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Addition of granulocyte macrophage colony stimulating factor (GM-CSF)
during in vitro oocyte maturation improves embryo development in a
mouse model of advanced maternal age

Anmol SAINI" 2, Nicole O MCPHERSON'-% and Mark B NOTTLE" ?

"Discipline of Reproduction and Development, School of Biomedicine, The University of Adelaide, South Australia 5005,
Australia

2Robinson Research Institute, The University of Adelaide, South Australia 5005, Australia
3JFreemasons Centre for Male Health and Wellbeing, The University of Adelaide, South Australia 5005, Australia
YGenea, Sydney, New South Wales 2000, Australia

Abstract. Oocyte developmental competence declines in women aged 35 and older resulting in many women
resorting to IVF. The present study determined whether adding Granulocyte-macrophage colony-stimulating factor
(GM-CSF) during in vitro oocyte maturation (IVM) could improve oocyte developmental competence in a mouse
model of advanced maternal age. Oocytes from 12—14 month C57BL6 J x CBA mice were treated with 10 ng/ml of
GM-CSF during IVM, and embryo development, mitochondrial activity, spindle formation and chromosomal alignment
were examined. The addition of GM-CSF tended to increase fertilisation rates (76.19 vs. 82.03%; P = 0.07) but did
not affect cumulus expansion compared with control. The addition of GM-CSF also increased blastocysts rates
(51.10 vs. 61.52%; P < 0.01) and the number of good quality blastocysts (33.31 vs. 44.13%; P < 0.05) present at
96 h of culture as well as inner cell mass (12.64 vs. 15.62 ; P < 0.01) and total cell number (42.98 vs. 48.78 ; P <
0.05). GM-CSF treatment also increased mitochondrial membrane potential two to three fold in the outer (2.86 vs.
0.97; P < 0.001), intermediate (3.25 vs. 0.89; P < 0.001) and peri nuclear areas (3.62 vs. 1.08; P < 0.001). GM-
CSF treatment did not influence spindle formation or chromosomal alignment. Together our results indicate that the
addition of GM-CSF during IVM may improve oocyte quality in women of advanced maternal age.
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Around one in four women in Australia give birth to their first
child aged 35 or older [1] which is also around the time that
oocyte quality declines [2, 3]. This has resulted in an increased
number of women accessing assisted reproductive technology (ART)
treatment such that more than half of all IVF patients in Australia
are 35 years or over [1]. Similar trends have also been reported in
other developed countries [2, 3]. The effect of advanced maternal
age (AMA) on oocyte quality is associated with impaired energy
metabolism, mitochondrial dysfunction, and redox imbalance leading
to oxidative damage [2, 3]. The decline in oocyte quality also includes
an increase in aneuploidy which is associated with increased rates
of miscarriage [3, 4]. While pre-implantation genetic testing for
aneuploidy (PGT-A) in combination with embryo freezing can
increase pregnancy rates, live birth rates for women > 40 years are
still less than 10% compared with around 30% for younger women [1].

In vitro oocyte maturation is increasingly used as an assisted
reproductive technology and recent advances has seen success rates
increase to levels similar to that for IVF [5]. In vitro oocyte matura-
tion (IVM) also provides a potential window where treatments to
improve oocyte quality can be applied and is also when the majority of
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aneuploidy occurs following the resumption of meiosis [4]. Numerous
studies have shown that the addition of granulocyte macrophage colony
stimulating factor (GM-CSF) during embryo culture can improve
embryo development in a range of species including Humans and
that these improvements can improve pregnancy and birth rates [6].
We have previously reported that the addition of GM-CSF during
IVM can also increase embryo development as well as implanta-
tion and birth rates in mice [7]. We have also shown that GM-CSF
increases mitochondrial activity [8] in mature oocytes and reduces
the incidence of DNA damage in blastocysts [7] using this model.
Based on these findings we hypothesise that the addition of GM-
CSF during IVM will improve oocyte developmental competence
and embryo development in women of advanced maternal age.
The present study was undertaken to examine this hypothesis by
examining embryo development, oocyte mitochondrial activity as
well as spindle formation and chromosomal alignment in a previously
developed mouse model of AMA [6]. This model uses 12—14 month
old CBAF1 mice which approximates to women aged 35-45 years.
At this age mice have an aneuploidy rate of around 50%, which is
similar to that seen in women of advanced maternal age [9, 10].

Materials and Methods

All chemicals were purchased from Sigma—Aldrich (St. Louis,
MO, USA) unless otherwise stated.

Mice
C57BL6 J x CBA males (6-8 weeks — sperm donors) and females
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(12-14 months — oocyte donors) were obtained from the University
of Adelaide Laboratory Animal Services and housed under a 12 h
light and 12 h dark cycle with ad libitum access to water and food.
All experiments were performed in accordance with Australian
Code of Practice for the care and the Use of Animals for Scientific
Purpose and the study was approved by the University of Adelaide
Animal Ethics Committee (M-2017-081).

In vitro oocyte maturation

Female mice were administered with 10 TU pregnant mare chorionic
gonadotropin (PMSG; Folligon, Intervert, Boxmeer, The Netherlands)
via intraperitoneal injection to stimulate follicle growth. 46-48 h
post PMSG ovaries were collected in HEPES-buffered minimum
essential medium (0-MEM; ART Lab Solutions, SA, Australia)
media (supplemented with 4 mg/ml bovine serum albumin (BSA;
MP Biomedicals, AlbuminNZ, Auckland, NZ) and 1 mg/ml Fetuin
[11]. Cumulus oocyte complexes (COCs) were isolated from ovaries
by puncturing all follicles 100—180 pm in diameter using a 30-guage
needle [12]. The maturation media consisted of bicarbonate-buffered
0o-MEM media containing 3 mg/ml BSA and 1 mg/ml Fetuin [11].
Maturation media was filtered before adding 50 mIU/ml recombi-
nant human FSH (Puregon-Organon, Oss, The Netherlands) [13]
containing 0 and 10 ng/ml of recombinant mouse GM-CSF (R&D
Systems, Minneapolis, MN, USA; Cat# 415-ML-010). GM-CSF
was reconstituted as per supplier instructions in PBS plus 0.1% BSA
(10 pg/ml) and frozen down in 10 pl aliquots and stored at —80°C.
A dose of 10 ng/ml was chosen because we previously showed that it
increases embryo development as well as implantation and birth rate
in young (4 wk old) mice [7]. IVM was performed at 6% CO,, 5% O,
and 89% N, humidified at 37°C with media pre-equilibrated for at
least 4 h prior. Ten COCs were cultured in 50 pl drops of maturation
media for 16 h. Post maturation cumulus expansion was assessed
using a scale as previously described [14, 15]. COCs were graded
as 0: no expansion, 1+: outer layer of cumulus cells expanded, 2:
outer half of cumulus expanded, 3: all layers expanded apart from
corona radiatae and 4+: maximum expansion of all layers of cumulus
cells. The experiment was replicated five times with a minimum of
25 COCs in each group per replicate.

In vitro fertilisation and embryo culture

Male mice were sacrificed using cervical dislocation and the
vas deferens along with the cauda epididymis collected in Wash
Medium (Cook Medical, Bloomington, IN, USA) at 37°C, and excess
tissue and fat removed using a dissecting microscope. Spermatozoa
were extracted into a culture dish containing pre-equilibrated 1 ml
Fertlisation Media (Cook Medical) and incubated for 45—60 min at
37°C in 6% CO,, 5% O,, and 89% N, to allow sperm to capacitate
[11]. Spermatozoa were then added to the fertilisation drop which
contained the expanded COCs and co-incubated for a further 4 h
at 37°C in 6% CO,, 5% O,, and 89% N,. Following fertilisation
presumptive zygotes were washed in fertilisation medium and cultured
in Cleave Media (20 pl drops per 10 embryos; Cook Medical) until
day 5 at 37°C in 6% CO,, 5% O,, and 89% N,. Preimplantation
embryo development and morphology was determined by examining
cleavage rate as a measure of fertilisation at 24 h, and blastocyst
development at 72 h and 96 h [16]. The experiment was replicated
five times with a minimum of 25 COCs in each group per replicate.

Blastocyst differential staining
Inner cell mass (ICM) and trophectoderm (TE) cell number were
determined using as previously described [17]. Blastocysts were

placed in 20 pl droplets which were covered under oil and placed
in prewarmed culture dish at 37°C minimum 1 h before staining.
Blastocysts were incubated in 0.5% pronase for 2—3 min to remove
the zona pellucida and then washed in protein free 3-(N-morpholino)
propanesulfonic acid (MOPS)-buffered media (GMOPS; Vitrolife,
Gothenburg, Sweden). Blastocysts where then transferred into 10
pl of 2,4,6-trinitrobenzenesulfonic acid and 90 pl of polyvinylpyr-
rolidone (PVP) and cultured at 4°C for 10 min. Blastocysts were
then washed in MOPS medium and incubated in 20 pl of 0.1 mg/ml
anti-dinitrophenyl-BSA antibody (Cat# D9656) for 10 min at 37°C
followed by a third wash in MOPS medium [11]. Following third
wash, blastocysts were incubated in complement 50 pl propidium
iodide (10 pg/ml; PI) and 50 pl guinea pig serum diluted in MOPS
media at 37°C for 5 min in the dark. Blastocysts were then transferred
to 500 pl of bisbenzimide in ethanol and incubated overnight at 4°C
in dark. The following day-stained blastocysts were placed in 500
ul of 100% of ethanol and mounted in a drop of glycerol and gently
flattened with a coverslip for cell counting. Stained blastocysts were
imaged using an Olympus BX 51 microscope fitted with a mercury
lamp. Bisbenzimide was excited and emitted at 338 nm and 505 nm
respectively to visualise ICM cells and PI at 537 nm and 619 nm to
visualise TE cells, and the number of ICM (blue) and TE (red) cells
counted manually. The experiment was replicated five times with a
minimum of 10 blastocysts in each group per replicate.

Oocyte mitochondria membrane potential

Mitochondrial Membrane Potential (MMP) was measured using
the fluorescent dye, JC-1 (5,5 _,6,6 -tetrachloro-1,1 ,3,3 -tetracth-
ylbenzimidazolyl-carbocynanine iodide; Molecular Probes, Eugene,
OR, USA) at a concentration of 1.5 mM to determine mitochondria
activity in the oocyte as previously described in [18, 19]. Briefly,
post IVM COCs from both groups were incubated for 15 minutes in
HEPES buffered o -MEM media with JC-1 dye at 37°C in dark. After
15 min, stained oocytes were washed in HEPES buffered o -MEM and
mounted on a glass slide and gently flattened with a coverslip. The
inner, middle and outer distribution of mitochondria were examined
as previously described [18]. Oocyte fluorescence was observed using
a green filter (490-540 nm) and a red filter (570—620 nm) on The
Cell Voyager CV1000 Confocal Scanner (Yokogawa, Japan) using
Z-stack imaging was done. Instrument settings were kept constant
for each replicate. Z-stack images of the oocyte were merged and
the images analysed using Image J software for Windows (Fiji,
MD, USA). The ratio of red to green fluorescence (indicating high
mitochondrial membrane potential) was determined in four different
regions (regions 1-4) within outer, intermediate and peri-nuclear
areas of the oocyte previously described [18]. The experiment was
replicated three times and a minimum of six oocytes were used for
each group per replicate.

Oocyte spindle formation and chromosomal alignment

The fluorescein isothiocyanate (FITC) conjugated mouse anti-o-
tubulin (1:200, Alexa Fluor 488, Thermo Fisher Scientific, Waltham,
MA, USA; Cat# 322588) was used to examine spindle formation
and chromosomal alignment as previously described [20]. MII
oocytes were fixed in 4% paraformaldehyde (Sigma—Aldrich) and
then washed for 40 min in phosphate buffered saline (PBS) with
0.3 mg/ml polyvinyl alcohol (PVA) and permeabilised in 0.25%
Triton-X (Sigma—Aldrich) for 40 min at 25°C. After 40 min oocytes
were blocked in PBS containing 10% BSA and then placed in 2%
Tween-20 for 1 h at 25°C. After three washes oocytes were incubated
with FITC conjugated mouse anti-a-tubulin for 1 h at 25°C. After
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three washes, chromosomes were labelled using Hoechst (10 pg/ml,
Sigma—Aldrich) for 10 min. Post incubation oocytes were washed
three times in PBS and groups of five oocytes were loaded onto a
glass slide for imaging. Fluorescence was detected using The Cell
Voyager CV1000 Confocal Scanner (Yokogawa, Japan) under 40%
objective where Z-stack imaging was done. Z-stack images were
merged and the analysed using Image J software for Windows. FITC
excited with a band width of green-fluorescent emission of 490-540
nm while Hoechst with a band of 438—485 nm. The experiment was
replicated three times and a minimum of six oocytes were used for
each group per replicate.

Statistical analysis

All data is expressed as the mean + standard error of mean (SEM)
unless stated otherwise. Statistical analysis was performed using
IBM SPSS Statistics for Windows, version 28 (IBM Corp., New
York, NY, USA) and Graph Pad Prism version 9 with a P value of
< 0.05 been statistically significant and < 0.1 classified as a trend.
Data were assessed for normality using the Kolmogorov-Smirnov
normality test. Cumulus expansion was analysed by Poisson loglinear
generalised linear models with Bonferroni post hoc test. Blastocyst
development data were normalised with logarithmic transformation
and assessed by using paired ¢-test. Blastocyst cell counts (ICM, TE,
Total cell, ICM/TE ratio), spindle length and width and mitochondrial
membrane potential were measured using univariate general linear
models with Bonferroni post hoc test. Chromosomal alignment
was analysed using binomial regression with pairwise comparison.
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Results

Effect of GM-CSF during IVM on cumulus expansion and
fertilisation rates

The addition of 10 ng/ml of GM-CSF during IVM had no effect
on cumulus expansion (Fig. 1A; P> 0.05). However here was a trend
for increase in fertilisation rates (76.19% vs. 82.03% %; Fig. 1B;
P =0.07) in the GM-CSF group compared with the control group.

Effect of GM-CSF during IVM on blastocyst development

The addition of 10 ng/ml GM-CSF increased the proportion of
total blastocysts at 96 h of culture (51.10% vs. 61.52%; Tablel; P <
0.01). GM-CSF also increased the number of good quality blastocysts
(> expanded; 33.31% vs. 44.13% %; Fig. 2; P < 0.05) compared
with the control group.

Effect of GM-CSF during IVM on blastocyst cell number

The addition of 10 ng/ml of GM-CSF increased total blastocyst cell
number (42.98 vs. 48.78; Figs. 3A and 3B; P < 0.05) and blastocyst
ICM cell number (12.64 vs. 15.62; Figs. 3A and 3D; P < 0.01).
GM-CSF did not affect TE cell number (Figs. 3A and 3C) or the
ratio of ICM/TE (Fig. 3E) compared with the control group.

Effect of GM-CSF during IVM on mitochondrial activity in
aged COCs

The addition of GM-CSF during IVM increased MMP in the outer
(2.86 vs. 0.97; Figs. 4A and 4B; P < 0.001), intermediate (3.25 vs.
0.89; Figs. 4A and 4C; P < 0.001) and perinuclear areas (3.62 vs.
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Fig. 1. The effect GM-CSF on cumulus expansion and fertilisation rates following 16 h of IVM on aged oocytes. (A) The proportion of COCs at each
cumulus expansion index and (B) Proportion of 2-cells 24 h post insemination from the total number of COCs inseminated. The data is expressed
as mean + SEM of five replicates with a minimum of 25 COCs for each group per replicate. Different symbols represent the mean of each replicate

across the treatment groups.

Table 1. Effect of GM-CSF during IVM on AMA oocyte embryo development

GM-CSF (ng/ml) n

72 h post insemination

96 h post insemination

early blastocyst (%) total blastocyst (%)
0 130 2.85(2.85) 51.10 (2.15)
10 125 3.58 (2.21) 61.52 (0.55) **

The data is expressed as a percentage of total oocytes and are the mean + SEM of
five replicates with a minimum of 25 COCs in each group per replicate (** P <0.01).
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Fig. 2. The effect of GM-CSF during IVM on the proportion of good
quality (> expanded) blastocyst development after 96 h of culture.
The data is expressed as a percentage of good quality blastocysts
to total oocytes and are the mean + SEM of five replicates with
a minimum of 25 COCs for each group per replicate. Different
symbols represent the mean of each replicate across the treatment
groups (* P <0.05).

1.08; Figs. 4A and 4D; P <0.001) compared with the control group.

Effect of GM-CSF addition during IVM on spindle formation
and chromosomal alignment

The addition of 10 ng/ml of GM-CSF to IVM had no effect on
spindle formation (Figs. 5A, 5B and 5C; P> 0.05) or chromosomal
alignment (Figs. 5A and 5C; P > 0.05).

Discussion

The present study was undertaken to determine if the addition
of GM-CSF during IVM could improve oocyte developmental
competence in a mouse model of advanced maternal age. The addition
of GM-CSF increased fertilisation rates, blastocyst development and
the number of good quality blastocysts. Blastocyst ICM number and
total cell number were also increased. These results are consistent with
this from our previous study which showed that the addition of GM-
CSF during IVM resulted in similar increases in blastocyst quantity
and quality in young (4—-6-week-old) mice. These improvements
resulted in increased implantation and birth rates following embryo
transfer. Whether GM-CSF treatment of oocytes from AMA could
also improve implantation and birth rates remain to be determined.

In the present study mitochondrial function was increased two
to three fold in AMA oocytes following GM-CSF treatment as
measured by mitochondrial membrane potential with less COCs
displaying oocytes with depolarised mitochondria (as indicated
by a low red to green, fluorescent ratio). Decreased mitochondrial
membrane potential is associated with opening of the mitochondrial
permeability transition pore, resulting in membrane leakage and
decoupling of the respiratory chain. Mitochondrial dysfunction is
commonly seen in women of advanced maternal age and includes
mitochondrial damage, lower mtDNA number and ATP content,
increased mutation rate and elevated levels of ROS of oocytes [2,
3]. Our results show that GM-CSF may be able to be used as an in

vitro therapeutic to restore mitochondrial dysfunction in women of
advanced maternal age. The mechanism whereby GM-CSF improves
mitochondrial function remains to be determined. However, we have
shown in that GM-CSF increases glucose uptake in COCs from four
week old mice which is associated with an increase in mitochondrial
activity [21] presumably due to an increase in the supply of pyruvate
and other energy substrates to the oocyte.

A decrease in the number and activity of mitochondria has been
shown previously to result in reduced ATP production and impaired
spindle activity and chromosome segregation [3]. It is also known
that AMA is associated with an increase in aneuploidy [2, 4]. Oocyte
aneuploidy results from either the premature separation of sister
chromatid pairs or bivalent non disjunction through breakdown of
the spindles [4]. As such we examined if the addition of GM-CSF
during IVM could also improve spindle function and chromosomal
alignment. Although, we did see numerical increases in chromosomal
alignment following GM-CSF treatment this was not significant.
However given the increased incidence of aneuploidy in AMA oocytes,
this experiment needs to be repeated with larger number of oocytes.
Future work will also determine incidence of aneuploidy in mature
oocytes and embryos in our AMA using next generation sequencing.

Advanced maternal age has been shown to affect progeny growth
and development [18]. Previous work using a similar AMA mouse
model showed that offspring derived from blastocysts collected from
AMA displayed increased body weights, increased blood pressure,
altered glucose metabolism and organ allometry compared with
offspring created from blastocysts of young females. These outcomes
were due to the negative effects of AMA on oocyte quality as all
blastocysts were transferred to surrogate young mothers, removing
the effect of an aged uterus [22]. The addition of GM-CSF during in
vitro embryo culture has been shown previously to improve progeny
growth and development in mice and cattle [23, 24]. Whether GM-CSF
during IVM can also help normalise progeny growth and development
for progeny from AMA oocytes using our model warrants further
investigation.

In conclusion we have shown that the addition of GM-CSF dur-
ing IVM can improve embryo development in a mouse model of
AMA. This is likely due to the positive benefits GM-CSF has on
COC mitochondrial activity. Future work will extend our analysis
of chromosomal alignment as well as examine the incidence of
aneuploidy. While preliminary, our results indicate that the addition
of GM-CSF during IVM may improve ART outcomes for women
of advanced maternal age.
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Fig. 5. The effect of GM-CSF during IVM on spindle formation following IVM in AMA oocytes. (A) Representative images of chromosomes and spindle
for 0 (control) and 10 ng/ml of GM-CSF groups. (B and C) spindle width and diameter (mm) and (D) % of total oocytes with correct chromosomal
alignment. Data is expressed as the mean + SEM of three replicates and was determined in a minimum of six oocytes in each group per replicate.
Different symbols represent the mean of each replicate across groups (P > 0.05).
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