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Abstract
Oocyte cryopreservation is offered to women of various age groups for both health and social reasons. Oocytes derived from either 
controlled ovarian stimulation or in vitro maturation (IVM) are cryopreserved via vitrification. As maternal age is a significant 
determinant of oocyte quality, there is limited data on the age-related susceptibility of oocytes to the vitrification-warming procedure 
alone or in conjunction with IVM. In the present study, metaphase II oocytes obtained from 2, 6, 9, and 12 month old Swiss albino 
mice either by superovulation or IVM were used. To understand the association between maternal age and oocyte cryotolerance, 
oocytes were subjected to vitrification-warming and compared to non vitrified sibling oocytes. Survived oocytes were evaluated 
for mitochondrial potential, spindle integrity, relative expression of spindle checkpoint protein transcripts, and DNA double-strand 
breaks. Maturation potential and vitrification-warming survival were significantly affected (p < 0.001 and p < 0.05, respectively) 
in ovulated oocytes from the advanced age group but not in IVM oocytes. Although vitrification-warming significantly increased 
spindle abnormalities in ovulated oocytes from advanced maternal age (p < 0.01), no significant changes were observed in IVM 
oocytes. Furthermore, Bub1 and Mad2 transcript levels were significantly higher in vitrified-warmed IVM oocytes (p < 0.05). In 
conclusion, advanced maternal age can have a negative impact on the cryosusceptibility of ovulated oocytes but not IVM oocytes 
in mice.

Keywords Assisted reproductive technology · Fertility preservation · In vitro maturation · Maternal age · Oocyte 
vitrification

Introduction

Oocyte cryopreservation is offered to women of various age 
groups for both health and social reasons. Oocytes derived 
from either controlled ovarian stimulation or in vitro matu-
ration are cryopreserved. Although vitrification is consid-
ered the preferred freezing method, reports have suggested 
its detrimental effects on oocyte viability, meiotic spindle, 
chromatin, and cytoskeletal integrity [1]. Maternal age sig-
nificantly affects oocyte quality by inducing spindle assem-
bly checkpoint dysregulation, cohesion deterioration, and 
mitochondrial dysfunction, leading to oocyte aneuploidy 
[2–4]. A recent study has demonstrated that maternal age 
influences fertilisation, cell polarity, and blastocyst forma-
tion [5]. The quality was significantly impaired when such 
oocytes were subjected to vitrification-warming [6].

IVM of oocytes is a laboratory technique wherein ger-
minal vesicle (GV) oocytes retrieved from the ovary with 
minimal or no gonadotropin priming resume meiosis, 

 * Satish Kumar Adiga 
 satish.adiga@manipal.edu

1 Centre of Excellence in Clinical Embryology, Department 
of Reproductive Science, Kasturba Medical College, 
Manipal Academy of Higher Education, Manipal 576 104, 
India

2 Division of Reproductive Genetics, Department 
of Reproductive Science, Kasturba Medical College, Manipal 
Academy of Higher Education, Manipal 576 104, India

3 Department of Cell and Molecular Biology, Manipal School 
of Life Sciences, Manipal Academy of Higher Education, 
Manipal 576 104, India

4 Division of Reproductive Biology, Department 
of Reproductive Science, Kasturba Medical College, Manipal 
Academy of Higher Education, Manipal 576 104, India

5 Dipartimento Di Biologia, Università Di Napoli “Federico 
II”, Complesso Universitario Di Monte S Angelo, Naples, 
Italy

http://crossmark.crossref.org/dialog/?doi=10.1007/s43032-024-01462-6&domain=pdf
http://orcid.org/0000-0002-2897-4697


1421Reproductive Sciences (2024) 31:1420–1428 

progress to metaphase II (MII) oocytes, and can fertilise. 
IVM of oocytes has several benefits like reduced cost, 
minimal gonadotropin priming, and a simplified treatment 
procedure [7].Clinically, IVM is offered to patients at risk 
of developing ovarian hyperstimulation syndrome (OHSS), 
such as women with polycystic ovarian syndrome (PCOS), 
women in need of immediate fertility preservation due to 
oncofertility indications, and prepubertal girls who cannot 
undergo ovarian stimulation due to the inactive pituitary 
hypothalamic axis [8, 9]. IVM of GV and metaphase I 
oocytes retrieved during the conventional controlled ovar-
ian hyperstimulation (COH) cycle have established good 
pregnancy outcomes [10]. Several studies comparing the 
efficiency of ovulated and IVM oocytes elucidated that 
in vivo and IVM oocytes were predominantly but not 
entirely similar [11]. Though IVM oocytes exhibit a higher 
percentage of spindle and chromosomal abnormalities than 
ovulated oocytes in humans [12], the cryotolerance of ovu-
lated and IVM oocytes is proportional [13].

Advanced maternal age is considered a risk factor 
for poor ovarian response. As oocytes retrieved from 
young and old mice showed no association with age or 
IVM potential [14], it is clinically beneficial if IVM of 
oocytes can be a preferred alternative for ovarian stimula-
tion in advanced maternal age groups. IVM and oocyte 
cryopreservation are intimately related to standard assisted 
reproductive technology (ART) practices. This study 
aimed to investigate age-dependent changes in the struc-
tural and functional integrity of IVM oocytes as well as 
their capacity to tolerate vitrification-warming induced 
stress. We hypothesised that the additional intervention 
of IVM can make oocytes from advanced maternal age 
more prone to vitrification-warming induced changes than 
non-IVM derived oocytes.

Earlier studies have demonstrated that maternal age and 
vitrification can influence spindle morphology and check-
point regulators, such as Bub1 and Mad2 [15, 16]. Oocyte 
spindle abnormalities can subsequently result in pertur-
bations in mitochondrial function [17] and DNA damage 
[18]. Therefore, using mice as an experimental model, this 
study compared the cryosusceptibility of ovulated and IVM 
oocytes with maternal age by evaluating spindle integrity 
using immunofluorescence and qPCR, mitochondrial poten-
tial using the cationic carbocyanine fluorescence dye JC-1, 
and DNA damage using γ-H2AX immunofluorescence, a 
molecular marker of DNA damage.

Materials and Methods

All chemicals were purchased from Sigma-Aldrich ( USA), 
unless otherwise stated.

Animals and Oocyte Collection

The institutional animal ethics committee of Kasturba Medi-
cal College, Manipal, approved the experimental procedures 
(IAEC/KMC/46/2019). Healthy female Swiss albino mice 
of 2,6,9 and 12 months of age, representing 20, 30, 36 and 
42.5 human years [19] were maintained at 25 ± 2 °C tem-
perature, 45–55% humidity, 12:12 h photoperiod, and unre-
stricted access to standard diet and water ad libitum were 
used for the experiments. Animals were sacrificed by cer-
vical dislocation. Ovaries were excised from the posterior 
region of the abdominal cavity using micro-scissors. GV 
oocytes for the in vitro maturation were obtained by gently 
teasing the cortical region of the ovaries using fine needles 
in prewarmed M2 medium under a microscope at 37 °C. 
The oocyte cumulus complex (OCC) was retrieved success-
fully from different study groups primed with 5 IU PMSG 
(Pregnant mare serum gonadotropin PMSG; Cat. No# HOR-
272, ProSpec-Tany TechnoGene Ltd., Israel) and 10 IU hCG 
(Human chorionic gonadotropin, Cat. No# Lupi-HCG 2000, 
Lupin, India), injected after 48 h of PMSG administration. 
The primed mice were sacrificed 12-14 h post hCG injec-
tion to collect OCC in EBSS medium (Cat. No# E2888) 
from the ampulla and denuded enzymatically by treatment 
with 1 mg/ml hyaluronidase (Cat. No# H4272) for 30 s and 
transferred to M16 medium (Cat. No# M7292). Metaphase 
II oocytes with intact plasma membranes and zona pellucida 
were considered for further experiments.

In Vitro Maturation (IVM) of Oocytes

Cumulus free GV oocytes released from the ovaries were 
cultured in 20µL of DMEM media supplemented with 1% 
insulin transferrin selenium, 1% non-essential α-amino 
acids, 0.05% pyruvate, 0.05% penicillin–streptomycin, and 
0.3% bovine serum albumin (BSA), as described in our pre-
vious studies [20, 21]. Oil overlaid medium droplets were 
cultured in a humidified atmosphere at 37 °C and 5%CO2 in 
a Heracell 150i incubator for 24 h. The maturation potential 
of the oocytes was measured by their ability to progress to 
metaphase Ι (oocytes with GV breakdown and without polar 
body) and metaphase ΙΙ (oocytes with one polar body were 
extruded) under an inverted phase contrast microscope (40X, 
IX 73, Olympus, Japan).

Vitrification and Warming

Ovulated sibling and IVM oocytes were divided into ovu-
lated non vitrified (O-NV), ovulated vitrified (O-V), IVM 
non vitrified (I-NV), and IVM vitrified (I-V) groups. The 
numerical digits with these study groups denote the age of 
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the animals. Oocyte vitrification was performed according 
to the standard Kitazato Cryotop® method. Briefly, oocytes 
were rinsed in basal solution (BS) for one minute, trans-
ferred to an equilibration solution (ES), and incubated for 
12–15 min. Oocytes were then exposed to vitrification solu-
tion (VS) for 30 s and loaded onto a cryolock (8–10 oocytes/
Cryolock), then plunged into liquid nitrogen and kept for 
30 min. The oocytes were then warmed by immersing the 
cryolock in a prewarmed thawing solution (TS) and sub-
sequently moved to a dilution solution (DS) and washing 
solution (WS) for 3 and 6 min, respectively. A survival check 
was performed by culturing oocytes in M16 medium (Cat. 
No# M1285) for 3 h. Only oocytes with a homogenous cyto-
plasm, intact plasma membrane, and zona pellucida were 
considered to survive and were used for further analysis.

Mitochondrial Membrane Potential Measurement

The mitochondrial membrane potential of the oocytes was 
measured using the cationic carbocyanine fluorescence dye 
JC-1, as described previously [21]. Oocytes were incubated 
in M16 medium with 1 μg/mL JC-1 dye (5,5′,6,6′-Tetrachloro-
1,1′,3,3′-tetraethyl-imidacarbocyanine iodide, Cat. No# 
T3168, Molecular Probes, Life Technologies, USA) for 
30 min at 37 °C and 5%CO2, avoiding direct light. After 
30 min, the excess stain was washed with M16 medium sup-
plemented with 0.1% BSA and mounted on a glass slide. 
Oocytes were analysed immediately at 488 nm using a fluo-
rescence microscope (Imager-A1, Zeiss, Gottingen, Ger-
many). The images were captured under 40X using Q-Capture 
software (Media Cybernetics Inc., USA). Oocytes with higher 
mitochondrial potential fluoresce orange owing to the multim-
erisation of JC‐1 and the formation of "J‐aggregates. Simul-
taneously, oocytes with a decreased mitochondrial potential 
fluoresced green. Mitochondrial membrane potential was rep-
resented as an orange to green fluorescence ratio determined 
by ImageJ software using RGB Plugin (National Institute of 
Health, Bethesda, Maryland, USA).

Meiotic Spindle Organisation Assessment

The integrity of the meiotic spindle, post vitrification-
warming was studied as previously described with minor 
modifications [20]. Survived metaphase II oocytes were per-
meabilised in extraction buffer (50 mM KCL, 5 mM ethylen-
ediaminetetraacetic acid disodium salt, 0.5 mM Magnesium 
chloride, 25 mM HEPES, 25% Glycerol, 2% Triton X-100, 
20 μM phenyl methane sulphonyl fluoride, pH 6.75) at 37 °C 
for 40 min after multiple washes in PBS with 0.1% BSA 
to remove culture media. Permeabilised oocytes were fixed 
using ice-cold methanol for 15 min at -20 °C and blocked 
with 5% knockout serum and 0.25% Triton-X in PBS for 1 h 
at 37 °C to prevent non-specific antibody binding. Oocytes 

were incubated with a 1:100 diluted primary anti-αtubulin 
antibody (Cat. No# T9026), overnight at 4 °C. After three 
washes with the blocking solution, the oocytes were trans-
ferred to a 1:200 FITC-tagged goat anti-mouse IgG anti-
body (Cat. No# NB7535, Novus Biologicals, USA) for 2 h 
at room temperature. The chromosomes were stained in 
the final incubation step for 10 min with 4 µg/mL DAPI 
(4',6-Diamidino-2-phenylindole, Cat. No# D9542). Finally, 
oocytes were mounted on a clean glass slide and observed 
under the 100 × objective of the Leica-SP8-DMi8 confocal 
laser scanning microscope, and images were captured using 
Leica Application Suit X software. Spindle structures were 
classified as normal or abnormal based on tubulin organisa-
tion and chromosomal alignment [22, 23].

Parthenogenetic Activation and γ‑H2AX 
Immunostaining

The oocytes were parthenogenetically activated by incubating 
in pre-equilibrated  Ca2+ and  Mg2+ free M16 medium contain-
ing 10 mM strontium chloride for 15 min at 37 °C in 5%  CO2 
[24]. Later, oocytes were transferred to prewarmed 0.1% BSA 
supplemented M16 medium and cultured for 9 h at 37 °C in 5% 
 CO2. The presence of one pronucleus (PN) and two extruded 
polar bodies (2 PB) under an inverted phase contrast microscope 
(40X, IX 73, Olympus, Japan) was regarded as a parthenogeneti-
cally activated oocyte. Activated oocytes were immunostained 
to detect phosphorylated γ-H2AX [25]. Acid Tyrode treated 
(30 s at 37 °C), zona free oocytes were fixed using 4% paraform-
aldehyde at room temperature for 30 min followed by permea-
bilisation using 0.1% (v/v) Triton X-100,1 h at 37 °C. Oocytes 
were incubated with a 1:20 anti-phospho-histone H2AX anti-
body (Cat. No# 05–636-1) overnight at 4 °C and transferred to 
FITC conjugated 1:25 diluted goat anti-mouse IgG (Cat. No# 
NB7535, Novus Biologicals, USA), 1 h at 37 °C in the dark. 
The DNA was counterstained with 4 μg/mL DAPI, mounted on 
a clean glass slide using an anti-fading medium, and observed 
under a 63X objective of a Leica-SP0DMi8 confocal laser scan-
ning microscope. The number of γ-H2AX foci in each oocyte 
was manually counted and categorised as either small (< 1 µm 
diameter) or large (> 1 µm diameter). Images were acquired 
using Leica Application Suit X software.

Relative Expression of Bub1 and Mad2 
by Quantitative Real‑Time PCR (qPCR)

Total RNA was isolated from at least 50 metaphase II oocytes 
in each study group using an RNAqueous Micro Kit (Cat No# 
AM1931, Ambion, Life Technologies, USA). Briefly, oocytes 
were disrupted by vigorous vortexing in lysis solution and incu-
bated at 42 °C for 30 min, after which the lysate was mixed with 
50µL 100% ethanol and passed through the microfilter cartridge 
via centrifugation for 10 s at maximum speed. RNA was then 
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bound to the microfilter cartridge. The filter was washed using 
180 µL of wash solution 1 and wash solution 2/3 for 10 s at the 
maximum speed. Finally, RNA was eluted into the microelution 
tube using 10ul elution solution, preheated to 95 °C, incubated 
for 5 min at room temperature, and eluted into the microfilter by 
centrifuging for 30 s at 12000 rpm. RNA was quantified using a 
NanoDrop spectrophotometre (Thermo Fisher Scientific, USA). 
The RNA concentration was normalised to the lowest concen-
tration among the experimental groups, and first-strand cDNA 
was synthesised using a High Capacity cDNA Reverse Tran-
scription (RT) Kit (Cat No# 4,374,966, Applied Biosystems, 
USA). 20µL reaction mixture consisted of RT buffer (2µL), 
dNTP (0.8µL), RT random primers (2µL), reverse transcriptase 
(1.0µL), RNase inhibitor (1.0µL), nuclease free water (3.2µL) 
and 10µL RNA sample and loaded to preprogrammed thermal 
cycler (Thermo Fisher Scientific, USA). cDNA templates were 
amplified by quantitative polymerase chain reaction (qPCR) 
using SYBR Green chemistry (Cat No# RR420A, DSS Takara 
Bio, India) in a StepOne™ Real-Time PCR System (Thermo 
Fisher Scientific, USA) where 20µL reaction mixture consisted 
of cDNA (1µL), forward and backward primer (0.4µL), SYBR 
Green master mix (10µL), ROX dye (0.4µL) and nuclease free 
water (7.8µL). The relative expression of spindle checkpoint 
proteins transcripts such as Bub1(budding uninhibited by ben-
zimidazole) and Mad2 (mitotic arrest deficient 2) was estimated 
using predesigned primers and normalised to Actb (Actin beta) 
and Gapdh (Glyceraldehyde phosphate dehydrogenase) house-
keeping genes according to  2−ΔΔCT methodology. The primer 
details are provided in Supplementary Table 1.

Statistical Analysis

The variables are expressed as mean ± Standard Error of 
Mean (SEM). Statistical comparisons were made using 
one-way analysis of variance (ANOVA) (for normally dis-
tributed variables) and the Kruskal–Wallis test. Data were 
evaluated using the GraphPad InStat software (GraphPad 
Inc., La Jolla, CA, USA). The graphical representation of 
the data was prepared using Microcal Origin 8.0 software 
(Origin Lab Corporation, Northampton, MA, USA). Statis-
tical significance was set at p < 0.05. Each experiment was 
repeated at least three times.

Results

Functional Competence and Cryosurvival 
of Ovulated Oocytes are Age Related

The in vivo oocyte maturation rates in 2 and 6 month 
old females were identical and declined sharply with age 
(9 and 12 months, p < 0.001). However, the IVM poten-
tial of oocytes was not influenced by age (Fig. 1a). A 
similar trend was observed in the percentage of oocytes 
that survived vitrification-warming. Increasing maternal 
age resulted in a significant (p < 0.05) reduction in the 
survival rate of the ovulated oocytes. Nevertheless, the 
survival rate of IVM oocytes remained unchanged in all 
the age groups (Fig. 1b).

Fig. 1  Oocyte maturation potential and vitrification-warming sur-
vival. a Maturation rate comparison between ovulated (violet) and 
IVM (grey) oocytes in relation to maternal age. (2O-NV: N = 987, 
2I-NV: N = 1267, 6O-NV: N = 598, 6I-NV: N = 1006, 9O-NV: 
N = 644, 9I-NV: N = 1126, 12O-NV: N = 288, 12I-NV: N = 1215). b 

Survival rate of vitrified ovulated (orange) and IVM (teal) oocytes 
3  h post warming. (2O-V: N = 510, 2I-V: N = 497, 6O-V: N = 320, 
6I-V: N = 403, 9O-V: N = 447, 9I-V: N = 434, 12O-V: N = 380, 12I-V: 
N = 454). Data represented in Mean ± SEM. p < 0.001***, p < 0.01**, 
p < 0.05*



1424 Reproductive Sciences (2024) 31:1420–1428

The Mitochondrial Potential (JC‑1 Ratio) of Vitrified 
Warmed Oocytes was Affected by the Maternal Age

The impact of maternal age on the mitochondrial function of 
vitrified ovulated and IVM oocytes was evaluated, as it pro-
vides energy for fertilisation and subsequent preimplantation 
development. Upon vitrification, the JC-1 ratio was compa-
rable between the corresponding non vitrified oocytes across 
the study groups, except for the 2O-V oocytes (p < 0.001) 
(Fig. 2a). However, JC-1 ratio significantly reduced with 
increasing maternal age in ovulated oocytes (9O-NV and 
12O-NV vs. 2O-NV; p < 0.001).

Maternal Age Did Not Affect Meiotic Spindle 
Integrity of Vitrified‑Warmed IVM Oocytes

Oocyte competence depends on the integrity of the tem-
perature-sensitive spindle organisation. The vitrification-
warming process induced significantly higher spindle defects 
in ovulated oocytes from advanced age (9O-NV (5/29) vs. 
9O-V (10/39), p < 0.05; 12O-NV (9/44) vs. 12O-V (14/44), 
p < 0.01). In contrast, the spindle structure of IVM oocytes 
did not change considerably in any age group after vitrifica-
tion and warming (Fig. 3a). Meiotic spindle morphology was 
categorised as normal or abnormal, as depicted in Fig. 3b.

The effect of vitrification-warming on spindle checkpoint 
proteins was studied by comparing the relative expression 
levels of Bub1 (Fig. 3c) and Mad2 (Fig. 3d) transcripts. 
An age dependent, non-significant decline in the number 
of transcripts was observed in ovulated oocytes, which was 

further reduced in vitrified-warmed oocytes. On the other 
hand, Bub1 and Mad2 transcripts were upregulated in IVM 
oocytes as maternal age increased, and it further amplified 
corresponding vitrified-warmed oocytes. Bub1 demonstrated 
a statistically significant difference in 2I-V (p < 0.01) and 
6I-V (p < 0.001) compared with the corresponding non vitri-
fied oocytes. The relative expression of Mad2 was substan-
tially higher in 6I-V (p < 0.01), 9I-V (p < 0.05), and 12I-V 
(p < 0.05) oocytes than in the corresponding non vitrified 
IVM oocytes.

γ‑H2AX Foci in Oocytes Were Not Associated With 
Maternal Age

The γ-H2AX foci are the first indication of DNA double 
strand breaks. Immunofluorescence analysis of activated 
oocytes showed that vitrification-warming moderately 
increased the number of γ-H2AX foci in both ovulated and 
in IVM oocytes. Additionally, ovulated oocytes exhibited age 
related increase in DNA double strand breaks (2O-NV vs. 
6O-NV, 9O-NV; p < 0.01 and p < 0.05 respectively) (Fig. 4a). 
Figure 4b represents γ-H2AX foci in activated oocytes.

Discussion

The data presented in this study suggest that advanced 
maternal age has a negative impact on the cryosusceptibility 
of ovulated oocytes in mice, as evidenced by the poor sur-
vival rate and spindle abnormalities in vitrification-warmed 

Fig. 2  Mitochondrial membrane potential in ovulated and IVM 
oocytes. a Comparison of the mitochondrial potential of O-NV (vio-
let), O-V (orange), I-NV (grey), and I-V (teal) oocytes with mater-
nal age. (2O-NV: N = 38, 2O-V: N = 43, 2I-NV: N = 38, 2I-V: N = 48, 
6O-NV: N = 33, 6O-V: N = 50, 6I-NV: N = 61, 6I-V: N = 51, 9O-NV: 

N = 34, 9O-V: N = 37, 9I-NV: N = 35, 9I-V: N = 34, 12O-NV: N = 32, 
12O-V: N = 34, 12I-NV: N = 35, 12I-V: N = 32) b JC-1 stained fluores-
cent microscopic images (40X) of oocytes in reducing order of mito-
chondrial potential: scale bar = 10 µm. Data presented in mean ± SEM 
derived from three experimental trials. p < 0.001***
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oocytes from advanced age groups. On the other hand, IVM 
oocyte structure and functional abilities were not signifi-
cantly impaired by vitrification-warming from different age 
groups.

The findings of the present investigation were derived 
by assessing the key functional and structural parameters 
of oocytes. Mitochondrial membrane potential (ΔΨm) was 
measured using JC-1, a cationic probe that emits red and 
green fluorescence based on ΔΨm and is independent of 
mitochondrial number and size [26]. Meiotic spindle mor-
phology was visualised using antibodies directed against 
α-tubulin, the fundamental unit of spindle organisation 
[23]. Further, the spindle checkpoint proteins (Bub1, Mad2) 
that prevent anaphase inception until all chromosomes are 
attached to the meiotic spindle were analysed by amplify-
ing cDNA in a polymerase chain reaction, as demonstrated 
earlier [15]. Finally, the effect of vitrification and age on 
oocyte DNA integrity was examined using the expression 

of the phosphorylated Ser-139 residue of the histone variant 
H2AX (γ-H2AX), an early cellular response to the induction 
of DNA double-strand breaks [27].

Maternal age has a negative impact on oocyte quality, 
contributing to fertility decline [2, 28, 29]. In the current 
study, we observed compromised maturation rate, altered 
mitochondrial potential (JC-1 ratio), disrupted meiotic spin-
dle structure, and DNA damage (γ-H2AX foci) in ovulated 
oocytes of advanced age groups, which is in agreement 
with previous clinical and experimental studies [2, 30]. The 
age-associated reduction in ovulated oocyte efficacy could 
be attributed to dysfunctional mitochondria, as they are 
involved in a plethora of cellular events such as nuclear and 
cytoplasmic maturation, microtubule dynamics, adenosine 
triphosphate, and protein production [31, 32]. Additionally, 
the expression of Bub1 and Mad2 transcripts downregulated 
with increasing age in ovulated oocytes, as described in a 
previous study [15].

Fig. 3  Meiotic spindle structural integrity in ovulated and IVM 
oocytes. a Meiotic spindle abnormalities of O-NV (violet), O-V 
(orange), I-NV (grey), and I-V (teal) oocytes in relation to maternal 
age. b Confocal microscopic images (100x) of Metaphase-II spin-
dle organisation. The upper panel represents normal (i-iv), and the 
lower panel (v-vii) represents abnormal spindle organisation. Scale 

bar = 10 µm. c, d Relative mRNA expression of spindle check point 
protein Bub1 and Mad2 in O-NV (violet), O-V (orange), I-NV (grey), 
and I-V (teal) oocytes with maternal age. The expression in the con-
trol group was normalised to 1. Data presented in mean ± SEM 
derived from three experimental trials. p < 0.001***, p < 0.01**, 
p < 0.05*
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Oocyte vitrification is an efficient strategy for elective fer-
tility preservation in age related fertility decline. Even so, the 
deteriorating oocyte quality in older age groups raises con-
cerns over the oocyte's potential to withstand cryopreserva-
tion induced damage. In contrast, a sibling oocytes study in 
30–39 year old ICSI patients reported a high survival rate, 
comparable fertilisation, and embryo development potential of 
vitrified oocytes. Similarly, a comparable clinical outcome of 
fresh and vitrified oocyte cycles was found until the age of 39, 
but not after 40 years [33]. However, a mouse study contra-
dicted human data by demonstrating a lower survival rate and 
delayed embryo development in oocytes of advanced maternal 
age [6]. Age-dependent spindle defects and defective mito-
chondrial dynamics in ovulated oocytes observed in our study 
may be related to mitochondrial aggregation induced apopto-
sis in vitrified-warmed advanced age oocytes, and abnormal 
spindle dynamics have been reported previously [6, 32].

We observed a non-significant reduction in the IVM 
potential of advanced-age oocytes. The number of oocytes 
arrested at metaphase I increased with maternal age. The 
maturation potential was significantly lower than the GVBD 
rate in 12-month age group oocytes (p < 0.05), indicating that 
genetically compromised oocytes were eliminated during 

maturation in vitro, although this was not tested in our study. 
During IVM, GV oocytes undergo spontaneous meiotic 
resumption owing to an extracorporeal drop in cAMP levels 
[34]. Meiotic arrest at metaphase I during in vitro maturation 
was positively associated with DNA damage [18]. The mei-
otic spindle checkpoint machinery detects DNA damage and 
stops oocyte progression beyond the M phase if DNA lesions 
are unrepaired. It is possible that only competent GV oocytes 
progressed to metaphase II stage, resulting in comparable 
survival rates of the oocytes regardless of age.

Spindle abnormalities in IVM oocytes were consider-
ably higher than those in the corresponding in vivo group, 
irrespective of maternal age, suggesting that IVM can 
significantly impact spindle structure. Although the IVM 
potential until 6 months was substantially lower than that 
of in vivo maturation, 9 and 12 months had comparable 
in vitro and in vivo maturation rates. It is important to note 
that about 25–35% of oocytes failed to undergo IVM in the 
2 and 6 month group. Spindle abnormalities were assessed 
only in successful IVM oocytes; hence, we cannot ignore 
that oocytes that failed to progress to metaphase II stage 
must have had higher spindle defects than those success-
fully matured.

Fig. 4  DNA double strand breaks in ovaulated and IVM oocytes. a 
DNA double strand breaks as indicated by γ-H2AX foci in O-NV 
(violet), O-V (orange), I-NV (grey), and I-V (teal) oocytes in rela-
tion to maternal age. (2O-NV: N = 61, 2O-V: N = 44, 2I-NV: N = 38, 
2I-V: N = 34, 6O-NV: N = 53, 6O-V: N = 42, 6I-NV: N = 22, 6I-V: 
N = 25, 9O-NV: N = 38, 9O-V: N = 36, 9I-NV: N = 36, 9I-V: N = 26, 

12O-NV: N = 20, 12O-V: N = 18, 12I-NV: N = 15, 12I-V: N = 16). b 
Confocal microscopic images of γ-H2AX foci (100x) in O-NV, O-V, 
I-NV and I-V activated oocytes. Data presented in Mean ± SEM were 
derived from three experimental trials. Scalebar = 25  µm. p < 0.05*, 
p < 0.01**
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Vitrification-warming did not impair oocyte survival 
until 6 months of age. In contrast, the survival rate of 
IVM oocytes in the advanced age group was moderately 
higher than that of the corresponding ovulated oocytes 
(Fig. 1b). It is possible that genetically and functionally 
compromised oocytes were eliminated during the process 
of in vitro maturation; hence, matured oocytes had better 
cryo tolerance. The aberrant expression of Bub1 and Mad2 
transcripts in IVM oocytes suggests that the checkpoint 
response is more active in protecting the spindle from vit-
rification-warming, hence not affecting spindle integrity 
and survival in these oocytes. As spindle integrity deterio-
rates with increasing maternal age [15, 35] the checkpoint 
response may help oocytes overcome spindle defects.

In conclusion, our data demonstrated that ovulated 
oocytes from advanced maternal age have increased sus-
ceptibility to vitrification-induced changes compared to 
oocytes from younger age groups, as indicated by decreased 
survival rate and increased percentage of abnormal spindles 
post warming. On the other hand, comparable survival rates 
and structural integrity evidence that IVM oocytes have an 
increased ability to tolerate the vitrification-warming pro-
cess. However, further research is required to understand 
the phenomenon underlying this interesting and clinically 
important observation. Significantly, this study is limited 
in that the findings may not be directly translated to human 
oocytes. Further investigation is necessary to determine 
whether human oocytes behave similarly.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s43032- 024- 01462-6.

Acknowledgements The authors thank the Indian Council for Medi-
cal Research (ICMR) research grant (5/10/FR/52/2020-RBMCH) for 
financial support. The technical support provided by the Manipal Insti-
tute of Virology, MAHE for RNA quantification is greatly appreciated.

Authors contribution Conceived and designed the experiments: SKA. 
Performed the experiments and acquisition of data: AD. Analyzed and 
interpreted the data: AD, NKG. Wrote the manuscript: SKA, AD, SU. 
Revised the manuscript critically for important intellectual content: 
RT, GK, SK. AD is the guarantor of this work and, as such, has full 
access to all the data and takes responsibility for the integrity of the 
data and accuracy of the data analysis. All authors have given final 
approval for publication.

Funding Open access funding provided by Manipal Academy of 
Higher Education, Manipal

Data availability All relevant data are available from the corresponding 
author upon reasonable request.

Code availability Not applicable.

Declarations 

Animal Ethics The institutional ethics committee approved the experi-
mental procedures (Kasturba Medical College, Manipal # IAEC/

KMC/46/2019) and performed them as per the institutional and 
national guidelines for the care and use of laboratory animal.

Consent to Participate Not applicable.

Consent for Publication All authors have read and approved to submit 
this article.

Competing Interests The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Mohsenzadeh M, Tabibnejad N, Vatanparast M, Anbari F, Ali 
Khalili M, Karimi-Zarchi M. Vitrification has detrimental effects 
on maturation, viability, and subcellular quality of oocytes post 
IVM in cancerous women: An experimental study. Int J Reprod 
Biomed. 2019;17(3):175–184. https:// doi. org/ 10. 18502/ ijrm. 
v17i3. 4516.

 2. Cimadomo D, Fabozzi G, Vaiarelli A, Ubaldi N, Ubaldi FM, 
Rienzi L. Impact of maternal age on oocyte and embryo compe-
tence. Front Endocrinol (Lausanne). 2018;9:327. https:// doi. org/ 
10. 3389/ fendo. 2018. 00327.

 3. Mikwar M, MacFarlane AJ, Marchetti F. Mechanisms of oocyte 
aneuploidy associated with advanced maternal age. Mutat Res 
Rev Mutat Res. 2020;785:108320. https:// doi. org/ 10. 1016/j. mrrev. 
2020. 108320.

 4. Verdyck P, Altarescu G, Santos-Ribeiro S, Vrettou C, Koehler 
U, Griesinger G, et al. Aneuploidy in oocytes from women of 
advanced maternal age: Analysis of the causal meiotic errors and 
impact on embryo development. Hum Reprod. 2023;38(12):2526–
35. https:// doi. org/ 10. 1093/ humrep/ dead2 01.

 5. Ezoe K, Miki T, Akaike H, Shimazaki K, Takahashi T, Tanimura 
Y, et al. Maternal age affects pronuclear and chromatin dynamics, 
morula compaction and cell polarity, and blastulation of human 
embryos. Hum Reprod. 2023;38(3):387–99. https:// doi. org/ 10. 
1093/ humrep/ dead0 01.

 6. Lee JH, Park JK, Yoon SY, Park EA, Jun JH, Lim HJ, Kim J, 
Song H. Advanced maternal age deteriorates the developmental 
competence of vitrified oocytes in mice. Cells. 2021;10(6):1563. 
https:// doi. org/ 10. 3390/ cells 10061 563.

 7. Son W-Y, Henderson S, Cohen Y, Dahan M, Buckett W. Immature 
oocyte for fertility preservation. Front Endocrinol (Lausanne). 
2019;10:464. https:// doi. org/ 10. 3389/ fendo. 2019. 00464.

 8. Gilchrist RB, Smitz J. Oocyte in  vitro maturation: Physi-
ological basis and application to clinical practice. Fertil Steril. 
2023;119(4):524–39. https:// doi. org/ 10. 1016/j. fertn stert. 2023. 02. 
010.

 9. Salama M, Isachenko V, Isachenko E, Rahimi G, Mallmann 
P. Updates in preserving reproductive potential of prepubertal 

https://doi.org/10.1007/s43032-024-01462-6
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.18502/ijrm.v17i3.4516
https://doi.org/10.18502/ijrm.v17i3.4516
https://doi.org/10.3389/fendo.2018.00327
https://doi.org/10.3389/fendo.2018.00327
https://doi.org/10.1016/j.mrrev.2020.108320
https://doi.org/10.1016/j.mrrev.2020.108320
https://doi.org/10.1093/humrep/dead201
https://doi.org/10.1093/humrep/dead001
https://doi.org/10.1093/humrep/dead001
https://doi.org/10.3390/cells10061563
https://doi.org/10.3389/fendo.2019.00464
https://doi.org/10.1016/j.fertnstert.2023.02.010
https://doi.org/10.1016/j.fertnstert.2023.02.010


1428 Reproductive Sciences (2024) 31:1420–1428

girls with cancer: systematic review. Crit Rev Oncol Hematol. 
2016;103:10–21. https:// doi. org/ 10. 1016/j. critr evonc. 2016. 04. 002.

 10. Qin D-Y, Jiang H-H, Yao Q-Y, Yao W, Yuan X-Q, Wang Y, et al. 
Rescue in vitro maturation may increase the pregnancy outcomes 
among women undergoing intracytoplasmic sperm injection. 
Front Endocrinol (Lausanne). 2022;13:1047571. https:// doi. org/ 
10. 3389/ fendo. 2022. 10475 71.

 11. Coticchio G, Dal Canto M, Fadini R, Mignini Renzini M, Gug-
lielmo MC, Miglietta S, et al. Ultrastructure of human oocytes 
after in vitro maturation. Mol Hum Reprod. 2016;22(2):110–8. 
https:// doi. org/ 10. 1093/ molehr/ gav071.

 12. Li Y, Feng H-L, Cao Y-J, Zheng G-J, Yang Y, Mullen S, et al. 
Confocal microscopic analysis of the spindle and chromosome 
configurations of human oocytes matured in vitro. Fertil Steril. 
2006;85(4):827–32. https:// doi. org/ 10. 1016/j. fertn stert. 2005. 06. 
064.

 13. Huang JYJ, Chen HY, Park JYS, Tan SL, Chian R-C. Comparison 
of spindle and chromosome configuration in in vitro- and in vivo-
matured mouse oocytes after vitrification. Fertil Steril. 2008;90(4, 
Supplement):1424–32. https:// doi. org/ 10. 1016/j. fertn stert. 2007. 
07. 1335.

 14. Suebthawinkul C, Babayev E, Lee HC, Duncan FE. Morphoki-
netic parameters of mouse oocyte meiotic maturation and cumulus 
expansion are not affected by reproductive age or ploidy status. 
J Assist Reprod Genet. 2023;40(5):1197–213. https:// doi. org/ 10. 
1007/ s10815- 023- 02779-y.

 15. Steuerwald N, Cohen J, Herrera RJ, Sandalinas M, Brenner CA. 
Association between spindle assembly checkpoint expression and 
maternal age in human oocytes. Mol Hum Reprod. 2001;7(1):49–
55. https:// doi. org/ 10. 1093/ molehr/ 7.1. 49.

 16. Tamura AN, Huang TTF, Marikawa Y. Impact of vitrification on 
the meiotic spindle and components of the microtubule-organizing 
Center in Mouse Mature Oocytes. Biol Reprod. 2013;89(5):112. 
https:// doi. org/ 10. 1095/ biolr eprod. 113. 108167.

 17. Pasquariello R, Ermisch AF, Silva E, McCormick S, Logsdon D, 
Barfield JP, et al. Alterations in oocyte mitochondrial number and 
function are related to spindle defects and occur with maternal 
aging in mice and humans. Biol Reprod. 2019;100(4):971–81. 
https:// doi. org/ 10. 1093/ biolre/ ioy248.

 18. Marangos P, Stevense M, Niaka K, Lagoudaki M, Nabti I, Jess-
berger R, Carroll J. DNA damage-induced metaphase I arrest is 
mediated by the spindle assembly checkpoint and maternal age. Nat 
Commun. 2015;6(1):8706. https:// doi. org/ 10. 1038/ ncomm s9706.

 19. Flurkey K, Currer MJ, Harrison DE. Chapter 20 - Mouse models 
in aging research. In: Fox JG, Davisson MT, Quimby FW, Bar-
thold SW, Newcomer CE, Smith AL (eds) The mouse in biomedi-
cal research, 2nd ed. Burlington: American College of Laboratory 
Animal Medicine; Academic Press; 2007. pp 637–672. https:// doi. 
org/ 10. 1016/ B978- 01236 9454-6/ 50074-1.

 20. Daddangadi A, Uppangala S, Kalthur G, Talevi R, Adiga SK. 
Germinal stage vitrification is superior to MII stage vitrification in 
prepubertal mouse oocytes. Cryobiology. 2020;93:49–55. https:// 
doi. org/ 10. 1016/j. cryob iol. 2020. 02. 012.

 21. Uppangala S, Dhiman S, Salian SR, Singh VJ, Kalthur G, Adiga 
SK. In vitro matured oocytes are more susceptible than in vivo 
matured oocytes to mock ICSI induced functional and genetic 
changes. PLoS One. 2015;10(3):e0119735. https:// doi. org/ 10. 
1371/ journ al. pone. 01197 35.

 22. Yang J-W, Lei Z-L, Miao Y-L, Huang J-C, Shi L-H, OuYang Y-C, 
et al. Spindle assembly in the absence of chromosomes in mouse 
oocytes. Reproduction. 2007;134(6):731–8. https:// doi. org/ 10. 
1530/ REP- 07- 0149.

 23. Zenzes MT, Bielecki R. Nicotine-induced disturbances of 
meiotic maturation in cultured mouse oocytes: Alterations of 
spindle integrity and chromosome alignment. Tob Induc Dis. 
2004;2(3):151–61. https:// doi. org/ 10. 1186/ 1617- 9625-2- 3- 151.

 24. Ma S-F, Liu X-Y, Miao D-Q, Han Z-B, Zhang X, Miao Y-L, et al. 
Parthenogenetic activation of mouse oocytes by strontium chloride: 
A search for the best conditions. Theriogenology. 2005;64(5):1142–
57. https:// doi. org/ 10. 1016/j. theri ogeno logy. 2005. 03. 002.

 25. Sudhakaran S, Uppangala S, Salian SR, Honguntikar SD, Nair 
R, Kalthur G, et al. Oocytes recovered after ovarian tissue slow 
freezing have impaired H2AX phosphorylation and functional 
competence. Reprod Fertil Dev. 2015;27(8):1242–8. https:// doi. 
org/ 10. 1071/ RD140 48.

 26. Reers M, Smiley ST, Mottola-Hartshorn C, Chen A, Lin M, Chen 
LB. Mitochondrial membrane potential monitored by JC-1 dye. 
Methods Enzymol. 1995;260:406–17. https:// doi. org/ 10. 1016/ 
0076- 6879(95) 60154-6.

 27. Mah L-J, El-Osta A, Karagiannis TC. γH2AX: A sensitive 
molecular marker of DNA damage and repair. Leukemia. 
2010;24(4):679–86. https:// doi. org/ 10. 1038/ leu. 2010.6.

 28. Kouvidi E, Zachaki S, Tsarouha H, Pantou A, Manola KN, 
Kanavakis E, Mavrou A. Female reproductive ageing and chro-
mosomal abnormalities in a large series of women undergoing 
IVF. Cytogenet Genome Res. 2021;161(12):551–5. https:// doi. 
org/ 10. 1159/ 00052 1655.

 29. Xing QR, El Farran CA, Zeng YY, Yi Y, Warrier T, Gautam P, 
et al. Parallel bimodal single-cell sequencing of transcriptome 
and chromatin accessibility. Genome Res. 2020;30(7):1027–39. 
https:// doi. org/ 10. 1101/ gr. 257840. 119.

 30. Secomandi L, Borghesan M, Velarde M, Demaria M. The role 
of cellular senescence in female reproductive aging and the 
potential for senotherapeutic interventions. Hum Reprod Update. 
2022;28(2):172–89. https:// doi. org/ 10. 1093/ humupd/ dmab0 38.

 31. Khan SA, Reed L, Schoolcraft WB, Yuan Y, Krisher RL. Control 
of mitochondrial integrity influences oocyte quality during repro-
ductive aging. Mol Hum Reprod. 2023:gaad028. https:// doi. org/ 
10. 1093/ molehr/ gaad0 28.

 32. Van Blerkom J. Mitochondrial function in the human oocyte and 
embryo and their role in developmental competence. Mitochondrion. 
2011;11(5):797–813. https:// doi. org/ 10. 1016/j. mito. 2010. 09. 012.

 33. Torra M, Zamora MJ, Miguel-Escalada I, Rodríguez A, Popovic 
M. P-399 Oocyte vitrification does not impair clinical outcomes 
in women of advanced maternal age. An analysis of 1268 cycles 
using fresh and vitrified oocytes. Hum Reprod. 2023;38(Suppl 
1):dead093.750. https:// doi. org/ 10. 1093/ humrep/ dead0 93. 750.

 34. Strączyńska P, Papis K, Morawiec E, Czerwiński M, Gajewski Z, Ole-
jek A, et al. Signaling mechanisms and their regulation during in vivo 
or in vitro maturation of mammalian oocytes. Reprod Biol Endo-
crinol. 2022;20(1):37. https:// doi. org/ 10. 1186/ s12958- 022- 00906-5.

 35. Blengini CS, Nguyen AL, Aboelenain M, Schindler K. Age-
dependent integrity of the meiotic spindle assembly checkpoint 
in females requires Aurora kinase B. Aging Cell. 2021;20(11): 
e13489. https:// doi. org/ 10. 1111/ acel. 13489.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.critrevonc.2016.04.002
https://doi.org/10.3389/fendo.2022.1047571
https://doi.org/10.3389/fendo.2022.1047571
https://doi.org/10.1093/molehr/gav071
https://doi.org/10.1016/j.fertnstert.2005.06.064
https://doi.org/10.1016/j.fertnstert.2005.06.064
https://doi.org/10.1016/j.fertnstert.2007.07.1335
https://doi.org/10.1016/j.fertnstert.2007.07.1335
https://doi.org/10.1007/s10815-023-02779-y
https://doi.org/10.1007/s10815-023-02779-y
https://doi.org/10.1093/molehr/7.1.49
https://doi.org/10.1095/biolreprod.113.108167
https://doi.org/10.1093/biolre/ioy248
https://doi.org/10.1038/ncomms9706
https://doi.org/10.1016/B978-012369454-6/50074-1
https://doi.org/10.1016/B978-012369454-6/50074-1
https://doi.org/10.1016/j.cryobiol.2020.02.012
https://doi.org/10.1016/j.cryobiol.2020.02.012
https://doi.org/10.1371/journal.pone.0119735
https://doi.org/10.1371/journal.pone.0119735
https://doi.org/10.1530/REP-07-0149
https://doi.org/10.1530/REP-07-0149
https://doi.org/10.1186/1617-9625-2-3-151
https://doi.org/10.1016/j.theriogenology.2005.03.002
https://doi.org/10.1071/RD14048
https://doi.org/10.1071/RD14048
https://doi.org/10.1016/0076-6879(95)60154-6
https://doi.org/10.1016/0076-6879(95)60154-6
https://doi.org/10.1038/leu.2010.6
https://doi.org/10.1159/000521655
https://doi.org/10.1159/000521655
https://doi.org/10.1101/gr.257840.119
https://doi.org/10.1093/humupd/dmab038
https://doi.org/10.1093/molehr/gaad028
https://doi.org/10.1093/molehr/gaad028
https://doi.org/10.1016/j.mito.2010.09.012
https://doi.org/10.1093/humrep/dead093.750
https://doi.org/10.1186/s12958-022-00906-5
https://doi.org/10.1111/acel.13489

	Advanced Maternal Age Affects the Cryosusceptibility of Ovulated but not In Vitro Matured Mouse Oocytes
	Abstract
	Introduction
	Materials and Methods
	Animals and Oocyte Collection
	In Vitro Maturation (IVM) of Oocytes
	Vitrification and Warming
	Mitochondrial Membrane Potential Measurement
	Meiotic Spindle Organisation Assessment
	Parthenogenetic Activation and γ-H2AX Immunostaining
	Relative Expression of Bub1 and Mad2 by Quantitative Real-Time PCR (qPCR)
	Statistical Analysis

	Results
	Functional Competence and Cryosurvival of Ovulated Oocytes are Age Related
	The Mitochondrial Potential (JC-1 Ratio) of Vitrified Warmed Oocytes was Affected by the Maternal Age
	Maternal Age Did Not Affect Meiotic Spindle Integrity of Vitrified-Warmed IVM Oocytes
	γ-H2AX Foci in Oocytes Were Not Associated With Maternal Age

	Discussion
	Acknowledgements 
	References


