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ABSTRACT 

 

Rats are major laboratory animals for biomedical research. They are easy to handle 

and have similar physiological characteristics like humans. However, mouse was 

preferred animal for the studies of gene function and the development of genetically 

modified animals for a long time. Currently, the importance of developing genome 

engineered rat has been increased because of their physiological advantages. In this 

study, to efficiently produce and preserve genome engineered rats, three parts of 

producing genome edited rats (superovulation, gene editing, and embryo freezing) 

were investigated. 
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Firstly, superovulation is an essential technique to increase the possibility to 

produce genome engineered embryos. Commonly, a combination of equine 

chorionic gonadotropin and human chorionic gonadotropin has been used for a 

conventional method to induce superovulation. However, for increasing the ovulated 

oocytes, inhibin anti-serum was used to regulate the secretion of follicle stimulating 

hormone at pituitary gland. Immature Sprague Dawley rats were injected inhibin 

anti-serum (200 ul vs 500 ul) by two administration ways (Intravenous; IV vs 

intraperitoneal; IP). As a result, the highest number of collected zygotes was 

obtained at 500 ul IP group aged at 3-week-old. 

Secondly, PRNP gene encoding prion protein was targeted to produce PRNP 

knock out rats mediated by CRISPR/Cas9. To increase the efficiency of genome 

engineering, Cas9 protein and guide RNA were introduced into zygotes by 

electroporation. After electroporation, 2-cell stage embryos were transferred to 

recipient females and some pups were produced. Genomic DNA of produced pups 

was isolated, and genotyping analysis was performed. As a result, insertions and 

deletions were observed at targeted loci. 

Further, different embryo freezing methods (slow freezing and vitrification) were 

applied to preserve the generated genome engineered rats. To compare the efficiency 

of freezing methods, 2-cell stage embryos were cryopreserved by both methods. 

Additionally, after freezing-and-thawing, thawed embryos were cultured in vitro for 

development to blastocyst stage and, both the development rate and the number of 

nucleus at blastocyst stage were observed. As a result, thawed embryo recovery rate 

was higher at slow freezing group. Also, 2-cell stage embryos of PRNP knock out 
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rats were cryopreserved by slow freezing method. After thawing, embryos were 

transferred to recipient females and two pups were successfully generated. Produced 

pups showed normal heath condition and had the same genetic sequences as donor.  

In conclusion, three technical parts were improved to produce and maintain PRNP 

KO rats. In the future, generated genome engineered rats could be utilized to 

investigate the function of PRNP gene and mechanism of prion disease. Also, these 

results could be helpful to development of genome engineering techniques and 

production of genetically modified animals.  

....…………………………………………………………………………………… 
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1. Rat for human disease model 

1.1. Rat disease model 

Animal models are essential to conduct research to understand and overcome 

human diseases. Especially, rats are important laboratory animal for biomedical 

research and have been utilized in various fields such as toxicology, pharmacology, 

neurology and genetic research to date. They are easy to handle and have similar 

physiological characteristics like human [1]. Because of their advantages, rats could 

be more accurate representation of human pathologies than mice in studies such as 

hypertension [2], atherosclerosis [3], and Huntington’s disease [4]. Indeed, the 

laboratory rat has higher genetic diversity than the mouse [5] and this could allow 

them to describe more larger spectrum of biological responses. For this reason, rat is 

a valuable animal to produce genetic disease models.  

 

1.2. Genome engineered rat 

 Genome engineering is a promising technology to investigate the function of gene 

and mechanism of genetic disease. Since the establishment of mouse embryonic stem 

cell (ESC) [6, 7], various genetic modification studies have been performed [8, 9]. 

Development of mouse ESC has been made mouse to be the preferred animal for 

genetic modification research over rats and a variety of genetically modified mice 

have been generated to date. However, as the physiological advantages of rats and 

the limitations of mouse models have been studied, research on developing rat 

disease models has been required.  
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To develop specific genetic disease models, precise genome engineering technique 

is required. Targeted endonucleases, including zinc-finger nucleases (ZFNs) [10], 

transcription activator-like effector nucleases (TALENs) [11], and the clustered 

regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated (Cas) 

system [12] have been accelerated the genetic modification and correction research. 

Engineered endonucleases could induce DNA double strand break (DSB) at the 

targeted locus followed by DNA repair system. Targeted DNA leakage could be 

repaired by nonhomologous end joining (NHEJ) or homologous recombination (HR) 

[13, 14]. NHEJ could join the broken ends inaccurately, resulting in local, small 

insertion and/or deletions. HR could repair the template by using donor vector, which 

contains homologous arms to bind target sites. By using these mechanisms, studies 

of gene knock out and knock in were conducted and various animals have been 

generated by ZFN [15], TALEN [11, 16, 17], and CRISPR [18, 19].  

 

1.3. Superovulation 

Reducing the number of animals in experiments is important to satisfy 3Rs 

(reduction, refinement and replacement) principle. For producing genome edited rats, 

a larger number of superovulated oocytes are needed for increasing the chance of 

successful genome editing. Generally, to get more superovulated oocytes, a 

combination of equine chorionic gonadotropin (eCG) and human chorionic 

gonadotropin (hCG) has been used to induce superovulation of immature rats [20, 

21]. Recently, superovulation induced by inhibin anti serum (IAS) was reported in 

mouse and rat. Inhibin is a hormone regulating follicular stimulating hormone (FSH) 
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secretion from the pituitary gland [22]. A negative relationship between plasma 

concentration of FSH and inhibin has been established. Successful multiple 

ovulations have been observed by passive immunization against endogenous inhibin 

in several species [23-28]. Considering these previous results, IAS could be useful 

to efficiently increase the number of ovulated oocytes. 

 

1.4. Electroporation 

To produce genome engineered animals, various methods such as microinjection, 

ICSI, lentiviral infection, SCNT, and electroporation have been used. Microinjection 

has been applied for a long time since it is an accurate technique of directly injecting 

exogenous DNA into zygotes pronucleus or cytoplasm. Though microinjection has 

high accuracy, it is time-consuming, laborious and requires an expensive equipment. 

However, electroporation is an alternative method that requires shorter experiments 

time and less skilled technique [29, 30]. Electrical pulses generated by an 

electroporator form pores in the zona pellucida and introduce exogenous DNA into 

cytoplasm. Since this method shows high efficiency for various animals, especially 

mouse, it is highly recommended to produce genome engineered rats.  
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2. Preservation of rat model 

Since the number of genetically modified rodents has been increased, embryo 

cryopreservation is highly required to preserve the genome edited rats. Embryo 

cryopreservation could be helpful to reduce breeding spaces, solve cost problems, 

and prevent animals from possible contamination [31]. Studies of embryo freezing 

have been investigated at various stages in mice and rats, including one-cell, two-

cell, morula, and blastocyst stage [32, 33]. Because there was research showed that 

2-cell stage embryo freezing have high viability after thawing, 2-cell stage embryo 

freezing is recommended. Cryopreservation methods could be divided into slow 

freezing and vitrification. Both methods are efficient for different purposes and 

circumstances. 

 

2.1. Slow freezing 

Slow freezing is a method of cryopreserving embryos by gradually inducing 

temperature changes using a relatively low concentration of cryoprotectant (CPA). 

This method might not cause serious toxic and osmotic damage [34] for embryos 

because of low concentration of CPA. However, it could affect embryos to make ice 

crystal formation into cytoplasm as not enough concentration was used for freezing. 

Besides, slow freezing requires a programable freezer which regulates temperature 

changes and takes an hour to freeze the embryos. However, it is still a conventional 

freezing method used in various animal species.  
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2.2. Vitrification 

Vitrifiation requires a high concentration of CPA to rapidly freeze embryos without 

formation of cytoplasm crystal [35, 36] into cytoplasm. This method takes a shorter 

time because it leads directly to low temperature. However, the use of high 

concentrations of CPAs can have a toxic effect on embryos. Nevertheless, mouse 

and rat embryos are mostly cryopreserved by vitrification due to their simplicity and 

high freezing-thawing efficiency.  
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1. Reagents 

All reagents were purchased from Sigma-Aldrich Co. LLC. (Missouri, USA) unless 

otherwise specified. 

 

2. Care and use of animals 

SD rats in this study were purchased by Orient-bio (Republic of Korea). Rats were 

maintained in 24 ± 2 ⁰C, 50 % humidity and 12:12 h light/dark cycle. All animal care 

and experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC, approval No.160719-2-8) and performed under guideline of Seoul 

National University. 

 

3. Embryo collection  

SD rats aged 3 to 4 weeks old were used to test the efficiency of inhibin anti-serum 

(HyperOva, Cosmo Bio, Inc., Tokyo, Japan) followed by 150 IU/kg human chorionic 

gonadotropin (hCG, DAESUNG microbiological labs, Inc., Gyeonggi-do, Republic 

of Korea) 48 hr later. Female rats aged 8 to 9 weeks old were induced superovulation 

by an injection of 150 IU/kg gonadotropin serum from pregnant mares (eCG, 

DAESUNG microbiological labs, Inc., Gyeonggi-do, Republic of Korea) followed 

by 150 IU/kg hCG 48 hr later. Females were then mated with mature male rats. 

Immature rats were confirmed vaginal opening and health condition before mating 

with mature male rats. On the next day, embryos were collected from oviducts and 
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cultured in mR1ECM (ARK Resource, Kumamoto, Japan) at 37.0 ⁰C, 5 % CO2 

incubator to stabilize before further experiments. 

 

4. Genomic DNA extraction and PCR 

Tail tips were obtained from the pups and used for genomic DNA extraction. Tail 

genomic DNA was isolated using a DNeasy Blood & tissue kit (QIAGEN, Hilden, 

Germany), according to the manufacturer’s instruction. Genotypes were analyzed by 

PCR using the Maxime PCR PreMix (iNtRON Biotechnology, Inc., Gyeonggi-do, 

Republic of Korea). A 514 bp fragment containing the target site was amplified with 

the following primers: 5′-ACCGTTACCCACCTCAGAGT-3′ for forward primer 

and 5′-GCAGATGTGCGTCACCCAGT-3′ for reverse primer. The PCR (Eppendorf, 

Hamburg, Germany) conditions were 94°C for 2 min, then 35 cycles of 94°C for 20 

s, 57°C for 30 s, and 72°C for 40 s, with a final extension at 72°C for 10 min. The 

PCR products were purified by electrophoresis in 1.5 % agarose gel. 

 

5. T7E1 and sequencing 

The PCR amplicons were denatured by heating and annealed to form heteroduplex 

DNA, which was treated with T7 endonuclease 1 (ToolGen, Inc., Seoul, Republic of 

Korea) for 20 min at 37 ℃. To confirm that the mutation had been introduced into 

the target allele, PCR amplicons spanning the target sites were purified using a Gel 

extraction kit (QIAGEN, Hilden, Germany), and cloned into the T-blunt vector using 
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a T-blunt PCR cloning kit (SolGent, Inc., Daejeon, Republic of Korea). The cloned 

inserts were sequenced using M13R primers. 
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Chapter I. Generation of PRNP KO rats by electroporation 

 

1. Introduction 

Genetically modified rats are important for investigating the function of gene and 

progress of genetic disease. To generate genome engineered rats, superovulation and 

gene editing technology are essential. Firstly, for increasing the efficiency of successful 

genome engineering, more ovulated oocytes are required. Indeed, reducing the number 

of rats in animal experiments is important to satisfy 3Rs (reduction, refinement and 

replacement) principle. In general, the combination of eCG and hCG is a conventional 

method for inducing superovulation to rats [20, 21]. In addition, several groups have 

been used IAS to induce superovulation for mouse and rat [26]. However, SD strain rat 

is major outbreed for biomedical research, the study of superovulation using IAS has 

been limited to Wistar rat. For this reason, superovulation using IAS to SD rats are 

required.  

 

Secondly, in general, microinjection has been used to directly inject foreign DNAs into 

embryos. However, microinjection is a time consuming, requires sophisticated skills and 

an expensive machine. To overcome disadvantages of microinjection, electroporation 

could be an alternative method because of its simple and efficient procedure that required 

shorter experiments time and less skilled technique [29, 30]. 
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In this study, the efficiency of IAS was examined by injecting different dosages (200 

ul vs 500 ul) and ages of rat (3-week-old vs 4-week-old). Further, genome engineering 

mediated by CRISPR/Cas9 and electroporation were performed to produce knock out 

rats targeted PRNP gene.  
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2. Materials and Methods 

 

2.1.  Embryo collection 

The procedure was performed as described in the General Methodology. 

 

2.2.  Electroporation 

To introduce CRISPR/Cas9 protein and gRNA into zygotes, an electroporator 

(Genome Editor, BEX, Ltd., Tokyo, Japan) were used. For electroporation, 320 ng/μl 

Cas9 protein (ToolGen, Inc., Seoul, Republic of Korea) and 80 ng/μl gRNA (ToolGen, 

Inc., Seoul, Republic of Korea) were mixed. Then, embryos were loaded on the cuvette, 

and electroporated. After electroporation, embryos were washed three times in M2 

drop and cultured in mR1ECM drop at 37.0 ⁰C, 5 % CO2 incubator overnight and two-

cell stage embryos were transferred into pseudopregnant females. 

 

2.3.  Genomic DNA extraction and PCR 

The procedure was performed as described in the General Methodology. 

 

2.4.  T7E1 and sequencing 

The procedure was performed as described in the General Methodology. 
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2.5.  Statistical analysis 

 Data were analyzed by independent t-test (IBM SPSS 23). Results are mentioned as the 

mean ± standard deviation. A probability of P < 0.05 was considered to be significant.  
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Table 1. Lists of primers used for PCR 

 

  

Gene name Gene ID Direction Primer sequence (5’-3’) 

PRNP NM_012631.2 F ACCGTTACCCACCTCAGAGT 

  R GCAGATGTGCGTCACCCAGT 
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3. Results  

3.1.  Superovulation  

IAS (HyperOva, Cosmo Bio, Inc., Japan) was injected to SD rats for investigating 

probability and efficiency of superovulation to different age group (Group 1: 3 weeks 

old; 21 to 27 days of age and Group 2: 4 weeks old; 28 to 34 days of age). Two injection 

dosages (200 μl vs 500 μl) and administration methods (Intravenous; IV vs 

Intraperitoneal; IP) were treated each group. As results, the average number of collected 

zygotes were 29.45 ± 6.64, 18.52 ± 5.63, and 39.09 ± 15.67 for those injected in 

Group 1 by 200 μl IV, 200 μl IP, and 500 μl IP, respectively and 28.03 ± 8.75, 18.40 

± 3.42, and 24.80 ± 10.62 in Group 2, respectively. According to these results, the 

highest number of zygotes were obtained at 500 μl IP treated 21 to 27 days of age. 
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Table 2. The number of collected zygotes in immature SD rats injected with different dosages and injection methods of 

inhibin anti-serum (IAS) 

a Values of results were expressed as the means ± SD. 

b, c Values in the same column with different superscripts are significantly different (P < 0.05). 

Type of injection Volume of injection 

Average No. of collected zygotes a 

Group 1 

(3-week: 21 to 27 days of age) 

Group 2 

(4-week: 28 to 35 days of age) 

Intra-venous (IV) 200 μl 29.45 ± 6.64 b 28.03 ± 8.75 

Intra-peritoneal (IP) 
200 μl 18.52 ± 5.63 c 18.40 ± 3.42 

500 μl 39.09 ± 15.67 b 24.80 ± 10.62 
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3.2.  Genetically modified rats by electroporation of CRISPR/Cas9 

Gene edited rats were produced by electroporation device (Genome Editor, BEX, Ltd., 

Japan). Rat PRNP of exon 3 was targeted to gene editing by CRISPR/Cas9. Cas9 

proteins (320 ng/μl) and guide RNA (80 ng/μl) were introduced into rat zygotes under a 

300 V poring pulse. After the electroporation, zygotes were cultured into CO2 incubator 

overnight. The next day, 2-cell stage embryos were collected and transferred to recipient 

female rats. Four live pups were born after embryo transfer and three pups showed gene 

editing efficiency. One of pups which showed higher gene editing frequency (deep 

sequencing indels frequency: 99.2 %) was used for further studies. To prove the germline 

transmission competence, the gene-edited rats were mated with WT females and F1 pups 

were produced. Genotyping of F1 were carried out and confirmed by sanger-sequencing. 

Additionally, both homozygotic and heterozygotic mutation were identified in F1 pups 

by T7E1 assay. 
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Figure 1. Schematic design of experiments procedure. 

  

Cas9 

Superovulation Electroporation Embryo transfer KO pups 
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Figure 2. Schematic representation of PRNP locus and sgRNA target site. 

The targeted sgRNA site at exon 3 are indicated by black box. PAM sequences were 

indicated by red box. 
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Figure 3. T7E1 assay of F1 pups generated by electroporation. 

Agarose gel electrophoresis images indicate both homozygous and heterozygous mutant 

form of generated pups. Black arrow heads indicate the homozygous mutation form by 

T7E1 assay (PCR product size: 514 bp). M: Marker, WT: Wild type, PO: Positive control 
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Figure 4. Sequence analysis of F1 KO pups and WT rats. 

Both arrow heads indicate PAM sequences. Black boxes indicate gRNA target site. 

  

WT 

KO pup  
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4. Discussion 

In this study, IAS which has been commonly used for increasing the ovulated oocytes 

for mouse [37] was injected to induce superovulation for SD rats. Also, gene editing 

mediated by CRIPSR/Cas9 was introduced into rat zygotes by electroporation. 

Several studies for mouse and rats have been conducted to increase the ovulated oocytes 

by using IAS [23-28]. However, SD rat is a major outbreed strain, studies of rat 

superovulation induced by IAS have been limited to Wistar strain rats. Also, there is no 

commercial IAS for rat, mouse IAS were used to induce superovulation for immature 

SD rat. Immature SD rats were tested to compare with different dosages and injection 

methods in 21 to 27 days (Group 1) and 28 to 35 days of age (Group 2), and the highest 

number of ovulated zygotes were obtained at 500 μl IP in 21 to 27 days of age. Although, 

more tested groups would be required for precise comparison, but these results could 

demonstrate the availability of using IAS to increase the number of ovulated zygotes and 

the relevance to dependence on age. 

Further, microinjection is a common method to produce gene edited animals by directly 

introducing exogenous genes to the pronuclear stage embryos. However, electroporation 

is promising genome editing method to replace microinjection, which make the 

procedure more faster and easier than before [29]. PRNP gene was targeted to genome 

editing and several pups were obtained by this method. Also, some pups showed indels 

at target site and germ line transmission were confirmed by mating with WT female. 

Although, many processes are required to be studied with the generated rats, it is 
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expected that this method and gene edited rats could be useful for the study of neuro-

degenerate disease caused by prion protein.  

In conclusion, the present study demonstrates that IAS could induce superovulation for 

immature SD rat, and that the ovulated oocytes have normal fertilization ability for 

producing gene edited rats. Also, electroporation could be an alternative method to 

replace the conventional microinjection technique. Therefore, the produced rats and the 

technical improvements could be helpful to the study of gene function, and the 

production of gene edited animals in the future.  
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Chapter II. Efficient cryopreservation of gene edited rats 

1. Introduction 

 The development of gene editing technology has resulted in producing various genome 

edited animals. To control the growing number of animals, embryo cryopreservation 

methods have been recommended [31]. In addition, Embryo cryopreservation could be 

useful to reduce the breeding spaces, solve cost problems, and prevent possibility of 

contamination.  

 

 Embryo cryopreservation includes slow freezing and vitrification. Slow freezing is a 

method of cryopreserving embryos by gradually and slowly inducing temperature 

changes using a relatively low concentration of CPA [34]. This method requires a 

programmable freezer and relatively long time to conduct experiments. Vitrification is a 

simple method by using a high concentration of CPA to directly induce low temperature 

without forming ice crystals [35, 36] into cytoplasm. However, this could be toxic and 

serious damage to embryos.  

 

 To successfully cryopreserve embryos, several studies were investigated to establish 

optimized embryo cryopreservation condition for mice and rats. Therefore, to investigate 

the survival rate and efficiency of frozen-thawed embryos, embryos were compared 
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slow-freezing by lab’s conditioned media reported in previous research [38] and 

vitrification by using commercial media. 

  



28 

2. Materials and Methods 

 

2.1.  Embryo collection 

The procedure was performed as described in the General Methodology. 

 

2.2.  Slow freezing and thawing 

Embryo freezing was followed as previous research. Embryos at 2-cell stage were 

washed 4 times at 4-well dish contained 500 μl preheated cryopreservation media for 

10 min. Embryos (30 embryos/straw) were loaded into 0.25 ml plastic straws (Mini-

tube, Germany) and sealed before being placed in the controlled freezer (CL-8800i, 

Cryologic, Australia). The cooling rate was as followed: -6.5 ℃ for 8 min, drop -

0.5 ℃/min to -35 ℃ and then straws were plunged into liquid nitrogen. For thawing, 

the straws were exposed room temperature for 10 sec and were immerged in a water 

bath at 32 ℃ for 15 sec. The embryos were expelled in a drop of M2 media (Sigma, 

USA), washed three times and cultured in mR1ECM (ARK Resource, Kumamoto, 

Japan). 

 

2.3.  Vitrification and thawing 

Embryos at 2-cell stage were washed 4 times at M2 media and washed at 1 M DMSO 

drop. After washing, 5 μl 1 M DMSO contained 40 embryos were transferred to 0.5 
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ml cryotube (Nunc, Denmark) and placed at ice rack for 5 min. After stabilization, 45 

μl DAP 213 were added to cryotube, embryos were holding for 5 min and the cryotubes 

were stored in liquid nitrogen. For thawing, cryotubes were shifted from liquid 

nitrogen, and holding at room temperature for 30 sec and 900 μl 0.25M sucrose 

(preheated to 37 ℃) were added. The embryos were transferred to wash at M2 (Sigma, 

USA) for three times and cultured in mR1ECM (ARK Resource, Kumamoto, Japan). 

 

2.4.  Genomic DNA extraction and PCR 

The procedure was performed as described in the General Methodology. 

 

2.5.  Statically analysis 

Data were analyzed by independent t-test (IBM SPSS 23). Results are mentioned as 

the mean ± standard deviation. A probability of P < 0.05 was considered to be 

significant. 
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3. Results 

3.1.  Comparison of different cryopreservation methods 

The efficiency of 2-cell stage embryo freezing was compared by the vitrification 

and slow freezing methods. The development rate and the number of nucleus at 

blastocyst stage for frozen-thawed embryos were compared. Results showed that 

higher thawed embryo recovery rate and recovery rate of blastocysts were observed in 

slow freezing. However, there was no significant difference in the average number of 

nucleus in both groups. 
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Figure 5. Schematic design of embryo cryopreservation. 
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Figure 6. Images of in vitro cultured embryos after thawing. 

Different freezing methods were applied to cryopreserve 2-cell stage embryos. Left: 

vitrification and right: slow freezing, respectively (Scale bar = 100 μm). 

  

Vitrification Slow freezing 
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Figure 7. In vitro culture of frozen-thawed embryos at Day 4 obtained by PRNP KO 

rats and wild type rat, respectively.  

Arrows indicated blastocyst stage (Scale bar = 100 μm). 

  

PRNP KO WT 
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Table 3. Comparison of different freezing methods (vitrification and slow freezing) for 2-cell stage Sprague Dawley rat 

embryos 

 

 

a Values of results were expressed as the means ± SD. 

b, c Values in the same column with different superscripts are significantly different (P < 0.05). 

 

  

Freezing method 

No. of total 

cryopreserved 

embryos a 

Cryopreserved 

embryo recovery 

rate (%) a 

Blastocyst development 

rate of cryopreserved 

embryos (%) a 

Average No. of 

nucleus at 

blastocyst a 

Vitrification 252 ± 5.6 86.4 ± 5.5b 8.4 ± 7.8 21.4 ± 20.1 

Slow freezing 247 ± 5.8 98.7 ± 2.6c 14.9 ± 13.4 22.3 ± 14.3 
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3.2.  Generation of frozen-thawed pups by slow freezing 

To apply this freezing protocol to generate gene edited rats, PRNP KO female rats 

were induced superovulation and zygotes were collected to cryopreserve by slow 

freezing. Zygotes were cultured in vitro for overnight, and the 2-cell stage embryos 

were cryopreserved. After freezing-and-thawing, thawed embryos were transferred to 

recipient females and live pups were obtained. Sequencing results of pups were same 

as donors and this result showed embryo cryopreservation method could be applied to 

maintain rat species. 
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Figure 8. Sequencing analysis of newborn pups generated by frozen-thawed 

embryos. 

 

  

WT 

PNRP KO 



37 

Table 4. Generation of wild type and PRNP KO pups produced by frozen-thawed embryos 

 

Embryo donor Freezing method 
No. of total transferred 

frozen-thawed embryos 

No. of recipients 

(Pregnant/Total) 

No. of generated 

pups 

SD rat Slow freezing 59 1/2 (50%) 2 

PRNP KO rat Slow freezing 69 1/3 (33.33%) 2 
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4. Discussion 

 Embryo freezing is an important technique for preserving animal species [31]. As the 

number of gene edited animals have been increased over years, embryo freezing 

becomes more importance to date. There have been various studies using slow freezing 

and vitrification to efficiently cryopreserve rat embryos for a long time.  

 Vitrification is a simple method to freeze embryo without formation of ice crystals into 

cytoplasm [35, 36]. Additionally, it is widely used for rodent embryos because no 

machine such as a programmable freezer is required. However, the use of high 

concentrations of CPA can induce toxic damage to embryos.  

On the other hand, slow freezing takes a long time and requires a programmable freezer, 

but because of the relatively low CPA, the possible damage of embryo can be reduced 

[34]. Therefore, in this study, slow freezing was used to observe the effect on the rat 

embryo. As a result, it was confirmed that freezing was efficient by using the same 

method as studied. In addition, the genetically modified rats were successfully produced 

by using frozen-thawed embryos.  

In conclusion, rat embryos could be efficiently frozen by slow freezing and vitrification. 

These results could be helpful to preserve and maintain genetically modified animals.  
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FINAL CONCLUSION 

  



40 

This thesis was aimed to generate gene edited rats by CRISPR/Cas9 and electroporation 

method. Also, produced rats were successfully preserved by embryo slow freezing. 

Firstly, IAS was injected to immature SD rats to induce superovulation and a 

signification increase was found at 3-week-old rat for injecting 500 ul IP. This showed 

that IAS could induce superovulation for SD rats. 

Secondly, CRISPR/Cas9 was applied to produce PRNP KO rat. Cas9 protein and 

sgRNA were introduced into zygotes by electroporation. As a result, several pups were 

generated and showed indels at targeted loci. 

Finally, the efficiency of embryo freezing methods (slow freezing and vitrification) 

were investigated at 2-cell stage embryos. Slow freezing method showed higher 

blastocyst development rate in frozen-thawed embryos. In addition, by this method, 

PRNP KO pups could be produced by using freezing-thawed PRNP KO embryos.  

In conclusion, three technical parts were investigated to produce and maintain PRNP 

KO rats. These results could be useful to a variety of genome engineering technique and 

production of genetically modified animals.  
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국문초록 

 

CRISPR/Cas9 protein 을 이용한 

유전자 교정 랫드에서의 생산 및 보존 

 

진 윤 경 

(지도교수 : 장 구) 

 

서울대학교 대학원 

수의학과 수의산과∙생물공학 전공 

 

유전자 교정 동물은 유전 질환 연구와 치료제 개발을 위해서 중요한 

자원으로 활용된다. 랫드는 사육이 용이하고, 짧은 번식 주기를 가지며, 

많은 수의 산자를 생산하고, 마우스와 비교하여 사람과 생리학적 

유전학적으로 유사하다는 장점이 있다. 본 연구에서는 보다 효율적으로 
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유전자 교정 랫드를 생산하기 위하여, 과배란, 유전자 교정, 및 수정란 

동결 단계로 나누어서 실험을 수행하였다. 

 유전자 교정 랫드를 만들기 위해 첫번째로 마우스의 과배란에 사용되는 

인히빈 항 혈청 주사제를 용량 (200 μl 또는 500 μl)과 주사 방법 

(복강내 주사 또는 미정맥 주사)을 다르게 설정하여 미성숙 랫드 (21 일 - 

27 일령 또는 28 일 - 32 일령)에 주사하여 배란된 수정란의 개수를 

확인하였다. 그 결과, 21 일 - 27일령 군에서 500 μl 복강내 주사 군에서 

유의미한 정도의 수정란 수의 증가가 관찰되었다.  

랫드의 프리온 질환 모델 생산을 위하여 PRNP 유전자를 목표로 

설정하였다. 표적 위치를 선별하고 그 위치에 특이적으로 교정하기 위해 

CRISPR/Cas9 유전자 가위를 수정란 내에 Electroporation 방법으로 

주입하였다. 그 결과, 대리모에 2 세포기 수정란을 이식하여 3 마리의 

산자들을 얻을 수 있었다. 태어난 산자들의 꼬리에서 추출된 DNA 를 

이용하여 유전자형을 분석하여, 표적 위치의 염기 서열 변화가 관찰되었다. 

또한, 정상적인 생식 능력을 보유하여서 다음 세대로의 유전자형 전달이 

가능하였다.  

생산된 동물을 효율적으로 보존하기 위하여 수정란 동결 기술을 적용하여 

보았다. 완만 동결 방법을 사용하여 적절한 수정란 동결이 가능한지 
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확인하기 위하여, 야생형 랫드를 과배란 후 2 세포기 상태의 수정란을 

기존에 사용하였던 제작된 배지를 사용하여 동결하였다. 또한, 시판되는 

배지를 사용하여 급속 동결 또한 진행하였다. 동결란은 해동 후 실험실 

내에서 배양하여 배반포 단계까지 배양 후 그 발달 비율과 핵 수를 

확인하였다. 그 결과 완만 동결을 사용한 군에서 보다 높은 배반포의 핵 

수가 확인되었다. 또한, PRNP 유전자 위치 교정 랫드의 2 세포기 단계의 

수정란을 완만 동결하여 동결란을 해동 후 대리모에 이식하여 산자를 

생산할 수 있었다. 태어난 산자는 정상적인 신체 발달을 보였으며, 공여 

개체와 동일한 유전자형이 확인되었다. 

결론적으로, 본 연구에서는 PRNP 유전자 위치 교정 랫드를 생산하고 

보존하기 위하여 필요한 기술을 세가지 부분으로 나누어서 실험을 

진행하였으며, 그 결과 효율적으로 목표 동물을 생산할 수 있었다. 앞으로, 

생산된 동물을 활용하여 프리온 신경 질환과 관련된 연구를 진행할 수 있을 

것이다. 또한, 이 기술은 다양한 형태의 유전자 조작과 유전자 교정 동물을 

생산하는데 응용될 수 있을 것이라 기대한다.  

.........................................................................................  

주요어: 랫드, 과배란, 유전자 교정, 수정란 동결, 프리온 

학번: 2016-25150 
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