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Abstract. 	 Prepubertal animals are often preferred as sources of oocytes for assisted reproductive technologies 
(ARTs) in laboratory mice, but the normality and developmental competence of these oocytes remain controversial. 
This study systematically examined in vitro fertilization competence, embryo development, and fetal development 
after embryo transfer (ET) using oocytes from C57BL/6J mice aged 3 to 10 weeks. Oocytes were collected from 
superovulated females, fertilized, and cultured in vitro for 96 h or transferred at 2-cell stage to recipient females. 
Additionally, fetal development was compared between unfrozen and frozen-thawed in vitro-fertilized 2-cell embryos 
across different age groups. The number of ovulated oocytes per animal decreased with age, while the percentage 
of morphologically normal oocytes was highest in 3-week-old mice (99%) compared to older ages (70–86%, P < 
0.05). Although fertilization percentages were consistently high (≥ 97%), blastocyst development in vitro, the nuclear 
counts of blastocysts and fetal development after ET were lowest for embryos from 3-week-old mice. Development 
of frozen-thawed embryos to fetuses was significantly reduced compared to unfrozen embryos in all age groups, 
except for those from 10-week-old mice. These findings suggest that oocytes from prepubertal mice, particularly 
from 3-week-old mice, are less developmentally competent than those from older mice. Therefore, the age of 
animals for oocyte source should be carefully considered based on the specific requirements of the research or ART 
applications.
Key words:	 Animal age, Assisted reproductive technologies, C57BL/6J Mice, Embryo vitrification, In vitro 
fertilization and fetus development
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Obtaining developmentally competent oocytes or embryos is 
a rate-limiting process in research of developmental biology 

and the application of assisted reproductive technologies (ARTs) 
in laboratory animals, domestic animals and human clinics. Unlike 
male gametes, which can be readily obtained quantitatively, female 
gametes are recovered in limited numbers, even after superovulation. 
Moreover, female animals must reach puberty before ovulation can 
begin, requiring substantial time, cost and labor [1, 2]. In laboratory 
rodents such as mice and rats, prepubertal animals aged 3–4 weeks 
are often preferred as oocyte donors due to their higher oocyte yield 
following hormonal stimulation [3]. Specifically, 3-week-old female 
mice are reported to ovulate more oocytes compared to animals of 
other ages [3–7], suggesting that younger females may be more 
efficient for oocyte retrieval than adults. However, many studies 
advocating the use of younger animals base their conclusions solely 
on the quantity of ovulated oocytes [3, 6, 7].

Conversely, oocytes from prepubertal animals differ from those of 
sexually mature females in several aspects, including higher rates of 
chromosomal abnormalities, variations in cytoplasmic morphology 
during oocyte growth, and differences in gene expression and methyla-
tion patterns [8–12]. In domestic species, embryos from prepubertal 
animals generally exhibit lower developmental competence and 

delayed development compared to those from sexually mature animals 
[13–17]. Thus, determining the optimal age for oocyte extraction 
in ARTs requires a comprehensive approach that considers not 
only the number of ovulated oocytes but also their fertilization and 
developmental competence.

This study systematically investigated the ideal age for obtaining 
oocytes for ARTs using the C57BL/6J strain; a widely utilized model 
in biomedical research. The numbers of ovulated oocytes, fertilization 
rates, in vitro developmental competence, and fetal development after 
embryo transfer (ET) were compared in mice aged 3 to 10 weeks. 
Additionally, given the routine use of embryo cryopreservation for 
maintaining mouse strains, especially with the explosive rise in 
genetically modified animals, the developmental competence of 
frozen-thawed embryos using in vitro fertilized (IVF) 2-cell embryos 
from females of various ages was examined.

Materials and Methods

Animals
C57BL/6J (B6J) and MCH(ICR)/Jcl (MCH) mice were purchased 

from Charles River, Japan [(currently) Jackson Laboratory Japan Inc., 
Kanagawa, Japan] and CLEA Japan Inc. (Tokyo, Japan), respectively. 
The animals were maintained as previously described [18]. All animal 
experiments were conducted at the National Institute of Radiological 
Sciences, Chiba, Japan, in accordance with the Regulations for the 
Handling of Laboratory Animals for Biomedical Research. The study 
was conducted under the authorization of the Institutional Animal Care 
and Use Committee for Laboratory Animal Experiments (Protocol 
ID: 07-1019-1) at the National Institute of Radiological Sciences.

Animals were classified by age into the following groups: 21–27 
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days (3 weeks old, 3W), 28–34 days (4 weeks old, 4W), 35–41 days 
(5 weeks old, 5W), 42–48 days (6 weeks old, 6W), 56–62 days (8 
weeks old, 8W), and 70–77 days (10 weeks old, 10W). B6J females 
in these age groups underwent superovulation treatment and were 
euthanized for oocyte collection within the specified age range.

Experiment 1: examination of ovulation, in vitro fertilization 
and the first cleavage

Females were superovulated through intraperitoneal (i.p.) injection 
of 5 IU pregnant mares serum gonadotropin (PMSG, Serotropin; 
Aska Pharmaceutical Co., Ltd., Tokyo, Japan), followed 46–48 h 
later by i.p. injection of 5 IU human chorionic gonadotropin (hCG, 
Gonadotropin; Aska Pharmaceutical Co., Ltd.). Fifteen to sixteen 
hours after the hCG injection, cumulus-oocyte complexes (COCs) 
were collected from individual animals into a 100 µl drop of modified 
human tubal fluid (mHTF) [18]. The sperm, collected from the distal 
cauda epididymides of 12-24 weeks-old B6J males, were preincubated 
in modified Krebs-Ringer’s bicarbonate solution (TYH) for 1.5 h 
[18], then inseminated into the drops of the COCs at a concentration 
of 1.0–2.0 × 105 sperm/ml.

Six hours post-insemination (PI), oocytes were washed several 
times to remove cumulus cells and any attached sperm. They were 
then observed under a dissecting microscope to count and categorize 
the oocytes. The categories included: total number of ovulated 
oocytes, either fertilized or unfertilized with normal morphology 
(Fig. 1a), oocytes with abnormal morphology such as fragmentation 
(Fig.1b), and oocytes with a small diameter (< 70 µm) and larger 
perivitelline space (Fig. 1c). Fertilized oocytes were identified by 
the presence of two pronuclei and the extruded second polar body.

Experiment 2: in vitro development to the blastocyst stage and 
fetal development after embryo transfer

Fertilized oocytes from individual animals obtained in Experiment 
1 were cultured in 50 µl drops of KSOM-AA under an atmosphere of 
5% CO2, 5% O2, and 90% N2 [19]. At 24 h PI, the number of 2-cell 
embryos was counted. Some embryos were then used for embryo 
transfer as described below, while the remaining embryos were further 
cultured until 96 h PI to assess their in vitro developmental ability. 
Portions of blastocysts were fixed and stained with Hoechst 33342 
to count nuclear numbers, as described elsewhere [20].

Two-cell embryos were transferred to the oviducts of pseudo-
pregnant MCH females on the day of vaginal plug formation (day 
1 of pseudopregnancy). On day 19 of pregnancy, implantation and 
fetal development were examined by necropsy.

Experiment 3: development of frozen-thawed embryos
In vitro fertilized 2-cell embryos, obtained from each age group of 

animals at 24 h PI, were divided into two groups: an unfrozen control 
group and a frozen-thawed group. Embryos in the frozen-thawed 
group were vitrified in an ethylene glycol solution, following the 
methods described by Kasai and modified by Mochida et al. [21, 
22]. The thawed embryos were immediately transferred to recipient 
females, and implantation and fetal development were examined as 
described in Experiment 2.

Statistical analysis
Percentage data were transformed using the arcsine (Tukey–

Freeman) transformation to address unequal variances [23]. The data 
were then analyzed using analysis of variance (ANOVA). When the 
P-value was less than 0.05, pairwise comparisons were conducted 
using the Least Significant Difference (LSD) test.

Results

Experiment 1: examination of ovulation, in vitro fertilization 
and the first cleavage

The number of ovulated oocytes per individual animal was highest 
in the 3W and 4W groups, with 30 ± 6 and 31 ± 3 oocytes per 
animal, respectively, and decreased in the 5–10W groups, with 20–24 
oocytes per animal (Table 1). Almost all oocytes from 3W mice were 
morphologically normal (99%), but the percentage of normal oocytes 
significantly decreased with age (70–86%, P < 0.05). The majority 
of abnormalities observed were fragmentation in oocytes from the 
4W–8W groups (50–80%), whereas oocytes from the 10W group 
primarily exhibited smaller size (69% of abnormalities).

The fertilization percentages at 6 h PI and the percentage of 2-cell 
embryos at 24 h PI were high across all age groups (97–99% and 
95–100%, respectively) (Supplementary Table 1). Although there 
were significant differences in the percentages of 2-cell embryos 
among the age groups, these differences were relatively marginal.

Experiment 2: in vitro development and fetus development 
after embryo transfer

After in vitro culture for 96 h PI, the development of IVF embryos 
to the blastocyst and expanded blastocyst stages was significantly 
lower in embryos from 3W animals (69 ± 3%) compared to those 
from other age groups (93–97%, P < 0.05) (Table 2). Nearly all 
blastocysts across the age groups developed into expanded blastocysts 
(92–100%, data not shown). The nuclear count of blastocysts from 
3W animals (58.2 ± 3.1) was the lowest among the age groups and 
significantly lower than those from 8W (66.7 ± 1.7) and 10W animals 
(65.1 ± 1.5, P < 0.05) (Table 2).

Percenatges of implantation and fetal development after ET of 2-cell 
embryos from 3W animals were the lowest among all age groups 

Fig. 1.	 Representative images of (a) normal oocytes, (b) fragmented oocytes and (c) small sized oocytes are shown. Scale bar represents 100 μm.
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examined, with percentages of 74 ± 7% and 47 ± 9%, respectively, 
compared to 89–92% and 68–77% for other age groups (P < 0.05) 
(Table 3).

Experiment 3: development of frozen-thawed embryos
The survival of frozen-thawed embryos was not significantly 

affected by the age of the animals (88–97%, P > 0.05) (Supplementary 
Table 2). Consistent with Experiment 2, implantation sites and fetal 
development were lowest for embryos from 3W animals, both for 
unfrozen and frozen-thawed embryos. Notably, fetal development for 
frozen-thawed embryos from 3W animals was only 16 ± 2% (Table 4). 
Comparison between unfrozen and frozen-thawed embryos from the 
same age group revealed that fetal development of frozen-thawed 
embryos was significantly lower than that of unfrozen embryos, 
except for embryos from the 10W group.

Discussion

The use of oocytes from prepubertal animals is an important 
issue in various mammalian species. For domestic animals, employ-
ing prepubertal animals can shorten generation intervals, offering 
economic benefits. Extensive studies have been conducted using 
small domestic animals to enhance the productivity of in vitro-
produced embryos derived from prepubertal ovaries [1, 2]. However, 
oocytes from prepubertal animals differ from those of adult animals in 
several aspects, including chromosomal normality, protein synthesis 
capability, cortical granule distribution, cytoskeletal kinetics, calcium 
oscillation patterns during sperm penetration, energy metabolism, and 
transcriptional activity [8–12, 24]. These differences may account for 
the compromised developmental competence observed in oocytes 
from prepubertal animals.

In laboratory mice, 3-week-old prepubertal animals are often 

Table 1.	 Number of ovulated oocytes from various ages of C57BL/6J mice

Age 
(weeks)

No. 
females

No. ovulated 
females

Total no. oocytes  
(Mean ± MSE)

No. normal  
oocytes at 6 h PI  

(% ± MSE) a

No. abnormal oocytes

Total Fragmentation 
 (% b)

Small size  
(% b)

Other abnormality 
(% b)

3 15 12 358 (30 cd ± 6) 353 (99 c ± 1) 5 1 (20) 3 (60) 1 (20)
4 15 13 403 (31 c ± 3) 324 (82 d ± 5) 79 63 (80) 16 (20) 0 (0)
5 15 13 285 (22 de ± 2) 207 (76 de ± 5) 78 55 (71) 23 (29) 0 (0)
6 15 15 301 (20 e ± 2) 207 (72 e ± 4) 94 45 (51) 38 (40) 8 (9)
8 15 15 318 (21 e ± 2) 221 (70 e ± 4) 97 77 (79) 20 (21) 0 (0)
10 15 14 337 (24 cde ± 3) 292 (86 d ± 2) 45 14 (31) 31 (69) 0 (0)

a Percentage and mean standard error (MSE) of total oocytes ovulated. b Percentages of total abnormal oocytes. c–e Numbers or percentages with 
different superscripts in the same column were significantly different (P < 0.05).

Table 2.	 In vitro development of IVF embryos for 96 h PI from various ages of C57BL/6J mice

Age 
(weeks)

No. 2-cell 
cultured

No. of embryos at 96 h PI  
(% ± MSE) a Nuclear number of blastocysts

Blastocysts Expanded 
blastocysts

No. counted 
blastocysts Nuclear number

3 94 65 (69 b ± 3) 60 (64 b ± 4) 27 58.2 b ± 3.1
4 96 89 (93 c ± 1) 88 (92 c ± 1) 15 62.1 bc ± 3.7
5 36 35 (97 c ± 3) 34 (95 c ± 5) 11 63.5 bc ± 5.0
6 36 35 (97 c ± 3) 35 (97 c ± 3) 13 64.2 bc ± 4.0
8 107 103 (96 c ± 1) 103 (96 c ± 1) 40 66.7 c ± 1.7
10 125 121 (97 c ± 1) 121 (97 c ± 1) 60 65.1 c ± 1.5

a Percentage and mean standard error (MSE) of 2-cell embryos cultured. bc Percentages or numbers with 
different superscripts in the same column were significantly different (P < 0.05).

Table 3.	 Development after ET of IVF embryos from various ages of C57BL/6J mice

Age 
(weeks) No. recipient No. pregnant No. embryos 

transferred
No. (% ± MSE) a

Implantation site Fetus
3 6 6 96 71 (74 b ± 7) 45 (47 b ± 9)
4 6 6 87 80 (90 c ± 5) 61 (68 c ± 8)
5 6 5 62 56 (90 c ± 5) 42 (68 c ± 4)
6 6 5 64 61 (96 c ± 3) 46 (75 c ± 7)
8 6 6 84 74 (89 c ± 5) 64 (77 c ± 6)
10 6 6 88 81 (92 c ± 2) 65 (74 c ± 6)

a Percentages and mean standard error (MSE) of 2-cell embryos transferred. bc Percentages with 
different superscripts in the same column were significantly different (P < 0.05).
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recommended for oocyte donors for assisted reproductive technologies 
(ARTs), as they typically ovulate a higher number of oocytes compared 
to adults [3, 4, 6]. However, the fertilization and developmental 
competence of oocytes from prepubertal animals have not been 
systematically examined. This study aims to evaluate the fertiliza-
tion and developmental competence of oocytes from C57BL/6J 
mice, a commonly used strain, at ages ranging from 3 to 10 weeks. 
Additionally, the developmental competence of frozen-thawed 
embryos from various age groups was assessed.

The number of ovulated oocytes was highest in 3W and 4W animals 
(Table 1), consistent with other studies [3, 4]. Almost all oocytes 
from 3W animals were morphologically normal, while the percentage 
of abnormal oocytes increased with age. Fragmentation was the 
predominant abnormality in oocytes from 4W-8W animals, whereas 
small size was the major abnormality in 10W animals. Endogenous 
gonadotropins may influence the appearance and variation of these 
abnormalities, as gonadotropin profiles change dynamically from 
birth to puberty [25].

Fertilization competence and development to the 2-cell stage were 
high across all age groups (Table 2). However, development to the 
blastocyst and expanded blastocyst stages was significantly lower in 
3W animals compared to other age groups. Additionally, the nuclear 
count of blastocysts was significantly lower in embryos from 3W 
animals compared to those from 8W and 10W animals. These results 
suggest that while 3W oocytes have fertilization competence, they have 
not acquired full developmental competence to reach the blastocyst 
stage. Further evidence of compromised developmental competence 
is provided by embryo transfer (ET) results, with significantly lower 
fetal development of embryos from 3W animals compared with those 
from other ages of animas.

In vitro maturation studies on follicle growth and maturation 
indicated that oocytes acquire competence for various developmental 
stages with age, including germinal vesicle breakdown, meiotic 
divisions, the first cleavage division and later development [26, 27]. 
Developmental competence to blastocysts has been shown to achieve 
in oocytes from 24-days or older animals [27]. Because their study 
did not examine the age when oocytes acquires full developmental 
competence to fetus, the present study possibly compensates their 
study; developmental competence to fetus may be fully acquired 
in oocytes from 28-days or older age of animals. Precise timing of 

acquisition is unclear due to the difference between inbred strain in 
this study and F1 hybrid strain used in their study which matures 
faster than inbred strains. [28].

Cryopreservation of embryos or gametes is a crucial component 
of ARTs across various animal species. In laboratory settings, frozen 
embryos are essential for maintaining strains, restoring stocks in 
emergencies, producing genetically modified animals and facilitating 
transport between research institutes. The importance of cryopreserva-
tion has increased with the growing number of genetically modified 
animals [29]. This study provides direct comparisons of developmental 
competence between fresh and frozen-thawed embryos from various 
mouse ages.

Development of frozen-thawed embryos was reduced compared 
to unfrozen controls. Embryos from 3W animals were the least 
tolerant to the freeze-thaw process (Table 4). Previous studies have 
shown that vitrification increases reactive oxygen species in various 
animal species, which can negatively affect developmental ability. 
The addition of reducing agents in cryoprotectant solutions may 
improve the developmental competence of frozen-thawed embryos 
[30–32]. Embryos from 3W animals showed a dramatic reduction in 
competence. This suggests they were unable to recover adequately 
from oxidative damage during cryopreservation. Other factors may 
include increased susceptibility of the plasma membrane or cytoplasm 
to cryoprotectant toxicity or reduced recovering ability from damage 
compared to older animals [33, 34].

For practical applications, estimated efficiencies of mouse produc-
tion by ARTs are calculated and shown in Table 5. Estimates for 
unfrozen embryos are based on results from Experiments 1 and 2, 
while those for frozen-thawed embryos are based on Experiment 3. 
Among the age groups, embryos from 10W adult females resulted 
in the highest number of fetuses, both for unfrozen (62.9 fetuses) 
and frozen-thawed embryos (45.6 fetuses). This suggests that 10W 
mice provide the highest developmental competence. However, 
when comparing fetal numbers produced from individual animals 
across different ages, 4W animals (16.6 fetuses unfrozen, 11.6 fetuses 
frozen-thawed) showed better performance than other ages, although 
estimates were similar to those from 10W mice (15.1 fetuses unfrozen, 
11.0 fetuses frozen-thawed). From the perspective of the 3R principles 
of animal research, using 4W animals may reduce the number of 
animals sacrificed most effectively. Therefore, 4W or 10W mice 

Table 4.	 Development after ET of frozen-thawed IVF embryos from various ages of C57BL/6J mice

Age 
(weeks) Treatment No. pregnant 

females
No. embryos 
transferred

No. (% ± MSE) a

Implantation site Fetus

3
Unfrozen 5 78 55 (71 ± 9) 27 (35 ± 10)
Frozen 16 288 197 (69 ± 4) 46 (16 * ± 2)

4
Unfrozen 5 70 67 (94 ± 5) 54 (74 ± 7)
Frozen 13 249 218 (87 ± 3) 122 (49 * ± 4)

5
Unfrozen 3 32 29 (93 ± 7) 23 (76 ± 14)
Frozen 9 126 111 (88 ± 4) 63 (50 * ± 7)

6
Unfrozen 3 36 34 (94 ± 3) 30 (83 ± 5)
Frozen 4 63 55 (87 ± 4) 35 (54 * ± 8)

8
Unfrozen 5 60 56 (93 ± 4) 50 (83 ± 6)
Frozen 6 98 77 (75 * ± 9) 46 (47 * ± 4)

10
Unfrozen 5 72 64 (89 ± 3) 51 (71 ± 4)
Frozen 9 160 133 (84 ± 5) 89 (55 ± 4)

a Percentages and mean standard error (MSE) of 2-cell embryos transferred. * Significantly different 
from unfrozen control within the same age group (P < 0.05).
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are optimal choices for embryo production in this strain of mice, 
with the selection depending on the specific research or ART goals. 
Although 3W mice ovulate the highest number of oocytes, their 
developmental competence, particularly for frozen-thawed embryos, 
is not fully acquired. Thus, the age of animals used for oocyte sources 
should be carefully considered based on the intended research or 
ART applications.
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