts were designed using Primer3 software with
all sequences listed in Table 1.

Localization of MMP9 protein in fresh and cultured ovarian tissues
Protein expression of MMP9 was assessed using the immunohistochemistry procedure that
relied on the ImmunoCruz rabbit LSAB staining system (Santa Cruz Biotechnology, Santa
Cruz, CA), as described previously [4]. Briefly, three to five fresh and cultured ovarian cortical
pieces from each donor were immersed in Bouin’s fixative, embedded in paraffin, sectioned
(5 μm thickness), dewaxed, rehydrated and then boiled for 20 min in a buffer (pH 6.2) containing 10 mM citric acid, 2 mM EDTA and 0.1% Tween. Each section then was incubated with
3% (v/v) H2O2 in PBS for 10 min, blocked with 1.5% goat serum and 1% BSA in PBS for 30
min and then exposed (4˚C, overnight in a moist chamber) to rabbit anti-MMP9 as the
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Table 1. Primers for quantitative reverse transcription PCR (qPCR).
Primers
Cat MMP1
Cat MMP2

Sequence
Forward

ttcggggagaagtgatgttc

Reverse

caagtccatttggcaggttt

Forward

cttgaccagagcacgattga

Reverse

agatcaggcgtgtagccaat

Cat MMP3

Forward

tgactcgaaggttgatgctg

Reverse

tgtcactttctttgcgttgg

Cat MMP7

Forward

acttgccatccagaaacagg

Reverse

agtgggatctctttgctcca

Cat MMP9

Forward

gcagctggcagaggaatatc

Reverse

cagggtggttctgtccagtt

Forward

gactttccagggattggtga

Reverse

aatacggttgctccagatgc

Forward

gcgaagaatgcaccgtattt

Reverse

cttgtcagtgcctgtgagga

Forward

ctcatgaccacagtccatgc

Reverse

gtgagcttcccattcagctc

Cat MMP13
Cat TIMP1
Cat GAPDH

https://doi.org/10.1371/journal.pone.0202759.t001

primary antibody (Thermo Fisher Scientific, Waltham, MA) in 0.3% Triton-X (diluted 1:100).
After washing with PBS, each section was incubated with anti-rabbit immunoglobulin G antibody conjugated with Biotin (Santa Cruz Biotechnology) as a secondary antibody for 1 hr at
room temperature (~22˚C) followed by HRP-streptavidin complex (Santa Cruz Biotechnology) for 1 hr (~22˚C). Finally, each section was stained with HRP substrate and counterstained
with hematoxylin (both from Santa Cruz Biotechnology) followed by evaluation under an
Olympus BX 40 microscope for protein distribution. Control (negative) sections were incubated with normal rabbit IgG antibody (Santa Cruz Biotechnology) in PBS rather than the primary antibody. Degree of staining in all sections was graded subjectively as very strong (+++),
strong (++), positive (+) or weak/varied (±).

Experimental design
Study 1: Influence of RA on follicle growth—Study 1a: Influence of RA on follicle viability. To determine the effect of RA on in vitro follicle development, ovarian cortical pieces
from prepubertal (n = 9) versus adult (n = 13) cats were incubated separately for 7 d on 1.5%
(w/v) agarose gel blocks in protein-free medium within a 24 well culture plate (Corning Incorporated, Corning, NY), as described previously [12]. The ovarian cortical pieces combined
from both ovaries were randomly divided into fresh, non-cultured control or three culture
treatment groups. The culture medium (as described above) was supplemented with 0 (control), 1 or 5 μM RA (2–5 cortical pieces/cat/treatment). Cortical pieces of each donor cat were
assessed for viability on the same day of sample collection (Day 0) or after 7 d of culture.
Study 1: Influence of RA on follicle growth—Study 1b: Influence of RA on follicle structure and distribution. Tissues from different three cats of each age group were cultured for
7d with 0 (control), 1 or 5 μM RA and assessed for follicle morphology, stage and size as
described above. Fresh tissues from each donor cat were fixed and assessed for the same
parameters as served as fresh control. Fixed tissue obtained from the same donor were processed for histological evaluation on the same day.
Study 2: Influence of RA on MMPs and TIMP mRNA expression. Based on findings
from Study 1, we investigated the influence of RA on MMP1, 2, 3, 7, 9 and 13 as well as TIMP1
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expressions. Ovarian cortical pieces from four prepubertal and four adult cats were divided
into fresh control or two culture groups for each donor. For cultured treatments, cortices were
incubated with either 0 (control) or 5 μM RA (5–6 pieces/cat/treatment) for 7 d. Ovarian cortical pieces were lysed and stored in Trizol immediately after the collection in fresh (same
donors of culture tissues) or after 7 d of culture. The cultured tissues as well as the fresh control
from same donors were then processed together for real-time qPCR (as described above).
Study 3: Influence of RA on MMP9 protein expression. Based on Study 2 results, we
then explored the influence of RA on MMP9 protein expression. Ovarian tissues recovered
from three additional prepubertal and three adult cats were randomly divided into fresh controls or two culture treatment groups for each donor and incubated with 0 (control) or 5 μM
RA (as described above). Tissue from these cultures plus fresh controls (same donors of culture
tissues) were fixed on the same day of collection and examined together for MMP9 protein
expression by immunohistochemistry (as described above).

Statistical analysis
Averaged data are presented as means ± SEM. A Shapiro-Wilk test was used to evaluate normality of the dataset and a Bartlett test to confirm homogeneity of variances. The proportions
of each follicle stage between the two age groups were assessed by an unpaired, one-tailed Student’s t-test. Differences in viability, morphology among cultured treatments were evaluated
by analysis of variance (ANOVA) followed by a Newman-Keuls Multiple Comparison test.
The differences of mRNA expression (2-ΔCT) within a given treatment between the two age
groups were assessed using an unpaired, one-tailed Student’s t-test. Contrasts in mRNA
expression among fresh and cultured treatments were performed using ANOVA followed by a
Turkey’s Multiple Comparison test. Differences were considered significant at P < 0.05
(GraphPad Prism ver. 4.00, GraphPad Software, La Jolla, CA).

Results
Study 1: Influence of RA on follicle growth
There were no differences (P > 0.05) in follicular distribution in fresh cortices recovered from
prepubertal versus adult donors as well as among age groups. In cortices from prepubertal
cats, 70.7 ± 9.1%, 26.5 ± 6.4% and 2.3 ± 2.3% were primordial, in transition from primordial to
primary and primary stage follicles, respectively. Respective values from adult counterparts
were 62.9 ± 4.6%, 33.7 ± 3.7% and 3.4 ± 1.1%. There also was no influence (P > 0.05) of donor
age on the morphological normality (i.e., there were comparable mean percentages of morphologically-normal follicles per section.) of incubated follicles in all culture treatments. Therefore,
data from the two age groups were combined for viability and histological assessments of the
impact of RA on cultured ovarian tissue.
Study 1a: Influence of RA on follicle viability. Based on calcein-AM/ethidium homodimer staining, most of the follicles (> 80%, Fig 1) were viable at the onset of collection. Follicular viability decreased (P < 0.05) after in vitro culture with 0 or 1 μM RA treatment, but was
similar in cortices incubated with 5 μM RA (Fig 1).
Study 1b: Influence of RA on follicle morphology and distribution. Histological analysis revealed that proportions of morphologically-normal follicles were comparable (P > 0.05)
between fresh and incubated tissue as well as among culture treatments (Fig 2, Table 2). Furthermore, follicle density within each cortical piece was similar (P > 0.05) between fresh
(35.4 ± 13.3 follicles/mm2) and cultured tissues (control, 37.7 ± 8.7; 1 μM RA, 31.5 ± 3.9; 5 μM
RA, 23.2 ± 3.3 follicles/mm2) (Table 2). However, the presence and concentration of RA influenced (P < 0.05) follicle distribution in a dose-dependent fashion by 7 d of culture.
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Fig 1. Influence of RA on follicle viability. (A) Fluorescent staining with calcein-AM/ethidium homodimer-1 after culture in 5 μM retinoic acid for 7
d. Green fluorescence indicates viable follicles/cell. Bar = 100 μm. (B) Mean (± SEM) of follicle viability in freshly collected cat ovarian tissue and
cortical pieces cultured for 7 d. Different letters indicate significant (P < 0.05) differences.
https://doi.org/10.1371/journal.pone.0202759.g001

Specifically, the proportion of primordial follicles in cortices incubated with 5 μM RA
(40.5 ± 4.5%) was less (P < 0.01) than that of fresh tissue (66.7 ± 5.3%) and the control
(60.1 ± 4.0%) with the values for 1 μM being intermediate (56.3 ± 4.0%) (Table 3). The percentage of follicles in transition from the primordial to primary stage did not differ (P > 0.05)
among treatments (Table 3). However, the proportion of primary follicles increased (P < 0.01)
in 5 μM RA (21.7 ± 3.3%) compared to fresh cortices (4.9 ± 2.9%) and the control (9.0 ± 2.8%)
with the 1 μM RA treatment produced an intermediate value (13.8 ± 2.0%) (Table 3). Furthermore, the proportion of secondary follicles increased (P < 0.01) by 7 d in the presence of 5 μM
RA (9.5 ± 2.7%) compared to 1 μM RA (2.5 ± 0.2%), fresh cortices (secondary, 1.9 ± 0.8%) and
the control (secondary, 2.6 ± 1.1%) (Table 3).
Follicle diameter tended to be larger after culture, but the influence of RA treatment varied
depending on developmental stages. Follicle diameter of primordial stage was greater
(P < 0.05) in cortices incubated with 0 (control, 63.9 ± 1.5 μm) or 1 μM RA (64.9 ± 1.1 μm)
compared to fresh tissues (58.4 ± 1.2 μm), whereas the tissue incubated with 5 μM RA group
contained intermediate (P > 0.05) follicle size (61.6 ± 1.4 μm) (Table 4). The diameter of

Fig 2. Histomicrographs of ovarian tissue cultured for 0 (fresh) and 7 d with RA. Bar = 50 μm. Asterisks indicate primordial follicles; arrows
indicate the transition stage of primordial to primary follicle; arrow heads indicate primary follicles.
https://doi.org/10.1371/journal.pone.0202759.g002
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Table 2. Influence of RA on follicle densities and morphology.
Fresh

0 μM RA

1 μM RA

Follicle densities (follicle/mm2)

35.4 ± 13.3

37.7 ± 8.7

31.5 ± 3.9

5 μM RA
23.0 ± 3.3

Normal Follicles (%)

64.3 ± 7.5

53.9 ± 4.3

58.2 ± 5.6

52.3 ± 5.5

Mean (± SEM) percentages of morphologically-normal follicles for ovarian tissue cultured for 0 (fresh) and 7 d with 0
(control), 1 or 5 μM RA.
https://doi.org/10.1371/journal.pone.0202759.t002

transition stage increased in all cultured tissues regardless of culture treatment (control,
69.2 ± 1.2; 1 μM RA, 69.2 ± 1.0; 5 μM RA, 68.1 ± 1.8 μm) compared to fresh tissues (fresh,
62.3 ± 2.4 μm) (Table 4). The diameter (80.9 ± 1.2 μm) of primary follicles incubated with
1 μM RA was greater (P < 0.05) than that of fresh (67.5 ± 6.1 μm) and other incubated cortices
(control, 74.7 ± 1.8; 5 μM, 70.9 ± 2.9 μm) (Table 4).

Study 2: Influence of RA on MMPs and TIMP mRNA expression
Age did not influence mRNA expression of all genes, except for MMP2. Specifically, MMP2
expression of prepubertal tissues incubated in 5 μM RA was lower (P < 0.05) than in adult cortices cultured under the same condition. Because there were no differences in MMP7, MMP9,
MMP13 and TIMP1 transcripts between the two age groups, data were combined and analyzed
to determine the impact of RA treatment on gene expression.
In all cases, MMP1 and MMP3 mRNA levels were non-detectable or negligible (data not
shown). RA supplementation influenced (P < 0.05) mRNA expression of MMP 7 and 9, but
not MMP13 or TIMP1 (Fig 3). The level of MMP7 transcripts was lower (P < 0.05) in cortices
incubated with 5 μM RA than that of fresh tissue, but similar to the control (0 μM) (Fig 3). By
contrast, 5 μM RA stimulated MMP9 expression nearly 900-fold compared to the fresh counterpart (P < 0.01) and 5-fold more (P < 0.01) than the control (Figs 3 and 4). Although the
expression level of MMP2 after RA supplementation was higher in adult than prepubertal animals, there were no differences in mRNA expression of this gene among fresh and culture
treatments in both age groups (Fig 3).

Study 3: Influence of RA on MMP9 protein expression
Immunohistochemistry analysis revealed that MMP9 protein expression increased after in
vitro culture compared to fresh tissue and was clearly more so with RA supplementation (Fig
5). Cytoplasmic localization of MMP9 in fresh tissue was mostly restricted to the oocyte and
granulosa cells. However, stromal cells also were immunostained with MMP9 in cultured cortices, and both stromal and granulose cells as well as the oocyte were stained more strongly
Table 3. Influence of RA on follicle distribution.
Follicular stage

Fresh

0 μM RA

1 μM RA

5 μM RA

Primordial

66.8 ± 4.9a

60.1 ± 5.1a

56.3 ± 3.8ab

40.5 ± 5.2a

Transition

26.4 ± 3.7

28.4 ± 2.5

27.4 ± 2.9

31.2 ± 4.0

Primary

4.9 ± 2.9a

9.0 ± 2.8a

13.8 ± 2.0ab

21.7 ± 4.3b

Secondary

1.9 ± 0.8a

2.6 ± 1.1a

2.5 ± 0.2a

9.5 ± 2.6b

Mean (± SEM) percentages of follicle distribution across each stage (primordial, transition from primordial to
primary, primary and secondary) for ovarian tissue cultured for 0 (fresh) and 7 d with 0 (control), 1 or 5 μM RA.
Within rows, different letters indicate differences (P < 0.05) in the percentages of each follicular stage.
https://doi.org/10.1371/journal.pone.0202759.t003
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Table 4. Influence of RA on follicle diameter.
Follicular stage

Fresh

0 μM RA

1 μM RA

5 μM RA

Primordial

58.4 ± 1.2a

63.9 ± 1.5b

64.9 ± 1.1b

61.6 ± 1.4ab

Transition

62.3 ± 2.4a

69.2 ± 1.2b

69.2 ± 1.0b

68.1 ± 1.8ab

a

ab

b

Primary

67.5 ± 6.1

74.7 ± 1.8

80.9 ± 1.2

70.9 ± 2.9a

Secondary

105 ± 8.4

104.2 ± 11.4

126.4 ± 16.4

100.3 ± 9.0

Mean (± SEM) of follicle diameters (μm) in each stage for fresh ovarian cortices and tissue cultured for 7 d in the
presence of 0, 1 or 5 μM RA. Within rows, different letters indicate differences (P < 0.05) in the each follicular stage.
https://doi.org/10.1371/journal.pone.0202759.t004

than in fresh and control tissues (Fig 5). Again, there was no donor age effect, with these protein expression patterns being both common and similar between prepubertal and adult cat
ovaries.

Discussion
During growth, the ovarian follicle undergoes a marked increase in surface area facilitated by
remodeling of the follicular wall and adjacent ECM, a process controlled by MMPs and TIMPs
[2,3]. The vitamin A metabolite RA has been demonstrated to influence MMP expression in a
variety of non-reproductive cell types [6,7] as well as the oocyte and embryo [5,8,9]. Particularly interesting is that RA concentration within human follicular fluid increases with follicle
growth, with the amount of RA positively correlated to oocyte competence [9]. In the pig, this
phenomenon is demonstrated by RA supplementation improving in vitro oocyte maturation
and subsequent blastocyst formation [15]. Using a non-rodent model, the domestic cat, we discovered for the first time that RA influenced ovarian follicle development, especially at the primordial stage. Specifically, the presence of 5 μM of RA stimulated growth of primordial
follicles enclosed within ovarian cortex in the described culture microenvironment. Furthermore, the potential mechanism of action was through enhanced MMP9 mRNA and protein
expression and down-regulation of MMP7 mRNA expression. Clearly this specific retinoid
plays a key role not only in oocyte and embryo development, but also in early stages of follicular growth.
The mechanism by which MMPs are manifested in reaction to RA presence depends on
cell type [6,7,15,16]. For example, RA provokes expression of MMP2 in vitro in retinal pigment
epithelium cells [15], but down-regulates this same MMP in human arterial smooth muscle
cells and corneal keratocytes [16]. Likewise, RA induces neuronal cellular differentiation by
up-regulating MMP9 [6], but by inhibiting MMP2 and MMP9 expression in human arterial
smooth muscle cells [7]. In the present study, supplementing RA into culture medium
enhanced both mRNA and MMP9 protein production. The increase of MMP9 transcript level
in cortices exposed to the highest RA concentration was prodigious (900 fold compared to the
fresh control). This effect was validated by the immunohistochemistry analysis that also confirmed stimulated MMP9 protein expression in ovarian cortex treated with RA. These observations also were in alignment with our earlier report that there is a temporal expression of
gradually increased MMP9 transcript during folliculogenesis in this model system [4]. Thus,
these collective observations provided confidence that at least one mechanism for how RA promoted follicle growth in the cat was by stimulating both MMP9 mRNA and protein
expression.
There was a down-regulation of MMP7 in cortices incubated with RA, although expression
changes were relatively modest (a reduction of about 50% compared to the magnitude of
MMP9 enhancement and the fresh control) and no difference were observed among culture
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Fig 3. Influence of RA on MMPs and TIMP mRNA expression. Relative mRNA levels of MMP2, MMP7, MMP9, MMP13 and TIMP1 (normalized to
the internal control GADPH) in cat ovarian tissue cultured for 0 (fresh) and 7 d with 0 (control) or 5 μM RA. The mRNA level of each gene was shown
as mean of 2-ΔCT ± SEM. Different letters indicate differences among treatments (P < 0.05). mRNA levels of MMP2 in prepubertal and adult animals
are shown separately, as there was a significant difference (P < 0.05) between the two age groups in samples incubated with 5 μM RA (asterisk). With
the exception of MMP2 (n = 4 for each age group), there were eight replications for each gene.
https://doi.org/10.1371/journal.pone.0202759.g003

groups. Presence of MMP7 in the ovary has been reported in primates [17,18] and the cat [4],
but without specific evidence for the role of this enzyme in the follicle. In our earlier discovery
of MMP7 mRNA in the cat ovary [4], we also found detectable levels at all follicular phases.
Transcript levels drastically increased as the follicles transitioned from primordial to primary
stage and remained consistent from the primary through antral stages [4]. Thus, reduction of
MMP7 in 5 μM RA treatment was unexpected since cortices incubated with vitamin A metabolite contained more primary and secondary stage follicles than fresh and cultured control
groups. So far, there has been little information on roles of MMP7 on ovarian follicle development [19]. Former studies have associated MMP7 with ovarian cancer invasion [20]. MMP7
also has been shown to cleave membrane-bound Fas ligand (FasL) into soluble FasL as well as
the precursor of tumor necrosis factor (TNF)-alpha precursor to soluble TNF-alpha, both of
which result in apoptosis of native cells [19]. Conversely, MMP 7 has been shown to degrade
insulin like growth factor (IGF) binding protein, and thus, increasing the bioavailability of IGF
and enhancing cancer cell proliferation [19]. Because MMP7 plays roles in both proliferation
and apoptotic process, studies to further elucidate the mechanisms by which this proteolytic
enzyme influence ovarian follicle development is warrant.
The functions of MMPs and their tissue inhibitors in ECM remodeling has been characterized for advanced secondary and antral follicles in the mouse, rat, cow, and human [2].
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Fig 4. Fold change in MMP2, MMP7, MMP9, MMP13 and TIMP1 expression relative to fresh tissue. Fold changes of MMP2 in prepubertal and
adult tissue are shown separately. Values were normalized to the values of the fresh tissue, set at 1 as indicated by the dotted line. With the exception of
MMP2 (n = 4 for each age group), there were 8 replications for each gene.
https://doi.org/10.1371/journal.pone.0202759.g004

However, there is little knowledge available on the role(s) of MMPs in development of primitive (primordial and primary) follicles. It is known that stimulating MMP2 activities and
MMP10 and MMP12 mRNA expression improves structural integrity of the basement membranes of the isolated mouse primary follicle while sustaining in vitro survival [21,22]. It also
has been suggested that MMPs assist in cleaving ECM proteins to release ECM-bound growth
factors (e.g., fibroblast growth factor [FGF]) [23]. That reaction, in turn, promotes cell growth
and differentiation while expanding space for cell proliferation and migration [23]. These
observations also suggested two directions for future study, one being examining how RA
influences ECM organization, specifically events that allow the follicle to grow and permit normal oocyte development within the ovary. Because it is possible that some growth factors are
involved in RA-induced follicle activation, it also would be worthwhile to evaluate the influence of RA in combination with well known growth factors (e.g., FGF) on follicle development
success at early growth stages.
It was worth noting that there was no age of donor impact on our evaluation of RA effects.
We originally hypothesized that ovaries from prepubertal and adult cats may respond differently because our earlier studies revealed an age influence on ability of stromal cells to proliferate in response to EGF during in vitro culture [13]. However, unlike for EGF, the impact of RA
on in vitro follicle growth and MMPs expression was age-independent. Although treatment of
RA showed higher expression of MMP2 in adult than prepubertal, implicating the higher sensitivity of MMP2 toward RA in adult ovary, relative expression level of this gene did not differ
among treatments in both age groups. This observation was consistent with earlier observations from our laboratory showing no age effect on MMP expression patterns during cat
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Fig 5. Influence of RA on MMP9 protein expression in cat ovarian tissue. (A) Immunohistographs of MMP9 expression in cat ovarian tissue
cultured for 0 (fresh) and 7 d with 0 (control), 1 or 5 μM RA. For the negative control, each primary antibody was replaced with normal rabbit IgG. Bars
in upper panels (low magnification) = 100 μm and those in bottom panels (high magnification) = 50 μm. Arrow heads indicate stained follicles. (B)
Immunohistochemistry results of MMP9 expression in the cat ovary. Degree of staining was graded subjectively as very strong (+++), strong (++),
positive (+) or weak/varied (+/−).
https://doi.org/10.1371/journal.pone.0202759.g005

ovarian folliculogenesis [4]. Therefore, based on all investigations to date, it appears that age of
donor is not a significant factor in driving how MMPs regulate ovarian follicular development.
In conclusion, findings indicated that RA promoted in vitro activation of cat primordial follicles enclosed within the ovarian cortex, via upregulation of MMP9 and down regulation of
MMP7. This is a significant contribution to our long-term goal to rescue the maternal genome
using a portion of the vast numbers of ovarian premature follicles that never develop or ovulate
[4,10,12,13]. The present study specifically provides more information on what regulates early
follicular stage development. Such fundamental, comprehensive knowledge can then be used
to create a physical microenvironment that efficiently mimics in vivo conditions to facilitate
follicle development.
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