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Abbreviations 

3D: three-dimensional 

Actb: actin, beta 

Acvr1: activin A receptor, type 1 

Acvr2a: activin receptor IIA 

Acvr2b: activin receptor IIB 

ŬSMA: alpha smooth muscle actin 

B6: C57BL/6N 

CBF: ciliary beat frequency 

chr: chromosome 

CL: corpus luteum 

COC: cumulus oocyte complex 

D-MEM: Dulbeccoôs modified Eagleôs medium (high glucose) with L-glutamine and phenol red 

dsDNA: double-stranded DNA 

Esr1: estrogen receptor 1 

Esr2: estrogen receptor 2 

Fas: Fas cell surface death receptor 

FOB: foramen of ovarian bursa 

Fshb: follicle stimulating hormone beta 

Fshr: follicle stimulating hormone receptor 

Gnrh1: gonadotropin releasing hormone 1 

h: hour 

hCG: human chorionic gonadotropin 

h.p.o.: hour postovulation 

HE: hematoxylin-eosin 

Inha: inhibin alpha 

Inhba: inhibin beta-A 

Inhbb: inhibin beta-B 

IVF: in vitro fertilization 

Lhb: luteinizing hormone beta 

Lhcgr: luteinizing hormone/choriogonadotropin receptor 
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LOB: ligament of foramen of ovarian bursa 

lpr: lymphoproliferation 

min: minute 

Mmp2: matrix metallopeptidase 2 

Mmp9: matrix metallopeptidase 9 

MRL/+: MRL/MpJ 

MRL/lpr: MRL/MpJ-Faslpr/lpr 

MT: Massonôs trichrome staining 

OO: ovulated oocyte 

PB: phosphate buffer 

PBS: phosphate-buffered saline 

PCD: primary ciliary dyskinesia 

PFA: paraformaldehyde 

Pgr: progesterone receptor 

PMSG: pregnant mare serum gonadotropin 

PUR: oocyte pick-up rate 

qPCR: quantitative polymerase chain reaction 

ROI: region of interest 

RT: reverse transcription 

S/B: spleen weight to body weight ratio 

SE: standard error 

SEM: scanning electron microscopy 

SNV: single nucleotide variant 

TEM: transmission electron microscopy 

Timp1: tissue inhibitor of metalloproteinase 1 

UTR: untranslated region  
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Preface 

Infertility represents a worldwide problem in both the human and veterinary medicine. 

Human infertility underlies the public concern of declining birth rates in the developed country 

including Japan 50). The reproductive disorder in farm animals leads to serious economic loss in 

the livestock industry 28) and that in endangered animals leads to the failure of species preservation 
44). Mammalian infertility is caused by complex factors in individuals of both sexes. The causes 

of male infertility are primarily in the semen ejection and sperm problems in numbers, 

morphology, and motility 68). On the other hand, female infertility and reproductive disorder has 

more complex and various causes compared to the male one, including anatomical abnormalities 

of ovaries, oviducts and uterus, and abnormality of endocrine system and immune system 107,115). 

Therefore, approximately 20 to 30% of infertility cases in women are caused by medically 

unexplained factors 98). In veterinary medicine, female livestock animals such as cows and horses 

are the target of treatment for reproductive disorders that aims to improve their reproductive 

performance and achieve high productivity. However, 14 % of dairy cows are diagnosed with 

repeat breeders in Japan 151), which are defined as cows that fail to pregnant after three or more 

breeding attempts without any detectable abnormalities 41). 

There are many unexplained mechanisms underlying the physiological regulation and 

pathology of female reproductive functions such as ovulation, oocyte pick-up and transport by 

oviducts, implantation, and embryo development. Therefore, it is difficult to diagnose and treat 

all female infertility and reproductive disorders in medical and veterinary clinical environment. 

At present, sex hormonal tests, pelvic ultrasound imaging tests, and hysterosalpingography are 

generally performed to diagnose ovulation disorder, anatomical abnormality of the female 

reproductive organs, and the blockage of oviducts in women 9,97). In the infertile livestock animals, 

ultrasonography, body condition assessment, and behavioral checks are general diagnosing 

methods of female reproductive tracts 126). Based on the pointed causes, there are some treatment 

options such as hormonal medications, surgery, or assisted reproductive technology 133). On the 

other hand, there are no effective methods to detect the dysfunction of oocyte pick-up and 

transport by oviducts. Especially, the evaluation of oviducts in living animals is difficult to 

perform in the veterinary clinical field 57). However, the percentage of oviductal abnormalities in 

cows has been reported to range from approximately 2 to 60%, although which varied widely 

depending on the country where the examination was conducted 83). In the Spanish reports which 



4 
 

experimentally examined oviductal patency in repeat breeders, the 44% of repeat breeder Holstein 

cows had oviductal obstruction, which did not correlate with postpartum reproductive or 

metabolic diseases 35). It is suspected that the oocyte pick-up dysfunction may be involved in the 

pathogenesis of female infertility and reproductive disorder when various tests can not clinically 

determine the any abnormalities in the reproductive function 2,52). Although abnormality of ciliary 

beating of the oviductal epithelium in experimental rodents is necessary for oocyte pick-up 63,149), 

the pathogenesis of oocyte pick-up dysfunction and its relationship with the epithelial pathology 

has not been understood in the infertile cases of human and animals. To overcome the unexplained 

female infertility, the details of the oviductal pathology should be clarified by the basic research. 

Importantly, the disrupted immune system, as well as age and endocrine abnormality, is one 

of the risk factors of female infertility and reproductive disorder 130). In cows, bacterial and viral 

agents are causes of reproductive disorders, and Chlamydial and fungal infections directly impair 

the function of reproductive tracts 148). Furthermore, it is suggested that inflammation, rather than 

infection, reduces the fertility in the dairy cows 15). While pelvic inflammatory disease such as 

Chlamydial infection causes the local effect and structural disruption in reproductive tracts 

including the oviductal blockage and adhesions of oviducts to surrounding tissues 125), systemic 

disruption of immune system, i.e. autoimmune disease, causes the functional abnormality of 

women reproductive organs 61). Autoimmune disease has been reported to be involved in 

premature ovarian failure, endometriosis, polycystic ovary syndrome, and unexplained women 

infertility 43). Premature ovarian failure, defined by premature depletion of ovarian follicle before 

the age of 40 years 7), has been suggested to be associated with autoimmune reactions of 

lymphocytes and autoantibodies to ovarian steroid cells 13). The autoantibodies in women patients 

with autoimmune thyroid disease has been thought to increase risk of infertility 128). Thus, 

although it is clear that autoimmune disease affects the female reproductive function, the 

relationship between immune abnormality and oviductal function has not been elucidated. 

Herein, the thesis, which consists of four Chapters, explores the pathology and pathogenesis 

of oocyte pick-up dysfunction as the oviductal factors involved in immune abnormality-related 

female infertility by using autoimmune disease model mice. The first Chapter developed the 

histological method to evaluate the murine oocyte pick-up function and examined the relationship 

between oocyte pick-up dysfunction and autoimmune disease. The second Chapter examined the 

anatomical characters of the murine female reproductive tracts involving in facilitating oocyte 
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pick-up in the autoimmune disease model. The third Chapter clarified the unique phenotypes 

regulating ovarian functions in autoimmune disease model mice. The last Chapter investigated 

the ciliary morphofunction in the autoimmune disease model mice and its relationship with the 

pathogenesis of oocyte pick-up dysfunction. This study reveals the important relationship 

between immune abnormality and oviductal morphofunction, and proposes the novel pathological 

theory on female infertility and reproductive disorders in the field of human and veterinary 

medicine.   
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Introduction 

Mammalian female infertility is caused by morphofunctional changes in reproductive tract 

including ovary, oviduct, and uterus. These disorders in female reproductive tracts are triggered by 

abnormalities in genomic background, endocrine profile, metabolic condition, or immune system 107,115). 

Especially, a close relationship between female infertility and autoimmune diseases has been reported. 

For example, human patients with autoimmune diseases that are local, such as autoimmune hepatitis or 

autoimmune thyroid disease, or systemic, like multiple sclerosis and celiac disease, have increased risks 

of infertility 13). However, the pathological mechanism underlying autoimmune disease impairs the 

female reproductive process is not completely elucidated. In veterinary medical fields, it is unknown 

whether autoimmune disease or systemic immune abnormality relates to the pathogenesis of female 

reproductive disorders. 

Ovulation and oocyte pick-up is essential for the progression of fertilization, and any abnormality 

in these processes can cause female infertility 37,121). Mammalian oocytes are ovulated into the peritoneal 

or bursal cavity and picked-up by the infundibulum of the oviduct, defined as ñoocyte pick-upò. In 

human, ovulatory disorders and tubal abnormalities make up about 25% and 20% of female infertility, 

respectively 86,115,133), while approximately 20 to 30% of female infertility cases are caused by medically 

unexplained factors 98). In veterinary medical fields, ovulation disorder due to ovarian cysts is frequently 

diagnosed in cows 91), and obstruction of oviducts is occasionally found in cows and mares 51). Ovulation 

and oocyte pick-up is intricately regulated by multiple factors including sex hormonal dynamics and 

physical and temporal effects, so that the actual physiological mechanism of the process is not fully 

understood. Therefore, there is no reports on the relationship between autoimmune disease and the 

disorder of ovulation and oocyte pick-up. 

The previous report revealed the pathological relationship between autoimmune disease and 

ovarian function by using MRL/MpJ (MRL/+) strain mice, a representative murine model for 

autoimmune disease 92). The MRL/MpJ-Faslpr/lpr (MRL/lpr) strain bears the lymphoproliferation 

mutation (lpr) in the Fas cell surface death receptor (Fas) gene 105), causing severe phenotypes associated 

with spontaneous systemic autoimmune disease compared to MRL/+ mice, including splenomegaly, 

arthritis, vasculitis, and autoimmune glomerulonephritis 1), which are similar to human systemic lupus 

erythematosus exhibits more severe phenotypes compared to MRL/+ mice that are similar to human 

systemic lupus erythematosus 105). MRL/lpr mice manifested ovarian abnormalities characterized by a 

decreased number of ovarian follicles and corpora lutea, increased infiltrating lymphocytes within the 
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ovarian interstitium 92). Thus, the author hypothesized that these autoimmune disease-related female 

reproductive phenotypes affect oocyte pick-up and evaluated the relationship between oocyte pick-up 

and systemic autoimmune disease by histological examination of ovary and oviduct of MRL/+ strain 

model mice as well as C57BL/6N (B6) mice as healthy control. To investigate the decreased efficiency 

of oocyte pick-up by oviducts in MRL/lpr mice during the progression of autoimmune disease, the 

author developed a novel method to evaluate oocyte pick-up.  
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Materials and Methods 

Animals 

Animal experimentation was approved by the Institutional Animal Care and Use Committee of the 

Graduate School of Veterinary Medicine, Hokkaido University (Approval No. 15-0079). Experimental 

animals were handled in accordance with the Guide for the Care and Use of Laboratory Animals, 

Graduate School of Veterinary Medicine, Hokkaido University (approved by the Association for 

Assessment and Accreditation of Laboratory Animal Care International). Female B6, MRL/+, and 

MRL/lpr mice at 3 and 6 months of age were obtained from Japan SLC, Inc. (Shizuoka, Japan). Mice 

were confirmed to have normal estrus cycles by monitoring vaginal smears. It has been reported that 

MRL/+ mice exhibit regular estrous cyclicity, with each cycle lasting 4 to 7 days until 11 months of age. 

On the other hand, MRL/lpr mice were found to start to develop spontaneous autoimmune abnormality 

at 3 months 1) and lose estrous cyclicity after 6 months, as characterized by a prolonged diestrus period 

and a shortened estrus period 92). The mice were housed in plastic cages in groups at 18ÁC to 26ÁC under 

a 12 h light/dark cycle and had free access to commercial diet and water. All mice were euthanized by 

cutting of the carotid artery or cervical dislocation under deep anesthesia using a mixture of 

medetomidine (0.3 mg/kg), midazolam (4 mg/kg), and butorphanol (5 mg/kg). 

 

Evaluation of autoimmune disease condition 

Spleen were collected from euthanized mice in order to measure the spleen weight to body weight 

ratio (S/B), which serves as a marker of an autoimmune disease. In addition, anti-double-strand DNA 

(dsDNA) antibody levels in mice serum were measured to evaluate systemic autoimmune condition 

using Mouse Anti-dsDNA Igôs (Total A+G+M) ELISA kit (Alpha Diagnostic International, San Antonio, 

TX, USA) according to the manufacturer's instructions. 

 

Evaluation of ovulation and oocyte pick-up by the oviduct 

Superovulation treatment 

To evaluate ovulation and oocyte pick-up ability, superovulation treatment was performed because 

obtaining oocytes without superovulation is difficult, since the timing of ovulation is unsteady by the 

mouse. Pregnant mare serum gonadotropin (PMSG, ASKA Animal Health Co., Ltd., Tokyo, Japan) was 

injected intraperitoneally to mice (200 ÕL of 37.5 IU/mL gonadotropin per mouse). After 48 h of PMSG 

injection, these mice were injected intraperitoneally with the same dose of human chorionic 
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gonadotropin (hCG, ASKA Animal Health Co., Ltd.). After 24 h of hCG injection, the ovaries and 

oviducts were collected and immediately placed in 0.01 M phosphate buffered saline (PBS) until the 

next step.  

 

Measurement of oocyte pick-up rate by the oviduct. 

(a) Number of cumulus oocyte complexes (COCs): ñCOCsò were defined as oocytes picked-up by 

the infundibulum and found in the ampulla of oviducts. Under a stereoscopic microscope, oviducts 

were carefully stretched and cut off at uterine ostium from the uterus. On the glass dish, 300 ÕL of 

0.01 M PBS were perfused from the ostium of the infundibulum to the opening beside uterine 

ostium by using a 31G needle, COCs in ampulla were pushed out on the dish, and their numbers 

were counted.  

(b) Number of ovulated oocytes (OOs): The same mice used in the measurement of COCs were 

examined. ñOOsò were defined as oocytes before being picked-up. After counting COCs, ovaries 

were fixed with 4% paraformaldehyde (PFA) at 4ÁC overnight, embedded in paraffin, and cut into 

10 Õm-thick serial sections. Using serial hematoxylin-eosin (HE)-stained sections, the total number 

of ruptured follicles and hemorrhagic bodies, which had no oocytes inside of follicular antrum, 

were counted as alternative values reflecting OOs. Further, in MRL/+ and MRL/lpr mice, the total 

number of corpus luteum (CL) was added to the total number of ruptured follicles and hemorrhagic 

bodies to calculate the number of OOs.  

(c) Calculation of oocyte pick-up rate (PUR): From (a) and (b) values, the PUR was calculated as 

follows: PUR (%) = 100 Ĭ number of COCs (a) / number of OOs (b). 

 

Immunohistochemistry 

Ovaries were collected at three and six months of age and fixed with 4% PFA at 4ÁC overnight, 

embedded in paraffin, and cut into the 3 Õm-thick sections. Sections were incubated in 20 mM Tris-HCl 

(pH 9.0) for 20 min at 105ÁC. Sections were then soaked in methanol containing 0.3% H2O2. Sections 

blocked in 10% normal goat serum for 30 min at room temperature were incubated with rabbit anti-CD3 

(1:200, Nichirei, Tokyo, Japan) at 4ÁC overnight. After three washes in PBS, sections were incubated 

with biotin-conjugated goat anti-rat IgG antibody for 30 min, and washed and incubated with a 

streptavidin-biotin complex (SABPRO Kit, Nichirei, Tokyo, Japan) for 30 min at room temperature. 

Sections were then incubated with 3, 3ô ïdiaminobenzidine tetrahydrochloride-H2O2 solution, and 
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lightly stained with hematoxylin. To quantify the degree of T-cell infiltration in the infundibulum, the 

number of CD3-positive T-cells per 1 Õm2 was counted using the BZ-X Analyzer of the BZ-X710 

Fluorescence Microscope (Keyence, Osaka, Japan). 

 

Ultrastructural analysis 

For scanning electron microscopy (SEM), a perfusion fixation was performed on B6 and MRL/lpr 

mice at 3 and 6 months of age. The caudal vena cava was cut and released under deep anesthesia and 20 

mL of PBS and half-Karnovskyôs fixing solution (2.5% glutaraldehyde, 2% PFA, 0.1 M phosphate buffer 

(PB), pH 7.4) perfused from the left ventricle to the whole body. To observe the infundibulum, ovaries 

and oviducts were collected and carefully detached from each other. Glutaraldehyde-fixed oviducts were 

post-fixed with 1% osmium tetroxide in 0.1 M PB for 1 h at 4ÁC, kept in 1% tannic acid for 1h, and 

post-fixed with 1% osmium tetroxide for 1 h. Specimens were dehydrated through graded alcohol, 

transferred into 3-methylbutyl acetate and dried using an HCP-2 critical point dryer (Hitachi, Tokyo, 

Japan), and observed on an S-4100 SEM (Hitachi) after ion-spatter coating. 

 

Statistical analysis 

Results are expressed as mean Ñ standard error (SE) and statistically analyzed in a non-parametric 

manner. Data between two groups were compared using the Mann-Whitney U-test (P < 0.05). The 

Kruskal-Wallis test was used to compare data among three or more groups. Multiple comparisons were 

performed using Scheff®ôs method when significant differences were observed overall (P < 0.05). 

Correlations between two parameters were analyzed using Spearmanôs correlation test (P < 0.05). The 

statistical analysis was conducted in JMP 14.2.0 (SAS Institute Inc., Cary, North Carolina, USA). 
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Results 

Indices of autoimmune disease 

For autoimmune disease indices, the S/B in MRL/lpr mice was highest among strains at both 3 and 

6 months of age, and increased significantly at 6 months compared with 3 months (Figure 1-1A). Serum 

levels of anti-dsDNA antibody were also significantly higher in MRL/lpr mice at both 3 and 6 months 

than the other strains (Figure 1-1B). As described previously 92), numerous CD3-positive T-cells were 

observed in the ovarian interstitium of MRL/lpr mice at 3 months, that were more prominent at 6 months 

(Figure 1-1C). However, they were scarce in B6 and MRL/+ mice at both ages. The number of CD3-

positive T-cells in ovaries was measured by histoplanimetry. MRL/lpr mice showed the highest values 

at both ages, while increased significantly at 6 months compared with 3 months (Figure 1-D). Thus, 

autoimmune disease phenotypes were obvious in MRL/lpr mice and worsened at 6 months. 

The similar results were previously obtained in our earlier study 92). However, because this MRL/lpr 

strain shows individual differences in autoimmune disease phenotypes, it is quite important to evaluate 

the autoimmune abnormalities and the inflammatory conditions in the female genital systems by using 

several indices, including the S/B and the T-cell numbers in the ovary, in each experiment. Furthermore, 

in the present study, by using these autoimmune phenotype indices, the correlation between the systemic 

or local autoimmune condition and the ovulation or oocyte pick-up function were analyzed in each 

mouse. 

 

Ovulation and oocyte pick-up 

At 3 months, the numbers of both OOs and COCs in MRL/+ and MRL/lpr mice were significantly 

higher than that in B6 mice (Figure 1-2A and B). At 6 months, the numbers of both OOs and COCs in 

MRL/lpr mice were significantly reduced compared to 3 months. However, the numbers of both OOs 

and COCs in B6 and MRL/+ mice showed no significant age-associated difference. The PUR calculated 

based on the measured numbers from Figure 1-2A and B (Figure 1-2C). The PUR did not change with 

the age of B6 (96 Ñ 2.9 % at 3 months, 86.0 Ñ 5.0 % at 6 months) and MRL/+ mice (157.2 Ñ 9.7 % at 3 

months, 131.0 Ñ 15.7 % at 6 months). However, the PUR in MRL/lpr mice declined significantly at 6 

months (94.0 Ñ 3.6 % at 3 months, 63.0 Ñ 9.6 % at 6 months). 

Given that the PUR of MRL/+ mice was over 100%, the author considered the possibility that 

MRL/+-background mice displayed premature CL formation. The author therefore counted the CLs in 

addition to the numbers of ruptured follicles and hemorrhagic bodies, in MRL/+ and MRL/lpr mice 



14 
 

(Figure 1-2D). Furthermore, the PUR was calculated, including the number of CLs (Figure 1-2E). This 

value in MRL/+ mice approached 100% (98.8 Ñ 8.2% at three months, 81.0 Ñ 9.7% at six months) 

compared to the results in Figure 1-2C. However, the PUR including CL was significantly lower in 

MRL/lpr mice (72.6 Ñ 3.5% at three months, 45.6 Ñ 7.2% at six months) than in B6 and MRL/+ mice at 

both ages. Furthermore, this value in MRL/lpr mice significantly declined with age. 

 

Correlations between the indices of ovulation or oocyte pick-up and autoimmune disease 

To confirm whether autoimmune disease can affect ovulation and the oocyte pick-up of the oviduct, 

the author performed correlation analyses (Table 1-1). The number of OOs positively and negatively 

correlated with S/B in B6 and MRL/lpr mice, respectively. Furthermore, the number of T-cells in the 

ovary and the levels of serum anti-dsDNA antibodies positively correlated with those in B6 and in all 

mice used in the study, respectively. The number of OOs including those of CLs and of COCs had the 

same correlation pattern with autoimmune disease parameters. However, the PUR of all mice and of 

MRL/lpr mice were significantly negatively correlated with S/B and with the number of T-cells in the 

ovary, respectively; this rate, however, also showed a positive correlation with the levels of serum anti-

dsDNA antibodies in MRL/lpr mice. Furthermore, the PUR including CL negatively correlated with all 

three autoimmune disease parameters in all mice. In MRL/lpr mice, this rate negatively correlated with 

S/B only. 

 

Ultrastructure of the infundibulum 

Next, the author examined the ultrastructure of the infundibulum epithelium in B6 and MRL/lpr 

mice. The infundibulum in all mice resembled an elliptical dome with folds, and the fissure-like 

abdominal opening of oviducts was observed at the center of infundibulum (Figure 1-3A-H). At 6 

months, the infundibulum of MRL/lpr mice at both stages of the cycle swelled up widely in the ovarian 

bursa compared with that of B6 mice at each stage. When studying the surface of the infundibulum 

(Figure 1-3Aô-Hô), the author observed that it was covered by numerous ciliated epithelial cells and 

some secretory cells. At both estrus and anestrus, the orientation of the cilia in MRL/lpr mice showed 

randomized patterns. These differences were more noticeable at 6 months, and led to a rougher epithelial 

surface in MRL/lpr mice compared to that in B6 mice. Further, at anestrus, the numbers of ciliated 

epithelial cells and secretory cells covering the surface were lower and higher, respectively, in MRL/lpr 

mice at 6 months compared to those in MRL/lpr mice at 3 months and B6 mice at 6 months. 
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Discussion 

First, consistent with previous reports 147), the number of both OOs and COCs was significantly 

higher in MRL/+-background mice compared to that in B6 mice after superovulation treatment. The 

process from follicular development to ovulation is ingeniously controlled by several hormones, 

including inhibin and activin that are produced in the ovary, or by anterior pituitary hormones 102). In 

mammals, genetic traits carrying on these hormonal regulation affects the ovulation process. Therefore, 

high ovulation number in MRL/+-background mice thought to be derived from several genetic factors 

related to the ovulation process. On the other hand, a significant age-related decrease was observed in 

MRL/lpr mice, which manifested a severe autoimmune disease phenotype. These results indicate that 

the MRL/+ genomic background results in high ovulation; however, a significant age-related decrease 

of these features in MRL/lpr mice might be caused by autoimmune disease because of the lpr mutation 

in Fas. 

With regard to ovulation, the number of OOs showed a positive correlation with the S/B and the 

number of T-cells in the normal control, B6 mice. Increasing evidence suggests that the success of female 

reproduction depends on the fine balance between inflammatory and anti-inflammatory processes and 

on various immune cells including T-cells 152). Accordingly, T-cells might play a positive physiological 

role in murine ovulation. Further, the serum level of anti-dsDNA antibodies positively correlated with 

the numbers of both OOs and COCs in all mice used in the present study. The serum level of anti-dsDNA 

antibodies is one of the hallmarks indicating autoimmune disease progression, and this level increased 

significantly in 6-month mice in our study. However, these antibodies do not completely correlate with 

the progression of autoimmune disease 79). Anti-dsDNA antibodies are produced by immune cells 

through the recognition of dsDNA derived from dead cells 27). Therefore, the changes in systemic or 

local ovarian conditions through folliculogenesis and ovulation might cause the physiological increase 

in serum anti-dsDNA antibody levels in mice. However, the number of OOs in MRL/lpr mice negatively 

correlated with S/B. Moreover, Fas-mediated cell death is involved in the maintenance of follicular 

development in mice 104). Taken together, an excessive immune response and/or abnormal apoptosis due 

to the lpr mutation might alter the ovulation function in MRL/lpr mice. 

In this study, the PUR was used as the index for measuring the pick-up function of the oviduct. Our 

result showing that the normal control strain, B6 mice, had approximately 100% of the PUR, indicates 

the accuracy of this novel method for oocyte pick-up evaluation in mice. Interestingly, the PUR was 

over 100% in MRL/+ mice. This result leads to the speculation that several ruptured follicles could not 
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be found on histological sections because ovulated follicles develop into CLs more quickly in MRL/+-

background mice than in B6 mice. Several studies indicate that MRL/+ mice show unique repair abilities 

in various tissues 38,110), suggesting the possibility that MRL/+ mice present an earlier repair process of 

ruptured follicles. Therefore, the author also counted the number of CLs in MRL/+-background mice, 

resulting in nearly 100% of the PUR in MRL/+ mice. Therefore, in MRL/+-background mice, the values 

of the PUR calculated including the number of CLs would be more accurate than the values calculated 

only with ruptured follicles. This result indicates that MRL/+-background mice have a unique ability to 

repair the ovulated regions in their ovary, which is investigated in detail in Chapter 3. 

Remarkably, at 6 months, the PUR of only MRL/lpr mice was significantly decreased compared to 

that of 3-month-old mice, and showed negative correlations with indices of autoimmune disease even 

after the inclusion of the CL number in this calculation. This result indicates that the pick-up function 

was reduced with the progression of autoimmune disease. Although MRL/+ mice also showed an 

exacerbation of the autoimmune disease phenotype with aging, only MRL/lpr mice showed a reduction 

in the PUR. Therefore, only severe immune defects, such as the significant local infiltration of 

inflammatory cells, or abnormal apoptosis due to the lpr mutation in Fas might affect the pick-up 

function in MRL/lpr mice.  

There are considerable species-specific differences in the morphology of the oviduct. For example, 

the infundibulum of mice is much smaller than the ovary, while that of rabbits is large enough to cover 

much of the ovary 29). The infundibular smooth muscle contraction does not appear to be necessary for 

oocyte pick-up in rabbits 42), while this is unknown in mice. Owing to the small size of the infundibulum, 

it is more likely that the smooth muscle moves the infundibulum along the ovary surface in the ovarian 

sac in mice. Ultrastructurally, the infundibulum of MRL/lpr mice at 6 months extended widely in an 

abnormal manner within the ovary bursa, and this macroscopic morphological abnormality may interfere 

with the movement of the entire infundibulum for the finding and pick-up of oocytes. In addition to 

muscular contraction of infundibulum, both ciliary beating and adhesion between the oviductal 

epithelium and the COCs involves in oocyte pick-up 89). In MRL/lpr mice at 6 months, the ciliated 

epithelial cells of the infundibulum were fewer in number than in same aged B6 mice and the 

arrangement of cilia was randomized. The regular swinging movement of cilia toward the ostium plays 

a key role in transferring oocytes into the ampulla 26,108,121), suggesting that an altered ciliary morphology 

in MRL/lpr mice may induce the oocyte pick-up dysfunction. Therefore, in Chapter 4, the author 

investigates the relationship between ciliary morphofunction and the oocyte pick-up dysfunction in 
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MRL/lpr mice in detail. 

The decreased PUR in MRL/lpr mice suggests a failure of oocyte pick-up into the abdominal ostium 

of the oviduct; however, in mice, the oocytes are prevented from escaping into the peritoneal cavity 

because both the ovary and the oviduct are surrounded by the mesovarium, and connected by the ovarian 

bursa 29). Therefore, in Chapter 2, the author investigates the anatomical features of the murine 

mesovarium and suggests the fate of the oocytes that fail to enter the ostium. Furthermore, the number 

of pups in MRL/lpr mice was similar to that in B6 and MRL/+ mice (data not shown), the accurate 

fertility rate was evaluated based on the oocyte pick-up rate. The author has to consider the possibility 

that superovulation may affect or enhance the progression of autoimmune disease or the oocyte pick-up 

in mice. Further studies are needed to clarify the oocyte pick-up rate in relationship to the nature of 

ovulation in MRL/lpr mice. 

 In conclusion, the author demonstrated the correlation between the progression of autoimmune 

disease and the function of ovulation or oocyte pick-up. Some reproductive disorders caused by 

unexplained causes in livestock animals would involve the oviductal dysfunction due to the altered 

systemic immune system. Our findings provide a new viewpoint in understanding unexplained female 

infertility and reproductive disorders.  
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Summary 

Ovulation and oocyte pick-up are essential processes in fertilization. Herein, the author investigated 

the relationship aforementioned processes and systemic autoimmune disease. At 3 and 6 months, along 

with the evaluation of autoimmune disease indices, the ovary and oviduct were histologically examined 

in B6, MRL/+, and MRL/lpr mice as healthy control, mild and severe models of autoimmune disease, 

respectively. MRL/lpr mice showed early and late autoimmune disease stages at 3 and 6 months of age, 

respectively. In superovulated mice, the number of COCs found in the ampulla was macroscopically 

counted, and that of OOs were histologically evaluated, as indicated by ruptured follicles or hemorrhagic 

bodies in ovaries. Finally, the PUR was calculated. In MRL/lpr mice, the PUR decreased with the 

deterioration of diseases, unlike in other mouse strains. Further, more ovulated oocytes were found in 

MRL/+ mice than in B6 mice, and this number significantly decreased with aging in MRL/lpr mice. The 

infundibulum in aged MRL/lpr mice showed swelling and decreased ciliated epithelial cells compared 

to that of B6 mice. In conclusion, the author developed the novel method to evaluate murine oocyte 

pick-up function. In addition, these results in Chapter 1 revealed that the progression of severe 

autoimmune disease disturbed the ovulation and oocyte pick-up process with pathological changes of 

the infundibulum.   
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Table 1-1. Spearmanôs correlation coefficient (ɟ) between the number of ovulated oocytes or cumulus oocyte complexes, or oocyte pick-up rate and 

the autoimmune disease parameters 

 Strains 
Parameters 

S/B T-cells in ovary Anti-dsDNA antibody 

OOs 

All mice (+CL) -0.100 (-0.074) 0.084 (0.071) 0.505** (0.608**) 
B6 0.627** 0.676** 0.344 

MRL/+ (+CL) 0.414 (0.568) -0.031 (-0.139) -0.261 (-0.271) 

MRL/lpr (+CL) -0.428* (-0.512*) -0.062 (-0.214) 0.366 (0.387) 

COCs 

All mice 0.051 -0.061 0.525** 
B6 0.294* 0.559* 0.055 

MRL/+ 0.013 -0.188 -0.271 

MRL/lpr -0.559** -0.322 0.395 

PUR 

All mice (+CL) -0.640** (-0.670**) -0.548** (-0.608**) -0.003 (-0.403**) 
B6 -0.047 -0.208 -0.278 

MRL/+ (+CL) -0.089 (0.051) -0.134 (-0.212) -0.025 (-0.074) 

MRL/lpr (+CL) -0.640** (-0.465*) -0.471* (-0.291) 0.466* (0.425) 

*: P < 0.05, **: P < 0.01. B6: C57BL/6; MRL/+: MRL/MpJ; MRL/lpr: MRL/MpJ-Fas
lpr/lpr
; OO: ovulated oocyte; COC: cumulus oocyte complex; 

PUR: oocyte pick-up rate; +CL: values when the number of corpus luteum is accounted; S/B: spleen weight to body weight ratio; dsDNA: double-

stranded DNA. 
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Figure 1-1. Autoimmune disease indices of mice at 3 and 6 months. 
(A) Spleen weight to body weight ratio (S/B). 
(B) Serum levels of anti-double-stranded DNA (dsDNA) antibody. 
(C) Localization of CD3-positive T-cells in mouse ovaries. Immunohistochemistry. Insets show 
magnified ovarian interstitium. Numerous positive cells are observed in the MRL/lpr mouse ovary, 
especially at 6 months of age. Bars = 50 Õm. 
(D) Number of CD3-positive T-cells in mouse ovaries. 
Data are the mean Ñ SE (n Ó4). *: comparison with the other strains at the same age (Kruskalï
Wallis test followed by Scheff®'s method, P < 0.05). À: significant age-related difference in the 
same strain (Mann-Whitney U-test, P < 0.05). B6: C57BL/6N, MRL/+: MRL/MpJ, MRL/lpr: 
MRL/MpJ-Faslpr/lpr.  
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Figure 1-2. Ovulation and oocyte pick-up indices of mice at 3 and 6 months. 
(A) Number of ovulated oocytes (OOs). 
(B) Number of cumulus oocyte complexes (COCs). 
(C) Oocyte pick-up rate (PUR).  
(D) Number of OOs in MRL/+ and MRL/lpr mice included the number of corpus luteum (CL).  
(E) PUR calculated from (D).  
Data are the mean Ñ SE (n Ó4). *: comparison with the other strains at the same age (Kruskalï
Wallis test followed by Scheff®'s method, P < 0.05). À: significant age-related difference in the 
same strain (Mann-Whitney U-test, P < 0.05). Line in graph (C) indicates significant. B6: 
C57BL/6N, MRL/+: MRL/MpJ, MRL/lpr: MRL/MpJ-Faslpr/lpr.  
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Figure 1-3. Ultrastructural differences in the infundibulum in mouse oviducts among different 
estrus stages, strains, and ages. 
(A-H) Morphological features of the infundibulum at estrus and anestrus stages in B6 and 
MRL/lpr mice are shown by scanning electron microscopy. As shown using bidirectional arrows 
in (F and H), in MRL/lpr mice at 6 months of age, the infundibulum expands in the ovarian bursa. 
The white squares in (A-H) are magnified in (Aô-Hô), respectively.  
(Aô-Hô) The epithelium is covered with abundant cilia (arrows), and some secretory cells are 
observed (asterisks). 
White bar = 100 Õm. Black bar = 10 Õm. B6: C57BL/6N, MRL/+: MRL/MpJ, MRL/lpr: 
MRL/MpJ-Faslpr/lpr.  
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Chapter 2 

 

Anatomy and histology of the foramen of ovarian bursa opening to the peritoneal cavity 

and its changes in autoimmune disease-prone mice  
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Introduction 

In Chapter 1, the author revealed that MRL/lpr mice suffer a reduction in oocyte pick-up by 

the oviductal infundibulum, resulting due to the progression of their systemic autoimmune 

conditions. Furthermore, it was also revealed that the ruptured follicles and hemorrhagic bodies 

counts in whole-serial-sectioned ovaries, accounting for OOs, exceeded the count of COCs in the 

oviductal ampulla picked-up by the oviductal infundibulum of MRL/lpr mice at 6 months of age 

with severe autoimmune abnormalities. These results indicate the possibility that the oocytes 

which progress into the ovarian bursa of mice are expelled into the peritoneal cavity through the 

small peritoneal opening in the ovarian bursa. However, only a few anatomical and histological 

studies of the murine ovarian bursa are available to confirm this hypothesis. Hence, in this Chapter, 

the author visualized and analyzed the structure of the ovarian bursa of three murine models: B6, 

MRL/+, and MRL/lpr mice at 3 and 6 months of age.  

The ovaries originate from the gonadal primordium, located in the lumbar region on the 

medial surface of mammalian mesonephros 66). Moreover, the oviducts and uterus develop from 

the M¿llerian ducts 142) and play crucial roles in female reproduction. The ovaries and oviducts 

are suspended within the mesovarium and mesosalpinx, respectively. These are the cranial parts 

of the broad ligament, ligamentum latum uteri, which is the common double-folded suspension 

of the mammalian female genital tract to the abdominal wall 66). The ovarian ligaments and the 

proper ligament of the ovary, ligamentum ovarii proprium, connect each ovary to the lateral side 

of the uterus 23). The mesovarium, mesosalpinx, and the proper ligament of the ovary enclose a 

small peritoneal cavity, termed the ovarian bursa, bursa ovarica, which surrounds the ovary and 

oviductal infundibulum 66).  

The anatomical characteristics of the ovarian bursa, as well as ovulation rates, vary 

depending on the animal species. In cows, ovulation produces one oocyte at a time 95), and the 

mesosalpinx surrounds the ovary like a mantle and forms a voluminous ovarian bursa with a wide 

cranio-ventromedial opening 10). In mares, ovulation produces one oocyte at a time 36), and the 

ovary is too large to be located within the ovarian bursa 66). In female dogs, multiple ovulations 

produce about 5 to 7 oocytes at a time 82), and the ovarian bursa completely encompasses the 

ovary within the foramen of ovarian bursa (FOB, foramen bursae ovaricae), which is a narrow 

slit-like opening to the peritoneal cavity 66). Female human have no bursal structure around the 

ovaries 8,87). Finally, in mice, the ovulation rate is about eight at once, although the ovulation rate 
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varies depending on the mouse strain 95), the ovaries are completely surrounded by the ovarian 

bursa, which has a small peritoneal opening 137). 

The ovarian bursa is thought to play a role in preventing ovulated oocytes from escaping into 

the peritoneal cavity, thus facilitating the transport of ovulated oocytes into the oviduct and 

assisting effective fertilization 153). Furthermore, surgical removal of the ovarian bursa 

surrounding the ovary of rodents leads to a reduction in the number of oocytes picked-up by the 

oviductal infundibulum within the oviduct 59,132). Based on the aforementioned anatomy and 

function of the murine ovarian bursa, it has been suggested that the oocytes produced in the 

ovaries rarely escape into the peritoneal cavity in mice.  

In this Chapter, based on the anatomical and histological examinations of the mesovarium 

and mesosalpinx, all strains were confirmed to have the FOB within the mesosalpinx connecting 

oviduct and uterus. The author also found the histological characteristics of the mesosalpinx 

surrounding the FOB, which is named the ligament of FOB (LOB). Moreover, the LOB differs 

from other parts of the mesosalpinx, as the LOB is partially lined with cuboidal mesothelial cells 

and consists of a thick smooth muscle layer in all strains. In 6-month-old MRL/lpr mice with 

severe autoimmune disease, although the LOB prevented the infiltration of immune cells, it 

showed fibrosis; moreover, the FOB size in some of these mice was markedly larger than that of 

other strains and 3-month-old MRL/lpr mice. These results provide insight on the fate of the 

oocytes that fail to enter the ostium in MRL/lpr mice.  
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Materials and Methods 

Animals 

Animal experimentation was approved by the Institutional Animal Care and Use Committee 

of the Graduate School of Veterinary Medicine, Hokkaido University (Approval No.15-0079), 

and the School of Veterinary Medicine, Rakuno Gakuen University (Approval No. VH19A6). 

Animals were handled in accordance with the Guide for the Care and Use of Laboratory Animals, 

Graduate School of Veterinary Medicine, Hokkaido University, Japan (approved by the 

Association for Assessment and Accreditation of Laboratory Animal Care International), and with 

the Guide for the Care and Use of Laboratory Animals, Rakuno Gakuen University, Japan. Female 

B6, MRL/+, and MRL/lpr mice at 3 and 6 months of age were obtained from Japan SLC, Inc. The 

estrous cycle of each mouse was confirmed by monitoring vaginal smears. The housing and 

euthanization of mice were performed as done in Chapter 1. 

 

Stereomicroscopical and histological observation of mice female reproductive tract 

The experiment was performed in Rakuno Gakuen University. The female reproductive tract, 

including ovaries, oviducts, and a cranial part of the uterus were collected from mice. The 

morphology of these organs kept in 0.01M PBS and were observed under a stereo microscope. 

After observation, the organs were fixed with 4% PFA at 4ÁC overnight, embedded in paraffin, 

and cut into 3 Õm-thick sections for immunohistochemistry and Massonôs trichrome staining 

(MT). 

 

India ink injection into the ovarian bursa 

The experiment was performed in Rakuno Gakuen University. The female reproductive tract, 

including ovaries, oviducts, and a cranial part of the uterus, were collected from mice. A total of 

10 to 20 ÕL India ink was injected into the ovarian bursa by inserting a glass capillary or 35G 

needles, and the leakage of India ink through the FOB was observed. 

 

Ultrastructural analysis of mice female reproductive tract 

The experiment was performed in Rakuno Gakuen University. For SEM, the female 

reproductive tract, including ovaries, oviducts, and a cranial part of the uterus were removed from 

mice during the estrus cycle and fixed using half-strength Karnovskyôs fixing solution. After six 
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washes in 0.1 M PB, these organs were post-fixed with 1% osmium tetroxide in 0.1 M PB for 2 

h at room temperature. After six washes in distilled water, the specimens were subjected to 

conductive treatment by 5% BEL-1 (Nisshin EM Co. Ltd., Tokyo, Japan) in 70% ethanol for 2 h 

at room temperature. Specimens were dried completely and examined using a S-2460N scanning 

electron microscope (Hitachi, Tokyo, Japan). Samples were sputter coated with gold using the 

ion-sputter E102 (Hitachi). 

 

Area measurement of the opening of ovarian bursa using three-dimensional reconstruction 

The experiment was performed in Rakuno Gakuen University. The ovaries, oviducts and the 

cranial part of the uterus were collected from mice during estrus. These organs were fixed with 

4% PFA and kept at 4ÁC overnight. They were then embedded in paraffin and cut into 12 Õm-

thick whole serial sections. The serial hematoxylin and eosin-stained sections were used for both 

the histological observation and the three-dimensional (3D) reconstruction of the female 

reproductive organs. The 3D reconstruction was processed using Fiji software, which is an image 

processing package of ImageJ (National Institutes of Health, Bethesda, Maryland, USA), and 

Image Pro software (Media Cybernetics Inc., Rockville, Maryland, USA). The alignment of each 

pictured section in whole serial sections was adjusted by the Register Virtual Stack Slices plugin 

provided in Fiji (National Institutes of Health). Based on these aligned 2D pictures of the female 

reproductive tract, 3D geometrical models of female reproductive tracts were created using the 

Image Pro software (Media Cybernetics Inc.). The peritoneal side of the FOB observed in these 

3D models was measured using Image Pro software (Media Cybernetics Inc.). 

 

Immunohistochemistry 

The experiment was performed in Hokkaido University. Immunohistochemistry was 

performed as done in Chapter 1. The 3 Õm-thick sections of female reproductive organs of mice 

during estrus were used. For antigen retrieval, 20 mM tris-HCl (pH 9.0) (for B220, B cell marker; 

CD3, T cell marker; Foxp3, regulatory T cell marker), or 10 mM citrate buffer (pH 6.0) (for Iba1, 

macrophage marker; Lyve1, lymphatic vessel marker; alpha smooth muscle actin (ŬSMA), 

smooth muscle cell marker) were used. After washing and blocking, sections were incubated with 

rat anti-B220 (1:1600, Cedarlane, Ontario, Canada), rabbit anti-CD3 (ready to use, Nichirei 

Bioscience Inc., Tokyo, Japan), rabbit anti-Iba1 (1:1,200, FUJIFILM Wako Pure Chemical Co., 
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Ltd., Osaka, Japan), rat anti-Foxp3 (1:100, Thermo Fisher Scientific K.K., Tokyo, Japan), rabbit 

anti-Lyve1 (1:500, AdipoGen Inc., San Diego, California, USA) or rabbit anti-ŬSMA (1:3,000, 

Abcam Co. Ltd., Cambridge, UK). After washing, sections were incubated with biotin-conjugated 

goat anti-rabbit IgG (SABPRO Kit, Nichirei Co., Ltd., Tokyo, Japan), or goat anti-rat IgG 

antibody (1:150, BioLegend Inc., San Diego, California, USA). After washing, sections were 

incubated using a streptavidin-biotin complex. Sections were then incubated with 3, 3ǋ ï

diaminobenzidine tetrahydrochloride-H2O2 solution, and lightly stained with hematoxylin. 

 

Statistical analysis 

Results are expressed as the mean Ñ SE. Statistical analysis was performed as done in Chapter 

1.  
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Results 

The morphology of the peritoneal opening of the ovarian bursa of mice 

Under the stereomicroscope, it was found that there was common positional anatomy of the 

female reproductive tract among the three strains at both ages, and both the left and right ovaries 

were located on the cranial side of the oviducts, folded like a coil connecting to the uterus (Figure 

2-1). Most parts of the ovaries in all mice were covered by continuous mesovarium and 

mesosalpinx. Notably, MRL/+ mice at 6 months of age developed ovarian cysts (Figure 2-1) 65). 

In the magnified stereomicroscopical observations, the oviducts folded like a coil by the 

mesosalpinx were clearly observed in the female reproductive tract of all strains. The coiled 

oviducts were connected to the cranial part of the uterus by the mesosalpinx, which surrounded 

the slit-shaped peritoneal openings in the ovarian bursa. Both the left and right ovaries had 

peritoneal openings generally less than 1 mm in length, which were commonly observed at the 

same position of the female reproductive tract of all strains at both ages. The slit-shaped peritoneal 

opening in the ovarian bursa of the mouse is named the FOB, based on the anatomical vocabulary 

of the narrow slit-like opening observed in the ovarian bursa of female dogs 66). The mesosalpinx 

surrounding the murine FOB is named the LOB (ligament of ovarian bursa). Some, but not all, of 

the ovarian bursa of the 6-month-old MRL/lpr mice exhibited a larger FOB than that of other 

individuals. Furthermore, the oviductal infundibulum enclosed the ovarian bursa and was 

observed from the peritoneal side, as shown in the FOB of the right side ovaries of MRL/lpr mice 

at 6 months of age in Figure 2-1. The India ink injected into the ovarian bursa leaked through the 

FOB in the three strains at both ages (Figure 2-2 and Movie 2-1). 

The ultrastructure of FOB was also observed in all strains (Figure 2-3). As shown through 

stereomicroscopical observations, the FOB in mice was surrounded by the LOB, which was slit-

shaped or had a slightly expanded ellipsoid shape. Furthermore, mesothelial cells lining the LOB 

in B6 and MRL/+ mice exhibited spherical dome-like morphology (Figure 2-3, arrowheads in 

insets). In MRL/lpr mice, the mesothelium of the LOB had a deeply tangled surface. The 

ultrastructural differences of the FOB between the left and right sides were not observed. 

The female reproductive tract reconstructed in 3D by superimposing the images of their 

whole serial sections reproduced the morphology of the FOB in the mesothelium (Figure 2-4A). 

Furthermore, the author measured the peritoneal side area of the FOB (Figure 2-4B). Although 

the area was approximately 0.04 to 0.12 cm2 and had no significant differences among strains at 
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both 3 and 6 months of age, MRL/lpr mice at 6 months of age tended to have a larger FOB size 

than other strains at the same age. 

 

The histology of the LOB of mice 

The presence of the FOB in all strains was confirmed in the histological sections shown in 

Figure 2-5. The whole serial sections of the female reproductive tract of mice revealed that the 

ovarian bursa did not have apertures that were continuous with the peritoneal cavity, other than 

the FOB (data not shown). This histological observation also showed that the FOB was 

surrounded by the LOB connecting the isthmus or ampulla of the oviducts and the cranial part of 

the uterus. The epithelium of the LOB facing the FOB was lined with mesothelial cells, which 

were, in part, cuboidal epithelial cells (Figure 2-5). Significant histological differences in the LOB 

were not observed among the strains at both 3 and 6 months of age and the left and right sides. 

 

The distribution of smooth muscle cells and collagen fibers in the LOB of mice 

Immunohistochemical analysis identified smooth muscle cells as the cell types that compose 

the connective tissue under the epithelium of the LOB (Figure 2-6). To examine the distribution 

of the collagen fibers in the LOB, MT staining was performed (Figure 2-6, MT). In the LOB of 

B6 mice at both 3 and 6 months of age, the thick collagen fibers were distributed underneath the 

mesothelium and between smooth muscle layers (Figure 2-6). In the LOB of MRL/+ mice at 3 

and 6 months of age, as well as in MRL/lpr mice at 3 months of age, the distribution of thick 

collagen fibers was not significant. However, it was observed that the thick and dense aniline 

blue+ collagen fibers were distributed underneath the mesothelium and partially between the 

smooth muscle layers in the LOB of MRL/lpr mice, at 6 months of age (Figure 2-6). 

 

The distribution of immune cells in the LOB of mice 

To examine the effect of the inflammation in the LOB of the mice, the author performed 

immunohistochemistry to detect B cells, T cells, macrophages, and regulatory T cells. In the 

mesosalpinx folding the isthmus, there was marked infiltration of immune cells, including B220-

positive B cells, CD3-positive T cells, and Iba1-positive macrophages (Figure 2-7). In MRL/lpr 

mice at both 3 and 6 months, compared to the other strains, a larger distribution of Foxp3-positive 

regulatory T cells was observed (Figure 2-7). The infiltration of the immune cells was more 
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profound in MRL/lpr mice at 6 months of age than at 3 months of age. However, no marked 

distribution of B220-positive B cells, CD3-positive T cells, Iba1+ macrophages, or Foxp3-positive 

regulatory T cells in the LOB was observed in any of the mice used in this study (Figure 2-8). The 

lymphatic vessels, visualized by the Lyve1-positive reaction, were distributed directly underneath 

the LOB, as well as in the connective tissue of the LOB, in all strains at 3 and 6 months of age. 

The number of these immune cells and lymphatic vessels in the LOB exhibited no differences 

among the strains at 3 and 6 months of age  
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Discussion 

Over 70 years ago, Wimsatt and his colleagues reported for the first time that a peritoneal 

opening generally appears in the ovarian bursa of B6 and Swiss strain of mice 137). However, the 

rather small morphology of the FOB, which is rarely observed in the histological section of female 

reproductive tracts, led to misinterpretations in several reports which stated that mice have a 

ovarian bursa with no peritoneal opening, with completely enveloped ovaries 8,21,22,30,59). This 

study confirmed and revealed that both B6 and MRL-background strains of mice have peritoneal 

openings in the ovarian bursa, indicating that the FOB surrounded by the LOB, which connects 

the oviduct and the cranial part of the uterus, is the general female reproductive structure in mice 

(Figure 2-9). As for other rodents, rats also have a small opening in the ovarian bursa to the 

peritoneal cavity 60). However, in golden hamsters, each ovary has been reported to be enclosed 

within a complete bursa that is connected with the oviduct 22,77,109). Interestingly, the monotocous 

species possess neither a bursa (as in the case of the female human) nor an ovarian bursa that is 

strongly connected with the peritoneal cavity (as in the cases of the mare and cow), but polytocous 

species possess an almost complete ovarian bursa (as in the cases of the rodents) 59). The 

anatomical characteristics of the mammalian ovarian bursa can provide key information to explain 

the biological and evolutional differences in their reproduction. 

The almost closed appearance of the murine ovarian bursa has been used for the intrabursal 

injection technique, which is a method of topical drug delivery to ovaries by the injection of a 

solution into the bursal cavity of an anesthetized animal 77,131). It is also used as the method for 

selective introduction of genetic information to alter the ovarian surface epithelium 17,59). However, 

it has been suggested that the ovarian bursa may play an active role in regulating local fluid 

homeostasis during the ovulation 153). The intrabursal fluid interchange is thought to be 

bidirectional between the peritoneal cavity and the reproductive tract through the FOB. This 

rationale is based on the observation that particles of India ink, which was injected into the 

peritoneal cavity of mice, were found to be abundantly present in the ovarian bursa and oviduct 

during the ovulation period 137). Although the author examined the FOB and LOB of the mice at 

estrus in this study, further studies using mice at various stages in the estrous cycle can help to 

reveal additional morphological differences between the FOB and LOB. Furthermore, the author 

found that the LOB possesses a thick, smooth muscle layer, which indicates that the FOB alters 

its area depending on the physiological, hormonal, and pathological conditions of the female 
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reproductive tract by contracting the LOB. Therefore, in order to get accurate results, the selection 

of an optimal injection time, while taking into consideration the stage of the estrous cycle and/or 

light-dark cycle, as well as the consistency of the injection timing through a series of experiments 

is important for researchers who perform intrabursal injections. 

The ovarian bursa is a key player in maintaining an adaptive ovarian microenvironment for 

ovulation 72). Lymphatic stomata are small openings in lymphatic capillaries on the free surface 

of the mesothelium 135). The ovarian bursa of the golden hamster has lymphatic stomata that 

connects the bursal cavity with the lymphatic lumen 109). It is suggested that the opening area of 

lymphatic stomata varies under different fluid pressure and mechanical forces 72). In addition to 

these theories, the muscular structure of the LOB surrounding the FOB provides us with a novel 

hypothesis that the contraction of the FOB also plays a role in maintaining the bursal liquid and/or 

hormonal homeostasis, by discarding the bursal liquid into the peritoneal cavity. 

The peritoneum is composed of an extensive squamous or cuboidal monolayer of mesothelial 

cells that rests on the fibrous connective tissue underneath 53,150). The cuboidal mesothelial cells 

appear in the septal folds of the mediastinal pleura, liver, and spleen, and are in a metabolically 

active state 84). The peritoneum facilitates immune induction, modulation, and inhibition, as the 

mesothelial cells are capable of recognizing pathogens and tissue damage, and initiating 

inflammatory responses through antigen presentation, cytokine production, and interaction with 

immune cells, such as macrophages 53). In swine, mesothelial cells covering the ovarian bursa are 

cuboidal and biosynthetically activated, which suggests that these mesothelial cells may produce 

large amounts of surfactants and regulate immunomodulation, fluid balance, lubrication, and 

protection 146). The author reports that the epithelium of the LOB in mice is partially lined with 

such cuboidal mesothelial cells. Hence, the LOB might have the unique function to regulate 

intrabursal immune balance and thereby promote healthy reproductive processes in the ovary. 

Previous studies and the results in Chapter 1 reported that autoimmune disease in female MRL/lpr 

mice is severely exacerbated at 6 months of age, and the severe inflammation due to the 

infiltration of immune cells affects the ovaries. In this Chapter, the lymphoma-like infiltration of 

inflammatory cells, including B cells, T cells, and macrophages was observed in the mesosalpinx 

folding the isthmus in MRL/lpr mice at 6 months of age. However, this was not observed in the 

LOB, thereby suggesting a higher ability of the LOB to regulate immune conditions compared to 

typical mesosalpinx. Further investigations will be needed to confirm these hypotheses.  
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Notably, as shown in Chapter 1, the MRL/lpr at 6 months of age with severe autoimmune 

conditions lose their ovulated oocytes into the coeloma, which is neither the ovarian bursa nor the 

oviductal lumen. The diameter of mouse oocytes is approximately 80 Õm 141). Based on our 

findings that the area of FOB in mice was approximately 0.04 to 0.12 cm2, and given smooth 

muscle contraction in the LOB might change the area of the FOB, it is hypothesized that the 

oocytes released from the ovaries into the ovarian bursa can escape into the peritoneal cavity 

through the FOB in mice with autoimmune issues. In MRL/lpr mice in the severe disease stage, 

some of which possessed larger than average FOB relative to other strains and individuals, the 

altered morphology and function of the FOB might be one of the causes for the dysfunction of 

oocyte pick-up, in addition to the abnormal morphology in the oviductal infundibulum. In the 

animals possessing the ovarian bursa strongly connecting with the peritoneal cavity, the oocytes 

produced from ovaries are thought to easily escape into the peritoneal cavity when the 

morphofunction of the oviductal infundibulum is impaired. 

The chronic inflammatory reactions triggered by persistent infections, autoimmune reactions, 

allergic responses, and tissue injury result in fibrosis 140). In addition organs such as lungs, heart, 

liver, kidney, intestine, and skin 140), the peritoneum is also pathologically affected by chronic 

inflammation and fibrosis 134). Even in MRL/lpr mice at 6 months of age which have severe 

inflammation in the mesosalpinx, there were only a small number of immune cells infiltrating the 

LOB. Nonetheless, the inflammation enhances fibrosis in the LOB in MRL/lpr mice at 6 months 

of age, compared to 3 months of age, and MRL/+ at both ages. Once initiated, fibrogenesis in the 

intestine is no longer dependent on the presence of inflammation, suggesting that the fibrosis is 

self-propagating 55). Although inflammation is prerequisite for the initiation of fibrosis, the 

severity of inflammation during fibrogenesis does not correlate with the degree of collagen 

deposition 47). Therefore, the author considers that the severe and chronic systemic immune 

abnormalities, which deteriorate in the later life of MRL/lpr mice, alter the hormonal environment 

post-ovulation and immunological microenvironment, including cytokines in female reproductive 

organs. This leads to the deposition of thick collagen fibers in MRL/lpr mice at 6 months of age. 

The ultrastructure of the surface of the LOB revealed highly complicated LOB in MRL/lpr mice, 

which corresponds with the histological observation of thick collagen deposition underneath the 

mesothelium. Although it is unclear whether fibrosis affects the function of the LOB and 

morphology of the FOB, considering that B6 mice also possess the fibrotic LOB at both 3 and 6 
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months of age, the deposition of collagen fibers in MRL/lpr mice in the severe disease stage might 

make the LOB stiffer than at younger ages. This can occur as organs increase their extracellular 

matrix (ECM), which contains fibrillar collagens 136), thus resulting in a stiffer LOB. Repeated 

ovulation induces an acute pro-inflammatory environment on the ovarian surface and oviductal 

fimbria, increasing ovarian cancer risk 124). Although the ovulation rate of B6 and MRL strain 

mice is similar (about 10 oocytes per estrus), the impaired clearance of intrabursal fluid containing 

inflammatory substances derived from ovarian follicles would cause pathology not only of the 

ovaries but also of the oviducts. The stiffer LOB perhaps affects the ovarian pathology due to 

impaired bursal fluid regulation in mice. On the other hand, in cows which have ovarian bursa 

widely opening to the pelvic cavity, the inflammatory environment abdominal or pelvic cavity 

can directly impact on the ovary and oviduct, as suggested by the fact that peritonitis relates to 

the ovaro-bursal adhesions in cows 81). 

In conclusion, the ovarian bursa of mouse is connected to the peritoneal cavity, which is a 

characteristic similar to those of other mammals, such as ruminants and horses. The author also 

reports the physiological function of the LOB with a thick, smooth muscle layer in the 

maintenance of the fluid microenvironment and immune condition around the ovary. Furthermore, 

in MRL/lpr mice with severe autoimmune disease, the alternation of the physiological function 

of the LOB and the size of the FOB is suggested to influence on the healthy ovulation and oocyte 

pick-up by the oviductal infundibulum.   
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Summary 

The results in Chapter 1 indicate the possibility of an escape of ovulated oocytes into the 

peritoneal cavity, despite the presence of an almost complete ovarian bursa in the mouse. The 

ovarian bursa is a small peritoneal cavity enclosed by the mesovarium and mesosalpinx, which 

surrounds the ovaries and oviductal infundibulum in mammals. The ovarian bursa is considered 

as the structure facilitating the pick-up and transport of ovulated oocytes into the oviduct. To 

verify this possibility, in Chapter 2, the author investigated the anatomical and histological 

characteristics of the ovarian bursa of B6, MRL/+, and MRL/lpr mice at 3 and 6 months of age. 

As a result, all strains had the FOB, with a size of approximately 0.04 to 0.12 cm2, surrounded by 

the LOB, which is part of the mesosalpinx. The LOB was partially lined with the cuboidal 

mesothelial cells and consisted of a thick smooth muscle layer in all strains. In 6-month-old 

MRL/lpr mice, in which the systemic autoimmune abnormality deteriorated and oocyte pick-up 

function was impaired, the size of the FOB tended to be larger than that of other strains. 

Additionally, in MR/lpr mice at 6 months of age, there was infiltration by numerous immune cells 

in the mesosalpinx suspending the isthmus; however, the LOB prevented severe inflammation 

and showed deposition of collagen fibers. These results not only indicate that the FOB is a 

common structure within mice, but also imply the physiological function of the LOB and its role 

in maintaining the microenvironment around the ovary, as well as regulating healthy reproduction. 

In MRL/lpr mice with severe autoimmune disease, the structural changes of the FOB and the 

functional changes of the LOB are thought to influence on the pick-up process of ovulated oocytes. 



38 
 

 

 

 

 

Figures  



39 
 

 



40 
 

Figure 2-1. The stereomicroscopical morphology of the foramen of the ovarian bursa in mice. 
Arrows show the positions of the foramen of the ovarian bursa. The squares surrounded by dashed 
lines are magnified in images on the right side. The line drawings in the insets imitate the shape 
of the foramen of the ovarian bursa. Asterisk shows the infundibulum enveloped in the ovarian 
bursa of MRL/lpr mice at 6 months of age. 
L: left, R: right, O: ovary, T: oviduct, U: uterus, À: ovarian cyst. B6: C57BL/6N, MRL/+: 
MRL/MpJ, MRL/lpr: MRL/MpJ-Faslpr/lpr. 
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Figure 2-2. Leakage of India ink from the ovarian bursa to extrabursa through the foramen of the 
ovarian bursa in mice. 
Arrows indicate the points where the India ink leaked (i.e., foramen of the ovarian bursa). 
O: ovary, T: oviduct, U: uterus. B6: C57BL/6N, MRL/+: MRL/MpJ, MRL/lpr: MRL/MpJ-Faslpr/lpr. 
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Figure 2-3. The ultrastructure of the foramen of ovarian bursa in mice. 
Arrowheads indicate the spherical dome like mesothelial cells lining the LOB. 
T: oviduct, U: uterus, FOB: foramen of ovarian bursa, LOB: ligament of ovarian bursa. B6: 
C57BL/6N, MRL/+: MRL/MpJ, MRL/lpr: MRL/MpJ-Faslpr/lpr.  
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Figure 2-4. 3D reconstruction of the female reproductive tract and the size measurement of the 
foramen of ovarian bursa in mice. 
(A) The mesothelium composing the female reproductive tract is colored in red. The foramen of 
ovarian bursa is colored in black and indicated by black arrowheads. The dashed yellow lines 
indicate the inside of the ovarian bursa, while the yellow arrows indicate the outside of the ovarian 
bursa. LOB: ligament of ovarian bursa, U: uterus. 
(B) The peritoneal side area of the foramen of the ovarian bursa is measured. There is no 
significant strain-related difference in the same age examined by the Kruskal-Wallis test followed 
by Scheff®'s method and no significant differences between 3 and 6 months of age in the same 
strain examined by the Mann-Whitney U-test. Data are the mean Ñ SE (n = 4 per group).  
B6: C57BL/6N, MRL/+: MRL/MpJ, MRL/lpr: MRL/MpJ-Faslpr/lpr.  
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Figure 2-5. The histology of the foramen and ligament of ovarian bursa in mice.  
The hematoxylin and eosin staining. The squares surrounded by black dashed lines are magnified 
in the images on the right side. The blue lines indicate the boundary of the ovarian bursa. Arrows 
connecting the intrabursal and peritoneal sides are passing through the foramen of the ovarian 
bursa, and the centers are indicated by asterisks. Arrowheads indicate the cuboidal mesothelial 
cells lining the epithelium of the foramen of ovarian bursa. 
A: ampulla, B: ovarian bursa, In: infundibulum, Is: isthmus, O: ovary, Out: ostium uterinum tubae, 
U: uterus. B6: C57BL/6N, MRL/+: MRL/MpJ, MRL/lpr: MRL/MpJ-Faslpr/lpr.  
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Figure 2-6. The distribution of smooth muscle cells and collagen fibers in the ligament of ovarian 
bursa in mice. 
The squares surrounded by black dashed lines are magnified in the insets. 
Asterisks: the foramen of ovarian bursa, Arrows: thick collagen fibers in the ligament of ovarian 
bursa, ŬSMA: alpha smooth muscle actin, immunohistochemistry, MT: massonôs trichrome 
staining. B6: C57BL/6N, MRL/+: MRL/MpJ, MRL/lpr: MRL/MpJ-Faslpr/lpr.  
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Figure 2-7. The immunohistochemistry of immune cells in the mesosalpinx suspending the 
oviductal isthmus in mice. 
Black circles surround the area of severe infiltration of immune cells. The squares surrounded by 
the black dashed lines are magnified in the insets, showing the area of significant infiltration of 
the immune cells. Arrows indicate the distribution of the Foxp3 positive cells. 
Is: isthmus. B6: C57BL/6N, MRL/+: MRL/MpJ, MRL/lpr: MRL/MpJ-Faslpr/lpr.  
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Figure 2-8. The immunohistochemistry of immune cells in the ligament of ovarian bursa in mice. 
Arrows indicate the distribution of immune cells in the connective tissue of the ligament of 
ovarian bursa. 
Asterisks: the foramen of ovarian bursa. B6: C57BL/6N, MRL/+: MRL/MpJ, MRL/lpr: 
MRL/MpJ-Faslpr/lpr.  
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Figure 2-9. The anatomical schema of the foramen and ligament of ovarian bursa. 
The mesovarium and mesosalpinx enclose the peritoneal cavity, which is called the ovarian bursa, 
and the large part of ovary. The mesosalpinx connecting the oviductal ampulla or isthmus and the 
cranial part of uterus has the silt-like opening of the ovarian bursa to the peritoneal cavity, which 
is called the foramen of ovarian bursa. The ligament of ovarian bursa, which is the part of the 
mesosalpinx connecting the oviduct and uterus, surrounds the foramen of ovarian bursa. The 
ligament consists of a thick smooth muscle layer. The squares surrounded by dashed lines are 
magnified in the schema on the right side.  
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Movie 2-1. Leakage of India ink from the ovarian bursa to extrabursa through the foramen of the 
ovarian bursa in C57BL/6N mouse at 3 months of age.  
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Chapter 3 

The unique ovulation and luteinization phenotypes in MRL/+ mice after superovulation 

treatment  
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Introduction 

In Chapter 1, MRL/+ mice subjected to hormonal superovulation were found to produce a 

markedly larger number of COCs than did B6 mice at 3 months of age. Furthermore, the number 

of COCs in the ampulla of oviducts exceeded the number of OOs in the ovaries of MRL/+ mice, 

as determined histologically by counting the total number of ruptured follicles, hemorrhagic 

bodies and the follicular antrum containing no oocytes. These results suggest that the PUR in 

MRL/+ mice was over 100%. Therefore, it is hypothesized that MRL/+ mice may have unique 

ovarian phenotypes including a high sensitivity to superovulation treatment and/or faster 

luteinization. Indeed, in support of the latter hypothesis, the sum of the histological number of 

ovulated oocytes and CL was comparable to the number of COCs in the ampulla of oviducts from 

MRL/+ mice. 

Superovulation treatment is required not only for the experimental technology for the 

laboratory animals in the research field but also for assisted reproductive technology for the 

livestock animals possessing low ovulation rates, such as cows, horses, and sheep 112).The 

response to superovulation treatment varies among animal species and strains. The genetic 

parameters for sensitivity to superovulation treatment have been investigated for genetic 

improvement for bovine assisted reproductive technology 154). In superovulated mice, the 

ovulation rates ranges from about 5 to 40 oocytes depending on the strains, which relates to 

genetics role in response to the hormonal treatment 12). The mechanism underlying on the 

difference of sensitivity to superovulation treatment among mice strains could contribute to the 

improvement of the veterinary reproductive technology. 

The MRL/+ mouse strain was established by selective interbreeding of the B6 (0.3%), C3H 

(12.1%), AKR (12.6%) and LG (75%) strains 45). MRL/+ is well known as a strain that exhibits a 

unique tissue repair response to various injuries 45). For example, in MRL/+ mice, ear punches 

approximately 2 mm in diameter 18) or heart injuries induced with a cryoprobe 70) repair without 

scarring or fibrosis. In addition, after Caesarean delivery, uterine wound healing in MRL/+ mice 

showed histological, mitotic and functional differences compared with the C57BL/6 strain 11). In 

the kidney, an organ that does not regenerate, fibrotic activity was lower and calcification was 

increased after acute injury in MRL/+ than B6 mice 110). 

Although MRL/+ mice have been used as healthy controls for MRL/lpr mice in pathological 

studies, they also show a propensity for autoimmune diseases 45). The crucial contribution of the 
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telomeric region of chromosome 1 has been clarified in the pathogenesis of autoantibody 

production, splenomegaly and glomerulonephritis in MRL/+ mice 48). It has been also identified 

several genetic loci associated with reproductive system phenotypes in this strain, such as the 

emergence of ovarian cysts 65), numerous ovarian mast cells 85), testicular oocytes 93) and 

spermatocyte apoptosis 64). Thus, MRL/+ mice show unique phenotypes not only with regard to 

tissue repair and autoimmune disease capacity, but also in the reproductive system. Hence, in this 

Chapter, the author evaluated the ovulation, luteinization and fertilization rates of ovulated 

oocytes in MRL/+ mice not only to investigate the hypotheses raised in Chapter 1 but also to 

discuss the functional implications of the phenotypes found in the MRL/+ mice.  
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Materials and Methods 

Animals 

Animal experimentation was approved by the Institutional Animal Care and Use Committee 

of the Graduate School of Veterinary Medicine, Hokkaido University (Approval no. 13-0031). 

Experimental animals were handled in accordance with the Guide for the Care and Use of 

Laboratory Animals, Graduate School of Veterinary Medicine, Hokkaido University (approved 

by the Association for Assessment and Accreditation of Laboratory Animal Care International). 

Male B6, female B6 and female MRL/+ mice (3 months old) were obtained from Japan SLC, Inc.. 

The housing and euthanization of mice were performed as done in Chapters 1 and 2. 

 

In vitro fertilization (IVF) for the fertilization rate assay 

IVF was conducted according to the manuals supplied by the Center for Animal Resources 

and Development, Kumamoto University 118,119). 

 

Collection of spermatozoa 

Spermatozoa were obtained from the cauda epididymides of a male B6 mouse, resuspended 

in a dish containing 100 ÕL FERTIUP Mouse Sperm Preincubation Medium (KYUDO Co., 

Ltd., Saga, Japan), covered with paraffin oil and incubated for 1 h at 37ÁC with 5% CO2 in 

air. 

 

Collection of oocytes 

For superovulation treatment, PMSG (ASKA Animal Health Co., Ltd.) was injected 

intraperitoneally into B6 (n = 5) and MRL/+ (n = 5) mice (200 ÕL of 37.5 IU/mL 

gonadotropin per mouse). Forty-eight hours after PMSG injection, mice were injected 

intraperitoneally with the same dose of hCG (ASKA Animal Health Co., Ltd.). Mice were 

killed 24 h after hCG injection. Intact COCs were released from the excised oviduct into 200 

ÕL CARD MEDIUM (KYUDO Co., Ltd.), covered with paraffin oil and incubated for 30ï

60 min at 37ÁC with 5% CO2 in air before insemination. 

 

Insemination 

After preincubation as described above, the sperm suspensions were added to a drop of 
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CARD MEDIUM containing COCs and incubated for 24 h at 37ÁC with 5% CO2 in air. The 

final concentration of motile spermatozoa in the fertilization medium was 400ï800 

spermatozoa/ÕL. 

The embryos obtained were counted and classified into four categories according to 

morphological features: fertilized embryos, unfertilized embryos, abnormal cleavage 

embryos and dead embryos. The number of embryos in each category was determined under 

a stereoscopic microscope. The fertilization rate was calculated as follows: Fertilization rate 

(%) = 100 Ĭ no. fertilized oocytes/(total no. fertilized and unfertilized oocytes) 

 

Oocyte counts under a natural estrous cycle and after PMSG or hCG injection 

The first group of female mice was mated with male mice in the evening. The next day, 

female mice (n = 5) with a vaginal plug were killed. The second group (n = 4) were injected 

intraperitoneally with PMSG (200 ÕL of 37.5 IU/mL gonadotropin per mouse) and killed 24 h 

after injection. The third group (n = 4) were injected with hCG (200 ÕL of 37.5 IU/mL 

gonadotropin per mouse) at estrus, which was determined by vaginal smear, and were killed 24 h 

after injection. COCs in the oviducts were extracted by oviductal perfusion with 0.01 M PBS and 

the number determined under a stereoscopic microscope. 

 

Next-generation exome sequencing 

Genomic DNA was isolated from the kidneys of B6 and MRL/+ mice with a DNeasy kit 

(Qiagen, Hulsterweg, The Netherlands). Exome capture was performed using Sureselect XT 

Mouse All Exon kit (Agilent Technologies Japan Ltd., Tokyo, Japan). Whole-exome sequencing 

was performed on a HiSeq2000 machine (Illumina, San Diego, CA, USA). The mouse mm10 

assembly downloaded from the University of California Santa Cruz (UCSC; 

http://genome.ucsc.edu/, accessed 13 Aug 2018) was used as the reference genome for sequence 

alignment. Reads were mapped using BurrowsïWheeler Aligner version 0.5.9 (http://bio-

bwa.sourceforge.net/, accessed 13 Aug 2018). Single nucleotide variants (SNVs) and small 

insertions/deletions were identified using SAMtools version 0.1.18 

(http://samtools.sourceforge.net/, accessed 13 Aug 2018). The author hypothesized that mutations 

in genes associated with female hormones or their receptors may contribute to the high sensitivity 

of MRL/+ mice to hCG. Therefore, the author compared the exome sequences of the following 
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genes between the two strains: inhibin alpha (Inha), inhibin beta-B (Inhbb), follicle stimulating 

hormone beta (Fshb), activin A receptor, type 1 (Acvr1), activin receptor IIA (Acvr2a), activin 

receptor IIB (Acvr2b), luteinizing hormone beta (Lhb), inhibin beta-A (Inhba), gonadotropin 

releasing hormone 1 (Gnrh1), luteinizing hormone/choriogonadotropin receptor (Lhcgr), follicle 

stimulating hormone receptor (Fshr), estrogen receptor 1 (Esr1), estrogen receptor 2 (Esr2) and 

progesterone receptor (Pgr). 

 

Histological analysis of luteinization in superovulated mice 

Mice were either injected intraperitoneally with PMSG (200 ÕL of 37.5 IU/mL gonadotropin 

per mouse) followed 48 h later by hCG (200 ÕL of 37.5 IU/mL gonadotropin per mouse) or had 

their ovaries removed. The hCG injection time point 48 h after the administration of PMSG was 

considered as 12 h before ovulation (ï12 h postovulation (h.p.o.); n = 4), with ovaries collected 

72 h (12 h.p.o.; n = 6), 78 h (18 h.p.o.; n = 4) and 96 h (36 h.p.o.; n = 4) later (Figure 3-1). The 

ovaries were fixed with 4% PFA at 4ÁC overnight, embedded in paraffin and cut into 10-Õm serial 

sections. Using serial HE-stained sections, the number of antral follicles, ruptured follicles, 

hemorrhagic bodies and CL was counted manually by histological observation, as described in 

Chapter 1. 

The ratio of the maximum to minimum diameter of oocytes contained in antral follicles was 

defined as the óoocyte aspect ratioô and calculated on serial sections of superovulated ovaries at ï

12 h.p.o. Serial sections clearly showing the nucleolus were selected for this analysis. Four serial 

sections of ovaries were used and 13ï15 oocytes from B6 mice and 40ï61 oocytes from MRL/+ 

mice were analyzed in each ovary to determine the oocyte aspect ratio. 

 

Reverse transcription and quantitative real-time polymerase chain reaction 

Total RNA from ovaries of B6 and MRL/+ mice at 12 h.p.o. (n = 4) and 27 h.p.o. (n = 4) was 

purified using TRIzol reagent (Thermo Fisher Scientific Inc., Waltham, MA, USA) according to 

the manufacturerôs instructions. The purified total RNA (83.3 ng/ÕL) was used as a template to 

synthesise cDNA using ReverTra Ace qPCR RT Master Mix (TOYOBO Co., Ltd., Osaka, Japan). 

Quantitative polymerase chain reaction (qPCR) analysis was performed on the cDNA (20 ng/ÕL) 

using THUNDERBIRD SYBR qPCR Mix (TOYOBO Co., Ltd) and the following gene-specific 

primers (5�cï3�c): matrix metallopeptidase 2 (Mmp2), ACGATGATGACCGGAAGTG (forward) 
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and AATCGGAAGTTCTTGGTGTAGG (reverse; product size 157 bp); matrix metallopeptidase 

9 (Mmp9), CATTCGCGTGGATAAGGAG (forward) and GAAACTCACACGCCAGAAGA 

(reverse; product size 112 bp); tissue inhibitor of metalloproteinase 1 (Timp1), 

TCTGGCATCCTCTTGTTGCT (forward) and ACTCTTCACTGCGGTTCTGG (reverse; 

product size 292 bp); and actin, beta (Actb; used as a housekeeping gene), 

TGTTACCAACTGGGACGACA (forward) and GGGGTGTTGAAGGTCTCAAA (reverse). 

The qPCR cycling conditions were 95ÁC for 1 min, followed by 40 cycles of 95ÁC for 15 s and 

60ÁC for 45 s. Primers were obtained from Sigma-Aldrich Co. Llc. (St. Louis, MO, USA). The 

concentration of the template RNA used in the reverse transcription reaction was 83.3 ng/ÕL, 

whereas the concentration of cDNA used in the PCR reaction was 20.0 ng/ÕL. Data were 

normalized against the expression level of Actb and analyzed using the ȹȹCt method. 

 

Statistical analysis 

Results are expressed as the mean Ñ SE. Statistical analysis was performed as done in 

Chapters 1 and 2. 
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Results 

Morphological features of embryos obtained after IVF 

After IVF of oocytes obtained from B6 and MRL/+ mice, different categories of embryos 

(i.e. fertilized, unfertilized, abnormal and dead) were observed, as shown in Figure 3-2A-G. There 

were many dead embryos, characterized by oocyte deformation and cytolysis, were numerous in 

the MRL/+ group (Figure 3-2G), but these were not observed in the B6 group. 

Histological ovary sections were obtained from mice at ï12 h.p.o., a time point when antral 

follicles are considered to be maturing for ovulation. In the antral follicles of MRL/+ mice, 

elongated or compacted oocytes were frequently observed, whereas regular round-shaped oocytes 

were found in the antral follicles of the B6 mice (Figure 3-2H and I). As shown in Figure 3-2J the 

oocyte aspect ratio was significantly higher in MRL/+ than B6 mice (1.40 Ñ 0.04 vs 1.20 Ñ 0.02 

respectively), indicating an altered oocyte morphology in the antral follicles of MRL/+ mice. 

 

Number of embryos obtained after IVF and the fertilization rate in MRL/+ than B6 mice 

After superovulation treatment, MRL/+ mice produced 71.0 Ñ 13.4 COCs, whereas B6 mice 

produced 26.8 Ñ 2.8 COCs (Figure 3-3A). In B6 mice, the number of fertilized, unfertilized, 

abnormal and dead embryos was 12.8 Ñ 1.6 (47.7 Ñ 2.5% of the total collected embryos), 1.2 Ñ 

0.4 (4.9 Ñ 1.5%), 12.8 Ñ 1.6 (47.4 Ñ 2.0%) and 0 (0%) respectively. In MRL/+ mice, these number 

of fertilized, unfertilized, abnormal and dead embryos was 11.6 Ñ 4.6 (16.6 Ñ 4.4%), 9.2 Ñ 2.2 

(14.7 Ñ 5.1%), 17.2 Ñ 3.2 (24.7 Ñ 2.3%) and 33.0 Ñ 9.2 (43.9 Ñ 7.1%), respectively. The number 

of unfertilized and dead embryos was significantly larger in MRL/+ than B6 mice. Furthermore, 

the fertilization rate was significantly lower in MRL/+ than B6 mice (52.3 Ñ 11.9% vs 90.7 Ñ 

2.8% respectively; Figure 3-3B). 

 

Number of COCs obtained under a natural oestrus cycle or after PMSG treatment 

Under a natural estrous cycle without superovulation treatment, B6 and MRL/+ mice 

ovulated 10.3 Ñ 0.5 and 12.0 Ñ 0.9 COCs respectively, with no significant difference between the 

two strains (Figure 3-4A). Because in non-equine species PMSG stimulates not only follicular 

development, but also ovulation 19), the author also counted the number of ovulated COCs 

following injection of PMSG. After a single PMSG injection, B6 and MRL/+ mice ovulated 9.5 

Ñ 2.7 and 9.5 Ñ 2.5 COCs respectively, which did not differ significantly (Figure 3-4B). In contrast, 
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the number of ovulated COCs after hCG treatment was significantly higher in MRL/+ than B6 

mice (16.8 Ñ 4.2 vs 2.5 Ñ 2.5 respectively; Figure 3-4C). 

 

Comparative sequence analysis of ovulation-related genes in B6 and MRL/+ mice 

The author hypothesized that mutations in genes associated with female hormones or their 

receptors may contribute to the high sensitivity of MRL/+ mice to hCG. Therefore, the author 

compared the exome sequences of Inha, Inhbb, Fshb, Acvr1, Acvr2a, Acvr2b, Lhb, Inhba, Gnrh1, 

Lhcgr, Fshr, Esr1, Esr2 and Pgr genes between the two strains (Table 3-1) Genetic variants were 

detected in the following genes in MRL/+ mice: Acvr1 (one synonymous exon variant and six 

intron variants), Acvr2b (seven synonymous exon and 15 intron variants), Gnrh1 (one intron 

variant and one variant in the 3�c untranslated region (UTR)), Lhcgr (one synonymous exon, 12 

intron and two upstream region variants) and Esr1 (two synonymous exon variants and 12 intron 

variants). In addition to nine intron variants and five synonymous exon variants, Pgr in MRL/+ 

mice had two non-synonymous exon variants. The first one exon variant was a missense variant 

in position 118 in the DNA sequence (TCG) causing the serine to be replaced with a threonine, 

yielding ACG in the DNA sequence (variant ID: rs16808507). The second exon variant in Pgr 

was also a missense variant, in position 252 in the DNA sequence (GGA), causing the glycine to 

be replaced with a glutamic acid, yielding GAA (variant ID: rs16808511). Representatively, mice 

of the AKR/J and NZB/BINJ strains also have these two non-synonymous variants in Pgr (Mouse 

Phenome Database; https://phenome.jax.org/, data accessed 13 Apr 2018). The number of 

embryos produced from the AKR/J and NZB/BINJ strains after superovulation treatment has been 

reported to be approximately 20 and 10 respectively 116,147), indicating that it is unlikely that these 

variants cause the ovulation of high number of embryos in mice. 

No variants were detected in the Inha, Inhbb, Acvr2a, Fshb, Lhb, Inhba, Fshr and Esr2 genes. 

Thus, no coding region mutations affecting protein structure were identified in the genes 

examined. 

 

Folliculogenesis and luteinization after superovulation treatment 

The author examined ovarian histology after superovulation (Figure 3-5A-J). At ï12 h.p.o., 

just before ovulation, numerous antral follicles were observed and CL occupied the remaining 

space of the ovaries in both B6 and MRL/+ mice (Figure 3-5A and F). At 12 h.p.o., ruptured 
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follicles and hemorrhagic bodies were detected, and several antral follicles and CL were observed 

in both strains (Figure 3-5B and G). At 18 and 36 h.p.o., some hemorrhagic bodies remained, and 

several CL were observed in the ovaries of B6 mice (Figure 3-5C and D). In contrast, in MRL/+ 

mice, the number of CL in the ovaries increased at 18 h.p.o. (Figure 3-5H) compared with 12 

h.p.o. (Figure 3-5G). At 36 h.p.o., numerous CL occupied almost the whole ovary in MRL/+ mice 

(Figure 3-5I). The CL in both strains consisted of fibroblasts, vascular endothelial cells and 

granulosa and theca lutein cells containing vacuoles (Figure 3-5E and J). 

Next, the author counted the number of antral follicles, ruptured follicles, hemorrhagic 

bodies and CL after superovulation in B6 and MRL/+ mice (Figure 3-6A and B). In B6 mice, the 

number of antral follicles was significantly greater at ï12 than at 12, 18 and 36 h.p.o. (15 Ñ 1 vs 

5.1 Ñ 0.9, 5.0 Ñ 0.9 and 1.8 Ñ 0.8 respectively; P < 0.05). The number of ruptured follicles was 

significantly greater at 12 h.p.o. (10.0 Ñ 1.7) than at other time points (0.3 Ñ 0.3, 0.8 Ñ 0.5 and 0.3 

Ñ 0.3 at ï12, 18 and 36 h.p.o. respectively; P < 0.05) and the number of hemorrhagic bodies were 

significantly greater at 18 and 36 h.p.o. (14.0 Ñ 2.7 and 9.0 Ñ 1.5 respectively) than at ï12 and 12 

h.p.o. (0.3 Ñ 0.3 and 0.7 Ñ 0.4 respectively). However, the number of CL did not change 

significantly throughout the observation period (8.5 Ñ 1.6, 13.4 Ñ 1.8, 10.8 Ñ 2.9 and 9.5 Ñ 2.3 at 

ï12, 12, 18 and 36 h.p.o. respectively). 

Similar to B6 mice, the number of antral follicles in the MRL/+ strain was significantly 

greater at ï12 h.p.o. (66.0 Ñ 4.9) than at other time points, and significantly greater at 12 and 18 

than at 36 h.p.o. (22.0 Ñ 2.3 and 26.5 Ñ 1.9 vs 4.5 Ñ 2.5 respectively; P < 0.05). The number of 

ruptured follicles was significantly greater at 12 h.p.o. (21.0 Ñ 0.9) than at other time points, and 

significantly greater at 18 than at ï12 and 36 h.p.o. (9.5 Ñ 1.8 vs 0 Ñ 0 and 0 Ñ 0 respectively; P 

< 0.05). However, unlike B6 mice, in MRL/+ mice there number of CL was significantly greater 

at 36 than at 12 h.p.o. (37.3 Ñ 6.1 vs 16.7 Ñ 1.2 respectively; P < 0.05). 

The percentage of antral follicles, ruptured follicles, hemorrhagic bodies and CL relative to 

the total number of observed structures is shown in Figure 3-6C and D. At ï12 h.p.o., percentages 

were similar in the MRL/+ and B6 groups. At 12 h.p.o., the ovaries of MRL/+ mice had a 

significantly higher percentage of hemorrhagic bodies and a lower percentage of CL than in B6 

mice. At 18 h.p.o., the percentage of antral follicles and ruptured follicles was significantly higher, 

whereas the percentage of hemorrhagic bodies was lower in ovaries of MRL/+ than B6 mice. 

Importantly, at 36 h.p.o., the percentage of hemorrhagic bodies was significantly lower and the 



61 
 

percentage of CL was significantly higher in MRL/+ than B6 mice (P < 0.05). These data indicate 

differences in ovarian phenotypes between B6 and MRL/+ mice; in particular, there is an 

accelerated luteinization in the latter strain. 

 

Expression of MMPs and TIMPs in ovaries during luteinization 

MMPs and TIMPs play a key role in the breakdown of ECM for luteinization 117,139). Among 

the MMP family of proteins, Mmp2 and Mmp9 appear to be important for luteinization 117). Our 

findings (Figure 3-6D) suggest that ovaries of MRL/+ mice are forming CL most actively between 

18 and 36 h.p.o. Therefore, the author examined the expression of Mmp2, Mmp9 and Timp1 in 

ovaries of B6 and MRL/+ mice at 12 h.p.o. (before luteinization) and at 27 h.p.o. (during 

luteinization; Figure 3-7). The expression of Mmp2 and Mmp9 did not change in either strain 

between 12 and 27 h.p.o., whereas Timp1 expression was significantly lower at 27 than at 12 h.p.o. 

in MRL/+ mice (Figure 3-7A). Mmp9 expression at 12 h.p.o. was significantly lower in MRL/+ 

than B6 mice (P < 0.05). The ratio of Mmp2 and Mmp9 expression relative to that of Timp1 

increased significantly at 27 h.p.o. compared with 12 h.p.o. in MRL/+ mice (Figure 3-7B). 

In addition, the author compared the exome sequences of Mmp2, Mmp9 and Timp1 (Table 3-

2). No variants were detected in Timp1. Mmp2 in MRL/+ mice had 18 synonymous exon variants, 

47 intron variants and one variant in the 5�cUTR. Mmp9 in MRL/+ mice had one non-synonymous 

exon variant, which was a missense variant in position 639 in the DNA sequence (CTC) in which 

leucine was replaced with proline, yielding CCC in the DNA sequence (variant ID: rs13475086). 

AKR/J and BALB/cJ mice also harbor this non-synonymous variant in Mmp9 (Mouse Phenome 

Database; https://phenome.jax.org/, data accessed 13 Apr 2018). These strains of mice exhibit 

slower healing than MRL/+ mice 73), indicating that it is unlikely that this variant causes the faster 

luteinization related to the faster healing in MRL/+ mice. 
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Discussion 

Consistent with the results in Chapter 1 and other reports 147), MRL/+ mice ovulated 

significantly more COCs than did B6 mice after superovulation treatment. MRL/+ mice generated 

approximately 70 oocytes after the injection of PMSG and hCG, and approximately 10 oocytes 

in the normal estrous cycle. These results indicate that the MRL/+ strain has a higher sensitivity 

to these gonadotrophin treatments than does the B6 strain. In equines, PMSG is known as the 

equine chorionic gonadotrophin and shows only LH-like activity 19). However, in non-equine 

species, PMSG shows both FSH and LH activity, and thus stimulates not only folliculogenesis, 

but also ovulation and luteinization 19). A previous study discussed the possibility that produced 

oocytes induced by PMSG treatment remained in the oviducts until subsequent ovulation 

following injection of hCG 147). However, in the present study the number of produced COCs 

following PMSG treatment was almost equal between the MRL/+ and B6 strains, and comparable 

to that of COCs under the natural estrous cycle. This is consistent with the findings of another 

study that compared the number of produced oocytes after PMSG injection with that ovulated in 

normal estrous 58). Interestingly, MRL/+ mice produced more COCs than did B6 mice after a 

single injection of hCG. However, the total number of COCs produced following injection of 

either PMSG or hCG alone did not reach the number generated after sequential injections of 

PMSG and hCG. Therefore, both hCG and sequential injections of PMSG and hCG have stronger 

effects on ovulation in MRL/+ than B6 mice. Based on these findings, the author hypothesized 

that mutations in genes associated with female hormones and their receptors contributed to the 

high sensitivity to hCG observed in the MRL/+ strain. However, comparison of the exon 

sequences of several such genes (Inha, Inhbb, Fshb, Acvr1, Acvr2a, Acvr2b, Lhb, Inhba, Gnrh, 

Lhcgr and Fshr) between the B6 and MRL/+ strains found no coding region variants predicted to 

affect protein structure and function. Therefore, the superovulation-related phenotype in MRL/+ 

mice may be related to an altered expression of these genes in the ovary and/or in other organs 

associated with the hypothalamicïpituitaryïgonadal axis, which could arise due to genetic 

variation in sequences outside of coding regions, such as in gene promoters. 

Approximately 44% of embryos developed from oocytes produced in MRL/+ mice were 

dead, and the fertilization rate was significantly lower for the MRL/+ than B6 strain. These results 

indicate the low quality of produced oocytes in MRL/+ mice. Various factors, such as genes, 

hormone levels, chemical interactions and environment and physical conditions, affect oocyte 
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quality 14,80,101,113). Importantly, previous studies reported that the percentage of cells undergoing 

apoptosis in cumulus cells increased in oocytes within follicles subjected to hydrostatic pressure 
99). The histological observations revealed a more elongated oocyte morphology in MRL/+ than 

B6 mice. It is not clear whether this morphological change is due to factors intrinsic to oocytes or 

whether it is influenced by the microenvironment, such as by pressure from the large number of 

developing follicles in MRL/+ mice. Because ovaries in MRL/+ mice contain a larger number of 

follicles than ovaries in B6 mice, it is possible that the poorer oocyte quality in MRL/+ mice 

results from exposure to high pressure. The morphological abnormality was not found in embryos 

in vitro. Furthermore, the IVF rate of human ovoid embryos is not affected, but delayed 

preimplantation development is seen 32). There are no reports regarding how an ovoid shape of 

oocytes in ovarian sections can affect the fertilization rate and oocyte quality. However, the data 

suggest the possibility that an excessive number of follicles in an ovary can affect the oocyte 

quality in multifetal animals such as mice. 

The folliculogenesis pattern was similar in MRL/+ and B6 mice before ovulation and the 

injection of hCG, with antral follicles accounting for most follicles in the ovary. After ovulation, 

MRL/+ mice formed CL within 36 h, whereas hemorrhagic bodies were numerous in B6 mice 

even after 36 h. These results indicate that the differentiation of ovulated follicles to CL occurs 

faster in MRL/+ than B6 mice. In addition, the higher percentage of ruptured follicles at 18 h.p.o. 

in MRL/+ than B6 mice indicates that ovulation from matured follicles continues for a longer 

period in MRL/+ than B6 mice, which may be due to the high sensitivity of the former strain to 

artificial ovulation. 

In Chapter 1, the author considered that the accelerated luteinization in MRL/+ mice would 

be associated with the enhanced healing ability in this strain. Several possible explanations for 

the enhanced healing capacity of MRL/+ mice have been proposed, including cell cycle and 

proliferative features, increased stem cell quantity and/or quality and enhanced immune response 
45). In particular, changes in the ECM regulated by MMPs appeared to be crucial for the healing 

capacity of the MRL/+ strain 45). ECM remodeling is cooperatively and tightly regulated by 

interactions between proteases and their inhibitors, such as MMPs and TIMPs respectively 139). 

For example, it was proposed that neutrophils and macrophages within wounds secrete 

significantly higher amounts of active MMP-2 and MMP-9 and lower amounts of TIMPs in 

MRL/+ than B6 mice 38,45). Importantly, in the CL, a transient endocrine gland, marked 
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morphological changes are found upon the differentiation of luteal cells, and this process also 

involves changes in the ECM that enable cell migration and neovascularization in the newly 

formed CL 25,117). Within the MMP family of proteins, MMP-2 and MMP-9 appear to be important 

for luteinization 117). The ratio of active MMPs to TIMPs may be important in maintaining an 

ECM microenvironment conducive to the differentiation of follicle-derived cells into luteal cells 
114). The present results showed that the ratio of Mmp2 and Mmp9 to Timp1 was elevated earlier 

in MRL/+ than B6 mice, resulting in the MMPïTIMP balance shifting towards MMP shortly after 

ovulation in MRL/+ mice. This suggests that accelerated ECM remodelling, as observed in wound 

healing, also occurs in the ovulated and ruptured follicles in MRL/+ mice, leading to quick 

luteinization. In addition, oocyte development during nest breakdown and folliculogenesis is 

accelerated in neonatal MRL/+ mice 143), and this strain has a high frequency of ovarian cysts at 

older ages 65,69). Together, these results indicate that the MRL/+ mice have unique phenotypes 

associated with the female reproductive system throughout life. 

In conclusion, the matured MRL/+ strain has unique phenotypes in female reproductive 

function, such as high sensitivity to gonadotrophin treatment and a faster process of luteinization; 

these characteristics can contribute to the study of the mechanism of follicle remodeling and 

female reproductive function. In addition, it is suggested that the reproductive research on murine 

female reproductive morphofunction should consider the strain-depending differences on the 

phenotypes of ovulation and luteinization. Further studies on genetic mechanism underlying the 

unique reproductive phenotype of MRL/+ strains would contribute to improvement of the assisted 

reproductive technology in livestock animals.  
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Summary 

In this Chapter, the author reports two unique phenotypes in the female reproductive system 

of MRL/+ mice that affect ovulation and luteinization as suggested in Chapter 1. The author found 

that superovulation treatment resulted in the production of significantly more oocytes in MRL/+ 

than B6 mice (71.0 Ñ 13.4 vs 26.8 Ñ 2.8 respectively). However, no exon mutations were detected 

in genes coding for female reproductive hormones or their receptors in MRL/+ mice. In addition, 

the fertilization rate was lower for ovulated oocytes from MRL/+ than B6 mice, with most of the 

fertilized oocytes showing abnormal morphology, characterized by deformation and cytolysis. 

Histological tracing of luteinization showed that MRL/+ mice formed corpora lutea within 36 h 

after ovulation, whereas B6 mice were still at the hemorrhagic bodies formation stage after 36 h. 

The balance between the expression of matrix metalloproteinases and their tissue inhibitors 

shifted towards the former earlier after ovulation in MRL/+ than B6 mice. This result indicates a 

possible link between accelerated extracellular matrix remodeling in the ovulated or ruptured 

follicles and luteinization in MRL/+ mice. Together, MRL/+ mice exhibit distinct phenotypes in 

several biological processes including reproduction. These findings reveal novel reproductive 

phenotypes in MRL/+ mice that provide novel insights into reproductive biology. 
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Table 3-1. Polymorphisms in ovulation-related genes detected between C57BL/6N (B6) and MRL/MpJ (MRL/+) strains using next-generation 

sequencing 

Gene Chr 

no. 

Location (bp) Strains Region Change Variant ID 

Start End B6 MRL/+ 

Acvr1 chr02 58448495 58448495 A G Intron ï rs214065797   
58458835 58458835 G T Intron ï rs230650639   
58458868 58458868 T C Intron ï rs246215171   
58463020 58463020 T C Exon Synonymous SNV rs33549343   
58463229 58463229 G A Intron ï rs228629097   
58477571 58477571 A G Intron ï rs27909412   
58500669 58500669 C A Intron ï rs261538744 

Acvr2b chr09 119427385 119427385 A G Intron ï rs45872254   
119427427 119427431 TGCTC ï Intron ï -   
119427489 119427489 C T Exon Synonymous SNV rs254093865   
119427495 119427495 C T Exon Synonymous SNV rs245957907   
119427867 119427867 A C Intron ï rs50502574   
119427874 119427874 A G Intron ï rs214816821   
119427922 119427922 T G Intron ï rs238044625   
119427962 119427962 C T Intron ï rs48995394   
119428382 119428382 A G Exon Synonymous SNV rs220947222   
119428430 119428430 G C Exon Synonymous SNV rs236256586   
119428520 119428520 A G Exon Synonymous SNV rs30372811   
119428612 119428612 C G Intron ï rs30134774 
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Gene Chr 

no. 

Location (bp) Strains Region Change Variant ID 

Start End B6 MRL/+   
119428620 119428620 G ï Intron ï -   
119429791 119429791 ï A Intron ï -   
119429811 119429811 G A Intron ï rs249216178   
119429889 119429889 C A Exon Synonymous SNV rs50269096   
119429928 119429928 T C Exon Synonymous SNV rs231454902   
119430037 119430037 G A Intron ï rs215251161   
119430059 119430059 A G Intron ï rs50218863   
119430115 119430115 ï ATAGTCAGAAT

CGCCACGCC 

Intron ï - 

  
119430387 119430387 T C Intron ï rs247262863   
119432888 119432888 A ï Intron ï - 

Gnrh1 chr14 67746552 67746552 A T Intron ï rs3023411   
67749359 67749359 A ï 3�cUTR ï - 

Lhcgr chr17 88765044 88765044 G A Exon Synonymous SNV rs45832892   
88765274 88765274 G A Intron ï rs49175256   
88765283 88765283 T C Intron ï rs49233045   
88765284 88765284 G C Intron ï rs50445833   
88765297 88765297 A G Intron ï rs50723996   
88765328 88765328 A G Intron ï rs51548994   
88767223 88767223 ï C Intron ï -   
88767357 88767357 G C Intron ï rs33145242 
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Gene Chr 

no. 

Location (bp) Strains Region Change Variant ID 

Start End B6 MRL/+   
88767384 88767384 A C Intron ï rs33347120   
88769697 88769697 T G Intron ï rs3717394   
88769748 88769748 T A Intron ï rs3717517   
88769935 88769937 AAC ï Intron ï rs235138678   
88772141 88772141 G A Intron ï rs52183165   
88792035 88792035 C T Upstream ï rs52233715   
88792040 88792040 G A Upstream ï rs52545123 

Pgr chr09 8900819 8900819 T A Exon Non-synonymous SNV rs16808507   
8900914 8900914 A T Exon Synonymous SNV rs222662569   
8900959 8900959 G A Exon Synonymous SNV rs246932498   
8901222 8901222 G A Exon Non-synonymous SNV rs16808511   
8901259 8901259 C A Exon Synonymous SNV rs16808515   
8901730 8901730 C G Exon Synonymous SNV rs16808520   
8922762 8922762 C T Intron ï rs16808540   
8956132 8956132 ï TGT Intron ï ï   
8956215 8956215 T A Intron ï rs16808632   
8956228 8956228 T ï Intron ï rs16808634   
8956263 8956263 T C Exon Synonymous SNV rs16808635   
8956426 8956426 A G Intron ï rs38678743   
8956474 8956474 G A Intron ï rs253462664   
8956484 8956484 T C Intron ï rs262156449 
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Gene Chr 

no. 

Location (bp) Strains Region Change Variant ID 

Start End B6 MRL/+   
8956517 8956517 A C Intron ï rs216472569   
8956530 8956530 C A Intron ï rs234992683 

Esr1 chr10 4964668 4964668 G A Intron ï rs29383782   
4964798 4964798 C T Intron ï rs50779278   
4964883 4964883 T G Intron ï rs49862291   
4964886 4964886 C T Intron ï rs46991755   
4966154 4966154 G T Intron ï rs29315913   
4966407 4966407 T C Intron ï rs29330062   
4969082 4969082 A G Intron ï rs16821149   
4969093 4969093 G A Intron ï rs16821150   
4969094 4969094 T A Intron ï rs16821151   
4969106 4969116 TGTCTTCGAGA ï Intron ï rs214903150   
4969210 4969210 G T Exon Synonymous SNV rs16821161   
4969249 4969249 A T Exon Synonymous SNV rs47715549   
4969307 4969307 C T Intron ï rs46716572   
4969389 4969389 C T Intron ï rs47973744 

chr, chromosome; SNV, single nucleotide variant; Acvr1, activin A receptor, type 1; Acvr2b, activin receptor IIB; Gnrh1, gonadotropin releasing 

hormone 1; Lhcgr, luteinizing hormone/choriogonadotropin receptor; Pgr, progesterone receptor; Esr1, estrogen receptor 1; UTR, untranslated region. 
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Table 3-2. Polymorphisms in luteinization-related genes detected between the C57BL/6N (B6) and MRL/MpJ (MRL/+) strains using next-generation 

sequencing 

Gene Chr 

no. 

Location (bp) Strains Region Change Variant ID 

Start End B6 MRL/+ 

Mmp2 chr08 92827509 92827509 C G 5�cUTR ï rs50154992   
92827789 92827789 T C Intron ï rs47915014   
92830595 92830595 A G Intron ï rs50707366   
92830606 92830606 T A Intron ï rs47202868   
92830632 92830632 C T Exon Synonymous SNV rs48669156   
92831599 92831602 GCAC ï Intron ï ï   
92831611 92831611 G A Intron ï rs52544499   
92831862 92831862 T C Intron ï rs47205486   
92832757 92832757 A G Intron ï rs45755812   
92832783 92832783 A G Exon Synonymous SNV rs47346055   
92832906 92832906 C T Intron ï rs47940001   
92832935 92832935 T C Intron ï rs46642227   
92832937 92832937 T C Intron ï rs50670061   
92832983 92832983 T C Intron ï rs51535272   
92833019 92833019 C T Intron ï rs46335818   
92833037 92833037 G T Intron ï rs50714352   
92833193 92833193 C T Exon Synonymous SNV rs46421166   
92833273 92833273 C T Intron ï rs51678138   
92833286 92833286 T C Intron ï rs45705750 
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Gene Chr 

no. 

Location (bp) Strains Region Change Variant ID 

Start End B6 MRL/+   
92833302 92833302 T C Intron ï rs50894680   
92835871 92835871 A G Intron ï rs45886546   
92835887 92835887 A G Intron ï rs46632834   
92835925 92835925 T A Intron ï rs47396275   
92835947 92835947 T C Intron ï rs48288639   
92835950 92835950 C A Intron ï rs45708441   
92835961 92835961 C ï Intron ï ï   
92835994 92835994 A T Exon Synonymous SNV rs47334964   
92836015 92836015 C T Exon Synonymous SNV rs50617380   
92836072 92836072 T C Exon Synonymous SNV rs46039319   
92836120 92836120 G A Exon Synonymous SNV rs50745645   
92836132 92836132 T C Exon Synonymous SNV rs49465794   
92836172 92836172 A G Intron ï ï   
92836208 92836208 T C Intron ï rs50106637   
92836248 92836248 A C Intron ï rs50508247   
92837027 92837027 G A Exon Synonymous SNV rs33504743   
92837149 92837149 T C Intron ï rs46426201   
92839119 92839119 T C Intron ï rs50615049   
92839341 92839341 G T Exon Synonymous SNV rs46885156   
92839428 92839428 A C Intron ï rs47250679   
92840287 92840287 ï T Intron ï ï 
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Gene Chr 

no. 

Location (bp) Strains Region Change Variant ID 

Start End B6 MRL/+   
92840355 92840355 T G Intron ï rs47524903   
92840387 92840387 T C Intron ï rs48300311   
92840400 92840400 C T Exon synonymous SNV rs46870953   
92840436 92840436 A G Exon Synonymous SNV rs51331853   
92840440 92840440 C T Exon Synonymous SNV rs51553188   
92840567 92840567 A T Intron ï ï   
92840621 92840621 A G Intron ï rs49727866   
92843814 92843814 T C Intron ï rs32814582   
92844028 92844028 T C Intron ï rs45701744   
92846032 92846032 G T Intron ï rs48669406   
92846077 92846077 T C Intron ï rs51010704   
92846106 92846106 T C Exon Synonymous SNV rs46518220   
92846109 92846109 T C Exon Synonymous SNV rs46528268   
92846265 92846265 C T Intron ï rs33044164   
92846284 92846284 C A Intron ï rs49358673   
92846296 92846304 ATGTGGCTT ï Intron ï ï   
92846309 92846309 T G Intron ï rs240469150   
92846340 92846340 T A Intron ï rs50419882   
92846341 92846341 T C Intron ï rs50984607   
92850078 92850078 G A Intron ï rs46081866   
92850156 92850156 C G Exon Synonymous SNV rs49302213 
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Gene Chr 

no. 

Location (bp) Strains Region Change Variant ID 

Start End B6 MRL/+   
92850213 92850213 C T Exon Synonymous SNV rs48609021   
92850231 92850231 T C Exon Synonymous SNV rs51146338   
92852461 92852461 C T Intron ï rs49769472   
92852477 92852477 A G Intron ï rs46075410   
92852508 92852508 C A Intron ï rs51124308 

Mmp9 chr02 164953375 164953375 T C Exon Non-synonymous SNV rs13475086 

chr, chromosome; SNV, single nucleotide variant; Mmp2, matrix metallopeptidase 2; Mmp9: matrix metallopeptidase 9; UTR, untranslated region. 
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Figure 3-1. The superovulation treatment protocol used in the present study. Mice were injected 
with pregnant mare serum gonadotrophin (PMSG) intraperitoneally; 48 h after PMSG injection, 
defined as ï12 h postovulation (h.p.o.), mice were injected intraperitoneally with human chorionic 
gonadotrophin (hCG) or had their ovaries removed. Ovaries were collected 24 h (12 h.p.o.), 30 h 
(18 h.p.o.), 39 h (27 h.p.o.) and 48 h (36 h.p.o.) after hCG injection. 
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Figure 3-2. Morphological observations of embryos after IVF of oocytes obtained from 
superovulated mice. 
(A and B) Fertilized embryos that have two cells of the same size. 
(C and D) Unfertilized embryos. 
(E and F) Abnormal cleavage in embryos, which have either three or more cells or two cells of 
different sizes.  
(G) Dead embryos derived from MRL/+ mice that have a large cytoplasm and condensed cells. 
(H and I) Morphological differences between oocytes contained in antral follicles at ï12 h.p.o. 
in B6 and MRL/+ mice. Bar = 50 Õm.  
(J) The oocyte aspect ratio (maximum diameter/minimum diameter) in B6 mice (n = 4; 13ï15 
oocytes analyzed in each ovary) and MRL/+ mice (n = 4; 40ï61 oocytes analyzed in each ovary). 
Data are the mean Ñ SE. *: P < 0.05 (MannïWhitney U-test). 
h.p.o.: hour postovulation, B6: C57BL/6N, MRL/+: MRL/MpJ.  
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Figure 3-3. Results of the fertilization assay in embryos obtained from superovulated mice.  
(A) Number of different types of embryos generated per mouse through IVF. Data are the mean 
Ñ SE (n = 5 in each strain). *P < 0.05 (MannïWhitney U-test). ÀP < 0.05 compared with the same 
embryo type in B6 mice (MannïWhitney U-test).  
(B) Fertilization rate calculated from the number of fertilized and unfertilized embryos shown in 
(A). Data are the mean Ñ SE (n = 5 in each strain). *P < 0.05 (MannïWhitney U-test). 
B6: C57BL/6N, MRL/+: MRL/MpJ.  
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Figure 3-4. Number of cumulus oocyte complexes (COCs) produced (A) under a natural 
oestrous cycle and after injection of (B) pregnant mareôs serum gonadotrophin (PMSG) or (C) 
human chorionic gonadotrophin (hCG). Data are the mean Ñ SE (n = 5 in each strain for (A); n = 
4 in each strain for (B) and (C)). There were no significant differences in the number of COCs 
ovulated between B6 and MRL/+ mice under a natural estrous cycle or after injection of PMSG. 
*P < 0.05 (MannïWhitney U-test). 
B6: C57BL/6N, MRL/+: MRL/MpJ. 
  



79 
 

Figure 3-5. Ovarian histology before and after superovulation in B6 (A-E) and MRL/+ (F-J) 
mice. The squares indicated in (D) and (I) are magnified in (E) and (J) respectively, with insets 
showing lutein cells containing vacuoles. Arrows indicate antral follicles, arrowheads indicate 
ruptured follicles, daggers indicate hemorrhagic bodies and asterisks indicate corpora lutea. Bars 
= 300 Õm (A-D and F-I); 50 Õm (E and J). 
CL: corpus luteum, h.p.o.: hour postovulation, B6: C57BL/6N, MRL/+: MRL/MpJ. 
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Figure 3-6.  Number (A and B) and percentage (C and D) of ovarian follicle-related structures 
in superovulated B6 (A and C) and MRL/+ (B and D) mice. Data are the mean Ñ SE of ovaries 
from four mice in each group at ï12, 18 and 36 h.p.o. and six mice in each group at 18 h.p.o. 
Asterisks indicate significant differences compared with the other three time points within the 
same strain are shown. Significant differences ï12, 12 and 36 h.p.o. within the same strain are 
indicated as óï12ô, ó12ô and ó36ô respectively (P < 0.05, KruskalïWallis test followed by Scheff®ôs 
test). In (D), the daggers indicate significant differences in the same structure compared with the 
B6 strain (P < 0.05, MannïWhitney U-test). 
h.p.o.: hour postovulation, CL: corpus luteum, B6: C57BL/6N, MRL/+: MRL/MpJ. 
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Figure 3-7. Expression of MMPs and TIMPs in ovaries during luteinization. 
(A) Expression of Mmp2, Mmp9, and Timp1 mRNA during luteinization in ovaries of 
superovulated mice. 
(B) The ratio of MMP mRNA to Timp1 expression, as determined by quantitative real-time PCR 
at 12 and 27 h.p.o.. Data are the mean Ñ SE. (n = 4 for each strain at each time point). *P < 0.05 
(MannïWhitney U-test). 
h.p.o.: hour postovulation, Mmp2, 9: matrix metallopeptidase 2, 9, Timp 1: tissue inhibitor of 
metalloproteinase 1, B6: C57BL/6N, MRL/+: MRL/MpJ.  
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Chapter 4 

Altered ciliary morphofunction in the oviductal infundibulum in autoimmune disease-

prone mice   
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Introduction 

In Chapter 1, the correlation between the progression of autoimmune disease and the 

dysfunction of ovulation and oocyte pick-up was revealed. Next, the author examined the 

histopathology and morphofunction of ciliated epithelium on the oviductal infundibulum in 

MRL/lpr mice. Oocyte pick-up is one of the primary functions of the oviduct in reproduction, in 

which it takes oocytes produced in the ovary into the oviductal lumen 46), while infundibulum 

dysfunction prevents oocyte fertilization. One theory regarding the underlying mechanism of 

oocyte pick-up is that well-controlled ciliary beating on the infundibulum ciliated epithelium 

transports oocytes into the lumen 108), although the actual physical mechanism of oocyte pick-up 

is not fully understood.  

Oviduct morphofunction can be affected by the condition of surrounding tissues. For 

example, the spread of inflammation in peritoneal cavity and/or uterus to the oviductal lumen 

induces oviductal swelling and/or adhesion, leading to luminal interruption in both human and 

animals 76,138). Peritubal adhesions or damage to oviduct lining resulted from inflammatory 

conditions can impair tubal mobility, sperm and embryo transport, and oocyte pick-up 76). In 

addition, in Holstein repeat breeder cows, oviductal luminal blockage severely impairs fertility 
106). However, it is still unknown whether the infundibulum ciliary functions driving the healthy 

oocyte pick-up are impaired by these immunological disorders or other endogenous factors. 

 In this Chapter, the effects of the autoimmune abnormalities on the infundibulum cilia 

regulating oocyte pick-up in MRL/lpr mice were determined. In addition to the oviduct, the author 

also examined the ciliary morphofunction of tracheal ciliated epithelial cells as a representative 

organ for motile cilia possession and compared their morphology with that of the oviduct. The 

author proposes the novel pathological theory that altered ciliary function triggered by an 

autoimmune abnormality contributes to oocyte pick-up dysfunction and note interesting 

similarities of ciliary morphofunction in the oviduct and trachea.  



84 
 

Materials and Methods 

Animals 

Animal experimentation was approved by the Institutional Animal Care and Use Committee 

of the Graduate School of Veterinary Medicine, Hokkaido University (Approval No. 15-0079). 

Experimental animals were handled in accordance with the Guide for the Care and Use of 

Laboratory Animals, Graduate School of Veterinary Medicine, Hokkaido University (approved 

by the Association for Assessment and Accreditation of Laboratory Animal Care International). 

Female MRL/+ and MRL/lpr mice at 3 and 6 months of age were obtained from Japan SLC, Inc.. 

The housing of mice was performed as done in Chapters 1, 2, and 3. For histoplanimetry of 

measurement of percentage of ciliated epithelial cells and number of CD3-positive T-cells in 

infundibulum, the mice under natural estrous cycle were used. The estrous cycle of each mouse 

was confirmed by monitoring vaginal smears. For evaluation of ovulation and oocyte pick-up by 

the oviduct, ultrastructural analysis, and CBF measurement, superovulation treatment was 

conducted as done in Chapter 1. Briefly, PMSG (ASKA Animal Health Co., Ltd.) was injected 

intraperitoneally in mice (200 ÕL of 37.5 IU/mL gonadotropin per mouse). After 48 h of PMSG 

injection, mice were injected intraperitoneally with the same dose of hCG (ASKA Animal Health 

Co., Ltd.). Twenty-four hours after hCG injection, all mice were euthanized by methods 

performed in Chapters 1, 2, and 3. 

 

Evaluation of autoimmune disease condition 

As the indices of an autoimmune disease, the S/B and anti-dsDNA antibody levels in mice 

serum were measured as done in Chapter 1. Anti-dsDNA antibody levels in mice serum were 

measured using the LBIS anti dsDNA-Mouse ELISA kit (FUJIFILM Wako Pure Chemical Co., 

Ltd., Osaka, Japan) according to the manufacturer's instructions. 

 

Evaluation of ovulation and oocyte pick-up by the oviduct 

PUR was calculated as done in Chapter 1. Briefly, the ovaries and oviductal ampulla were 

collected from mice and immediately placed in 0.01 M PBS. The COCs present in the ampulla 

were pushed out into a glass dish with 0.01 M PBS and counted. Ovaries were fixed with 4% PFA 

at 4ÁC overnight, embedded in paraffin, and cut into 10 Õm-thick whole serial sections, which 

were used for the histological counting of OOs from the ovaries. PUR was then calculated as 
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follows: PUR (%) = 100 Ĭ number of COCs / number of OOs. 

 

Histoplanimetry 

Mice oviducts and tracheas were collected and fixed with 4% PFA at 4ÁC overnight, 

embedded in paraffin, and cut into 3-Õm-thick sections, which were then used for HE staining 

and immunohistochemistry. To investigate the percentage of ciliated cells composing the 

epithelium in the infundibulum, the number of total epithelial cells (a) and secretory cells (b) in 

three different regions per one section were manually counted. Three semi-serial sections stained 

with HE with 20-Õm intervals were used, and the percentage of ciliated epithelial cells was 

calculated as follows: percentage of ciliated epithelial cells (%) = [100 Ĭ number of total epithelial 

cells (a) ï number of total secretory cells (b)] / number of total epithelial cells (a) 

Some sections were immunostained with rabbit anti-CD3 primary antibody as performed in 

Chapters 1 and 2. To quantify the degree of T-cell infiltration in the infundibulum, the number of 

CD3-positive T-cells per 1 Õm2 was counted by using BZ-X Analyzer of Fluorescence Microscope 

BZ-X710 (Keyence, Osaka, Japan).  

 

Ultrastructural analysis 

For transmission electron microscope (TEM) analysis, perfusion fixation was performed on 

3- and 6-month-old superovulated MRL/+ and MRL/lpr mice. The caudal vena cava was cut and 

released under deep anesthesia and 20 mL of PBS and half-strength Karnovskyôs fixing solution 

(2.5% glutaraldehyde, 2% PFA, 0.1 M PB, pH 7.4) perfused from the left ventricle to the whole 

body. The detached infundibulum from the oviducts and the trachea beneath the isthmus of the 

thyroid grand were post-fixed with 1% osmium tetroxide in 0.1 M PB for 2 hours at 4ÁC. 

Specimens were dehydrated using a graded alcohol series and embedded in epoxy resin (Quetol 

812 Mixture; Nisshin EM CO., Ltd., Shinjuku, Tokyo, Japan). The epoxy blocks were cut into 60 

nm-thick sections, stained with uranyl acetate and lead citrate, and examined via a JEM-1210 

microscope (JEOL Ltd., Akishima, Tokyo, Japan). 

The orientation of the ciliary central microtubules was measured as previously described 40). 

The ciliary orientation is defined by the plane formed by the central tubules and is used to estimate 

ciliary beat direction by measuring the angle between the central tubule plane and a reference line 
100). Reference lines were drawn through the central pairs of microtubules using Image J software 
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(National Institutes of Health). The mean vector length (rcell) represents the circular variance of 

these angles within the cell. In one specimen, more than 10 cells which have more than 10 cilia 

clearly expressing pairs of central microtubules were chosen and analyzed for calculating of the 

average rcell in each specimen. The ciliary height on the ciliated epithelial cells was defined as the 

distance between ñthe upper end of the ciliaò and ñluminal surface of the cell.ò The height was 

measured using Image J on more than 10 ciliated cells within one specimen. 

 

Ciliary beat frequency (CBF) measurement 

Ciliary beating was analyzed by a program developed by Dr. Jason J. Chen 16). The collected 

oviductal and tracheal specimens of the superovulated mice were kept in D-MEM (high glucose) 

with L-glutamine and phenol red (D-MEM) (FUJIFILM Wako Pure Chemical Co., Ltd.) at 37ÁC. 

Using a stereoscope, the infundibulum was detached from the oviduct. The excess soft tissue was 

removed via microdissection and the trachea was sectioned into 1 mm2 to 4 mm2 pieces, which 

were then incubated for 30 min in D-MEM at 37ÁC and placed onto slides for observation (Figure 

4-1A). As shown in Figure 4-1A, the oviductal infundibulum was put into a chamber with D-

MEM (Matsunami Glass Industry Co., LTD., Kishiwada, Osaka, Japan), following a published 

method previously used to study CBF in oviducts 108). Trachea tissue pieces were also put under 

cover slips in D-MEM (Figure 4-1B). Ciliary movements were observed using a phase contrast 

microscope (BX50, Olympus Co., Ltd., Shinjuku, Tokyo, Japan) and recorded through the ocular 

lens using an iPhone 6S (Apple Inc., Cupertino, California, U.S.A.) at 240 frames per second. 

The program used for CBF data analysis was written in MATLAB (MathWorks Inc., Natick, 

MA, USA) was used for CBF data analysis as described previously 16). A 3-second video was 

isolated from each recording and regions of interest (ROIs) selected according to histologic 

findings. Power spectrum graphs were then generated to determine the CBF of the samples. The 

mean CBF values for each individual specimen were obtained by analyzing more than 100 ROIs 

and averaging CBF values of those ROIs. 

 

Statistical analysis 

Results are expressed as the mean Ñ SE. Statistical analysis was performed as done in 

Chapters 1. 2, and 3.  
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Results 

Histology and inflammation of infundibulum in the oviducts of MRL/lpr mice 

The histopathology of the infundibulum during aging and the estrous cycles were examined 

(Figure 4-2A). The oviductal epithelium mainly consists of ciliated epithelial cells and secretory 

cells in mice 24,96); however, these cell populations appeared to change with the estrous cycle 

(Figure 4-2A). Briefly, in both MRL/+ and MRL/lpr mice, ciliated epithelial cells were more 

abundant in the estrus than in the anestrus phase, as confirmed by histoplanimetry (Figure 4-2B). 

The percentage of ciliated epithelial cells in MRL/lpr mice at 6 months was significantly lower 

than in MRL/+ mice at the same age throughout the estrous cycle (Figure 4-2A and B). The 

percentage of ciliated epithelial cells significantly decreased at 6 months than at 3 months in 

MRL/lpr mice, while the percentage did not change with aging in MRL/+ mice (Figure 4-2A and 

B). In addition, few CD3-positive T-cells were observed in the lamina propria and in the muscle 

layer of the infundibulum in MRL/+ mice throughout the estrous cycle at both ages (Figure 4-2C 

and D). However, there were numerous CD3-positive T-cells in 6-month-old MRL/lpr mice that 

were more notable at the anestrus compared with the estrus phase (Figure 4-2C and D). MRL/lpr 

mice at 6 months showed a significant increase in CD3-positive T-cells compared to MRL/+ at 

both stages (Figure 4-2D). 

 

Ultrastructure and altered beating direction of oviductal cilia in MRL/lpr mice 

The ultrastructure of ciliated epithelial cells in the oviduct of MRL/+ and MRL/lpr at 3 and 

6 months old is shown in Figure 4-3A-H. No remarkable difference in cilia density was noted 

between mouse strains and ages, but the oviductal ciliary height from the luminal top of the 

ciliated epithelial cell seemed to be shortest in MRL/+ mice at 3 months old compared with other 

test groups (Figure 4-3A, C, E, and G, white arrows), which is also confirmed in the oviductal 

ciliated epithelial cells in the HE-stained sections (Figure 4-3A, C, E, and G, insets). Furthermore, 

the orientation of the central microtubules in a cilium, which indicates the direction of cilial 

motion, was more randomized in 6 month MRL/lpr mice compared with the others (Figure 4-3B, 

D, F, and H, white lines). However, there are no age-related differences in cilia composing 

structures in MRL/lpr mice (Figure 4-3F and H, insets). 

These morphological findings were summarized in Figure 4-3I-J. At 3 months of age, the 

oviductal ciliary height from the luminal top of the ciliated epithelial cell was significantly higher 
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in MRL/lpr than MRL/+ mice (Figure 4-3I). While there was no change in the oviductal ciliary 

height of MRL/lpr mice with age, oviductal ciliary height of MRL/+ mice increased with aging. 

The variance values of the angles within a pair of central microtubules (Figure B, D, F, and H, 

white lines) represents the cooperativity of the ciliary beating direction in a given cell. At 6 months 

of age, MRL/lpr mice showed significantly lower cilia alignment in the oviductal infundibulum 

than that in MRL/+ mice, while there were no differences among two strains at 3 months old 

(Figure 4-3J). 

 

Altered oviductal ciliary beating in MRL/lpr 

The CBF were recorded using stereomicroscopy, and representative still images from these 

movies are shown in Figure 4-4A (with movies in Movie 4-1 to 4). From these movies, MRL/lpr 

mice had significantly higher oviductal CBF in the infundibulum at both 3 and 6 months (11.41 

Ñ 0.09 Hz and 10.67 Ñ 0.21 Hz, respectively) compared to MRL/+ mice at each corresponding 

age (10.25 Ñ 0.27 Hz and 9.18 Ñ 0.37 Hz, respectively) (Figure 4-4B). Importantly, the oviductal 

CBF showed significant age-related decreases in MRL/lpr mice at 6 months. 

 

Histology and inflammation of tracheal mucosa in MRL/lpr mice 

In all examined mice, the tracheal mucosa was lined with ciliated pseudo-stratified columnar 

epithelium, and the epithelia heights were higher at 6 months old compared to 3 months old 

(Figure 4-5A). Furthermore, in 6-month-old MRL/lpr mice, the non-ciliated cells and 

mononuclear cells beneath epithelium were frequently exposed, and a part of their epithelium was 

covered with mucin layer (Figure 4-5A, arrows). As shown in Figure 4-5B, the mononuclear cells 

were CD3-positive and tended to increase in number with aged mice, being particularly abundant 

in the lamina propria as well as mucosal epithelium in 6-month-old MRL/lpr mice.  

 

Ultrastructure of tracheal ciliated epithelial cells in MRL/lpr mice 

The ciliary ultrastructure of the trachea of MRL/+ and MRL/lpr mice at 3 months and 6 

months of age showed no remarkable morphological differences among strains is shown in Figure 

4-6A-H. Furthermore, there were no significant differences in both the tracheal ciliary height and 

tracheal cilia alignment among strains and ages (Figure 4-6I and J). 

 



89 
 

Altered systemic ciliary beating in MRL/lpr mice 

The author also recorded the tracheal CBF as a representative tissue to indicate systemic cilia 

function using stereomicroscopy and show representative still images from movie files in Figure 

4-7A (with movies in Movie 4-5 to 8). While the tracheal CBF in 3-month-old MRL/lpr mice 

(8.16 Ñ 0.31 Hz) was significantly higher than that in MRL/+ of the same age (7.37 Ñ 0.17 Hz), 

the tracheal CBF in MRL/lpr at 6 months (6.29 Ñ 0.41 Hz) was significantly lower than in MRL/+ 

of the same age (7.39 Ñ 0.26 Hz). Similar to oviductal CBF, MRL/lpr mice showed reduced 

tracheal CBF with aging (Figure 4-7B). 

 

Autoimmune disease affects systemic ciliary function 

The S/B, serum levels of anti-dsDNA antibody, the numbers of COCs and OOs and PUR in 

the individual mice used in this Chapter were also measured as done in Chapter 1 to examine the 

relationship between ciliary beating in both the oviduct and trachea and autoimmune abnormality, 

ovulation, and oocyte pick-up. Briefly, as described in Chapter 1, MRL/lpr mice showed both 

significantly greater splenomegaly and significantly higher serum levels of anti-dsDNA antibody 

at 3 and 6 months of age compared with MRL/+ mice (data not shown). In addition, the COC, 

OO, and PUR values in 6-month-old MRL/lpr mice (5.36 Ñ 0.95, 7.18 Ñ 1.46, and 76.93 Ñ 6.33 %, 

respectively) were significantly lower as compared with those of 3-month-old MRL/lpr mice 

(41.63 Ñ 5.47, 43.57 Ñ 6.35, and 100.69 Ñ 3.31 %, respectively) and with those of 6-month-old 

MRL/+ mice (20.75 Ñ 1.82, 20.63 Ñ 1.60, and 101.10 Ñ 5.11 %, respectively). Furthermore, in 

MRL/+ mice, significant age-associated reductions were observed for COCs and OOs, but not in 

PUR (41.63 Ñ 2.98, 39.29 Ñ 2.02, and 101.73 Ñ 3.83 % in 3-month-old MRL/+ mice, respectively).  

Based on these values as well as the values of CBF, rcell and ciliary height, correlation analysis 

was performed for these parameters (Table 4-1 to 3). 

 First, correlation analysis between the PUR and the number of COCs and OOs was 

performed to examine the relationship between oocyte pick-up and ovulation (Table 4-1). In all 

of the mice included in the analysis and MRL/lpr mice, PUR showed significant positive 

correlations with both the COCs (P < 0.01) and the OOs value (P < 0.05). 

 Second, correlation analyses between ultrastructural morphological changes in both the 

oviduct and trachea and autoimmune abnormalities was performed (Table 4-2). The oviductal and 

tracheal rcell values showed significant strong positive correlations in MRL/lpr mice (P < 0.001) 
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while in MRL/+, the oviductal ciliary height correlated negatively with the S/B ratio (P < 0.05). 

Finally, to examine the relationship between ciliary beating in both the oviduct and trachea 

and autoimmune abnormality, ovulation, and oocyte pick-up, correlation analysis was performed 

for these parameters (Table 4-3). In all of the mice included in the correlation analysis, the 

oviductal CBF showed significant positive correlations with S/B (P < 0.05) and the serum anti-

dsDNA antibody levels (P < 0.01), which are indices of autoimmune disease. On the other hand, 

in MRL/lpr mice, the oviductal and tracheal CBF showed significant negative correlations with 

S/B (P < 0.05). Furthermore, in MRL/+ mice, oviductal CBF correlated positively with the 

number of COCs (P < 0.05). Additionally, all mice showed strong positive correlations between 

the tracheal CBF and the number of COCs and OOs (P < 0.001), with MRL/lpr mice also showing 

a strong positive correlation both the oviductal and tracheal CBF and the number of COCs and 

OOs (P < 0.001). In addition tracheal CBF showed a significant positive correlation with PUR in 

all mice examined (P < 0.01) and MRL/lpr mice (P < 0.01), with MRL/lpr mice also showing a 

significant positive correlation between the oviductal and tracheal CBF (P < 0.01).  
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Discussion 

As reported in previous studies 92) and the present study, female MRL/lpr mice develop 

systemic autoimmune disease at the age of 3 months, which becomes more severely exacerbated 

at 6 months of age. In MRL/lpr mice that developed severe autoimmune diseases, a large number 

of immune cells infiltrated the oviductal and the tracheal mucosa as reported for other systemic 

organs such as the ovaries, kidneys, lungs, skin, and liver 33,34,49,92,144). Both the healthy oviduct 

and trachea contain a heterogeneous population of innate and adaptive immune cells, including 

T-cells 3,54). In the mucosa, these T-cells play an important role in maintaining mucosal 

homeostasis and are involved in inflammatory regulation, tissue repair, and protection against 

infectious agents 3). Therefore, it is suggested that the excess auto-reactive lymphoproliferation 

due to the failure of negative selection of thymocytes by Fas protein disrupts the normal immune 

balance and induces the infiltration of numerous T-cells in both oviduct and trachea of older 

MRL/lpr mice.  

At 3 months, there was no difference in ovulation and oocyte pick-up indices between both 

strains, but the oviductal epithelium of MRL/lpr mice had longer cilia and faster CBF compared 

with MRL/+ mice. For each cell type there is a specific range of normal lengths for cilia, and even 

slight deviations outside of this range are often sufficient to generate pathological phenotypes 5). 

Mice lacking ciliary length control show female infertility because the elongated cilia in the 

oviduct cannot maintain proper fluid flow leading to the tubal obstruction 88). While cilium 

elongated in MRL/+ mice with aging, ciliary elongation occurred at an earlier age in MRL/lpr 

mice than MRL/+ mice. In addition, the inflammatory cytokine stimulation produced during 

chronic inflammation induces the sustained elongation of primary cilia, another type of cilia than 

examined in this study, and the subsequent loss of length regulation function 31). Although the 

direct effect and mechanism of ciliary elongation in 3-month-old MRL/lpr mice remains unclear, 

the author propose that the faster oviductal CBF in MRL/lpr mice might compensate for altered 

cilia function due to morphological changes and maintain normal oocyte pick-up. 

As reported in Chapter 1, MRL/+ and MRL/lpr mice show decreased ovulation with aging, 

with the latter showing a more remarkable decrease in ovulation as well as oocyte pick-up. 

Furthermore, the oviducts of 6-month-old MRL/lpr mice showed decreased percentage of ciliated 

epithelial cells, decreased CBF, and lost ciliary cooperativity than 3-month-old MRL/lpr mice. 

The infundibulum mucosa and the ovarian surface are closely associated with slow COCs release 
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37). In addition, the process of the oocyte pick-up representatively comprises of both accurate 

oviductal ciliary beating and the transient adhesion of COCs to the tips of cilia 63,89,120,121). In fact, 

considering the strong correlation between ñthe number of OOs and COCsò and ñthe oviductal 

CBF and the PURò in MRL/lpr mice, the interaction and adhesion of cumulus cells and cilia in 

the infundibulum epithelium likely play a key role in the pathological state of ovulation and 

oocyte pick-up dysfunction in MRL/lpr mice. Further, these results imply that oocytes or the 

cumulus cells themselves regulate oviductal ciliary function to promote healthy oocyte pick-up. 

The author therefore considered that the severe morphofunctional changes of oviductal epithelium, 

in particular those of cilia, found in 6-month-old MRL/lpr mice would ultimately impair not only 

ovulation but also oocyte pick-up.  

The oviductal CBF showed significant correlation with the extent of splenomegaly in all 

mice examined and MRL/lpr, indicating a relationship between autoimmune abnormality and 

ciliary function. MRL/+ mice exhibit autoimmune disease-associated abnormalities but have 

milder symptoms that manifest much later in life compared to MRL/lpr mice 56). Several 

inflammatory factors are reported to potentially alter the CBF in both human oviduct and 

respiratory tracts in ex vivo experiments, including IL-6 94), IL-4, IL-5, IL-9, IL-13, IFN-Ὕ 39), and 

platelet-activating factor 62). Previous reports indicate that the high serum levels of IL-6, IL-9 and 

IFN-Ὕ, which are produced by T-cells, are involved in lupus development in MRL/lpr mice 6,122,145). 

Thus, it is proposed that variations in levels of these cytokines in serum and/or tissues alters the 

oviductal CBF of MRL/lpr mice. The inflammatory factors affecting CBF may be involved in the 

complicated regulation of ciliary function in mice, as no significant correlations between the 

oviductal CBF and oocyte pick-up were found. It is proposed that altered ciliary function triggered 

by an aberrant immune condition affects the pivotal physiological function of the reproductive 

tract.  

In addition to oviductal cilia, the author examined tracheal cilia to evaluate systemic ciliary 

morphofunction. The tracheal CBF in MRL/lpr decreased with age and correlated negatively with 

S/B. These results indicate that the progression of the systemic autoimmune abnormality in 

MRL/lpr mice alters systemic ciliary function, similar to oviductal cilia. However, in contrast to 

oviductal morphology, the ultrastructure of tracheal ciliated cells did not exhibit any significant 

changes. The molecular pathogenesis of altered ciliary beating speed can thus be explained by a 

systemic inflammatory response, while the abnormality of the oviduct cilia ultrastructure seems 
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to involve an additional local pathological response. Female patients with primary ciliary 

dyskinesia (PCD), the congenital autosomal recessive genetic disorder characterized by total or 

partial dysfunction of the ciliary cells due to ciliary ultrastructural abnormalities, largely show 

such respiratory alterations and sometimes are infertile 4,71). However, some female PCD patients 

with severely dysfunctional respiratory cilia successfully conceive and deliver babies 129). In feline 

PCD, the ultrastructural defects in the oviductal cilia were observed along with early lesions of 

bronchiectasis suggested by computed tomography, although the cat did not show no clinical signs 

of respiratory tract 103). The features of ciliary ultrastructural abnormalities in PCD vary in the 

oviduct and respiratory tract, so it is proposed that the effects of mutated proteins and protein 

expression would vary in these different tissues 75). Taken together, due to the tissue-related 

differences in the function and/or expression of disease-associated molecules, the ciliary 

morphofunction of the oviduct is more susceptible to aging and/or immune abnormalities than the 

trachea and severely impacts reproductive function in MRL/lpr mice.  

The author also found histological and functional relationship between the oviductal tract 

and respiratory tract in mammals. The strong positive correlation between the oviductal and 

tracheal CBF and ciliary cooperativity gives rise to two theories. The first theory is that the one 

or more molecules circulating systemically have identical effects on the systemic ciliary function. 

The second theory is that the inflammatory substances produced by immune cells, such as T-cells, 

infiltrate into the tissue and alter the ciliary beating patterns, resulting in the systemic decrease of 

CBF. The clinical reports in women with tubal ectopic pregnancies, which is suspected to be 

caused by the oviductal ciliary abnormalities, support comparisons between this study and human 

pathology. Both oviductal and nasal CBF in those patients correlated positively and was decreased 

compared with healthy women 74,90). The peptide hormone adrenomedullin was reported to be 

involved in the molecular pathogenesis of tubal ectopic pregnancies and decreased oviductal and 

nasal CBF. The significant positive correlation between the tracheal CBF and the oocyte pick-up 

rate in MRL/lpr mice interestingly suggests that changes in the tracheal ciliary beating reflects 

that of the oviductal reproductive function in mice. Therefore, the further study on the functional 

correlation between tracheal cilia and reproductive tract in female livestock animals would 

indicate the possibility that fertility can be estimated by the pathology of respiratory tract. 

In human patients, ciliary morphofunctional abnormalities are observed after infection and 

inflammation in both the lower and upper respiratory tract and is referred to as secondary ciliary 
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dyskinesia 4,111). Additionally, in human patients with granulomatosis with polyangiitis, a 

potentially lethal systemic autoimmune disease characterized by necrotizing vasculitis of small 

arteries and veins 67), the nasal CBF is severely impaired 127). In the patients with asthma, an 

inflammatory respiratory disease, both the secondary ciliary dysfunction and the secondary 

ultrastructural abnormalities of bronchial epithelium are closely related to asthma severity 123). 

The ciliary ultrastructural abnormalities in patient airways were also reported to be associated 

with long-lasting airways infections 20). In the female PCD patients, the immobility of cilia on 

oviductal epithelial cells leads the oocyte transportation failure 78). It is estimated that the 

ovulation disorders and oocyte pick-up by oviducts is also involved in the infertility of the patients 

with dysfunction of motile cilia. 

In conclusion, oocyte pick-up on the oviductal infundibulum is regulated by ciliary function, 

requires appropriate beating speed and coordinated beating directions and becomes abnormal 

upon impairment of the local environmental immune balance in ciliated epithelium during 

systemic autoimmune disease conditions in MRL/lpr mice. A close correlation between the 

change of ciliary morphofunction in the respiratory tract and that of morphofunction in the 

reproductive tract is also found, which implies possibility that non-invasive methods to evaluate 

the oocyte transporting function of oviducts by means of the respiratory evaluation in live animals. 
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Summary 

In Chapter 4, the author investigated the relationship between autoimmune disease or oocyte 

pick-up and infundibulum morphofunction by focusing on the ciliated epithelium using MRL/+ 

and MRL/lpr mice at 3 and 6 months of age. As the indices of ciliary morphofunction, the author 

examined the percentage of ciliated epithelial cells, ciliary height, the index of cilia beating 

direction, and CBF in the infundibulum. In MRL/lpr mice, the percentage of ciliated epithelial 

cells was decreased with autoimmune disease progression. Although ciliary height and CBF were 

higher and faster in MRL/lpr mice than in MRL/+ mice at 3 months, the absolute CBF values in 

MRL/lpr mice were lower with autoimmune disease progression. At 6 months, ciliary height did 

not differ between mouse lines, but the index of cilia beating direction indicated randomized 

patterns in MRL/lpr mice. Taken together with the significant T-cells infiltration in the 

infundibulum of MRL/lpr mice at 6 months of age and the strong correlation between the 

oviductal CBF and the PUR in MRL/lpr mice, it is suggested that oocyte pick-up is affected by 

altered ciliary morphofunction including fewer cilia, inappropriate beating speed and 

uncoordinated beating directions under the local inflammation in ciliated epithelium during 

systemic autoimmune disease conditions in MRL/lpr mice. In addition, the author found a close 

correlation between the change of ciliary morphofunction in the respiratory tract and that of 

morphofunction in the reproductive tract, which suggests that changes in the tracheal ciliary 

morphofunction can reflect that of the oviductal reproductive function in mice. 
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Table 4-1. Spearmanôs correlation coefficient (ɟ) between oocyte pick-up and ovulation. 

>Ì >Ì Parameters 

>Ì Strains COCs OOs 

PUR All mice 0.547** 0.416* 

MRL/+ 0.212 -0.156 

MRL/lpr 0.641** 0.563* 

*P < 0.05; **P < 0.01; MRL/+: MRL/MpJ; MRL/lpr: MRL/MpJ-Faslpr/lpr; PUR: oocyte pick-

up rate; COCs: cumulus oocyte complexes; OOs: ovulated oocytes.  
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Table 4-2. Spearmanôs correlation coefficient (ɟ) between the oviductal or tracheal ciliary beat 

frequency and the indices of the autoimmune disease, ovulation or oocyte pick-up function. 

>Ì >Ì Parameters 

>Ì Strains S/B 
Anti-dsDNA 

antibody 
COCs OOs PUR 

Oviductal 

CBF 

Oviductal 

CBF 

All mice 0.391* 0.507** 0.241 0.231 0.019 - 

MRL/+ -0.255 -0.165 0.530* 0.349 0.463 - 

MRL/lpr -0.489* 0.008 0.720*** 0.727*** 0.425 - 

Tracheal 

CBF 

All mice -0.447 -0.195 0.686*** 0.749*** 0.382** 0.249 

MRL/+ -0.083 -0.333 -0.356 -0.171 -0.189 -0.058 

MRL/lpr -0.649* 0.115 0.844*** 0.825*** 0.637** 0.636** 

*P < 0.05; **P < 0.01; ***P < 0.001; MRL/+ = MRL/MpJ; MRL/lpr = MRL/MpJ-Faslpr/lpr; 

CBF: ciliary beat frequency; S/B: ratio of spleen weight to body weight; Anti-dsDNA: anti-

double-stranded DNA; COCs: cumulus oocyte complexes; OOs: ovulated oocyte; PUR: oocyte 

pick-up rate. 
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Table 4-3. Spearmanôs correlation coefficients (ɟ) between the oviductal and tracheal 

ultrastructure and the ratio of spleen weight to body weight. 

>Ì >Ì Parameters 

>Ì Strains S/B Oviductal rcell Oviductal ciliary height 

Oviductal rcell All mice -0.482 - - 

MRL/+ 0.036 - - 

MRL/lpr -0.590 - - 

Tracheal rcell All mice -0.351 0.3879 - 

MRL/+ 0.381 -0.108 - 

MRL/lpr -0.483 0.952*** - 

Oviductal ciliary height All mice 0.077 - - 

MRL/+ -0.771* - - 

MRL/lpr 0.570 - - 

Tracheal ciliary height All mice 0.024 - -0.318 

MRL/+ 0.500 - -0.313 

MRL/lpr -0.524 - -0.147 

*P < 0.05; **P < 0.01; MRL/+ = MRL/MpJ; MRL/lpr = MRL/MpJ-Faslpr/lpr; S/B: ratio of 

spleen to body weight. 
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Figure 4-1. Scheme of the preparation for the ciliary beat frequency measurement. 
(A) Oviductal infundibulum preparation schematic. The infundibulum is placed into the drop of 
D-MEM (high glucose) with L-Glutamine and phenol red (D-MEM) and covered with a cover 
slip so that the ciliated epithelium faces the cover slip. 
(B) Trachea preparation schematic. The pieces of trachea are placed into D-MEM on a slide and 
sealed with a cover slip.  
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Figure 4-2. Estrous cycle-related morphological changes and inflammation in the oviductal 
infundibulum 
(A) Histological sections of the oviductal infundibulum at estrus and anestrus stages stained with 
hematoxylin-eosin. Arrowheads indicate secretory cells. Bar = 50 Õm. 
(B) Percentage of ciliated epithelial cells composing the infundibulum epithelium. Each bar 
represents mean Ñ SE (n Ó4). #: comparison between stages at same age within same strain (Mann-
Whitney U-test, P < 0.05). À: significant age-related difference at the same stage in the same strain 
(Mann-Whitney U-test, P < 0.05). *: significant differences between MRL/+ and MRL/lpr mice 
at the same age and stage (Mann-Whitney U-test, P < 0.05). 
(C) Localization of CD-3 positive T-cells in the oviductal infundibulum at estrus and anestrus 
stages as revealed by immunohistochemistry. Bar = 50 Õm.  
(D) Number of CD3-positive T-cells in the infundibulum at anestrus and estrus stages. Each bar 
represents mean Ñ SE (n Ó4). À: significant difference between ages at the same stage in the same 
strain (by Mann-Whitney U-test, P < 0.05). *: significant differences between MRL/+ and 
MRL/lpr mice at the same age and stage (Mann-Whitney U-test, P < 0.05). No significant stage-
related difference was detected by Mann-Whitney U-test. 
MRL/+: MRL/MpJ, MRL/lpr: MRL/MpJ-Faslpr/lpr.  
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Figure 4-3. The ultrastructural changes in the cilia of the oviductal infundibulum. 
(A-H) The oviductal ciliary ultrastructure as observed by transmission electron microscopy. The 
white bidirectional arrows indicate the ciliary height. The ciliary height on the oviductal ciliated 
epithelial cells in the HE-stained sections is shown as black lines in the insets of (A), (C), (E) and 
(G). The white lines are drawn through central pairs of microtubules located at the center of cilia. 
Bar = 500 nm. 
(I) The oviductal ciliary height. n = 4 per group. Data are the mean Ñ SE. *P < 0.05 (Mann-
Whitney U-test). 
(J) Oviductal ciliary cooperativity of the beating direction is shown as mean vector length (rcell). 
n = 4 per group. Data are the mean Ñ SE. *P < 0.05 (Mann-Whitney U-test). 
MRL/+: MRL/MpJ, MRL/lpr: MRL/MpJ-Faslpr/lpr.  
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Figure 4-4. The ciliary beating in the ciliated epithelial cells in the oviductal infundibulum 
(A) The sequential ciliary beating patterns observed by stereo microscopy. Arrowheads indicate 
the same cilia in multiple frames. 
(B) Oviductal ciliary beating frequency (CBF). n = 7, 7, 8, 11. Data are mean Ñ SE. **P < 0.01 
(Mann-Whitney U-test). n values are listed in the following order: 3-month-old MRL/+ mice, 3-
month-old MRL/lpr mice, 6-month-old MRL/+ mice, and 6-month-old MRL/lpr mice.  
MRL/+: MRL/MpJ, MRL/lpr: MRL/MpJ-Faslpr/lpr.  
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Figure 4-5. The histology and inflammation in the ciliated epithelial cells in the trachea.  
(A) The histology of the trachea. Arrowheads indicate non-ciliated cells. Arrows indicate mucin 
layer. Dashed line indicates the region of infiltrated mononuclear cells. Hematoxylin-eosin 
stained. Bar = 50 Õm. 
(B) The localization of CD-3 positive T-cells in the trachea revealed by immunohistochemistry. 
Bar = 50 Õm.   
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Figure 4-6. The ultrastructural changes in cilia of the ciliated epithelial cells in the trachea. 
(A-H) The tracheal ciliary ultrastructure as observed by transmission electron microscopy. The 
black bidirectional arrows indicate the ciliary height. The ciliary height on the tracheal ciliated 
epithelial cells in the HE-stained sections is shown as black lines in the insets of (A), (C), (E) and 
(G). The white lines are drawn through central pairs of microtubules located at the center of cilia. 
Bar = 500 nm. 
(I) Tracheal ciliary height. n = 4 per group. Data are the mean Ñ SE. *P < 0.05 (Mann-Whitney 
U-test). 
(J) The tracheal ciliary cooperativity of the beating direction is shown as mean vector length (rcell). 
n = 4 per group. Data are the mean Ñ SE. 
MRL/+: MRL/MpJ, MRL/lpr: MRL/MpJ-Faslpr/lpr.  
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Figure 4-7. The ciliary beating in the ciliated epithelial cells in the trachea. 
(A) The sequential ciliary beating patterns observed by stereo microscopy. Arrowheads indicate 
the same cilia in multiple frames. 
(B) The trachea ciliary beating frequency (CBF). n = 4, 4, 6, 7. Data are the mean Ñ SE. *P < 0.05 
(Mann-Whitney U-test). n values are listed in the following order: 3-month-old MRL/+ mice, 3-
month-old MRL/lpr mice, 6-month-old MRL/+ mice, and 6-month-old MRL/lpr mice. 
MRL/+: MRL/MpJ, MRL/lpr: MRL/MpJ-Faslpr/lpr.  
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Movie 4-1. The ciliary beating in the oviductal infundibulum of MRL/MpJ mice at 3 months. 
Movie 4-2. The ciliary beating in the oviductal infundibulum of MRL/MpJ mice at 6 months. 
Movie 4-3. The ciliary beating in the oviductal infundibulum of MRL/MpJ-Faslpr/lpr mice at 3 
months. 
Movie 4-4. The ciliary beating in the oviductal infundibulum of MRL/MpJ-Faslpr/lpr mice at 6 
months. 
Movie 4-5. The ciliary beating in the trachea of MRL/MpJ mice at 3 months. 
Movie 4-6. The ciliary beating in the trachea of MRL/MpJ mice at 6 months. 
Movie 4-7. The ciliary beating in the trachea of MRL/MpJ-Faslpr/lpr mice at 3 months. 
Movie 4-8. The ciliary beating in the trachea of MRL/MpJ-Faslpr/lpr mice at 6 months. 
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Conclusion 

The female infertility and reproductive disorder are the serious problem underlying social 

background of declining birth rate in human and affecting stable supply of livestock product. 

Female infertility is caused by the interaction of various pathological factors of the reproductive 

tracts and disturbances in the physiological mechanism regulating healthy reproductive function, 

which makes it difficult to reveal all the details of the pathology of female infertility. Herein, this 

study focused on the pathology of oocyte pick-up by oviducts and aimed to reveal some of the 

mechanism of the pathogenesis of female infertility. Oocyte pick-up is one of the most important 

function of the oviductal infundibulum, where the oocytes produced from ovaries are transported 

into the lumen; the dysfunction of oocyte pick-up causes female infertility. However, not only 

physiological mechanism regulating oocyte pick-up but also the detailed pathogenesis mechanism 

of oocyte pick-up has not been fully understood.  

Importantly, immune abnormality affects the healthy morphofunction of female reproductive 

tracts. In livestock animals, infections and inflammation in female reproductive tracts relate to 

declined fertility. It has been reported that women patients with autoimmune disease increase their 

risk of infertility and that the model mice of systemic autoimmune disease develop the failure of 

ovarian function. Therefore, the author hypothesized that autoimmune disease could affect oocyte 

pick-up and histologically examined the oviduct of the systemic autoimmune disease model, 

MRL/lpr mice. 

 In Chapter 1, the author firstly developed the histological method to evaluate the murine 

oocyte pick-up and confirmed whether autoimmune disease affects oocyte pick-up in MRL/lpr 

mice. The ovaries and oviducts of superovulated mice were removed, and the number of COCs 

in the oviductal lumen was counted under a stereomicroscope as the actual number of oocytes 

picked-up by infundibulum. The number of ruptured follicles and hemorrhagic bodies was 

counted in the histological serial sections of ovaries as the actual number of OOs by ovaries. The 

PUR, which is calculated by the numbers of COCs and OOs, was approximately 100% in healthy 

B6 mice, indicating that the PUR is the effective method to quantify the murine oocyte pick-up. 

On the other hand, the PUR of MRL/lpr mice at 6 months of age was significantly decreased 

compared to that of 3-month-old mice, and showed negative correlations with indices of 

autoimmune disease progression. In addition, the ultrastructural observations revealed that the 

infundibulum of MRL/lpr mice at 6 months of age swelled up and decreased the number of cilia 
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covering the epithelium. Taken together, the deterioration of autoimmune disease in MRL/lpr 

mice induces the oocyte pick-up dysfunction along with the morphological changes in the 

oviductal infundibulum. 

 In Chapter 2, the anatomical structure of the mesovarium and mesosalpinx enclosing the 

ovarian bursa that supports oocyte pick-up by the infundibulum was examined. The ovaries and 

oviducts of all examined mice were surrounded by the ovarian bursa with the small peritoneal 

opening, that is the FOB with the size of 0.04 to 0.12 cm2. The FOB is surrounded by the LOB 

composed of a thick smooth muscle layer, suggesting that the contraction of the smooth muscle 

can change the size of the FOB and that ovulated oocytes can escape into the peritoneal cavity 

through the FOB in mice. The size of the FOB tended to be larger in 6-month-old MRL/lpr mice 

than that of other strains. Furthermore, the mesosalpinx surrounding the FOB, that is the LOB, 

showed deposition of collagen fibers. These results suggest that the morphological changes of the 

FOB and the functional changes of the LOB relate to the oocyte pick-up dysfunction in MRL/lpr 

mice. 

 In Chapter 3, the unique phenotypes relating to the ovarian function in supreovulated MRL 

strain mice suggested in Chapter 1 were analyzed in details. In Chapter 1, MRL/lpr mice and its 

wild type, MRL/+ mice, were found to produce significantly numerous numbers of oocyte after 

superovulation treatment. Herein, the gene sequences encoding sex hormones and their receptors 

in MRL/+ mice were compared with those in B6 mice by using next-generation exome sequencing. 

However, there were no mutations expected to affect the structure or/and function of these 

proteins. At 3 months, the fertilization rate of oocytes produced after superovulation treatment 

was significantly lower in MRL/+ mice than B6 mice. In addition, the theory raised in Chapter 1 

why the PUR of MRL/+ mice exceeded 100% was confirmed. As the results of histological tracing 

of luteinization after superovulation treatment, it was revealed that luteinization progressed faster 

in MRL/+ mice than in B6 mice, which is suggested to be due to enhanced extracellular matrix 

remodeling in the postovulatory follicles in MRL/+ mice. 

 In Chapter 4, the morphofunctional changes of the infundibulum ciliated epithelium was 

examined in MRL/lpr mice. In the infundibulum of MRL/lpr mice at 6 months of age, the 

decreased number of ciliated epithelial cells, slower ciliary beating, and more randomized ciliary 

beating direction were observed compared to those of MRL/lpr mice at 3 months of age. Taken 

together with the report that the regular and coordinated ciliary beating is important for healthy 
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oocyte pick-up, these results indicate that the systemic autoimmune disease in MRL/lpr mice 

altered the healthy morphofunction of the infundibulum ciliated epithelium, which affects oocyte 

pick-up. In addition, there was significant infiltration of immune cells in the lamina propria of the 

infundibulum in MRL/lpr mice at 6 months of age, suggesting that the immune factors derived 

from these cells may be involved in the abnormal morphofunction of the ciliated epithelium. 

 In conclusion, this study showed that systemic autoimmune disease related to the onsets of 

oocyte pick-up dysfunction in mice along with the pathological alternations of the ciliated 

epithelium, the FOB, and the LOB. Further investigations on the morphofunction of oviducts 

among animal species and strains based on this study would emphasize its importance on the 

female reproductive process. These oviductal pathological theories on oocyte pick-up dysfunction 

due to immune abnormality contribute to further understanding and treatment of unexplained 

female infertility/reproductive disorders in the field of human and veterinary medicine. 
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