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Abstract

Follicular fluid (FF) is a primary microenvironment of the oocyte within an antral follicle. Although several studies have defined the
composition of human FF in normal physiology and determined how it is altered in disease states, the direct impacts of human FF on
the oocyte are not well understood. The difficulty of obtaining suitable numbers of human oocytes for research makes addressing
such a question challenging. Therefore, we used a heterologous model in which we cultured mouse oocytes in human FF. To deter-
mine whether FF has dose-dependent effects on gamete quality, we performed in vitro maturation of denuded oocytes from repro-
ductively young mice (6-12 weeks) in 10%, 50%, or 100% FF from participants of mid-reproductive age (32-36years). FF impacted
meiotic competence in a dose-dependent manner, with concentrations >10% inhibiting meiotic progression and resulting in spindle
and chromosome alignment defects. We previously demonstrated that human FF acquires a fibro-inflammatory cytokine signature
with age. Thus, to determine whether exposure to an aging FF microenvironment contributes to the age-dependent decrease in gam-
ete quality, we matured denuded oocytes and cumulus-oocyte complexes (COCs) in FF from reproductively young (28-30years)
and old (4042 years) participants. FF decreased meiotic progression of COCs, but not oocytes, from reproductively young and old
(9-12 months) mice in an age-dependent manner. Moreover, FF had modest age-dependent impacts on mitochondrial aggregation in
denuded oocytes and cumulus layer expansion dynamics in COCs, which may influence fertilization or early embryo development.
Overall, these findings demonstrate that acute human FF exposure can impact select markers of mouse oocyte quality in both dose-
and age-dependent manners.
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Introduction support for the oocyte, in addition to regulating meiotic arrest
(Robker et al., 2018). Cumulus cells are physically connected to
the oocyte via specialized filopodia, called transzonal projections
(TZPs), which traverse the zona pellucida to mediate the move-
ment of small molecules and metabolites from cumulus cells to
the oocyte, and are essential for oocyte maturation (Clarke, 2022;
Doherty et al., 2022). In addition to cumulus cells, follicular fluid

(FF) comprises another primary microenvironment of the oocyte

Developmental competence of the female gamete is defined by
its ability to be fertilized and sustain early embryo development.
Oocytes must undergo both nuclear and cytoplasmic maturation
to be developmentally competent (Conti and Franciosi, 2018).
Nuclear maturation refers to the processes that allow for the
resumption of meiosis I and drive meiotic progression to form a

euploid gamete (Conti and Franciosi, 2018). Cytoplasmic matura-
tion encompasses remodeling and repositioning of intracellular
organelles, as well as the accumulation of necessary maternal
mRNA, proteins, and other macromolecules that will support
later fertilization and early preimplantation embryo develop-
ment prior to genome activation (Conti and Franciosi, 2018).
However, these processes are not entirely oocyte-intrinsic mech-
anisms, and the oocyte is dependent on the microenvironment in
which it develops. Cumulus granulosa cells surround the oocyte
within the antral follicle and provide metabolic and nutritional

within the antral follicle (Babayev and Duncan, 2022).

FF is a plasma derivative that accumulates in antral follicles
through thecal capillaries due to an osmotic gradient driven by
the synthesis and secretion of large molecules by granulosa cells
(Edwards, 1974; Rodgers and Irving-Rodgers, 2010). FF is hetero-
geneous in composition, containing hormones, growth factors,
reactive oxygen species (ROS), and other metabolites that are
necessary for oocytes to acquire developmental competence
(Hennet and Combelles, 2012; Emori and Drapkin, 2014). As folli-
cle vascularity, intrafollicular oxygen content, and mitochondrial
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activity are important variables in optimal oocyte development,
the balance of ROS and antioxidants in FF is critical (Revelli et al.,
2009). Severely hypoxic follicles contain gametes with a high inci-
dence of spindle abnormalities, in turn leading to increased rates
of embryonic aneuploidy (Van Blerkom et al., 1997). The total an-
tioxidant capacity in FF is significantly higher in follicles contain-
ing fertilization-competent eggs and is positively correlated with
embryo quality (Oyawoye et al., 2003; Pasqualotto et al., 2004).
Moreover, the hormones found in FF impact oocyte maturation
directly, through action on the oocyte, as well as indirectly, by
driving secretions from somatic cells within the follicle (Hennet
and Combelles, 2012). High FF concentrations of follicle stimulat-
ing hormone and luteinizing hormone, as well as estradiol pro-
mote successful oocyte maturation and are correlated with high
rates of fertilization (Revelli et al., 2009; Hennet and Combelles,
2012). Broadly, FF composition is thought to be indicative of oo-
cyte quality and in fact, several factors within FF have been in-
vestigated as biomarkers of oocyte competence (Dumesic
etal., 2015).

FF composition is altered in conditions associated with re-
duced gamete quality. For example, obesity is associated with
distinct proteomic and metabolomic FF signatures (Ruebel et al.,
2019; Song et al., 2020; Schon et al., 2022). Moreover, FF composi-
tion changes significantly with advanced reproductive age
(Babayev and Duncan, 2022). Over 200 microRNAs (miRNAs) are
present in exosomes or are free-floating within FF; aging is asso-
clated with dysregulation of miRNA expression and a greater
number of exosomes are present in FF from older women (Sang
et al.,, 2013; Battaglia et al., 2020). Additionally, the metabolites
present in FF are significantly altered with reproductive age, in-
cluding decreased glucose and increased lactate levels, suggest-
ing higher glycolytic activity in the antral follicle (Dogan et al.,
2020). Reproductive aging is also associated with decreased levels
of the amino acid D-aspartic acid in FF, which is involved in hor-
mone biosynthesis, as well as an altered FF lipidomic profile
(D’Aniello et al.,, 2007; Cordeiro et al., 2018). Advanced glycation
end products (AGEs) are toxic molecules that form by non-
enzymatic modification of proteins, lipids, or nucleic acids by
glucose and AGE action results in a proinflammatory state, as
well as cellular damage (Piperi et al., 2012). Increased concentra-
tions of AGEs are present in FF with aging (Takeo et al., 2017).
Furthermore, ROS levels are higher in FF from older women
(Wang et al., 2020). This increase in FF ROS levels may be due in
part to reduced antioxidants, such as melatonin, in FF with ad-
vanced age (Zhang et al, 2020). Furthermore, the fibro-
inflammatory cytokine profile of FF increases with advanced
reproductive age (Bouet et al., 2020; Machlin et al., 2021).

Given that FF composes the local microenvironment of the oo-
cyte, the overarching goal of this study was to determine how FF
directly impacts oocyte competence. To this end, we developed a
heterologous model in which we matured denuded mouse
oocytes and cumulus-oocyte complexes (COCs) in human FF.
This model system is necessary due to the limited availability of
healthy human oocytes for research purposes and the difficulty
in obtaining sufficient quantities of mouse FF for experimenta-
tion. We matured denuded mouse oocytes in the presence of
10%, 50%, and 100% FF from participants of mid-reproductive
age to determine whether FF has dose-dependent effects on oo-
cyte quality. Moreover, because human FF composition changes
with advanced reproductive age, we utilized FF from reproduc-
tively young or old women to determine whether mouse oocytes
are responsive to the altered environment. FF had dose- but not
age-dependent effects on denuded oocyte meiotic maturation.

However, FF decreased maturation of oocytes within intact COCs
in an age-dependent manner. Moreover, compared to FF from re-
productively young participants, FF from reproductively old par-
ticipants altered mitochondrial aggregation in denuded oocytes
as well as cumulus layer expansion in COCs from reproductively
old mice.

Materials and methods
Animals

Female CD-1 mice (aged 4-5 weeks) or retired breeders were pur-
chased from Envigo (Indianapolis, IN, USA) and used for experi-
ments at 6-12weeks (reproductively young) or 9-12months
(reproductively old) of age, respectively. Mice were housed in a
controlled barrier facility at Northwestern University’s Center for
Comparative Medicine (Chicago, IL, USA) under constant temper-
ature, humidity, and light (14h light/10h dark). Upon arrival at
Northwestern University, animals were provided water and
Teklad Global irradiated chow (2916) containing minimal phy-
toestrogens (Envigo, Indianapolis, IN, USA) ad libitum. All animal
experiments were performed under protocols approved by the
Institutional Animal Care and Use Committee (Northwestern
University) and in accordance to the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals.

Oocyte and cumulus-oocyte complex isolation
and in vitro maturation

To maximize the yield of oocytes and COCs, mice were hypersti-
mulated via intraperitoneal injection with 5IU pregnant mare se-
rum gonadotropin (PMSG, ProSpec-Tany TechnoGene, East
Brunswick, NJ, USA) and at 44- to 46-h post-PMSG injection, ova-
ries were harvested. Antral follicles were mechanically punc-
tured using insulin syringes to release COCs into pre-warmed
Leibovitz's Medium (L15, Gibco, Grand Island, NY, USA) contain-
ing 3mg/ml polyvinylpyrrolidone (PVP, Sigma-Aldrich, St Louis,
MO, USA), 0.5% penicillin-streptomycin (Pen-Strep, Gibco), and
2.5 pM milrinone (Sigma-Aldrich) (L15/PVP/PS+mil). To obtain de-
nuded oocytes from COCs, cumulus cells were stripped mechani-
cally. Germinal vesicle (GV)-intact denuded oocytes were
matured for 14-16h to metaphase of meiosis II (MII) in «MEM
GlutaMAX (Gibco) containing 3mg/ml Bovine Serum Albumin
(BSA, Sigma-Aldrich) and 0.5% Pen-Strep without milrinone
(MEM+BSA+PS) at 37°C in a humidified atmosphere of 5% CO, in
air (Kusuhara et al., 2021; Rogers et al., 2021; Suebthawinkul et al.,
2022, 2023). Maturation media was supplemented with 10%, 50%,
or 100% human FF as specified in the results for each experiment
and in figure legends. Following maturation, gametes were trans-
ferred to L15/PVP/PS without milrinone and scored for meiotic
progression based on morphological criteria. Transmitted light
images were taken on an EVOS FL Auto Cell Imaging System
(ThermoFisher Scientific, Waltham, MA, USA) using a
10x objective.

Intact COCs were collected and matured for 14-16h in a spe-
cific media that induces and supports cumulus layer expansion
(«MEM GlutaMAX (Gibco) containing 5% Fetal Bovine Serum (FBS,
Gibco), 20mM HEPES (Sigma-Aldrich), 0.25mM Sodium Pyruvate
(Sigma-Aldrich), and 10ng/ml Epidermal Growth Factor (EGF;
Sigma-Aldrich) (MEM+FBS+HEPES+SP+EGF)) at 37°C in a
humidified atmosphere of 5% CO, in air or in the EmbryoScope+
(Vitrolife, Denver, CO, USA) (Hayashi et al., 2017; Verlhac and
Terret, 2018; Suebthawinkul et al., 2022, 2023). For COCs matured
in a standard incubator, transmitted light images were taken
before and after maturation on an EVOS FL Auto Cell Imaging
System using a 10x objective to evaluate cumulus expansion. For
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culture in the EmbryoScope+, MEM+FBS+HEPES+SP+EGF was
pre-equilibrated in EmbryoSlide+ culture dishes (Vitrolife) in the
EmbryoScope+  for 16-24h  as  previously  reported
(Suebthawinkul et al.,, 2022, 2023). Following pre-equilibration,
COCs were loaded into EmbryoSlide+ culture dishes as per man-
ufacturer's instructions and matured at 37°C in 5% CO,
(Suebthawinkul et al., 2022). After maturation, cumulus cells
were stripped mechanically following a brief incubation in
0.25mg/ml hyaluronidase (Sigma-Aldrich), to assess meiotic pro-
gression prior to downstream immunocytochemistry.

Human follicular fluid

Human FF was acquired through the Northwestern University
Reproductive Tissue Library (NU-RTL). The NU-RTL is an
Institutional Review Board-approved centralized repository for
de-identified clinical reproductive specimens for research pur-
poses. In addition, the NU-RTL collects and stores basic de-
identified demographic and medical health information from
participants. Participants who were 18 years or older at the time
of the procedure, were English-speaking, had provided signed in-
formed consent for the NU-RTL, and were undergoing oocyte re-
trieval for a non-cancerous diagnosis were included in this study.
Participants who were younger than 18years old at the time of
the procedure were excluded from this study. FF was obtained by
aspiration during oocyte retrieval from participants undergoing
ART procedures as previously published (Machlin et al.,, 2021).
Participant information for FF samples used in this study, includ-
ing age, anti-Mullerian hormone (AMH) levels, body mass index,
and infertility diagnosis, is described in Supplementary Table S1.
FF from a total of 19 participants (8 reproductively young, 8 re-
productively old, 3 mid-reproductive age) was utilized for this
study. FF from a single participant per age cohort was used in
each replicate of an experiment. Three or more replicates were
performed for each experiment, so the data shown includes at
least three participants per age cohort. FF was thawed on ice for
addition to maturation media. FF did not undergo multiple
freeze-thaw cycles.

Wholemount immunocytochemistry and live
cell dyes

After IVM, oocytes were fixed in 3.8% paraformaldehyde (PFA,
Electron Microscopy Sciences, Hatfield, PA, USA) and 0.1% Triton
X-100 (TX-100, Alfa Aesar, Haverhill, MA, USA) in phosphate-
buffered saline (PBS, Thermo Scientific) for 1h at 37°C for detec-
tion of pericentrin, a-tubulin, and phalloidin or in 2% PFA for
20min at room temperature for detection of kinetochores with
anti-centromere antibody. After fixation, oocytes were washed
through DPBS (Gibco) containing 3mg/ml BSA, 0.01% Tween-20
(Acros Organics, Fair Lawn, NJ, USA), and 0.02% sodium azide
(Fluka, Charlotte, NC, USA) (BB), and stored in BB at 4°C until
processed for immunodetection. Oocytes were permeabilized for
15min at room temperature in DPBS containing 3mg/ml BSA,
0.1% TX-100, and 0.02% sodium azide. Oocytes were then washed
twice in BB and incubated in dilutions of primary antibodies over-
night at 4°C. Oocytes were washed three times in BB and incu-
bated with secondary antibodies for 1h at room temperature.
Oocytes were then washed three times in BB, mounted in 7pl
Vectashield containing 4/,6-diamidino-2-phenylindole (DAPI,
Vector Laboratories, Burlingame, CA, USA), and slides were
stored at 4°C until imaging.

F-actin was labeled using phalloidin Alexa Fluor 633 conjugate
(1:50, A22284, Invitrogen, Carlsbad, CA, USA). The following pri-
mary and conjugated antibodies were used for immunofluores-
cence: pericentrin (1:100, 611814, BD Biosciences, San Jose, CA,

USA), anti-centromere antibody (1:200, 15-234, Antibodies
Incorporated, Davis, CA, USA), and a-tubulin Alexa Fluor 488 con-
jugate (1:100, 5063S, Cell Signaling Technology, Danvers, MA,
USA). The following secondary antibodies were used for immuno-
fluorescence: goat anti-mouse Alexa Fluor 568 (1:100, A-11004,
Thermo Scientific) and goat anti-human Alexa Fluor 488 (1:100,
A-11013, Thermo Scientific).

For mitochondria and mitochondrial superoxide staining,
oocytes were incubated in MEM+BSA containing 250nM
MitoTracker Red CMXRos (M7512, Invitrogen) and 2 drops/ml
NucBlue (Hoechst 33342, R37605, Invitrogen) or 5uM MitoSox
Green (M36006, Invitrogen) and 8.1uM Hoechst 33342 (H3570,
Invitrogen), respectively, for 30min following IVM at 37°C in a
humidified atmosphere of 5% CO, in air. Following staining,
oocytes were washed three times in L15/PVP/PS, transferred to
Sul drops of L15/PVP/PS on a glass bottom dish, and covered in
mineral oil. Stained oocytes were imaged immediately on a Leica
SP5 inverted laser scanning confocal microscope as described be-
low (Leica Microsystems, Buffalo Grove, IL, USA).

Confocal microscopy and image analysis

Oocytes were imaged on a Leica SP5 inverted laser scanning con-
focal microscope (Leica Microsystems) using near-UV (405nm),
argon (488 nm), and two different helium-neon (543 and 633 nm)
lasers. For spindle morphology and chromosome alignment
analysis, as well as mitochondria and mitochondrial superoxide
evaluation, images were captured under a 40x oil-immersion ob-
jective with the zoom adjusted to fit each oocyte within the field
of view. Images were acquired as z-stacks with optical sections
taken every lum to span the region of the chromosomes.
Settings were determined by the Glow-Over Look Up Table (LUT)
to ensure that there was no pixel oversaturation. Images were
processed using LAS AF (Leica Microsystems) and FIJI software
(National Institutes of Health, Bethesda, MD, USA).

Spindle length and pole width were determined using FIJI soft-
ware. Spindle length was measured by drawing a straight line
from pole to pole using pericentrin staining for reference.
Spindles that were on an angle were excluded from analysis.
Similarly, spindle pole width was measured by drawing a straight
line to span the width of the pericentrin staining. In cases where
pericentrin staining was punctate, a-tubulin staining was used as
a reference to determine pole width.

Mitochondrial distribution, integrated density, aggregate area,
and mitochondrial superoxide integrated density were deter-
mined from a single z-slice at the region of the egg containing the
metaphase II chromosomes. The integrated density is the prod-
uct of the area and mean pixel intensity. Mitochondrial distribu-
tion was categorized as per previously published parameters
(Wang et al.,, 2009; Zeng et al., 2018). Aggregate area was mea-
sured using FIJI software following previously published methods
(Yu et al., 2010). Briefly, thresholds were adjusted for each image
to allow for simultaneous coverage and distinction of mitochon-
dria. The Analyze Particles function was then used to count the
number and area of aggregates. Minimum particle size was set to
0.2 um? because the diameter of one individual mitochondrion is
0.5-1pum, thus the area for one mitochondrion is 0.2-0.8 um?.

In situ chromosome counting

Chromosome counts were performed as previously described
(Duncan et al., 2009; Chiang et al., 2010). Briefly, after meiotic
maturation, Metaphase Il-arrested eggs were transferred to
MEM+BSA+PS containing 100 pM monastrol to collapse the bipo-
lar spindle (Tocris Bioscience, Bristol, UK) for 3h at 37°C.
Following monastrol treatment, eggs were fixed in 2% PFA and
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stained with anti-centromere antibody to mark kinetochores.
Eggs were imaged on a Leica SPS inverted laser scanning confocal
microscope using near-UV (405nm) and argon (488nm) lasers
under a 100x oil-immersion objective. Images were acquired as
z-stacks with 0.4 pm step size to span the region of the chromo-
somes. Images were processed using LAS AF and FIJI software. To
count chromosomes, each kinetochore was marked in the optical
section it first appeared using the ROI Manager in FIJI software
and a z-projection of all optical sections was used as a reference.
Chromosomes were counted independently by two individuals,
one of whom was blinded. A euploid mouse egg has 40 kineto-
chores. Eggs with greater or less than 40 kinetochores were con-
sidered aneuploid.

ATP measurement

ATP was quantified using CellTiter-Glo 3D Cell Viability Assay
(Promega, Madison, WI, USA) as per the manufacturer’s
instructions. Briefly, samples (20 eggs per well) and ATP stand-
ards (10 uM, 1pM, 100nM, and 10nM; Sigma-Aldrich) in a total
volume of 100pl of L15/PVP/PS were added to an opaque-
walled 96-well plate. Then 100l of CellTiter-Glo 3D Reagent
was added to each well and the plate was incubated for 5min
on an orbital shaker, followed by 25min on a benchtop.
Luminescence was read using a Cytation3 plate reader (BioTek,
Winooski, VT, USA). ATP concentration was calculated from lu-
minescence by creating a line of best fit using luminescence
values from ATP standards and data were reported as averages
of two technical replicates (2 wells) per experimental group,

Cumulus expansion analysis

Cumulus expansion area was measured in transmitted light
images using FIJI software by tracing COCs pre- and post-
expansion using the freehand line tool and delta expansion area
was graphed. Cumulus expansion velocity was determined by
measuring the thickness of the cumulus layer every hour of cul-
ture in time-lapse images from the EmbryoScope+ following pre-
viously published methods (Suebthawinkul et al.,, 2022). To this
end, straight lines were drawn to span the width of the cumulus
layer on the side of the COC farthest from the edge of
EmbryoSlide+ culture well using EmbryoViewer software.
Expansion velocity was calculated using the following formula:

Expansion velocity (um/h) = Distance at timepoint 2 — Distance at timepoint 1
P v N Time at point 2 — Time at point 1

Expansion velocity was averaged for every 4 h to determine the
average expansion velocity per quartile.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
Software (La Jolla, CA, USA) or R (RStudio, version 4.3.0). T-tests,
one-way ANOVAs, or two-way ANOVAs (mixed-effects analysis)
followed by Tukey’s multiple comparisons tests, chi-square, or
Fisher's tests were performed to evaluate differences between ex-
perimental groups as indicated in figure legends. P-values <0.05
were considered significant. All experiments were performed at
least three times and all total oocyte or COC numbers used are
specified in figure legends.

Results
Experimental paradigm

Although oocytes in vivo are exposed to 100% FF within antral fol-
licles, studies that utilize FF to improve developmental outcomes

for oocytes from agricultural species routinely supplement matu-
ration media with only 5-60% FF (Kim et al., 1996; Dell'Aquila et al.,
1997; Somfai et al., 2012; Pawlak et al., 2018; Tian et al., 2019). Thus,
we first sought to determine whether human FF impacts mouse
oocyte competence in a dose-dependent manner. To this end, we
matured denuded oocytes from reproductively young mice
(6-12 weeks) in media without FF as a control or in media contain-
ing 10%, 50%, or 100% human FF from participants in their mid-
30s (mid: 32-36 years) to examine dose-dependent effects of FF, in-
dependent of age (Fig. 1). We examined the dose-dependent effects
of FF supplementation on meiotic progression, spindle morphol-
ogy, and chromosome alignment (Fig. 1). Once we determined the
concentration of FF that had minimal negative impacts on meiotic
progression, we matured denuded oocytes from reproductively
young mice in media without FF as a control or containing FF from
reproductively young (young: 28-31years) or reproductively old
(old: 39-42years) participants at this concentration to examine
age-dependent effects of FF on meiotic progression, spindle mor-
phology, chromosome alignment, ploidy, as well as mitochondrial
distribution and function (Fig. 1). To determine whether age-
associated perturbations intrinsic to the oocyte could compound
the effects of FF from reproductively old participants, we matured
denuded oocytes from reproductively young and reproductively
old (9-12months) mice in media without FF or media supple-
mented with FF from reproductively young or old participants in
parallel (Fig. 1). We examined compounded effects of oocytes from
reproductively old mice and FF from reproductively old partici-
pants on meiotic progression, spindle morphology, and chromo-
some alignment. Finally, given that oocytes are surrounded by
companion cumulus cells, which are in direct contact with FF
within antral follicles, we examined whether cumulus cells medi-
ate age-dependent effects of FF on oocytes by maturing intact
COCs from reproductively young and old mice in media without FF
or media containing FF from reproductively young or old partici-
pants (Fig. 1). We assessed cumulus layer expansion, as well
as meiotic progression, spindle morphology, and chromosome
alignment (Fig. 1).

Follicular fluid has dose-dependent effects on
oocyte meiotic maturation

To determine whether human FF impacts mouse oocyte compe-
tence in a dose-dependent manner, we matured denuded mouse
oocytes in media without FF as a control or in media containing
10%, 50%, or 100% human FF from participants in their mid-30s to
minimize any age-dependent effects. When the meiotic stage of
oocytes was scored based on morphological criteria using trans-
mitted light images following IVM, we observed that FF decreased
meiotic progression in a dose-dependent manner (Fig. 2A and B).
Whereas an average of 94.6+£2.7% of gametes from the control
group extruded first polar bodies, maturation was significantly re-
duced with FF treatment, with only 76.7+4.3%, 65.6+8.0%, and
36.8+21.3% of gametes extruding polar bodies in the groups sup-
plemented with 10%, 50%, and 100% FF respectively (P < 0.0001;
Fig. 2B). In addition to oocytes with an intact GV, oocytes that had
undergone GV breakdown (Met I), and eggs that had
extruded polar bodies (PBE), we also observed a small number
of abnormal gametes that underwent symmetric cleavage dur-
ing the first meiotic division, and this phenotype was only ob-
served in groups treated with FF (Fig. 2A and B).

To further investigate how FF supplementation affects spindle
morphology and chromosome alignment in cells that had under-
gone PBE, we performed immunocytochemistry using antibodies
against a-tubulin to visualize spindle fibers and pericentrin to
mark spindle poles (Fig. 2C). The percentage of eggs within each
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Figure 1. Schematic of experimental paradigm. Oocytes and cumulus-oocyte complexes (COCs) from reproductively young (6-12 weeks) and old
(9-12 months) mice were matured in vitro (IVM) in media supplemented with human follicular fluid (FF) from mid-reproductive age participants
(32-36 years) to investigate dose-dependent effects, or with FF from reproductively young (28-31years) or old (39-42 years) to investigate age-
dependent effects, on oocyte quality. Meiotic progression, spindle morphology, chromosome alignment, ploidy, mitochondrial distribution and
function, as well as cumulus expansion were evaluated following IVM. This figure was created with BioRender.com.
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Figure 2. Follicular fluid (FF) has dose-dependent effects on oocyte meiotic maturation. (A) Representative transmitted light images (top) and
immunofluorescence z-projections (bottom) of each meiotic stage. Oocytes with an intact germinal vesicle (GV), metaphase I (Met I) oocytes, eggs that
extruded polar bodies (PBE), and oocytes that underwent symmetric cleavage (abnormal) were identified by morphological criteria. Actin (thodamine
phalloidin, red), a-tubulin (green), and DNA (DAPI, blue) were detected by immunocytochemistry. Scale bars = 10 um for all panels. (B) Graphs of
meiotic progression for oocytes matured in different concentrations of FF. Data are shown as mean + SEM for all panels. 32 (3, N = 235)=30.84,

*#*4P < 0.0001 for PBE versus no PBE. N =56-62 oocytes per group across total of three replicates. (C and D) Representative z-projections of abnormal
phenotypes of metaphase II eggs matured in different concentrations of FF. Actin (rhodamine phalloidin, red), pericentrin (magenta), a-tubulin (green),
and DNA (DAPI, blue) were detected by immunocytochemistry. (E) Quantification of abnormal phenotypes in eggs following maturation in different
concentrations of FF. N = 13-43 eggs per group across total of three replicates. y° (3, N =114)=9.051, *P = 0.0286 for normal versus abnormal.

group that had abnormal spindles, unaligned chromosomes, or telophase I configurations (Fig. 2D). Overall, an average of 22.4 +
both phenotypes were assessed (Fig. 2C). We also evaluated 11.8% of eggs in the control group exhibited one of the aforemen-
oocytes that exhibited cell cycle delays, including anaphase I and tioned abnormalities compared to 42.3+4.3%, 27.8+9.8%, and
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68.6+£23.8% in the groups treated with 10%, 50%, and 100% FF,
respectively (P=0.0286; Fig. 2E). Thus, FF treatment perturbs
meiotic progression and causes an increase of abnormal pheno-
types at the highest concentration.

Meiotic spindle size is an indicator of gamete quality (Tomari
et al., 2018). In fact, human eggs with spindles between 90 and
120 um? in length have higher rates of fertilization, blastocyst for-
mation, and subsequent clinical pregnancy compared to eggs
with spindles outside this range (Tomari et al., 2018). Moreover,
spindle size is perturbed by treatment with endocrine disrupting
chemicals, such as bisphenols, and is altered during post-
ovulatory aging, which are both conditions associated with de-
creased oocyte competence (Kang et al., 2011; Yang et al., 2020).
To determine whether FF exposure impacts spindle length and
width, we only analyzed eggs that had normal spindle morphol-
ogy and chromosomes aligned at the metaphase plate following
maturation in media supplemented with FF. Treatment with
100% FF resulted in metaphase II spindles that were longer with
broader poles relative to untreated controls (Fig. 3A-C). Spindle
length (pole-to-pole distance) was an average of 24.46+0.63 pm
in eggs matured without FF compared to 32.12+1.36 um in eggs
following maturation in 100% FF (P=0.0032; Fig. 3A and B).
Average pole width was 4.36 +£0.32 um in the control group com-
pared to 8+1.61um in eggs treated with 100% FF (P=0.0078;
Fig. 3A and C). The average pole width to spindle length ratio was
not significantly different between the control and 100% FF
groups, indicating that spindles may not be morphometrically
different between groups at an individual level (Fig. 3D).
However, there was a tendency for an increase in this ratio
(Fig. 3D). Given that concentrations higher than 10% FF appear to
have a negative impact on meiotic maturation, subsequent stud-
ies used 10% FF to investigate the age-dependent effects of FF on
oocyte competence.

Follicular fluid does not impact oocyte meiotic
maturation in an age-dependent manner

Advanced reproductive age is associated with reduced oocyte
quality and FF composition changes with age (Krisher, 2018;
Babayev and Duncan, 2022; Bebbere et al., 2022). To determine
whether the aging FF microenvironment may directly contribute
to the age-dependent decline in oocyte competence, we matured
denuded oocytes in media supplemented with 10% FF from re-
productively young (30.41+0.46years) and reproductively

A

100% FF

. B ,—|**

40+

30

5

20+

¢i

Spindle Length (um)

o o
°
o%

T T T

S & K
&

o \@\° ¢§\° \Q@\°

T

&

old (41.57 £0.61years) cohorts of participants (Supplementary
Fig. S1). Media without FF served as a control. These cohorts were
different with regards to age (P <0.0001) and serum AMH levels
(young: 2.79+0.25ng/ml, old: 1.24+0.32ng/ml; P=0.002),
but not body mass index (young: 22.67 +0.64kg/m?, old: 21.35+
0.67 kg/m?; Supplementary Fig. S1), suggesting that any impact
on gamete competence is more likely to be driven by age relative
to BMI. This distinction is important given that supplementation
of maturation media with lipid-rich FF collected from obese
women has been demonstrated to negatively impact mouse COC
maturation and quality (Yang et al., 2012). FF from a single partic-
ipant per age cohort was used for each experimental replicate,
and three or more replicates were performed per experiment.
Thus, the data shown includes results of exposure to FF from at
least three participants per age cohort. We employed this model
of FF exposure from individual participants because if FF samples
are pooled, FF from a particular participant(s) may drive results.
If robust age effects exist, they should transcend individual par-
ticipants and be observed consistently across FF samples.

Meiotic progression was not significantly different between
groups, and we did not observe any age-dependent effects of FF
on spindle morphology, chromosome alignment, or other abnor-
malities (Fig. 4A and B). Similarly, FF did not have an age-
associated impact on the length or width of the metaphase II
spindle (Fig. 4C-F).

Aneuploidy is one of the most well-established reproductive
age-associated phenotypes (Hassold and Hunt, 2001; Mikwar
et al., 2020). To investigate whether FF impacts ploidy in an age-
dependent manner, we performed in situ chromosome counting
in metaphase II eggs after IVM in media supplemented with
FF from young or old participants. We did not observe any
age-dependent effects of FF on the incidence of aneuploidy, with
a similar percentage of eggs matured without FF exhibiting aneu-
ploidy to those matured in media supplemented with FF from
young or old participants (Fig. 4G and H). When this aneuploidy
rate was further stratified by type of aneuploidy, no significant dif-
ferences were observed between experimental groups (Fig. 4G and
I). Nondisjunction, indicating failure of separation of homologous
chromosomes, was characterized by gain or loss of one or more
chromosome pair, while premature separation of sister chromatids
(PSSC), was characterized by gain or loss of individual chromatids.
These results suggest that human FF does not affect meiotic matu-
ration of denuded mouse oocytes in an age-dependent manner.
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Figure 3. Follicular fluid (FF) has dose-dependent effects on oocyte spindle morphology. (A) Representative z-projections of metaphase II spindle
length (white bracket) and spindle pole width (red bracket) for eggs following maturation without FF (control) or in 100% FF. Actin (rthodamine
phalloidin, red), pericentrin (magenta), a-tubulin (green), and DNA (DAPI, blue) were detected by immunocytochemistry. Scale bars = 10 um. (B-D)
Quantification of spindle length (B), average pole width (C), and average pole width: spindle length ratio (D) for eggs following maturation in different
concentrations of FF. Data are shown as mean+SEM. **P-value <0.01 by one-way ANOVA with multiple comparisons. N =4-29 eggs per group across

total of three replicates.
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Figure 4. Follicular fluid (FF) does not impact oocyte meiotic maturation in an age-dependent manner. (A) Graph of meiotic progression for oocytes
matured without FF (control), in young FF, or in old FF. Data are shown as the mean+SEM for all panels. N=234-241 oocytes per group across total of
four replicates. (B) Quantification of abnormal phenotypes of metaphase II eggs following maturation without FF (control), in young FF, or in old FF.
N =60-80 eggs per group across total of four replicates. (C) Representative z-projections of metaphase II spindles from eggs following maturation
without FF (control), in young FF, or in old FF. Pericentrin (magenta), a-tubulin (green), and DNA (DAPI, blue) were detected by immunocytochemistry.
Scale bars =10 pm. (D-F) Quantification of metaphase II spindle length (D), average pole width (E), and average pole width: spindle length ratio (F) for
eggs following maturation without FF (control), in young FF, or in old FF. N =45-58 eggs per group across total of four replicates. (G) Representative
z-projections of metaphase II chromosome spreads from eggs following maturation without FF (control), in young FF, or in old FF. Kinetochores (anti-
centromere antibody, green) and DNA (DAPI, blue) were detected by immunocytochemistry. Images labeled with number of kinetochore pairs (top,
white). Unpaired kinetochores/chromatids indicated by arrows (red). Scale bars =5 pm. (H-I) Quantification of aneuploidy rates for eggs following
maturation without FF (control), in young FF, or in old FF (H) further divided into nondisjunction or premature separation of sister chromatid (PSSC)

errors (I). N =54-63 eggs per group across total of three replicates.

Oocytes from reproductively young and old mice
respond similarly to follicular fluid exposure

All the experiments performed thus far utilized oocytes isolated
from reproductively young mice. However, it is possible that age-
associated perturbations intrinsic to the oocyte could compound
the effects of FF from reproductively old participants, resulting in
more pronounced phenotypes. To determine whether oocytes
from reproductively old mice may be more susceptible to matu-
ration defects due to FF exposure, we matured denuded oocytes
from reproductively young and old mice in FF from both repro-
ductively young and old participants in parallel. Surprisingly,
supplementation with FF from reproductively young partici-
pants, but not from old participants, significantly decreased mei-
otic progression compared to untreated controls in oocytes from
young mice (P=0.005), but not old counterparts (Fig. 5A). As with
eggs from reproductively young mice, FF supplementation did
not have an age-dependent impact on chromosome alignment in
eggs from reproductively old mice (Fig. 5Bi and ii). However, with-
out any FF treatment, gametes from reproductively old mice
exhibited a significant increase in chromosome alignment errors
(24.4+2.9%) compared to young counterparts (9.3 +2.6%), as has
been previously demonstrated (P=0.0179; Fig. 5Biii) (Liu and

Keefe, 2008; Cheng et al., 2017). FF exposure significantly reduced
spindle length in eggs from reproductively old mice, regardless of
the participant age (control: 21.47 £0.45pum; young FF: 18.92+
0.43 um; old FF: 19.01 £ 0.4 um; P=0.002; Fig. 5C and D). FF did not
affect average spindle pole width or average pole width to spindle
length ratio in an age-dependent manner in eggs from reproduc-
tively young or old mice (Fig. 5Ei, ii and Fi, ii). However, average
spindle pole width was increased in eggs from reproductively old
mice (5.9+0.24um) compared to young counterparts (4.6+
0.23pum) without FF treatment (P=0.0006; Fig. SEiii and G).
Correspondingly, the average pole width to spindle length ratio
was also increased in eggs from old mice in comparison to eggs
from young mice (P=0.0023; Fig. 5Fiii and G). Overall, these data
suggest that denuded oocytes from old mice are not more sensi-
tive to perturbation by FF exposure even when the FF is from an
older individual.

Follicular fluid increases size of mitochondrial
aggregates in an age-dependent manner

As a large amount of ATP is required for transcription and trans-
lation, mitochondria are essential for oocyte cytoplasmic matu-
ration (Yamada and Isaji, 2011; Babayev and Seli, 2015).
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Figure 5. Oocytes from reproductively young and old mice respond similarly to follicular fluid (FF) exposure. (A) Graph of meiotic progression for
oocytes from young (i) and old (ii) mice matured without FF (control), in young FF, or in old FF. Data are shown as mean+SEM for all panels. 3 (2,
N=231)=10.58, **P=0.0051 for young oocytes that extruded polar bodies (PBE) versus no PBE. N =60-69 oocytes per group across total of three
replicates. (B) Quantification of percentage unaligned chromosomes for eggs from young (i) and old (ii) mice following maturation without FF (control),
in young FF, or in old FF. N =46-64 eggs per group across total of three replicates. Inset (iii) compares percentage unaligned chromosomes only for eggs
from young and old mice matured without FF. *P-value <0.05 by t-test. (C) Representative z-projections of metaphase II spindles from eggs from old
mice following maturation without FF (control), in young FF, or in old FF. Pericentrin (magenta), a-tubulin (green), and DNA (DAPI, blue) were detected
by immunocytochemistry. Spindle length is indicated by a white bracket. Scale bar =10 um. (D-F) Quantification of spindle length (D), average pole
width (E), and average pole width: spindle length ratio (F) for eggs from young (i) and old (ii) mice following maturation without FF (control), in young
FF, or in old FF. N =40-52 eggs per group across total of three replicates. Insets (iii) compare average pole width (E) and average pole width: spindle
length ratio (F) only for eggs from young and old mice matured without FF. ***P-value <0.001, and **P-value <0.01 by one-way ANOVA with multiple
comparisons (D) or t-tests (E and F). (G) Representative z-projections of metaphase II spindles from eggs from young and old mice matured without FF
(control). Spindle pole width is indicated by a red bracket. Immunocytochemistry and scale bar as in (C).

Mitochondria are associated with the spindle following nuclear
envelope breakdown until the first meiotic division occurs, are
retained in the cytoplasm during PBE, and then are distributed
homogenously through the cytoplasm at the metaphase II arrest
(Dalton and Carroll, 2013; Babayev and Seli, 2015). This reorgani-
zation of mitochondria is important for spindle organization and
distribution of chromosomes during meiosis (Wakai et al., 2014;
Kasapoglu and Seli, 2020). To investigate the age-dependent im-
pact of FF on mitochondrial dynamics, mitochondria in meta-
phase II eggs were labeled using a live cell dye following IVM in
media supplemented with FF from reproductively young or old
participants. Mitochondrial distribution was classified as polar-
ized if enriched around the spindle, homogenous if localization
was uniform throughout the cytoplasm, or clustering if large
aggregates were present, as per previously published criteria
(Fig. 6A) (Wang et al., 2009; Zeng et al., 2018). The distribution of
mitochondria was not significantly affected by FF treatment
(Fig. 6B). However, although not significant, there was a greater
tendency for oocytes matured in media containing FF from repro-
ductively old participants to display a clustering mitochondrial
distribution than oocytes matured in media without FF or con-
taining FF from reproductively young participants (Fig. 6B).
Integrated density was measured to examine age-associated
effects of FF on the total amount of mitochondria. Integrated

density was not significantly different between oocytes matured
with FF from reproductively young or reproductively old partici-
pants compared to those matured without FF (Fig. 6C and D). As
the diameter of one individual mitochondrion is 0.5-1um, and
thus the area for one mitochondrion is 0.2-0.8 um?, quantifica-
tion of the proportion of particles larger than 0.8 um? allows for
analysis of mitochondrial aggregation due to FF treatment. FF
treatment did not increase the relative abundance of mitochon-
drial aggregates as measured by the percentage of particles
larger than 0.8 um? (Fig. 6C and E). However, FF increased the size
of mitochondrial aggregates in an age-dependent manner, with
an average aggregate area of 2.46+0.2um? in eggs treated with
FF from reproductively young participants compared to 3.46 +
0.32pum? in eggs treated with FF from reproductively old partici-
pants (P=0.0173; Fig. 6C and F). These results demonstrate that
FF has age-associated effects on mitochondrial aggregation, but
not on the distribution or abundance.

To understand whether there was any functional significance
of the larger mitochondrial aggregates in eggs following matura-
tion in FF from reproductively old participants, we assessed ATP
concentration production.
Surprisingly, ATP concentrations were not significantly different
in eggs following maturation in FF from either reproductively
young or old participants compared to controls matured without

and mitochondrial superoxide
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Figure 6. Follicular fluid (FF) increases size of mitochondrial aggregates in an age-dependent manner. (A) Representative middle z-slices of different
mitochondrial distributions in metaphase II mouse eggs. Mitochondria (MitoTracker, red) and DNA (Hoechst, blue) were visualized by live cell dyes.
Dashed lines outline the perimeter of eggs and polar bodies if visible in z-slice. Scale bars = 10 um for all panels. (B) Quantification of mitochondrial
distribution for eggs following maturation without FF (control), in young FF, or in old FF. Data are shown as mean+SEM for all panels. N =54-58 eggs
per group across total of three trials. (C) Representative middle z-slice of eggs following maturation without FF (control), in young FF, or in old FF.
Mitochondria and DNA visualized as in (A). Boxed regions are magnified in insets. Insets show representative mitochondrial aggregates following
thresholding as quantified in (F). Each color corresponds to one aggregate and particles below the minimum size for quantification are displayed in
white. Scale bar (gray)=1pum. (D-F) Quantification of mitochondrial integrated density in arbitrary units (A.U.; D), percentage of mitochondrial
aggregates larger than 0.8 um? (E), and average mitochondrial aggregate area (F). *P-value <0.05 by one-way ANOVA with multiple comparisons.

N =54-58 eggs per group across total of three trials. (G) Quantification of ATP concentration in eggs following maturation without FF (control), in young
FF, orin old FF. Each data point represents the average of two wells (each containing 20 eggs) from one experiment. N = 120 eggs per group across total
of three trials. (H) Representative middle z-slice of eggs following maturation without FF (control), in young FF, or in old FF. Mitochondrial superoxide

(MitoSox, green) and DNA (Hoechst, blue) were visualized by live cell dyes. (I) Quantification of mitochondrial superoxide integrated density in
arbitrary units (A.U.). *P-value <0.05 by one-way ANOVA with multiple comparisons. N = 44-64 eggs per group across total of four trials.

FF (Fig. 6G). Moreover, mitochondrial superoxide production was
higher in eggs matured in FF from reproductively young partici-
pants (84 972 +5698 A.U.) compared to eggs matured without FF
(69 8733656 A.U.; P=0.0348) but was not significantly different
in eggs matured in FF from reproductively old participants
(72 033+3119 A.U.; Fig. 6H and I). Taken together, these results
suggest that increased mitochondrial aggregate area in eggs fol-
lowing maturation in FF from reproductively old participants
does not have an immediate impact on ATP or mitochondrial
ROS production.

Exposure of intact COCs to follicular fluid has
age-dependent effects on meiotic progression,
but not spindle morphology

Denuded oocytes were used for all experiments described thus
far, but oocytes are surrounded by cumulus cells in vivo, together
forming COCs. Cumulus cells are critical in supporting oocyte de-
velopment and they are in direct contact with FF within antral
follicles. Therefore, it is possible that cumulus cells are

responsive to age-dependent alterations in FF composition, and
in turn, mediate the reproductive age-associated decline in oo-
cyte quality. To this end, we matured intact COCs from reproduc-
tively young and old mice in media supplemented with FF from
reproductively young or old participants, before removing the cu-
mulus cell layer to assess oocyte nuclear maturation parameters.
Interestingly, polar body extrusion was significantly decreased in
COCs from reproductively young mice matured with FF from re-
productively old participants (78.8+18.1%) compared to COCs
matured with FF from reproductively young participants (96.4 +
3.6%) or without FF (98.4 +1.6%; P=0.0015; Fig. 7Ai). FF also de-
creased meiotic progression of COCs from reproductively old
mice in an age-dependent manner, similar to what was seen in
COCs from young counterparts (control: 100+0%; young FF:
91.87+5.1%; old FF: 82.44+6.4%; P=0.0259; Fig. 7Aii). However,
FF did not have an age-effect on chromosome alignment, spindle
or other abonormalities, or on morphology of the metaphase II
spindle in COCs from reproductively young or old mice
(Fig. 7B-E).
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Follicular fluid modestly impacts cumulus
expansion dynamics in
an age-dependent manner

Cumulus cells produce a hyaluronan matrix in response to the
LH surge resulting in expansion of the cumulus layer which is
important for ovulation and fertilization (Clarke, 2017; Nagyova,
2018). To determine whether FF has an age-dependent effect on
cumulus expansion, we captured transmitted light images of in-
dividual COCs from reproductively young and old mice before
and after maturation in media supplemented with FF from repro-
ductively young or old participants to assess expansion area
(Fig. 8A). The change in total COC area, indicative of cumulus cell
layer expansion, was not significantly different due to FF expo-
sure in COCs from reproductively young or old mice (Fig. 8A and
B; Supplementary Fig. S2A). However, without any FF treatment,
COC expansion area was decreased in COCs from reproductively
old mice (31 470.5+1874.5um?) compared to COCs from repro-
ductively young mice (36 828.373 + 1403.7 um?) (P =0.0215; Fig. 8A
and B).

The cumulus cell layer undergoes a characteristic pattern of
expansion when monitored in a closed time-lapse imaging sys-
tem, whereby velocity increases and peaks during the first 8h of
maturation and then decreases (Suebthawinkul et al, 2022,
2023). To specifically investigate whether FF has an age-
associated impact on cumulus expansion kinetics, rather than
overall expansion area, we analyzed expansion using time-lapse
imaging (Fig. 8C; Supplementary Fig. S2B). Cumulus layer thick-
ness was measured for each COC every hour to calculate expan-
sion velocity. Average expansion velocity over the duration of

maturation was unchanged by FF treatment for both COCs from
reproductively young and old mice (Supplementary Fig. S2C).
However, when further broken down by quartile, age-dependent
effects of FF on expansion kinetics were observed (Fig. 8D-F).
Specifically, supplementation with FF from both reproductively
young (3.46+0.23 ym/h; P=0.0244) and old participants (3.76+
0.28 um/h; P=0.0011) significantly increased average expansion
velocity of COCs from reproductively young mice at 12h com-
pared to untreated controls (2.64+0.15um/h; Fig. 8C and E).
Supplementation with FF from reproductively old participants
(4.16 £0.44 pm/h) significantly increased average expansion ve-
locity of COCs from reproductively old mice at 12h compared to
untreated controls (2.77+0.23um/h; P=0.006; Fig. 8C and F).
Although not statistically significant, when cumulus expansion
kinetics of COCs from reproductively young and old mice without
FF supplementation were interrogated, we observed a trend of
decreased expansion velocity at 8h in old COCs (5.17 +0.54 pm/h)
compared to young COCs (6.45+0.32um/h), as has been previ-
ously reported (Fig. 8C and D) (Suebthawinkul et al., 2023). Thus,
FF exposure has age-associated effects on cumulus expansion ki-
netics, but not overall cumulus expansion area or velocity.

Discussion

In this study, we interrogated how human FF may impact oocyte
quality using a heterologous IVM assay. We demonstrated that
human FF influences mouse oocyte meiotic maturation, includ-
ing spindle formation in a dose-dependent manner. However, hu-
man FF does not have age-dependent effects on meiotic
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Figure 7. Exposure of intact cumulus-oocyte complexes (COCs) to follicular fluid (FF) has age-dependent effects on meiotic progression, but not
spindle morphology. (A) Graph of meiotic progression for COCs from young (i) and old (ii) mice matured without FF (control), in young FF, or in old FF.
Data are shown as mean+SEM for all panels. N =29-56 COCs per group across total of four trials. (i) **P=0.0015 for young COCs that extruded polar
bodies (PBE) versus no PBE by Fisher’s exact test. (ii) *P =0.0259 for old COCs PBE versus no PBE by Fisher’s exact test. (B) Quantification of abnormal
phenotypes of metaphase II eggs from COCs from young (i) and old (ii) mice following maturation without FF (control), in young FF, or in old FF. N =24-
55 COCs per group across total of four trials. (C-E) Quantification of spindle length (C), average pole width (D), and average pole width: spindle length
ratio (E) for COCs from young (i) and old (ii) mice matured without FF (control), in young FF, or in old FF. N = 18-40 COCs per group across total of

four trials.
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Figure 8. Follicular fluid (FF) modestly impacts cumulus expansion dynamics in an age-dependent manner. (A) Representative transmitted light
images of COCs from young and old mice pre- and post-expansion without FF (control), in young FF, or in old FF. Scale bar =10 um. (B) Quantification of
delta (A) expansion area for COCs from young and old mice matured without FF (control), in young FF, or in old FF. Data are shown as mean+SEM for all
panels. N=35-66 COCs per group across total of four replicates. Inset compares delta expansion area only for COCs from young and old mice matured
without FF.*P-value <0.05 by t-test. (C) Representative time-lapse, transmitted light images of COCs from young and old mice matured without FF
(control), in young FF, or in old FF. Lines (yellow) indicate cumulus expansion measurements taken to calculate expansion velocity. (D) Quantification
of expansion velocity per quartile for COCs from young (COC-Y, CON; closed circles) and old mice (COC-O, CON; open circles) matured without FF. (E
and F) Quantification of expansion velocity per quartile for COCs from young mice (E, closed shapes) or old mice (F, open shapes) matured without FF
(control, CON; black circles), in young FF (FF-Y; red squares), or in old FF (FF-O; blue triangles). N = 54-60 COCs per group across total of four replicates.
*P-value <0.05 and **P-value <0.01 by two-way ANOVAs with multiple comparisons.

progression, spindle structure, chromosome alignment, or ploidy
of denuded mouse oocytes. Denuded oocytes from reproductively
old mice responded similarly to FF exposure as those from young
mice. However, human FF had age-dependent effects on mito-
chondrial aggregate size in denuded oocytes, meiotic progression
of intact COCs, as well as on cumulus expansion dynamics in
COCs from reproductively old mice. Taken together, these data
demonstrate that the FF microenvironment can impact select
markers of oocyte competence in both dose- and age-
dependent manners.

Although developing oocytes are surrounded by 100% FF
within antral follicles, a range of FF concentrations have been
utilized to supplement oocyte maturation media in previous
studies with agricultural species (Kim et al., 1996; Dell’Aquila
et al., 1997; Somfai et al., 2012; Takeo et al., 2017; Pawlak et al.,
2018; Tian et al., 2019; Azari-Dolatabad et al., 2021; Park et al.,
2021). Most studies do not directly compare the effects of differ-
ent concentrations of FF, but rather utilize a single concentration
to investigate the impacts of FF from different sources or com-
pare the effects of FF supplementation relative to media controls
(Dell’Aquila et al., 1997; Somfai et al.,, 2012; Takeo et al., 2017,
Pawlak et al, 2018; Park et al, 2021). Maturation of bovine
oocytes in media supplemented with 5% bovine FF enhances
re-distribution of active mitochondria and improves COC expan-
sion and fertilization compared to controls (Somfai et al., 2012).
Similarly, equine oocytes matured in media containing 20%
equine FF displayed increased normal fertilization and develop-
mental potential following intracytoplasmic sperm injection
(Dell’Aquila et al., 1997).

The concentrations of FF included in studies that compare
multiple doses also vary significantly. For example, a study that
examined the effects of supplementation with 1%, 5%, and 10%
bovine FF showed that 5% and 10% FF improved bovine blasto-
cyst quality parameters compared to 1% FF and a media-only
control (Azari-Dolatabad et al., 2021). Moreover, a study that sup-
plemented mouse oocyte maturation media with 10%, 25%, 50%,
or 70% human FF demonstrated that FF specimens collected
from follicles containing mature eggs that subsequently under-
went fertilization and cleavage, termed mature FF, significantly
improved meiotic maturation of mouse oocytes at 50% and 70%
concentrations but not at lower doses (Das et al., 1992). This re-
sult is contrary to our findings of perturbed mouse oocyte meiotic
progression upon supplementation with 50% or 100% human FF.
However, we examined rates of PBE after 14-16h of maturation,
whereas this previous study examined PBE after 24h, meaning
that this study may have captured more gametes exhibiting
delayed PBE, which we would not have documented (Das et al.,
1992). In addition, discrepancies in results could be due to our
use of denuded oocytes rather than intact COCs to investigate
dose-dependent effects of FF, participant heterogeneity, as well
as a lack of knowledge of the maturation status or the fertiliza-
tion ability of the human gametes from which surrounding FF
samples were collected and used for experiments. However, an-
other study that supplemented maturation media with 10%,
30%, and 60% bovine FF demonstrated that 60% FF was associ-
ated with decreased development of bovine eggs to the blastocyst
stage following fertilization (Kim et al., 1996). Although this end-
point is later in development than those examined in our study,
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it provides support that high doses of FF may have negative
effects when added to in vitro culture systems. Further studies
are required to understand what factors within FF may be re-
sponsible for these detrimental effects to oocyte quality in vitro.
Groups that examined the effects of FF on oocyte parameters
from different conditions, including different sized follicles and
prepubertal versus cycling animals, used 10% FF and saw differ-
ences between experimental groups, supporting our use of this
concentration to examine age-dependent effects (Pawlak et al,
2018; Park et al., 2021).

Additionally, our observation of robust, dose-dependent
effects of FF on meiotic progression may be in part because we
utilized denuded oocytes for these experiments. In vivo, oocytes
are surrounded by cumulus cells, together forming COCs, and cu-
mulus cells are in direct contact with FF within antral follicles.
Thus, it is possible that cumulus cells may serve in a protective
capacity, which may explain why we observed such detrimental
effects of high concentrations of FF.

Given the prominent changes in FF composition with ad-
vanced reproductive age, including altered miRNAs and metabo-
lites, imbalance of ROS and antioxidants, as well as increased
presence of fibro-inflammatory cytokines, we anticipated observ-
ing significant age-associated effects of FF on meiotic progres-
sion, spindle assembly, and ploidy (Sang et al., 2013; Battaglia
et al., 2020; Bouet et al., 2020; Dogan et al., 2020; Zhang et al., 2020;
Machlin et al., 2021). However, other than our finding of reduced
meiotic progression of COCs matured in FF from reproductively
old participants compared to young counterparts, this was
largely not the case and there are a few possible reasons why we
did not observe robust age-dependent effects of FF on oocyte nu-
clear maturation endpoints. In our model system, we performed
an acute exposure of oocytes and COCs to FF during the final
stages of meiotic maturation for a total of 14-16h. However,
oocytes are surrounded by FF in antral follicles for approximately
80days during development in humans and ~10days in mice
(Zheng et al., 2014; Williams and Erickson, 2012). Thus, this short-
term exposure may not be sufficient for FF components to impact
the development and quality of oocytes. However, this cannot
easily be addressed experimentally. For example, if we cultured
early-stage follicles in media containing FF with the goal of ex-
posing them to FF through development, the follicles would form
antrums as they progressed, in turn preventing direct contact be-
tween the supplemented FF and oocytes.

Here, we sought to examine the effects of human FF on oocyte
quality, and the lack of human oocytes available for research ne-
cessitated the use of a heterologous model. In fact, there is prece-
dence for this heterologous model involving supplementation of
mouse oocyte maturation media with human FF (Das et al., 1992;
Yang et al., 2012). Exposure of mouse oocytes to human FF col-
lected from follicles containing mature eggs competent for fertili-
zation and embryo development has been demonstrated to
improve meiotic maturation, including rates of GVBD and PBE, in
addition to improving cumulus layer expansion (Das et al., 1992).
Moreover, addition of lipid-rich human FF, collected from obese
women, to mouse COC maturation media increased oocyte lipid
content, induced endoplasmic reticulum stress, and decreased
meiotic progression (Yang et al, 2012). However, studies that
have investigated the impact of FF on oocyte quality using spe-
cies-matched FF and oocytes have observed significant reproduc-
tive age effects (Takeo et al, 2017). For example, relative to
bovine FF from younger animals, samples from older animals
resulted in accelerated meiotic progression, elevated ROS con-
tent in bovine oocytes, increased rates of abnormal fertilization,

and decreased blastulation rates (Takeo et al., 2017). Thus, it is
possible that factors in FF that impact oocyte competence are not
conserved between mouse and human.

In this study, we demonstrated that exposure to FF from re-
productively old participants significantly increased the size of
mitochondrial aggregates compared to exposure to FF from re-
productively young counterparts. Although, age-related altera-
tions to mitochondrial morphology, localization, and function
have been previously established in the oocyte, our work sug-
gests that some of these alterations may be in part due to expo-
sure to components present in FF from women of advanced
reproductive age (Kasapoglu and Seli, 2020; van der Reest et al,,
2021). Mitochondria typically form clusters during nuclear enve-
lope breakdown as well as at telophase I, and this cluster forma-
tion is typically associated with increased ATP production (Yu
et al.,, 2010). Large mitochondrial clusters are counterintuitive
given that oocytes from old mice have decreased ATP production
compared to young counterparts (Kujjo et al, 2013; Ben-Meir
etal.,, 2015; Kim et al., 2020). In fact, we did not observe any differ-
ences in ATP production between eggs matured without FF or in
media supplemented with FF from reproductively young or old
participants. Large aggregates are formed through mitochondrial
fusion, which is thought to support ATP production in the pres-
ence of cellular stress (Kasapoglu and Seli, 2020). Thus, the mito-
chondrial aggregation we observed following maturation in
media containing FF from reproductively old participants may be
a compensatory mechanism to increase ATP production.
Although we did not observe an immediate effect of larger mito-
chondrial aggregates on ATP production, it is possible that the
effects may manifest later during embryo development. Further
studies are warranted to determine whether FF exposure during
maturation affects fertilization and early embryo development in
an age-dependent manner. However, such experiments pose a
technical challenge as oocytes matured in vitro may undergo
hardening of the zona pellucida, in turn necessitating the use of
intracytoplasmic sperm injection, rather than conventional
in vitro fertilization (De Vos and Van Steirteghem, 2000; Kilani
et al., 2006). Mitochondria also aggregate in response to apoptotic
stimuli, resulting in cytochrome c release, and ultimately cas-
pase activation (Haga et al., 2003). It is therefore possible that
larger mitochondrial aggregates in oocytes exposed to FF from re-
productively old participants is indicative of the early stages of
apoptosis. Moreover, we observed a greater tendency of eggs ma-
tured in FF from reproductively old participants to display a clus-
tering distribution compared to eggs matured without FF or in FF
from reproductively young participants, although this phenotype
was not significant. This is interesting as mitochondria in oocytes
from aged mice have been shown to form clusters in the
ooplasm, rather than displaying an association with the meiotic
spindle and chromosomes (Kim et al., 2020). Thus, the aging FF
microenvironment may contribute to impaired mitochondrial
distribution with age.

We demonstrated that FF had an age-dependent impact on
cumulus expansion kinetics in COCs from reproductively old
mice. As cumulus layer expansion is important for ovulation and
fertilization, it is possible that the altered expansion kinetics we
observed upon treatment with FF from reproductively old partici-
pants may impact these processes. In fact, ovulation is impaired
with advanced age and reproductively old mice ovulate fewer
eggs, have fewer corpora lutea (CLs), and have more frequent
failed ovulations, as indicated by trapped oocytes in CLs and ex-
panded COCs in unruptured follicles, compared to reproductively
young counterparts (Mara et al., 2020). Future studies are needed
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to investigate the role of FF in these phenotypes. Moreover, it is
possible that FF has age-dependent effects on cumulus cells at a
molecular level. Studies that have treated fallopian tube epithe-
lial (FTE) cells with FF to study ovarian cancer initiation deter-
mined that FF exposure increases DNA damage in FTE cells and
it is possible that FF has similar effects on cumulus cells
(Brachova et al., 2017).

Here, we sought to understand the impact of human FF on the
oocyte and to this end, we developed a heterologous assay that
allowed us to overcome the barrier for research with human tis-
sue. We examined the dose- and age-dependent effects of human
FF on mouse oocyte competence. We demonstrated that the oo-
cyte is responsive to the FF environment, however, for the most
part, not in an age-dependent manner. Although we cannot rule
out the fact that we did not observe robust age-associated pheno-
types due to the differences in species and the acute exposure of
oocytes to FF in our model, it is also possible that oocyte-intrinsic
mechanisms are the primary factors leading to the age-related
decline in gamete quality.
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