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ABSTRACT

Reproductive techniques such as superovulation and in vitro fertilisation (IVF) have been widely used
in generating genetically modified animals. The current gold standard for superovulation in mice is
using coherent treatments of equine chorionic gonadotropin (eCG) and human chorionic
gonadotropin (hCG). An alternative method using inhibin antiserum (IAS) instead of eCG has
been recently reported. Here, we evaluate different superovulation strategies in C57BL/6) and
B6D2FI mice. Firstly, we found that using 5-week-old C57BL/6) and 4-week-old B6D2F| donors
could achieve better superovulation outcomes. Then, we compared eCG-hCG, IAS-hCG and
eCG-lAS-hCG with different dosages in both mouse strains. Significantly increased numbers of
oocytes were obtained by using |IAS-hCG and eCG—-AS-hCG methods. However, low
fertilisation rates (36.3—38.8%) were observed when natural mating was applied. We then
confirmed that IVF could dramatically ameliorate the fertilisation rates up to 89.1%. Finally, we
performed CRISPR-Cas9 mediated genome editing targeting Scnlla and Kcnh! loci, and
successfully obtained mutant pups using eCG—-hCG and IAS-hCG induced zygotes, which were
fertilised by either natural mating or IVF. Our results showed that |IAS is a promising
superovulation reagent, and the efficiency of genome editing is unlikely to be affected by using
IAS-induced zygotes.

Keywords: assisted reproductive technology, CRISPR, embryo manipulation, fertilisation, genome
editing, inhibin, in vitro fertilisation, superovulation.

Introduction

Superovulation, in vitro fertilisation (IVF) and embryo transfer are critical steps for assisted
reproductive technologies (ARTs). These techniques were established in the mid-20th
century and were expended for experimental purposes such as the production of
transgenic mice to reduce the number of animals used (Gates 1956; Whittingham 1968;
Nagy 2003). Many efforts have been made to optimise these ARTs over the past decades,
and a few standards have been established for these techniques. For instance, a
superovulation regime including an injection of equine chorionic gonadotropin (eCG) for
stimulating follicular development and a consecutive injection of human chorionic
gonadotropin (hCG) for ovulating induction has been considered as the gold standard in
mice and other small experimental animals (Davis and Rosenwaks 2001; Nagy 2003;
Behringer et al. 2018). However, different gonadotropin dosages may be used in different
mouse strains to achieve better superovulation outcomes (Luo et al. 2011; Wu et al.
2013). The response to eCG and hCG treatment also varies among inbred and hybrid mouse
strains (Byers et al. 2006). In addition, some factors such as age, body weight, and hormone
injection time may also affect the efficiency of superovulation.

Superovulation may jeopardise the development of oocytes, resulting in abnormal
blastocyst formation and fetal development (Ertzeid and Storeng 2001; Van der Auwera
and D’Hooghe 2001). Nevertheless, it has been widely used for generating genetically
modified (GM) animals due to the little effect it has on fertilisation and early cleavage. In
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recent years, CRISPR-Cas9 mediated generation of GM mice
has been widely reported (Shen et al. 2013; Wang et al.
2013; Yang et al. 2013; Sander and Joung 2014). The
common procedure is to deliver CRISPR-Cas9 system and
single-stranded  oligodeoxynucleotide (ssODN) carrying
objective arrangements into mouse zygotes using pronuclear
microinjection. Together with more and more genome
editing tools emerging, advanced superovulation technologies
have also been developed. For example, inhibin antiserum
(IAS) has been shown to induce more efficient superovu-
lation in mice and other species (Kishi et al. 1996; Ishigame
et al. 2005; Takeo and Nakagata 2015, 2016; Hasegawa
et al. 2016; Wuri et al. 2020). The antiserum neutralises
inhibin, which is a nonsteroidal hormone that acts on
pituitary cells to suppress follicle-stimulating hormone (FSH)
production, resulting in increased FSH level and follicular
development. Furthermore, it has been reported that a
combination of IAS and eCG may yield nearly 100 oocytes from
a single female C57BL/6 mouse (Takeo and Nakagata 2016).

In this study, we investigated many factors that may affect
superovulation in C57BL/6J and B6D2F1 (a hybrid strain yield
from natural mating of C57BL/6 and DBA/2J mice) mice,
including age, body weight, injection time, and the dosage
of eCG treatment. We further investigated the performance
of IAS in the two mouse strains. Then, superovulated oocytes
fertilised either by natural mating or IVF were used for
generating GM mice by CRISPR-Cas9 technology, targeting
sodium voltage-gated channel alpha subunit 11 gene
(Scnlla) and potassium voltage-gated channel subfamily H
member 1 gene (Kcnhl). Scnlla gene encodes Nay1.9, which
is a subtype of the voltage-gated sodium channels contributed
to sensory neuron excitability and pain signalling (Dib-Hajj
et al. 2015). Kcnhl gene encodes the voltage-gated Ky10.1
potassium channel, which is predominantly expressed in the
central nervous system. Kcnhl mutations are highly related
to genetic diseases in human (Simons et al. 2015; Fukai et al.
2016). Our results showed that IAS-hCG and eCG-IAS-hCG
methods significantly increased the efficiency of super-
ovulation in both mouse strains compared to traditional
eCG-hCG method, and IVF was more reliable in increasing the
fertilisation rates than natural mating. Furthermore, CRISPR-
Cas9-based GM production using superovulated zygotes was
successful. C57BL/6J mice with mutant alleles were obtained
from eCG-hCG and IAS-hCG induced oocytes, which were
fertilised by natural mating or IVF, and the birth and mutation
rates were not affected by different superovulation approaches.

Materials and methods

Animals

C57BL/6J and B6D2F1 mouse strains were purchased from
Australian BioResources (ABR). All the mice were housed in
a specific-pathogen-free (SPF) facility under a 12-h dark-light

cycle (light from 07:00 to 19:00) at 22 + 1°C with food and
water. All animal procedures were conducted at the University
of Queensland and were approved by the Animal Care
Committee at the University of Queensland Animal Ethics
Committee (approval no. IMB/009/17). The National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (National Research Council 2011) has been followed
in this study.

Superovulation

Superovulation reagents eCG (brand name: Folligon) and hCG
(brand name: Chorulon) were purchased from Intervet Inc. IAS
was purchased from the Center for Animal Resources and
Development Institute, Japan. Stock solutions (1000 [U/mL)
of eCG and hCG were prepared using 0.9% sodium chloride
and were kept at —20°C. They were diluted to desired concen-
trations using the same solvent before each injection. IAS was
stored at —20°C and was used directly without dilution.
According to the provider, the IAS had a titre of 1:1 000 000,
which is the final dilution of the IAS required to bind 50%
1251.]abelled bovine inhibin (32 kDa, 5000 c.p.m.) at 4°C for
24 h incubation (Wang et al. 2001; Takeo and Nakagata
2015, 2016).

In general, superovulation was performed by the
administration of different dosages of eCG, IAS or a mixture
of eCG and IAS into immature female mice (3-6 weeks old)
intraperitoneally. The mice were then administered 5 IU
hCG at 47 h after the injection of eCG or/and IAS. For
natural mating, injected female mice were mated 1:1 to
males overnight. Male mice for breeding were maintained in
individual cages in age from 3 to 7 months. In order to
obviate any day-to-day variation, we only used proven stud
males for breeding and kept the interval between each
mating for a minimum of 7 days. The female mice were
euthanised by cervical dislocation on the second morning at
09:00 after the administration of hCG. The oviducts were
quickly collected and cumulus—oocyte complexes were isolated
under the microscope. In the case of natural mating, the
harvested oocytes were cultured overnight in EmbryoMax
Advanced KSOM medium (Merck Millipore, MR-101-D) at
37°C under 5% CO, overnight to the 2-cell stage and the
fertilisation rate was calculated using the following equation:

total number of 2-cell embryos

fertilisation rate =
total number of oocytes

x 100%

Age and weight analysis

Initial experiments involved determination of the age and
weight range of female donors for C57BL/6J and B6D2F1
strains that would achieve the best superovulation results.
Immature female donors at 3, 4, 5 and 6 weeks old were
chosen for evaluation. In the first experiment, three female
mice of each age group were injected with 5 IU eCG
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intraperitoneally, and then were administered 5 IU hCG 47 h
later. Injected female mice were mated 1:1 to the proven stud
males for natural mating overnight, and the oocytes were
collected as described in the previous section. The same
experiment was then repeated twice, with three and four donor
mice of each age group used in the second and third
experiments respectively. Eventually a total number of 10
donor mice from each age group were used. Further exper-
iments were performed to test different dosages of eCG
(1.25 10, 2.5 IU, 5 IU, 10 IU and 20 IU) using 5-week-old
C57BL/6J donors (n = 4 for each dosage) and 4-week-old
B6D2F1 donors (n = 4 for each dosage) at the same time.

Hormone injection timing analysis

The injection interval of eCG and hCG was set at 47 h.
Five-week-old C57BL/6J donors were randomly divided into
three groups (n = 10 per group). The first group was
administered eCG at 13:00 on the first day, followed by hCG
injections at 12:00 on the third day. The second group was
injected eCG at 15:00 on the first day, followed by hCG
injections at 14:00 on the third day. The third group had
eCG injections at 17:00 on the first day and hCG injections
at 16:00 on the third day. After hCG injections, female mice
were set to 1:1 mating with males overnight and all oocytes
were harvested as described in the previous section on the
fourth day at 9:00. Further experiments were carried out
using 4-week-old B6D2F1 donors on the same days with the
same experimental design.

Comparison of different superovulation
strategies

Five superovulation strategies were tested, with the
administration of different dosages of eCG, IAS or a mixture
of eCG and IAS into 5-week-old C57BL/6J donors and
4-week-old B6D2F1 donors. The first strategy was the
administration of 51U eCG into C57BL/6J (n = 10) and B6D2F1
(n = 10) donors. The second, third and fourth strategies were
the administration of 50, 100 and 200 pL IAS into C57BL/6J
(n =5, 10 and 5) and B6D2F1 (n = 5, 5 and 5)
donors. The fifth strategy was the administration of a mixture
of 2.5 IU eCG and 100 pL IAS into C57BL/6J (n = 5) and
B6D2F1 (n = 5) donors. All the female mice were
then administered 5 IU hCG at 47 h after the injection of
eCG or/and IAS. Injected female mice were mated 1:1 to males
overnight and all oocytes were harvested as described in the
previous section. The above experiment was performed at
the same time.

IVF

Superovulation was performed using 5-week-old C57BL/6J
donors and 4-week-old B6D2F1 donors. They were injected
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with 5 IU eCG (n = 10 for each strain) or 100 pL IAS (n =5
for each strain), followed by 5 IU hCG after 47 h. Oocytes
were then collected for IVF on the second day of hCG
injections. Two male mice (12 weeks old) from each strain
were euthanised by cervical dislocation. The cauda epi-
didymides were collected and pre-incubated in a modified
Krebs-Ringer Bicarbonate solution (Cat# 4002, Sigma-
Aldrich) medium with 1.0 mg/mL polyvinyl alcohol (Cat#
P8136, Sigma-Aldrich) and 0.75 mM methyl-p-cyclodextrin
(Cat# C4555, Sigma-Aldrich) covered with light mineral
oil (Cat# M8410, Sigma-Aldrich) at 37°C for 1 h to induce
capacitation. Fertilisation was performed by adding
400-800 sperm/pL into EmbryoMax human tubal fluid
(Cat# MR-070, Sigma-Aldrich) containing cumulus—-oocyte
complexes and cultured at 37°C, 5% CO,, for 3 h. The above
experiment was performed at the same time. Fertilisation
rate was calculated at 24 h after insemination using the
following formula:

total number of 2-cell embryos

p - x 100%
total number of inseminated oocytes

fertilisation rate =

Production of genetically modified mice

Guide RNAs (gRNAs) targeting Scnlla and Kcnhl loci were
selected using the online CRISPR design tool CRISPOR
(Haeussler et al. 2016; http://crispor.tefor.net/). A pair of
gRNAs was employed to delete exon 2 of Scnlla gene,
while one gRNA and one 181-bp ssODN were used to target
Kcnh1 gene and introduce c. 1480A > G (p.1494V) mutation.
Polymerase chain reaction (PCR) primers and ssODN sequence
used in this study are shown in Supplementary Table S1.
Genetically modified mice were produced using a
previously described method (Yang et al. 2014). In brief,
superovulation was performed as previously described using
either eCG (5 IU) or IAS (100 pL) followed by 5 IU hCG
injection. Cas9 protein, tractrRNA, crRNA and ssODN were
purchased from Integrated DNA Technologies, Singapore. To
prepare the Cas9 ribonucleoprotein (RNP), crRNA and
tracrRNA were annealed to form an RNA duplex (gRNA),
which was subsequently mixed with Cas9 protein, followed
by incubation at 37°C for 15 min. For microinjection, the Cas9
RNP containing Cas9 protein (30 ng/pL), gRNA (10 ng/pL
each) and ssODN (10 ng/pL) was injected into the pronuclei
of zygotes. The injected zygotes were cultured overnight in
EmbryoMax Advanced KSOM medium (Merck Millipore,
MR-101-D) at 37°C under 5% CO, to the 2-cell stage. Then,
25-31 2-cell-stage embryos were transferred to the oviducts
of pseudopregnant CD1 females (n = 8) at 0.5 days post
coitum. After natural delivery, pups with the desired mutant
alleles were identified using PCR and Sanger sequenc-
ing (Sanger and Coulson 1975). The above experiments
were repeated using the same design and a total number
of 32 C57BL/6 donors and 16 CD1 foster mice were used.
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Birth and mutation rates were calculated using the following
formulas:

no. pups

— % 100%
no. injected zygotes

birth rate=

no. mutant mice
no. injected zygotes

mutation rate = x 100%

Statistics

Statistical analysis was performed using Prism 6.0 (GraphPad)
software. Results are expressed as the mean or the mean +
standard deviation (s.d.). Data was analysed using two-way
ANOVA test. P < 0.05 was considered statistically significant.

Results

Determination of age and weight ranges of
female mice

We first designed experiments to determine the age and weight
ranges of female mice used for superovulation experiments.
Many transgenic facilities use a specific age range (generally
3-6 weeks old) rather than the weight range when choosing the
female donors. Thus, we set up our analysis using 3-, 4-, 5- and
6-week-old females of each strain and assessed the weight
of each mouse at different ages (Table 1). The average
weight of 3-week-old C57BL/6J mice was 11.5 g, and
it rapidly increased to 21 g at week 5. The body weights of
the 6-week-old mice were similar to those of the
5-week-old ones. In the case of the hybrid line B6D2F1, the
body weights showed similar increasing pattern to the
C57BL/6J mice, having the average weights of 12 g and
23.1 g at week 3 and week 6 respectively.

The superovulation was performed using a single dose of
5 IU eCG, followed by an injection of 5 IU hCG at 47 h. After
the hCG injection, the females were mated 1:1 to fertility-
proved male mice immediately. We then analysed the
superovulation results of each age group (Table 1 and Fig. 1).
The total numbers of oocytes harvested from superovulation
were similar, with no significant difference among four age
groups of C57BL/6J mice (Fig. 1, n = 10 per group).
However, we observed that the mean fertilisation rates of
5-6-week-old mice were significantly higher than those of
3- and 4-week-old donors (P < 0.01, Table 1). In addition,
5-week-old C57BL/6J female mice could achieve slightly
higher numbers of oocytes and better fertilisation rates than
6-week-old donors. Thus, we decided to use 5-week-old
C57BL/6J donors for the subsequent experiments. In the
case of B6D2F1 strain, more oocytes were obtained using the
same superovulation method than the C57BL/6J strain. Total
numbers of 376 and 386 oocytes were harvested from 3- and
4-week-old B6D2F1 donors (n = 10 per group) respectively,
whereas the numbers decreased dramatically in the 5- and 6-
week-old groups (Table 1). In addition, given the highest
average fertilisation rate of 75.8%, 4-week-old B6D2F1 donors
showed the best performance in superovulation compared to
other groups (Table 1 and Fig. 1). Based on the above results,
we used 4-week-old B6D2F1 donors in the experiments
performed subsequently. Furthermore, we performed the
experiments by using a dosage range of eCG for comparison.
Superovulation was induced by injecting different dosages of
eCG (1.25 IU, 2,5 IU, 5 IU, 10 IU and 20 IU) into the
C57BL/6J and B6D2F1 mice. The results showed that both
strains appeared to have better response to 5 IU eCG
administration (Supplementary Table S2).

Hormone injection timing

Although the interval between eCG and hCG injections is
commonly set at 47-49 h, the exact timing for injections
varies from different facilities. To evaluate the effect of

Table |. Effects of eCG (5 IU)-hCG (5 IU) strategy on total numbers of eggs in different age groups of C57BL/6) and B6D2F| strains.
Strain Age (weeks) No. female mice Weight Total no. eggs Total no. fertilised eggs Fertilisation rate (%)
(g, mean =+ s.d.) (mean =+ s.d.)

C57BL/g) 3 10 1.5+ 1.1 298 157 525 + 144
4 10 165+ 08 261 171 674+ 19.6
5 10 21.0+23 266 210 783 £ 7.14
6 10 227+ 14 258 196 764 + 6,94

B6D2FI 3 10 12 + 1 376 153 42.1 £ 157
4 10 172 £ 1.0 386 291 75.8 + 15.28
5 10 215+ 09 297 213 712 + 19.8
6 10 231 + 1.3 257 176 66.3 +22.8%

AValues are significantly different vs 3-week-old C57BL/6) group.
BValues are significantly different vs 3-week-old B6D2F| group.
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Il No. fertilised eggs per mouse
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Fig. I. Superovulation results of different age groups of C57BL/6) and

B6D2F| mice using eCG-hCG method. Columns and error bars
represent mean =+ s.d. Two-way ANOVA was performed to analyse
the numbers of eggs. a, number of total eggs per mouse are
significantly different between groups; b, number of fertilised eggs
per mouse are significantly different between groups; n = 10 per group.

injection time point on superovulation, we set the injection
interval at 47 h and tested three time points for eCG (13:00,
15:00 and 17:00) and hCG (12:00, 14:00 and 16:00)
injections in C57BL/6J and B6D2F1 strains (Table 2). After
hCG injections, female mice were set to 1:1 mating with
males overnight and all oocytes were harvested on day 4 at
09:00. Our results showed that neither total oocyte numbers
nor total fertilised egg numbers were affected by different
injection time points.

The comparison of eCG and IAS

In order to achieve more zygotes using less numbers of animal
donors, we evaluated the effect of different doses of eCG and
IAS. We compared five types of administration, including

5 IU eCG, 50 pL IAS, 100 pL IAS, 200 pL IAS and a mixture
of 2.5 IU eCG and 100 pL IAS in both C57BL/6J and
B6D2F1 strains (Table 3). 50 pL IAS treatment gave similar
superovulation results to 5 IU eCG in C57BL/6J female mice.
However, the numbers of oocytes induced by 100 pL IAS
were approximately two-fold higher than that induced by
5 IU eCG, and they were further increased by the combined
injection of 2.5 IU eCG and 100 pL IAS (Table 3 and Fig. 2).
In the case of the B6D2F1 strain, the superovulation results
were slightly different to the C57BL/6J strain (Fig. 2).
B6D2F1 females showed less sensitivity to IAS administration
alone compared to C57BL/6J mice. Low amount IAS injections
(50 pL) in B6D2F1 female mice showed less efficiency than
5 IU eCG administration (P < 0.05). The 100 pL IAS
injection increased the number of oocytes, but it was not
statistically significant. Although the 200 pL IAS injection
gave greater numbers of oocytes compared to 5 IU eCG
treatment (P < 0.05), it did not double the numbers (Fig. 2).
Nevertheless, the combined injection of 2.5 IU eCG and
100 pL IAS achieved the highest numbers of oocytes in
B6D2F1 mice, indicating the synergy effect of eCG and IAS.
Intriguingly, we observed that in both C57BL/6J and B6D2F1
mice, the number of fertilised eggs obtained after natural
mating did not correlate with the increasing number of
oocytes, resulting in significantly low fertilisation rates in
IAS (100 pL and 200 pL) and eCG-IAS combination treated
groups (Fig. 2 and Table 3).

IVF vs natural mating

We noticed that the fertilisation rates were significantly
reduced when natural mating was applied in both mouse
strains. This could be due to the physical limitation of sperm
activity in an in vivo environment. Thus, we performed IVF
to fertilise eCG and IAS induced oocytes. The fertilisation
rates of IVF were approximately 84.5-89.1%, regardless of
mouse strains and the types of superovulation hormone used
(Table 4), indicating better efficiency of IVF compared to
natural mating.

Table 2. Investigation of the time for eCG and hCG injections.
Strain No. female eCG injection hCG injection Total no. eggs per No. fertilised eggs per Fertilisation rate
mice time (first day) time (third day) mouse (mean =+ s.d.) mouse (mean =+ s.d.) (%) (mean =+ s.d.)
C57BL/6) 10 13:00 12:00 26.0 + 44 189 + 44 71.8 +88
10 15:00 14:00 257 +£ 6.2 174 + 6.4 70.1 + 189
10 17:00 16:00 26.6 + 4.6 203 + 4.1 76.1 +7.3
B6D2F| 10 13:00 12:00 377 £ 6.0 283 + 5.6 757 + 128
10 15:00 14:00 367 +73 28.7 +9.7 750+ 188
10 17:00 16:00 38.6 +4.2 29.1 +5.9 758 + 152

Statistical analysis showed no significant difference between groups.
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Table 3. Comparison of superovulation performance using different strategies in C57BL/6J and B6D2F| mice.
Strain No. female mice eCG (IU) IAS (uL) hCG (lU) Total no. eggs per No. fertilised eggs per  Fertilisation rate (%)
mouse (Plea + s.d.) mouse (mean =+ s.d.) (mean =+ s.d.)
C57BL/¢) 10 5 0 5 240+ 7.7 179 £59 750+ 9.8
5 0 50 5 178 £58 13.6 £53 764 + 145
10 0 100 5 47.6 + 10.94 223 +57 47.6 + 108~
5 0 200 5 49.2 + 1084 234 +94 476 + 17.34
5 25 100 5 782 + 7.0 30.0 + 6.44 38.8 + 10.6"
B6D2FI 10 5 0 5 383 +93 29.1+74 769 £ 11.0
5 0 50 5 224+ 518 15.6 + 3.6° 720 + 188
5 0 100 5 514+ 13.1 31.8+83 620 + 3.3
5 0 200 5 55.6 + 15.78 31.8 + 10.1 578 £ 16.5
5 2.5 100 5 77.6 + 8.8° 28.0 + 4.2 36.3 + 6.0°

AValues are significantly different vs C57BL/6) mice treated with 5 IU eCG.
BValues are significantly different vs B6D2F| mice treated with 5 IU eCG.

I No. total eggs per mouse
Il No. fertilised eggs per mouse

—— a
a a y a a_'
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o f ' b b
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g l
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C57BL/6J B6D2F1
Fig. 2. Effect of different eCG/IAS treatments on total numbers of

oocytes and fertilised eggs (mean =+ s.d.). Two-way ANOVA analysis
was performed. a, number of total eggs per mouse are significantly
different between groups; b, number of fertilised eggs per mouse are
significantly different between groups; n > 5 per group.

CRISPR-Cas9 genome editing using
superovulated zygotes

Next, we evaluated superovulated C57BL/6J zygotes obtained
from 5 IU eCG-5 IU hCG and 100 pL IAS-5 IU hCG strategies
and fertilised by either IVF or natural mating for CRISPR-Cas9
genome editing, targeting and Scnlla and Kcnhl loci.
Targeting strategies and results were shown in Fig. 3 and
Table 5. A total number of 577 zygotes obtained from different
approaches were injected, and 453 2-cell embryos were
transferred to 16 CD1 foster mothers. Thirteen mutant pups
were obtained from the oocytes generated by eCG-hCG

treatment, including six Scnlla knockout mice and seven
Kcnhl mutant mice, among which four mice were carrying
correct Kcnhl 1494V mutant alleles. Eleven mutant pups
(five Scn11a knockouts and six Kcnh1 mutants) were obtained
from the oocytes created by IAS-hCG method, including two
mice carrying precise Kcnhl 1494V mutation (Table 5).

The average birth rate of oocytes obtained from eCG-hCG
and natural mating was slightly higher than those from
eCG-hCG with IVF method; however, they were not
statistically significant (Fig. 4). The same trend was observed
in the case of using IAS-hCG as the superovulation strategy
(Fig. 4). In addition, although the average mutation rate of
CRISPR-Cas9 mediated genome editing using zygotes
generated by IVF was slightly lower than those obtained
from natural mating while using eCG-hCG for superovulation,
it was not statistically significant (Fig. 4). In the case of
IAS-hCG induced groups, the average mutation rate of
genome editing using IVF fertilised zygotes was slightly
higher than those obtained from natural mating; however, it
was not significant either (Fig. 4).

Discussion

Superovulation and IVF are important techniques for
manipulating laboratory animals, especially in generating GM
mouse strains. In the present study, we performed a
comprehensive study investigating different superovulation
methods and the factors that may affect the efficiency. We
further compared the results of using zygotes obtained from
different methods in generating GM mice by CRISPR-Cas9
strategy.

Previous studies have showed that factors such as mouse
strain, age, body weight, hormone dosage and injection time
may affect the results of superovulation (Davis and
Rosenwaks 2001; Byers et al. 2006; Luo et al. 2011). We
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Table 4. The fertilisation rates of superovulated oocytes using IVF.

Strain No. female mice eCG (IU) I1AS (uL) hCG (uL) Total no. eggs per  No. fertilised eggs per IVF fertilisation rate (%)
mouse (mean + s.d.) mouse (mean + s.d.) (mean =+ s.d.)
C57BL/6) 10 5 0 5 263 +£54 228 +54 86.3 + 5.4
5 0 100 5 538 + 8.1 45.6 + 8.6 845+ 54
B6D2FI 10 5 0 5 369 + 88 324 + 86 874 + 4.6
5 0 100 5 596 £79 530+ 6.8 89.1 + 4.9
Statistical analysis showed no significant difference between groups.
(@ 100b results in B6D2F1 mice, and most importantly, they may
2

Scnilalocus Exon 2 (119 bp)

.
— gRNA-S1 gRNA-S2 <
Primer-s-F ' Region deleted (286 bp) | Imers R
' 1
M KO WT
) 712 bp
- 435 bp
(b) 100 bp
Kcnh1 locus Exon 8 (200 bp)
T
— gRNA -K -—
Primer-k-F RS \ Rad Primer-k-R

” \ ,l S
\ 4
ssSODN (181-mer) =
1494V mutation

WT AGCTCTTCTGTATGCCACCATCTTTGGGAACGTGACAACC
MT . .AGCTCTTCTGTATGCCACAGTCTTTGGGAACGTGACAACC. .

CTTCTGTATGCCACAGTCTTTGGG CBTGBAC

Fig. 3. Targeting strategies and results of Scnl/la and Kenhl genes
using CRISPR-Cas9. (a) Exon 2 of Scnlla was designed to be deleted
via two gRNAs, gRNA-SI and gRNA-S2, generating a 435 bp band
using PCR confirmation. M, DNA marker; KO, knockout; WT, wide
type. (b) 1494V mutation was introduced in to Kcnhl locus using
gRNA-K and a 181-mer ssODN repair template, and was confirmed
by Sanger sequencing. WT, wide type allele; MT, mutant allele.
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systematically investigated those factors using two commonly
used strains in our laboratory, C57BL/6J and B6D2F1. We only
used immature female mice (3—-6 weeks old) for superovulation
because adult females are less or nonresponsive to hormone
treatment (Gates 1956; Luo et al. 2011). Our results showed
that B6D2F1 mice are more responsive to eCG treatment
than C57BL/6J mice, generating an average of 38.6 eggs per
mouse in 4-week-old donors (Table 1). We also noticed that
age and body weight are crucial to obtain better ovulation
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affect the fertilisation rates when using natural mating as the
approach (Fig. 1). In B6D2F1 mice, the number of eCG-hCG
superovulated oocytes decreased with the age and body
weight, indicating the follicles become increasingly nonre-
sponsive to hormone stimulation. The highest fertilisation rates
were observed at 5 weeks in C57BL/6 mice and 4 weeks in
B6D2F1 mice. Because the male mice used in the study were
optimised for performance to exclude their influence on the
number of fertilised oocytes, we considered the superovulation
is female receptivity dependent and decided to use females at
those ages with similar body weights for the experiments.
Furthermore, we found that the injection time of hormones
is unlikely to affect the superovulation results, provided the
injection interval between eCG and hCG was kept at 47 h.

In recently years, many reports have shown that a newly
developed superovulation reagent, IAS, can significantly
increase the efficiency of superovulation in mice and other
mammals (Kishi et al. 1996; Ishigame et al. 2005; Takeo and
Nakagata 2015; Hasegawa et al. 2016; Mochida 2020). The
method has also been used in generating various GM mouse
models using CRISPR-Cas9 strategy (Nakagawa et al. 2016).
In the present study, we evaluated the performance of IAS in
the two mouse strains. We found IAS can significantly
increase the maturation of follicle in both strains, especially
in C57BL/6 mice by doubling the numbers of oocytes
compared to eCG treatment. We also noticed that 100 pL of
IAS was sufficient to achieve the peak of follicle maturation.
Increasing the dose of IAS to 200 pL did not seem to further
increase superovulation efficiency. However, the combined
injection of 2.5 IU eCG and 100 IAS pL followed by hCG
could further stimulate follicle maturation, giving a superior
superovulation result of approximately 80 oocytes per mouse
in both strains. Nevertheless, we noticed that the number of
fertilised eggs was unlikely to be significantly affected by
any superovulation methods while using natural mating for
fertilisation (Table 3), resulting in very low fertilisation rates
in IAS involved strategies. This may be due to the limitation
of male reproductive ability. We found that IVF could
achieve more fertilised oocytes with an average fertilisation
rate of 84.5-89.1%, regardless of the mouse strain and the
type of hormone used (Table 4). In addition, we noticed that
the activity of IAS could be significantly reduced by a few
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Table 5. CRISPR-Cas9 mediated genome editing in C57BL/6] zygotes obtained from different superovulation and fertilisation methods.
Superovulation Fertilisation Target Mutation No. No. 2-cell Pups born from Mutant Mice with precise
method method gene type zygotes embryos (%) transferred embryos mice (%) point mutation

injected (%)
51U eCG-51U hCG  Natural Senlla KO 65 52 (80.0) 8 (123) 4 (6.2) N/A
51UeCG-51UhCG IVF Senlla KO 67 50 (74.6) 6 (9.0 2 (3.0 N/A
100 pL IAS-5 IU hCG Natural Senlla KO 73 60 (82.2) 10 (13.7) 2(27) N/A
100 pL IAS-5 IU hCG IVF Senlla KO 75 58 (77.3) 793) 3 (4.0) N/A
51U eCG-5IU hCG  Natural Kenhl  Point mutation 72 56 (77.8) 8 (I1.1) 3(42) |
51UeCG-51UhCG IVF Kenhl  Point mutation 72 56 (77.8) 9 (12.5) 4 (5.6) 3
100 pL IAS-5 IU hCG Natural Kenhl  Point mutation 78 61 (78.2) 10 (12.8) 3(3.8) |
100 pL IAS-5 IU hCG IVF Kenhl  Point mutation 75 60 (80.0) 8 (10.7) 3 (4.0) |

Four C57BL/6) donors (5 weeks old) were used for each superovulation method, together with two CD| fosters (9—12 weeks old) used for embryo transfer after

microinjection. A total of 32 C57BL/6J donors and 16 CDI fosters were used.
KO, knockout; N/A, not applicable.

20 1 ® Birth rate
O Mutation rate

Birth and mutation rate (%)
> &
[ ]
[ ]
I [ ] I
Io I
ry °
o
o

o N * * I N
P OB P F B
&L & LC L LS
N F AR & PR
e’ & & Gl e’ & & (R
N S § SO & F
&6 & & 8 &

Superovulation and fertilisation methods

Fig. 4. Birth and mutation rates of CRISPR-Cas9 mediated genome
editing using superovulated zygotes obtained from various
approaches. Two-way ANOVA analysis was performed. There is no
significant difference between groups for either birth rates or
mutation rates.

freeze-thaw cycles (data not shown), which are not recom-
mended while using IAS.

Some facilities may prefer natural mating in generating
fertilised oocytes, while IVF could be an alternative option
for some other facilities. There are pros and cons for each
method. Natural mating does not need to sacrifice male mice,
but IVF seems to be more stable in producing sufficient
numbers of zygotes for microinjection. Previous studies have
investigated the quality of IAS induced oocytes, which
showed similar characterisation compared to normal oocytes
(Wuri et al. 2020). We compared the outcomes of using
superovulated zygotes either from natural mating or IVF for
producing GM mice by CRISPR-Cas9 technology. C57BL/6J
mice were administrated with eCG-hCG or IAS-hCG and the

fertilised oocytes were generated by either mating or IVF.
The two injection experiments we performed successfully
produced Scnlla knockout and Kcnhl 1494V mice using
both approaches. However, in the first injection experiment
we were unable to obtain the desired GM mouse from IAS-
hCG induced oocytes that were fertilised by IVF (Fig. 4).
This could be a common occurrence as the surrogate mice
may affect the birth rate. We repeated the injection
experiment and successfully generated Kcnhl 1494V mice
using IAS-hCG induced and IVF fertilised zygotes.
Nevertheless, it is still uncertain whether he impact of an
ultra-superovulation using IAS could influence early embryo
development in mice. Recent studies have shown that
superovulation could alter global DNA methylation in early
mouse embryo development, which may result in the
introduction of DNA methylation errors (Marshall and Rivera
2018; Tang et al. 2019; Yu et al. 2019). It is also reported
that higher genome and Grbl10 (an imprinted gene)
methylation, and variable mRNA expression were observed
during superovulation, together with reduced blastocyst cell
numbers (Chen et al. 2018).

In summary, we have investigated a set of important factors
that may affect superovulation in C57BL/6J and B6D2F1
mice. Novel superovulation methods such as IAS-hCG and
eCG-IAS-hCG have been evaluated and GM mice were
successfully generated using zygotes obtained from natural
mating and IVF. Our results showed that IAS could be used
as a reliable reagent for superovulation when generating GM
mice using CRISPR-Cas9 technology. The data presented in
the study could be a valuable guide for researchers who are
interested in establishing GM mice producing facilities.

Supplementary material

Supplementary material is available online.
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