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CHAPTER 1 

GENERAL INTRODUCTION 

 

Oviductal physiology in reproductive events 

 The oviduct is essential in the reproductive process, as it facilitates fertilization, the transport 

of gametes and early embryos, and early embryo development [1, 2]. The timely transport of 

gametes and early embryos within the oviduct is crucial for the successful establishment of 

pregnancy [3]. This oviductal transport is regulated by the flow of oviductal fluid, which is 

generated by both ciliary movement and smooth muscle contractions [4]. Since the infundibulum 

and ampulla have well-developed mucosal folds and their luminal surfaces are covered with 

numerous ciliated cells, the transport of gametes and early embryos depends on ciliary movement 

[5]. In contrast, the transport capacity of the isthmus, characterized by fewer ciliated cells and a 

thicker smooth muscle layer, relies on smooth muscle contractility rather than ciliary movement 

[6, 7]. In the oviductal isthmus of mice and rats, the inhibition of contractility has been shown to 

cause failure in gamete transport, thus leading to infertility [8, 9]. Smooth muscle dysfunction in 

bovine oviducts is believed to contribute to lower conception rates during the summer [10]. 

Furthermore, the inhibition of human oviductal contractility causes ectopic pregnancies, which 

often cause severe complications, such as hemorrhaging [11]. Approximately 98% of ectopic 

pregnancies occur in the oviduct, representing 1%–2% of all pregnancies [12]. Therefore, 

understanding the contractile functions of the oviductal smooth muscle is essential for reducing 

ectopic pregnancies in humans and improving conception rates in livestock. 

 

Oviductal smooth muscle contraction around ovulation 

Oviduct contraction around ovulation facilitates the transport of gametes to the oviductal ampulla 

and the movement of early embryos toward the uterus. Sperm that reaches the isthmus of the oviduct 

by contraction of the uterus and the uterotubal junction (UTJ) bind to the oviductal epithelium, acquire 
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fertilizing capacity, and are subsequently transported to the oviductal ampulla where the oocyte resides. 

The oviductal fluid flow generated by oviductal contraction movements, directed from the uterine side 

toward the ovarian side, promotes sperm transport in mice [8, 13]. After fertilization, early embryos 

are transported toward the uterus. In mice, localized contraction directed toward the uterus is observed 

following fertilization. Furthermore, extended inhibition of oviductal contraction impaired oocyte 

transport, leading to fluid accumulation and oviductal lumen expansion that disrupted the intimate 

contact between the cumulus–oocyte complex and the cilia which generated ciliary movement [14]. 

Thus, oviductal contractions are suggested to play a role in the transport of gametes and early embryos 

around ovulation, however, the detailed mechanisms remain unclear. 

 

Regulation factors of oviductal smooth muscle contraction 

The oviductal contraction is regulated by some factors to ensure the efficient transport of 

gametes and embryos. Prostaglandin F2α (PGF2α) and endothelin (EDN) act as potent stimulators 

of contraction, while prostaglandin E2 (PGE2) serve as relaxants, thereby allowing the oviduct to 

regulate contractility in bovine oviduct (Yamamoto, 2016). The contraction mechanisms of 

smooth muscle mediated by G protein-coupled receptors such as PGs and EDN receptor are 

regulated by the phospholipase C (PLC) β/inositol 1,4,5-trisphosphate (IP₃) and RhoA/Rho kinase 

(ROCK) signaling pathways in several smooth muscle tissues [15-19]. The PLCβ/IP₃ pathway 

induces Ca²⁺ release from the endoplasmic reticulum, leading to myosin light chain (MLC) 

phosphorylation and rhythmic phasic contractions that primarily influence contraction frequency 

and force [18]. In contrast, the RhoA/ROCK pathway not only promotes Ca²⁺ release from the 

endoplasmic reticulum but also activates myosin phosphatase targeting subunit 1 (MYPT1), 

thereby inhibiting MLC dephosphorylation [18, 19]. This process enhances and maintains MLC 

phosphorylation, resulting in a sustained increase in muscle tension. It is also known that the 
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increase in smooth muscle contractility driven by RhoA/ROCK activation is inhibited by RND 

proteins in other smooth muscles, such as those of the small intestine and the pregnant uterus [20-

22]. Although these mechanisms are well established in other smooth muscle systems, their 

specific role in oviductal smooth muscle remains unclear. 

 

Aim of the present study 

This study aimed to elucidate the mechanisms of oviductal contraction in bovine oviducts 

around ovulation. First, we investigated the effects of estradiol-17β (E2), a steroid hormone that 

induces estrus, on oviductal contraction and clarified its mechanism. Second, we examined the 

influence of follicular fluid, which flows into the oviduct together with the oocyte at ovulation, 

on oviductal contraction. These findings provide novel insights into the functional roles of 

oviductal smooth muscle, particularly its contribution to timely fertilization and the transport of 

gametes and early embryos within the oviduct. 
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CHAPTER 2 

Effect of estradiol-17β on oviductal contraction in the bovine oviduct 

 

INTRODUCTION 

 

Ensuring the timely transport of gametes and embryos within the oviduct is essential for the 

successful establishment of pregnancy [3]. This oviductal transport is regulated by the flow of 

oviductal fluid, which is generated by both ciliary movement and smooth muscle contractions [4]. 

The oviductal contractility responsible for the transport of gametes and embryos is controlled by 

several factors. One of these is estradiol-17β (E2), a steroid hormone secreted by the ovaries that 

regulates cyclical ovulation and menstruation. E2 indirectly promotes oviductal contractility by 

increasing the secretion of oviductal contraction factors from oviductal epithelial cells, such as 

prostaglandin F2α and endothelin [23]. In contrast, our previous research revealed that a Chinese 

medicine called Tokishakuyakusan rapidly increases oviduct tonus via G-protein-coupled 

estrogen receptor 1 (GPER1) [24], even though it does not contain E2. This suggests that E2, the 

original ligand of GPER1, directly regulates oviductal contractility.  

The contraction mechanisms of smooth muscle mediated by G protein-coupled receptors such 

as GPER1 are regulated by the RhoA/Rho kinase (ROCK) signaling pathways in several smooth 

muscle tissues [15-19]. Although these mechanisms are investigated in other smooth muscle 

systems, their specific role in oviductal smooth muscle remains unclear. The aim of this chapter 

is to clarify the direct effects of E2 on oviductal contraction and to elucidate the involvement of 

GPER1 and the RhoA/ROCK signaling pathway.  
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MATERIALS AND METHODS 

 

Collection of bovine oviducts 

Bovine oviducts were transported on ice from a local slaughterhouse to our laboratory. The 

oviducts were distinguished into four stages—Stage I (days 1–4 after ovulation), Stage II (days 

5–10 after ovulation), Stage III (days 11–17 after ovulation), and Stage IV (days 18–20 after 

ovulation)—based on the macroscopic observation of the ovary and the uterus [25] The oviducts 

were utilized on the ipsilateral side as the corpus luteum (Stages I–III) or the dominant follicle 

(Stage IV). The oviductal isthmus, with its well-developed and active smooth muscle layer, was 

selected for the subsequent experiments [26]. 

 

Isometric contraction test 

The isometric contraction test of the oviductal smooth muscle was conducted following 

previously described methods, with a few modifications [24, 27, 28]. Briefly, bovine oviductal 

isthmic tissues were dissected, and three or four 5-mm longitudinal strips near the uterotubal 

junction (UTJ) were obtained. Each longitudinally fixed strip was equilibrated for 1 h prior to the 

experiment in a Magnus tube containing 10 mL of Krebs–Ringer solution (136.9 mM NaCl, 5.4 

mM KCl, 1.5 mM CaCl2, 1.0 mM MgCl2, 23.8 mM NaHCO3, 5.6 mM glucose). The Krebs–

Ringer solution was maintained at 38.5°C and aerated with a mixture of 95% O2 and 5% CO2 

throughout the experiment. To confirm the functional integrity of the used smooth muscle tissues, 

oxytocin (4084-v, Peptide Institute, Inc., Osaka, Japan, 100 nM) and noradrenalin (143-04741, 

Wako, Osaka, Japan, 1 µM) were added as a contractile reagent or relaxant. The effects of E2 (1 

nM or 10 nM) and the GPER1 agonist (G-1; 10008933, Cayman, Ann Arbor, USA, 1 µM or 10 

µM) on oviductal contractility were investigated. We also investigated the effects of E2 (1 nM) 



8 

 

and pretreatment with a GPER1 antagonist (G-15; 14673, Cayman, 25 nM or 250 nM), ROCK 

inhibitor (Y-27632; HY-10583/CS-0878, MedChemExpress, Monmouth Junction, USA, 1 µM), 

and RND inhibitor (Manumycin A; 10010497, Cayman, 10 µM). The concentrations of E2, G-1, 

G-15, Y-27632, and Manumycin A were determined based on previous reports [29-33]. The 

solvent used for each reagent (0.1% DMSO or 0.1% EtOH in Krebs–Ringer solution) was added 

to the control group. To minimize variation among Magnus tubes, treatment groups were 

randomly assigned across tubes. Further, the isometric tension of each strip was measured using 

a force–displacement transducer (Minebea Co. Ltd., Nagano, Japan) connected to a polygraph 

(Yokogawa Electric Corp., Tokyo, Japan). The frequency, contraction force, and tonus were 

recorded every 2 min before and after the treatment, in accordance with a previous report [24]. 

 

Protein fractionation and extraction for Western blotting 

The bovine oviductal isthmic smooth muscle tissues were dissected and 5-mm strips adjacent 

to the UTJ that were removed from the mucosal layer were obtained. The tissues were then 

homogenized and ultrasonicated in RIPA buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 

0.1% SDS, 1% NP-40, and a protease inhibitor cocktail (1697498, Roche, Mannheim, Germany)). 

The supernatant was obtained by centrifugation (20,000 g × 20 minutes at 4°C). Protein 

concentrations were measured using the BCA method (Pierce™ BCA Protein Assay Kit, Thermo 

Fisher Scientific, Massachusetts, USA) [34]. 

 

Western blotting 

Western blotting was performed in accordance with previously established protocols, but with 

certain modifications [24]. Briefly, the lysates from oviductal isthmic smooth muscle tissues (25 

µg/lane) were prepared, separated using SDS-PAGE (7%–13%), and transferred to PVDF 
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membranes. After blocking, the membranes were incubated with antibodies against RhoA (sc-

418, Santa Cruz Biotechnology, Santa Cruz, USA, RRID:AB_628218), ROCK I (sc-17794, Santa 

Cruz Biotechnology, RRID:AB_628223), ROCK II (sc-398519, Santa Cruz Biotechnology), 

RND1 (A06347, Boster Biological Technology, Wuhan, China), RND2 (13844-1-AP, Proteintech, 

Wuhan, China, RRID:AB_2181817), RND3 (66228-1-lg, Proteintech), MYPT1 (2634, Cell 

Signaling Technology, Massachusetts, USA, RRID:AB_915965), pMYPT1 (Thr696, 5163, Cell 

Signaling Technology, RRID:AB_10691830), pMYPT1 (Thr853, 4563, Cell Signaling 

Technology, RRID:AB_1031185), MLC (8505, Cell Signaling Technology, RRID:AB_2728760), 

pMLC (Thr18/Ser19, 3674, Cell Signaling Technology, RRID:AB_2147464) or GAPDH 

(NB300-221SS, Novus Biologicals, Briarwood Avenue, USA, RRID:AB_790028) diluted with 

Can Get Signal Solution 1 (NKB-201, TOYOBO) overnight at 4°C or for 2 h at room temperature. 

After washing with TBS-T, HRP-linked sheep anti-mouse IgG (NA931, Cytiva, 

RRID:AB_772210), HRP-linked donkey anti-rabbit IgG (NA934, Cytiva, RRID: AB_772206), 

or HRP-linked goat anti-mouse IgM (ab97230, Abcam, Cambridge, UK, RRID:AB_10688258) 

diluted with Can Get Signal Solution 2 (NKB-301, TOYOBO) were incubated to the membranes 

for 1 h at room temperature. The dilution ratio of each antibody is presented in Table 1. After 

washing again with TBS-T, the signals were detected using chemiluminescence. To minimize 

variability across replicates, the same positive control sample was included, quantified, and 

normalized in each run, with GAPDH used as the internal control. Band intensity was analyzed 

using densitometry. 

 

ROCK activity assay 

The isthmic smooth muscle tissues of bovine oviducts were dissected and 1-cm strips adjacent 

to the UTJ were removed to obtain the mucosal layer. These strips were equilibrated for 1 h before 
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sampling in a centrifuge tube filled with 10 mL of Krebs–Ringer solution. The Krebs–Ringer 

solution was maintained at 38.5°C and aerated with 95% O2 and 5% CO2. Thereafter, these strips 

were incubated with 1 nM E2 for 1 h and homogenized and ultrasonicated in a sampling buffer 

for ROCK activity assay (50 mM Tris-HCl, 150 mM NaCl, 50 mM β-glycerophosphate, 1 mM 

EDTA, 1 mM EGTA, 1 mM Na3VO4, 1% NP-40, phosphatase inhibitor cocktail (4906845001, 

Roche, Mannheim, Germany) and protease inhibitor cocktail). The solvent for E2 (0.1% EtOH) 

was added to the control group. The supernatant was collected by centrifugation (20,000 g × 20 

min, 4℃). In addition, ROCK activity was evaluated using the ROCK activity immunoblot kit, 

following the manufacturer’s instructions (STA-415, Cell Biolabs, San Diego, USA). The active 

ROCK II provided with the kit served as a positive control to verify proper assay performance. 

The protein expression GAPDH was used as an internal control. 

 

Statistical analysis 

All experimental data were presented as mean ± SEM. Statistical analyses were conducted 

using R [35]. For experiments involving the isometric contraction test, data were analyzed using 

a generalized linear mixed model, followed by one-way ANOVA and Tukey’s multiple 

comparison test to compare treatment groups within the same time point. Western blot and ROCK 

assay data were analyzed using the Kruskal–Wallis test for comparisons between two groups. For 

comparisons among three or more groups, data were transformed using a generalized linear model 

and analyzed by one-way ANOVA with Tukey’s multiple comparison test. Statistical significance 

was set at 5% (P < 0.05). 
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Table 1. Antibody dilution ratio for western blotting 
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RESULTS 

 

E2 increased tonus in the isthmus of bovine oviducts 

An isometric contraction test was conducted to investigate the effect of E2 on bovine oviductal 

contractility. The tonus, frequency, and contraction force are presented in Figures 1, 2, and 3, 

respectively. E2 increased the tonus of bovine oviductal smooth muscle strips in Stage I. In stage 

I, a significant increase was observed in the 1 nM E2 treatment compared with that in the control 

and 10 nM E2 group at several time points (Figure 1; P < 0.05). By the end of the measurement, 

the tonus in the 1 nM E2 treatment group increased approximately 23-fold compared with the 1–

3 min, whereas no significant change in tonus was observed in the 10 nM E2 treatment group. 

Moreover, there was no change in oviductal tonus in Stages II–IV in the E2 treatment group. E2 

had no effect on both the frequency and contraction force at any stage (Figures 2 and 3). 

 

E2 increased oviductal tonus via GPER1 and the RhoA/ROCK signaling pathway  

 Since 1 nM E2 increased oviductal tonus within 1 h in Stage I, we focused on the involvement 

of the transmembrane E2 receptor (GPER1) in the increase of oviductal tonus in Stage I. To 

determine whether the effect of the GPER1 activation on the tonus is similar to that of 1 nM E2, 

either G-1 or E2 was added, and tonus was measured for up to 1 h post-treatment. Figure 4A 

indicates the changes in tonus following G-1 or E2 treatment. In Stage I, 1 nM E2 both 

concentrations of G-1 group increased the tonus of the oviductal isthmus tissues compared to the 

control after 31 min following treatment (Figure 4A; P < 0.05). These data indicate that GPER1 

activation produced an effect comparable to that of E2. Next, we examined the effect of the 

GPER1 antagonist (G-15) on oviductal contractility to verify that E2 exerts its effects through 

GPER1. E2 was administered 20 min after the G-15 treatment, and tonus was measured for up to 
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1 h following E2 administration. Both concentrations of the G-15 treatment significantly 

suppressed the E2-induced increase of tonus in Stage I after 41 min following E2 treatment 

(Figure 4B; P < 0.05). In addition, we investigated the effect of the ROCK inhibitor (Y-27632) 

on oviductal contractility to reveal the downstream mechanism of GPER1 in the E2-induced 

increase in oviductal tonus. E2 was administered 20 min after Y-27632 treatment, and the tonus 

was measured for up to 1 h following E2 administration in Stage I. Y-27632 significantly 

diminished the E2-induced increase in tonus after 31 min following E2 treatment (Figure 4C; P 

< 0.05). No effect of E2, G-1, G-15, or Y-27632 was observed on the frequency or contraction 

force (data not shown).  

 

Expression and activity of ROCK-regulated E2 responsiveness in bovine oviductal smooth 

muscle 

To determine the cause of the difference in responsiveness to E2 during the estrous cycle in 

bovine oviductal smooth muscle, RHOA, ROCK I, and ROCK II protein expression at each 

estrous stage in this tissue were measured using Western blotting. The protein expression of 

RHOA, ROCK I, and ROCK II, along with GAPDH as the internal control, was investigated in 

the oviductal isthmic smooth muscle in Stages I–IV. The RHOA and ROCK I protein expression 

levels did not change significantly throughout the estrous cycle (Figures 5A and 5B). The ROCK 

II protein expression was found to be significantly increased in Stage I compared to that in Stage 

III (Figure 5C; P < 0.05). Moreover, we analyzed active ROCK levels in the isthmic smooth 

muscle tissues of bovine oviducts at each estrous stage, sensitized by E2, to measure the amount 

of functional ROCK. We found that the active ROCK level in Stage I was significantly increased 

compared to that of the other stages after E2 treatment (Figure 5D; P < 0.05). Finally, we 

investigated whether E2 affects phosphorylation of pMYPT1 and pMLC, key downstream 



14 

 

components of the RhoA/ROCK signaling pathway, in Stage I oviductal smooth muscle (Figure 

6A). E2 significantly increased the phosphorylation of pMYPT1 (Thr696) and pMLC compared 

to controls (Figures 6C–D, H–I; P < 0.05). In contrast, E2 did not alter total MYPT1, MLC, 

pMYPT1 (Thr853) expression, or pMYPT1 (Thr853) phosphorylation in Stage I oviductal 

smooth muscle (Figures 6B, D–G). 

 

Expression of RND3-regulated E2 responsiveness and ROCK activity in bovine oviductal 

smooth muscle 

To reveal the mechanism of the difference in responsiveness to E2 via the activation of ROCK 

during the estrous cycle in the bovine oviductal smooth muscle, the protein expression of RND1, 

RND2, and RND3 at each estrous stage in this tissue were measured using Western blotting. The 

protein expression of RND1, RND2, and RND3—with GAPDH as the internal control—was 

examined at all stages. The expression levels of RND1 and RND2 did not significantly change 

throughout the estrous cycle (Figures 7A and B). In contrast, the RND3 expression level at Stage 

IV significantly increased compared to that in Stage III (Figure 7C). Since these results suggested 

that the expression of RND3 suppressed the E2-induced increase in oviductal tonus, we 

investigated the effect of an RND inhibitor (Manumycin A) on the bovine oviductal tonus in Stage 

IV. E2 was administered 20 min after treatment with Manumycin A, and oviductal tonus was 

measured for up to 1 h following E2 administration. E2 and Manumycin A did not change the 

frequency or contraction force (data not shown). Manumycin A significantly increased tonus in 

Stage IV oviductal smooth muscle compared to other groups at several time points (Figure 7D; P 

< 0.05). Since Manumycin A restored E2 responsiveness in Stage IV oviducts, we further 

investigated the expression and activation of the RhoA/ROCK signaling pathway in isthmic 

smooth muscle tissues of Stage IV oviducts treated with both 1 nM E2 and 10 µM Manumycin A 



15 

 

(Figure 8A). Co-treatment with E2 and Manumycin A significantly increased ROCK activity and 

the expression and phosphorylation of pMYPT1 (Thr696) and pMLC compared to controls 

(Figures 8B, D–E, I–J; P < 0.05). In contrast, co-treatment did not alter the expression of total 

MYPT1, MLC, or pMYPT1 (Thr853), nor phosphorylation of pMYPT1 (Thr853) in Stage IV 

oviductal smooth muscle (Figures 8C, F–H). 
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Figure 1. Effect of estradiol-17β (E2—1nM or 10 nM) on the tonus of bovine oviductal 

isthmic tissues in the longitudinal direction 

Data were collected and averaged every 2 min post-treatment (n = 5). Each graph indicates tonus 

relative to pre-treatment levels in bovine oviducts at Stages I (A), II (B), III (C), and IV (D). Data 

are presented as mean ± SEM. Different superscripts (a, b) indicate significant differences within 

each treatment group at the same time point (P < 0.05).  
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Figure 2. Effect of estradiol-17β (E2—1 nM or 10 nM) on the frequency of bovine 

oviductal isthmic tissues in the longitudinal direction 

Data were collected every 2 min post-treatment (n = 5). Each graph indicates frequency in the 

oviducts of Stages I (A), II (B), III (C), and IV (D). Data are presented as mean ± SEM.  

  



18 

 

 

 

Figure 3. Effect of estradiol-17β (E2—1 nM or 10 nM) on the contraction force of bovine 

oviductal isthmic tissues in the longitudinal direction 

Data were collected and averaged every 2 min post-treatment (n = 5). Each graph indicates 

contraction force relative to pre-treatment levels in bovine oviducts in Stages I (A), II (B), III (C), 

and IV (D). Data are presented as mean ± SEM. 
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Figure 4. Effect of estradiol-17β (E2), G protein-coupled estrogen receptor 1 (GPER1) 

agonist (G-1), GPER1 antagonist (G-15), and Rho kinase inhibitor (Y-27632) on the tonus 

of bovine oviductal isthmic tissues in a longitudinal direction 

Data were collected and averaged every 2 min post-treatment (n = 5). Each graph indicates tonus 

compared to before E2 or G-1 treatment (A), G-15 pretreatment and E2 treatment (B), and Y-

27632 pretreatment and E2 treatment (C) in the oviducts in Stage I (n = 6). Data are presented as 

mean ± SEM. Different superscripts (a, b) indicate significant differences within each treatment 

group at the same time point (P < 0.05). 
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Figure 5. Protein expression of RHOA, Rho kinase (ROCK) I, ROCK II, active ROCK in 

bovine oviductal isthmic smooth muscle tissues 

The protein expression levels of RHOA (A), ROCK I (B), and ROCK II (C) in bovine oviductal 

isthmic smooth muscle tissues throughout the estrous cycle are indicated (n = 18). The figure 

presents the active ROCK (D) protein expression levels in bovine oviductal isthmic smooth 

muscle tissues during the estrous cycle sensitized by 1 nM estradiol-17β (E2) (n = 16; C, without 

E2 treatment; E, with 1 nM E2 treatment). These protein expression levels were normalized by 

the GAPDH protein expression level. Data are presented as mean ± SEM. Different superscripts 

(a, b) indicate significant differences in each estrous stage (P < 0.05). Asterisk indicates 

significant differences between control group and E2 treatment group at the same estrous stage 

(P < 0.05). 
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Figure 6. Protein expression of the downstream factor of RHOA/Rho kinase (ROCK) 

signaling pathway in bovine oviductal isthmic smooth muscle tissues in Stage I sensitized 

by 1 nM E2 

(A) Representative Western blot images of downstream factors. Protein expression of MYPT1 

(B), pMYPT1 (Thr696) (C), pMYPT1 (Thr853) (E), MLC (G), and pMLC (H) in Stage I tissues 

(n = 20; C, without E2; E, with 1 nM E2). Phosphorylation levels of pMYPT1 (Thr696) (D), 

pMYPT1 (Thr853) (F), and pMLC (I) are shown. Protein expression was normalized to GAPDH. 

Data are presented as mean ± SEM. Asterisks indicate significant differences between control and 

E2-treated groups (P < 0.05). 
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Figure 7. Protein expression of RNDs and the effect of the RNDs inhibitor in bovine 

oviductal isthmic smooth muscle tissues 

The protein expression levels of RND1 (A), RND2 (B), and RND3 (C) in bovine oviductal isthmic 

smooth muscle tissues throughout the estrous cycle are indicated (n = 18). These protein 

expression levels were normalized by the GAPDH protein expression level. Data are presented 

as mean ± SEM. Different superscripts (a, b) indicate significant differences within each estrous 

stage (P < 0.05). The effects of estradiol-17β (E2) and RNDs inhibitor (Manumycin A) on the 

tonus of bovine oviductal isthmic tissues in the longitudinal direction in Stage IV are indicated 

(D). Data were collected and averaged every 2 min after treatment. This graph depicts the tonus 

compared to before Manumycin A pretreatment and E2 treatment in the oviducts in Stage I (n = 

6). Data are presented as mean ± SEM. Different superscripts (a, b) indicate significant differences 

in each treatment group at the same time point (P < 0.05). 
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25 

 

Figure 8. Protein expression of the downstream factor of RHOA/Rho kinase (ROCK) 

signaling pathway in bovine oviductal isthmic smooth muscle tissues in Stage IV tissue 

sensitized by 1 nM estradiol-17β (E2) and RNDs inhibitor (Manumycin A). 

(A) Representative Western blot images. Protein expression of MYPT1 (C), pMYPT1 (Thr696) 

(D), pMYPT1 (Thr853) (F), MLC (H), and pMLC (I) in Stage IV tissues (n = 14; C, without E2; 

E, with 1 nM E2; EM, with 1 nM E2 + 10 µM Manumycin A). Activation/phosphorylation levels 

of ROCK (B), pMYPT1 (Thr696) (E), pMYPT1 (Thr853) (G), and pMLC (J) are shown. Protein 

expression was normalized to GAPDH. Data are presented as mean ± SEM. Different superscripts 

(a, b) indicate significant differences between treatment groups (P < 0.05).  
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Figure 9. Effects of estradiol-17β (E2, 1 nM), Estrogen receptor (ER) α antagonist (MPP, 10 

nM) and ERβ antagonist (PHTPP, 1 µM) on the tonus of bovine oviductal isthmic tissues in 

a longitudinal direction 

Data were collected and averaged every 2 min post-treatment (n=5). This graph indicates tonus 

relative to pre-treatment levels in bovine oviducts at Stage I. Data are presented as mean ± SEM. 

Different superscripts (a, b) indicate significant differences in each treatment group at the same 

time point (P < 0.05). 
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Figure 10. Summary of estradiol-17β (E2) regulation in oviductal contractility. 

E2 directly increases oviductal tonus by activating the RhoA/Rho kinase (ROCK)/Myosin 

phosphatase targeting subunit 1(MYPT1)/Myosin light chain (MLC) signaling pathway via G 

protein coupled receptor 1 (GPER1) at 1–4 days after ovulation. In contrast, a high expression of 

RND3 inhibits E2-induced activation of the RhoA/ROCK/MYPT1/MLC signaling pathway in 

the preovulatory oviduct. 
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DISCUSSION 

 

This is the first study to investigate the direct effect of E2 on bovine oviductal contractility and 

its mechanism. Our study clarified that 1 nM E2 increased bovine oviductal tonus at 1–4 days 

after ovulation. Steroid hormones such as E2 exert their effects through nuclear receptor-mediated 

genomic pathways and transmembrane receptor-mediated nongenomic pathways, with the latter 

typically inducing a faster response [36]. GPER1, a transmembrane E2 receptor, has been 

identified in the bovine oviductal smooth muscle [29]. In our previous research, 

Tokishakuyakusan—a traditional Chinese medicine—was increased oviduct tonus via GPER1 

[24]. Taken together, we hypothesized that E2 directly increased oviductal tonus via GPER1, but 

not nuclear estrogen receptors. The addition of the GPER1 agonist as well as E2 induced an 

increase in oviductal tonus, and the GPER1 antagonist significantly suppressed the effect of E2. 

On the other hand, nuclear estrogen receptor antagonists did not suppress the effect of E2 on 

bovine oviductal tonus in Stage I (Figure 9). Therefore, E2 increased oviductal tonus via GPER1 

and shortened the oviduct in the longitudinal direction. Next, since E2 affected only oviductal 

tonus via GPER1, we focused on RhoA/ROCK signaling pathway, which regulated smooth 

muscle tone. The ROCK inhibitor significantly suppressed the increase in oviductal tonus caused 

by E2. ROCK II protein expression and ROCK activity levels after exposure to E2 were 

significantly higher in the bovine oviduct at 1–4 days after ovulation compared to that in other 

stages. These results suggest that E2 increases bovine oviductal tonus by activating ROCK. This 

study did not clarify the regulation of ROCK expression and activity, however, E2 influences both 

the expression of ROCK in the uterus [37], and ROCK gene expression tends to increase in bovine 

oviductal epithelium before ovulation [38]. The RhoA/ROCK signaling pathway, mediated by a 

G-protein-coupled receptor (GPCR)—such as GPER1—is also involved in the regulation of 



29 

 

contractility in smooth muscles of blood vessels, the internal anal sphincter, and the uterus [17-

19]. In these smooth muscles, RhoA/ROCK induces the activation of MYPT1 and inhibition of 

MLC dephosphorylation [18, 19]. This mechanism promotes and maintains the phosphorylation 

of MLC, thereby causing a sustained increase in muscle tension. In the present study, E2 increased 

ROCK activity and phosphorylation of pMYPT1 (Thr696) and pMLC in Stage I bovine oviductal 

smooth muscle. Notably, Thr696 phosphorylation of MYPT1 is thought to be more effective than 

Thr853 in maintaining smooth muscle tone due to its stronger inhibition of myosin light chain 

phosphatase [39]. Taken together, these findings indicate that E2 increases bovine oviductal tonus 

through the GPER1-mediated RhoA/ROCK/MYPT1/MLC signaling pathway. 

In contrast, E2 did not affect oviductal contractility in the preovulatory bovine oviduct, despite 

the E2 addition of concentrations found in the preovulatory oviductal tissue and fluid. The protein 

expression of GPER1 did not change during the estrous cycle in our previous study [24], and the 

activation of the RhoA/ROCK signal pathway was not observed in the preovulatory oviduct in 

the present study. However, in the preovulatory bovine oviduct, the E2 concentration of oviductal 

plasma, tissues, and fluid is higher and there is increased sensitivity of E2 compared to that in the 

other stages [40-42]. To clarify this contradiction, we focused on the expression of RNDs, which 

have three isoforms: RND1, RND2, and RND3 [43]. RNDs inhibit the RhoA/ROCK signaling 

pathway [43]. In the present study, E2 increased oviductal tonus in Stage I but not in Stage IV. 

Protein expression of RND1 and RND2 did not differ between Stage I and Stage IV, suggesting 

that these isoforms are minimally involved in the E2-induced increase in oviductal tonus. 

Consequently, inhibition of RND1 and RND2 by Manumycin A does not contribute to restoring 

E2 responsiveness. In contrast, RND3 was highly expressed specifically at Stage IV, which can 

explain the absence of E2-induced tonus increases at this stage. Indeed, treatment with 

Manumycin A in Stage IV oviducts restored the E2-induced increase in oviductal tonus, ROCK 
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activity, and phosphorylation of pMYPT1 (Thr696) and pMLC, indicating effective inhibition of 

highly expressed RND3. These results suggest that a high expression of RND3 in the oviduct 

before ovulation suppresses the E2-induced increase in oviductal tonus, although this study does 

not directly investigate the effect of the overexpression or a loss of expression of RND3 on the 

E2-induced increase in oviductal tonus. It is known that the increase in smooth muscle 

contractility due to RhoA/ROCK signal activation is also inhibited by RNDs in other smooth 

muscles, such as the small intestine and pregnant uterus [20-22]. The expression of RNDs varies 

depending on species and tissues. In the small intestine of rats, RND2/3 has an inhibitory effect 

on E2-induced contractility, whereas in the human uterus, RND1/2/3 has an inhibitory effect [20-

22]. Our study revealed that RND3 plays an important role in the mechanism of the regulation of 

bovine oviductal tonus by E2. RND3 expression in the uterine smooth muscle of pregnant rabbits 

is significantly increased compared to that in nonpregnant rabbits [33]. Moreover, ileal smooth 

muscle tissue isolated from ovariectomized rats treated with E2 also increases RND3 protein 

expression [20]. Although the regulation of RND3 expression in the bovine oviduct has not been 

manifested in this study, it is possible that steroid hormones are involved in the expression. 

This study revealed that the effect of E2 on oviductal contractility differed before and after 

ovulation. What is the physiological significance of this phenomenon in the bovine oviduct? It is 

known that the oviduct plays a role in transporting gametes and early embryos at the appropriate 

time for it to be considered an established pregnancy [3]. The ejaculated sperm is incapacitated 

and normally deposited in the vagina or uterus. These sperm attach to, and detach from, the 

epithelium of the oviduct isthmus, thereby suggesting that spermatozoa bind and unbind several 

times as they migrate through the oviduct [44, 45]. The detachment of sperm is caused by 

hyperactivated motility [46]. Thereafter, they are distributed toward the oviductal ampulla, where 

fertilization occurs. Our study suggests that the high expression of RND3 in the oviduct 
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suppresses the excessive increase in oviductal tonus caused by E2, thus resulting in the retention 

of sperm in the isthmus of the oviduct before ovulation. This prevention of excessive sperm 

transport before ovulation supports fertilization at the appropriate time.  

However, after ovulation, excess E2 prevents the establishment of pregnancy. In normal cows, 

the E2 concentration in oviductal tissue and fluid at 1–4 days after ovulation is approximately 300 

pM [41, 42]; thus, an addition of 1 nM E2 is an abnormally high concentration for the oviduct at 

1–4 days after ovulation. Nevertheless, in the present study, 1 nM E2 increased oviductal tonus 

in the bovine oviduct at 1–4 days after ovulation. One of the events that causes abnormally high 

concentrations of E2 after ovulation is superovulation treatment. In various animals, 

superovulation increases E2 concentrations after ovulation and reduces pregnancy rates [47, 48]. 

It has also been reported that superovulation treatment causes abnormal acceleration of oocyte 

transport in rats, thus resulting in infertility [47]. Based on these findings, it is possible that the 

increase in E2 concentration due to abnormal hormone secretion causes the abnormal acceleration 

of gametes and early embryo transport, thus resulting in infertility in humans and livestock. 

E2 directly increases oviductal tonus by activating the RhoA/ROCK/MYPT1/MLC signaling 

pathway via GPER1 at 1–4 days after ovulation. It is possible that this phenomenon promotes 

excessive gametes and early embryo transport in the oviduct lead to infertility (Figure 10). In the 

preovulatory oviduct, a high expression of RND3 inhibits E2-induced activation of the 

RhoA/ROCK/MYPT1/MLC signaling pathway, thereby retaining sperm transport in the isthmus 

of the oviduct before ovulation (Figure 10). These mechanisms contribute to supporting 

fertilization at the appropriate time and establishing pregnancy in human and livestock species. 
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SUMMARY 

 

Ensuring the timely transport of gametes and embryos within the oviduct is essential for the 

successful establishment of pregnancy. This study investigated the direct effect of estradiol-17β 

(E2) on bovine oviductal contractility and the differences in responsiveness to E2 during the 

estrous cycle. Bovine isthmic tissues from four estrous stages were analyzed using the Magnus 

method to assess contractile responses to E2 and related reagents. Protein expression of G-protein-

coupled estrogen receptor 1 (GPER1) and components of the RhoA/Rho kinase (ROCK) signaling 

pathway were also evaluated. E2 and a GPER1 agonist significantly increased oviductal tonus at 

1–4 days after ovulation. This effect was significantly suppressed by treatment with a GPER1 

antagonist and a ROCK inhibitor. At 1–4 days after ovulation, both ROCK II expression and 

ROCK activity were elevated. E2 also enhanced phosphorylation of myosin phosphatase targeting 

subunit 1 (MYPT1) and myosin light chain (MLC), key downstream targets of ROCK. Before 

ovulation, when endogenous E2 levels peak, the expression of RND3—a ROCK inhibitor—was 

upregulated. The application of an RNDs inhibitor restored E2 responsiveness in oviductal tonus, 

ROCK activity, and the phosphorylation of MYPT1 and MLC in oviductal tissues before 

ovulation. These findings suggest that E2 directly increases oviductal tonus via GPER1 and 

ROCK/MYPT1/MLC activation at 1–4 days after ovulation. Differences in oviductal 

responsiveness to E2 during the estrous cycle appear to be mediated by the expression of ROCK 

and RND3.  
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CHAPTER 3 

Influence of follicular fluid on bovine oviductal contractility 

 

INTRODUCTION 

 

The oviductal fluid flow generated by oviductal contraction movements promotes sperm transport 

in mice [8, 13]. Moreover, extended inhibition of oviductal contraction impaired oocyte transport, 

leading to fluid accumulation and oviductal lumen expansion that disrupted the intimate contact 

between the cumulus–oocyte complex and the cilia which generated ciliary movement [14]. These 

findings suggested that mechanisms exist to promote sperm transport in coordination with ovulation, 

although the detailed processes remain unclear.  

Follicular fluid is the liquid found inside ovarian follicles that surrounds and nourishes the oocyte. 

It contains hormones, growth factors, nutrients, and antioxidants that regulate oocyte maturation and 

competency. The composition of follicular fluid strongly influences fertilization potential of oocytes 

and early embryo development. In some mammalian species, it has been observed that follicular fluid 

flows into the oviduct together with the oocyte at the time of ovulation [49-51]. Previous studies have 

suggested that ovulatory products are involved in the transport of sperm to the ampulla by oviductal 

contraction [8, 13, 52]. The combined action of ovulatory products and oviductal contraction 

movements may facilitate sperm transport to the ampulla [52-54]. Furthermore, activation of oviductal 

contraction by steroid hormones contained in follicular fluid promotes sperm transport to the ampulla 

[52, 54, 55]. Taken together, it is suggested that follicular fluid and oviductal contraction movements 

are involved in sperm transport within the oviduct immediately prior to fertilization. The aim of this 

chapter is to elucidate the effect of follicular fluid on oviductal contraction and its mechanism in the 

bovine.  
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MATERIALS AND METHODS 

 

Collection of bovine oviducts and follicular fluid 

The oviducts of bovine were transported on ice from a local slaughterhouse to our laboratory. 

The oviducts were distinguished into four stages—Stage I (days 1–4 after ovulation), Stage II 

(days 5–10 after ovulation), Stage III (days 11–17 after ovulation), and Stage IV (days 18–20 after 

ovulation)—based on the macroscopic observation of the ovary and the uterus [25]. This study 

utilized Stage IV oviducts to exclude the influence of follicular fluid under in vivo conditions. The 

oviducts ipsilateral to the dominant follicle in Stage IV were used in the present study. The 

oviductal isthmus, with well-developed and active smooth muscle layer, was selected for the 

subsequent experiments [26]. Follicular fluid was aspirated from dominant follicles (diameter 10–

15 mm) at Stage IV and centrifuged (4 °C, 15,000 rpm, 20 min). The supernatant was stored at –

80 °C until use in experiments. In each experiment, follicular fluid was diluted in Krebs–Ringer 

solution so that the final concentration reached 10%. 

 

Enzyme immunoassay (EIA) 

To confirm whether the collected follicular fluid was pre‑ or post‑ LH surge, the concentrations 

of PGE2 in the follicular fluid were determined via EIA, as described previously [56, 57]. The 

PGE2 standards ranged from 0.039 to 10 ng/ml, and the median effective dose (ED50) of the assay 

was 0.625 ng/ml. The intra- and inter-assay coefficients of variation, on average, were 7.83% and 

13.02%, respectively. Based on the results of the EIA, the follicular fluid was classified as pre‑ or 

post‑LH surge using 2 ng/ml as the criterion [58]. The concentrations of platelet activating factor 

(PAF) in follicular fluid were measured by EIA using a Bovine PAF ELISA Reagent Kit 

(MBS740718; MyBioSource, San Diego, USA). The intra-assay coefficients of variation was 
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5.25%. 

 

Isometric contraction test 

The isometric contraction test of the oviductal smooth muscle was conducted following the 

methods previously described, with a few modifications [24, 27, 28]. Stage IV bovine oviductal 

isthmic tissues near the UTJ were dissected into 5-mm strips and equilibrated in Krebs–Ringer 

solution (38.5 °C, 95% O₂/5% CO₂). To confirm the functional integrity of the smooth muscle 

tissues used, oxytocin (100 nM) and noradrenaline (1 µM) were added as a contractile reagent or 

relaxant before each experiment. The effects of pre- or post- LH surge follicular fluid (pre-LH FF 

or post-LH FF) on oviductal contractility were then examined. We also investigated the effects of 

post-LH FF and pretreatment with PAF receptor antagonist (WEB 2086; 2339, TOCRIS 

Bioscience, Bristol, UK, 10 µM), ROCK inhibitor (Y-27632; HY-10583/CS-0878, 

MedChemExpress, Monmouth Junction, USA, 1 µM), and protein kinase C α (PKCα) inhibitor 

(Go6976; S7119, Selleckchem, Houston, USA, 1 µM). The concentrations of WEB2086, Y-27632, 

and Go6976 were determined based on previous reports [29-33, 59]. For the control, bovine serum 

albumin (BSA; 12657, Millipore, Billerica, MA, USA, 8.271 mg/ml) was supplemented at a 

concentration equivalent to the protein content of the follicular fluid. The solvent used for each 

inhibitor (DMSO) was added to the control group at 0.1%. To minimize variation among Magnus 

tubes, treatment groups were randomly assigned across tubes. Further, measurement of the 

isometric tension in each strip was used a force–displacement transducer (Minebea Co. Ltd., 

Nagano, Japan) connected to a polygraph (Yokogawa Electric Corp., Tokyo, Japan). Frequency, 

force of contraction, and tonus were monitored at 2‑min intervals before and after treatment, 

according to previous studies [24]. 
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Contraction assay using a tubular oviductal tissue segment 

Bovine oviductal isthmic tissues in Stage IV were dissected, and 8 cm longitudinal tubular 

tissue segment near the UTJ were obtained. The excised oviduct was connected to a tube, and 

Krebs–Ringer solution was perfused for 1 h at a speed of 0.2 mm/sec using a perfusion apparatus. 

The Krebs–Ringer solution was maintained at 38.5°C and aerated with a mixture of 95% O2 and 

5% CO2 throughout the experiment. From the ampullary side of the oviduct, post-LH FF (1 ml) 

stained using dyed purple reagent (B7024A, New England Biolabs, Ipswich, MA, USA) was 

injected. And then, the oviductal length after these had passed through the oviductal tissue was 

measured. BSA (8.271 mg/ml) was added to the control group. 

 

Statistical analysis 

All experimental data were presented as mean ± SEM. Statistical analyses were conducted 

using R [35]. Isometric contraction tests were evaluated with a generalized linear mixed model, 

followed by one‑way ANOVA and Tukey’s post hoc test for group comparisons at each time point. 

Contraction assays with tubular oviductal segments were analyzed using the Kruskal–Wallis test. 

PAF EIA data was transformed using a generalized linear model and analyzed by one-way 

ANOVA with Tukey’s multiple comparison test. Statistical significance was defined as P < 0.05. 

 

  



37 

 

RESULTS 

 

Post- luteinizing hormone surge follicular fluid (LH FF) increased tonus in the bovine 

oviductal isthmic tissues 

  An isometric contraction assay was conducted to evaluate how pre- or post- LH FF influences 

bovine oviductal contractility. Tonus, contraction frequency, and force are shown in Figure 11. 

Post‑LH FF significantly increased the tonus of oviductal smooth muscle strips before ovulation 

after 1 min following treatment compared with the other treatment groups (Figure 11; P < 0.05). 

In contrast, pre‑LH FF did not show any effects on tonus. Neither contraction frequency nor force 

was affected by follicular fluid treatment (Figure 11). Next, to examine whether follicular fluid 

exerts its effect from inside the oviduct, post-LH FF was injected into the oviduct lumen, and 

contraction assays were performed. Luminal administration of post‑LH FF significantly reduced 

oviduct length relative to the pre-treatment levels compared to control group (Figure 12; P < 0.05). 

These results indicate that post‑LH FF enhances oviductal tonus from the luminal side. 

 

Platelet‑activating factor (PAF) contained in post-LH FF increased oviductal tonus  

  Post‑LH FF increased oviductal tonus within 5 min, but not pre‑LH FF. These observations 

suggest that factors that rise in follicular fluid after the LH surge regulate oviductal smooth muscle 

tonus. Platelet‑activating factor (PAF) is known to increase in ovine follicular fluid following the 

LH surge and to enhance smooth muscle tonus in other smooth muscle tissues [60-62]. However, 

since it remains unclear whether the same phenomenon occurs in bovine, we measured PAF 

concentrations in bovine follicular fluid. Consistent with other species, PAF concentrations in 

bovine follicular fluid were significantly increased after the LH surge compared with before the 

surge (Figure 13A; P < 0.05). Based on this result, we hypothesized that PAF present in follicular 
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fluid contributes to the increase in oviductal tonus. We examined the effect of the PAF receptor 

antagonist (WEB 2086) on oviductal contractility to verify that post-LH FF shows its effects 

through PAF receptor. WEB 2086 treatment significantly suppressed the post-LH FF-induced 

increase of tonus in oviductal isthmus at Stage IV after 1 min following post-LH FF treatment 

(Figure 13B; P < 0.05). Post-LH FF did not change contraction the frequency or contraction force 

(data not shown). 

 

Post-LH FF regulated oviductal tonus via Rho kinase (ROCK) and protein kinase C α 

(PKCα) activation 

PAF receptor is a member of G protein–coupled receptors (GPCRs), and the RhoA/ROCK 

signaling pathway is one of the mechanisms by which GPCR regulate smooth muscle tonus [18, 

19, 63]. Therefore, we examined whether PAF present in follicular fluid activates the 

RhoA/ROCK signaling pathway via the PAF receptor and consequently increases oviductal tonus. 

Y-27632 significantly suppressed the post-LH FF-induced increase in tonus after 3 min following 

treatment (Figure 14A; P < 0.05). In addition, GPCRs such as PAF receptor activates the protein 

kinase (PKC), and PKCα participates in the RhoA/ROCK signaling pathway [59, 64-66]. We 

investigated the effect of PKCα inhibitor (Go6976) on oviductal contractility to determine 

whether PKCα contributes to post-LH FF-induced increase in oviductal tonus. Go6976 

significantly reduced the post-LH FF-induced increase in oviductal tonus after 2 min following 

treatment (Figure 14B; P < 0.05). No effects of post-LH FF, Y-27632, and Go6976 were observed 

on the frequency or contraction force (data not shown).  
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Figure 11. Effect of pre- or post- luteinizing hormone surge follicular fluid (pre-LH FF or 

post-LH FF) on the frequency, contraction force and tonus of bovine oviductal isthmic 

tissues in the longitudinal direction 

Data were collected and averaged every 1 min post-treatment (n = 5). Each graph indicates 

frequency (A), contraction force (B) and tonus relative to pre-treatment levels (C) in bovine 

oviductal isthmic tissues at Stages IV, respectively. Data are presented as mean ± SEM. 

Different superscripts (a, b) indicate significant differences within each treatment group at the 

same time point (P < 0.05). 
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Figure 12. Effect of post- luteinizing hormone surge follicular fluid (post-LH FF) on the 

length of a tubular bovine oviductal isthmic tissue segment 

The graph indicates the length of bovine oviductal isthmic tissues relative to pre-treatment levels 

at Stages IV (n=5). Data are presented as mean ± SEM. Asterisks indicate significant differences 

between control and E2-treated groups (P < 0.05). 
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Figure 13. Platelet activating factor (PAF) concentration in follicular fluid and Effect of 

post- luteinizing hormone surge follicular fluid (post-LH FF) and PAF receptor antagonist 

(WEB 2086) on the tonus of bovine oviductal isthmic tissues in a longitudinal direction 

The PAF concentration in bovine follicular fluid before and after LH surge are measured (A, n = 

12). Different superscripts (a, b) indicate significant differences within each group (P < 0.05). The 

effects of post-LH FF and WEB 2086 on the tonus of bovine oviductal isthmic tissues at Stage IV 

in the longitudinal direction are shown in (B). Data were collected and averaged every 1 min post-

treatment (n=5). Data are presented as mean ± SEM. Different superscripts (a, b) indicate 

significant differences in each treatment group at the same time point (P < 0.05). 
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Figure 14. Effect of post- luteinizing hormone surge follicular fluid (post-LH FF), Rho 

kinase (ROCK) inhibitor (Y-27632), and protein kinase C α (PKCα) inhibitor (Go6976) on 

the tonus of bovine oviductal isthmic tissues in a longitudinal direction 

Data were collected and averaged every 1 min post-treatment. Each graph indicates tonus 

compared to before Y-27632 pretreatment and post-LH FF treatment (A), and Go6976 

pretreatment and post-LH FF treatment (B) in bovine oviductal isthmic tissues at Stage IV (n = 

4). Data are presented as mean ± SEM. Different superscripts (a, b) indicate significant differences 

in each treatment group at the same time point (P < 0.05). 
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DISCUSSION 

 

This study is the first report to show that follicular fluid regulates oviductal tonus in cattle. In 

bovine oviducts at Stage IV, pre-luteinizing hormone surge follicular fluid (LH FF) did not affect 

oviductal contraction, whereas post-LH FF rapidly increased oviductal tonus and shortened 

oviductal length. Follicular fluid contains hormones, enzymes, bioactive lipids, antioxidants, and 

other factors essential for oocyte development, and its composition is known to differ before and 

after the LH surge [67-69]. Since only post‑LH FF enhanced oviductal tonus in this study, we 

hypothesized that factors in follicular fluid whose production increases after the LH surge 

contribute to smooth muscle contraction. One of such factors that increase in follicular fluid after 

the LH surge is platelet activating factor (PAF) in some species [60, 62]. Consistent with other 

species, PAF concentrations in bovine follicular fluid also were significantly increased after the 

LH surge compared with before the surge. PAF is a bioactive lipid that induces platelet 

aggregation and is known to enhance contractile activity in other smooth muscles [61]. In the 

present study, inhibition of PAF significantly suppressed the increase in oviductal tonus induced 

by post‑LH FF. Furthermore, a ROCK inhibitor also significantly suppressed the oviductal tonus 

enhancing effect of post‑LH FF. The RhoA/ROCK signaling cascade, activated through GPCRs 

such as PAF receptor, also contributes to the control of smooth muscle contractility in tissues 

including blood vessels, the internal anal sphincter, and the uterus [17-19]. In these muscles, 

RhoA/ROCK facilitates the activation of myosin phosphatase targeting subunit 1 (MYPT1) and 

suppresses the dephosphorylation of myosin light chain (MLC) [18, 19]. This process enhances 

and sustains MLC phosphorylation, resulting in prolonged elevation of muscle tone. In the 

previous chapter, we demonstrated that activation of ROCK increases the phosphorylation levels 

of MYPT1 and MLC in the oviductal isthmic smooth muscle. Therefore, follicular fluid may 
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likewise regulate oviductal tonus through the ROCK/MYPT1/MLC pathway. 

However, we showed that the oviducts at Stage IV did not exhibit an E2‑induced increase in 

tonus via GPER1, a member of the G protein coupled receptors (GPCRs) family, due to the high 

expression of RND3. Therefore, we considered that post-LH FF contains factors that suppress 

RND3 activity and activate the RhoA/ROCK signaling pathway. One of such candidates is protein 

kinase C (PKC), which is known to be activated by increases in diacylglycerol (DAG) and 

calcium generated downstream of GPCRs such as the PAF receptor [59, 64-66]. In mice, 

inhibition of PKCα changes the intracellular localization of RND3 and consequently activates the 

RhoA/ROCK pathway [59, 64-66]. In the present study, pretreatment with a PKCα inhibitor 

significantly reduced the increase of oviductal tonus by post-LH FF, suggesting that 

PKCα-mediated suppression of RND3 also occurs in bovine oviductal smooth muscle. To further 

clarify the relationship between PKCα, RND3, and RhoA/ROCK signaling pathway, it is 

necessary to examine RND3 protein expression and ROCK activity in bovine oviductal smooth 

muscle tissue following PKCα inhibition. 

In this study, post‑LH FF increased oviductal tonus and induced shortening of oviductal 

length when applied from the luminal side of the oviduct. These rapid responses suggested that 

factors of post-LH FF act directly on oviductal smooth muscle. Although this could not be 

examined in the present study, PAF receptors have been identified in smooth muscle cells in 

several other species [70-72]. PAF is a phospholipid with a short acyl chain, high lipid 

solubility, and relatively high membrane permeability [73, 74]. In bladder smooth muscle, 

PAF‑induced increase of contractility is observed even after removal of the epithelial layer [61]. 

Estradiol-17β (E2) levels are high in the Stage IV oviducts used in this study, and E2 has been 

reported to loosen tight junctions in intestinal and uterine epithelia [75-77]. Therefore, E2 may 

modulate the epithelial barrier of the oviduct, thereby allowing PAF in oviductal lumen to pass 
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through the epithelial layer and reach the smooth muscle layer. Then, PAF may directly bind to 

PAF receptors on smooth muscle cells and increase oviductal tonus.  

This study revealed that the effect of post-LH FF on oviductal contractility. What is the 

physiological significance of this phenomenon in the bovine oviduct? The oviduct is recognized 

as a key organ that transports gametes and early embryos at the appropriate timing required for 

successful establishment of pregnancy [3]. After ejaculation, sperm are initially incapacitated and 

typically deposited in the vagina or uterus. The sperm repeatedly attach to and detach from the 

oviductal isthmus epithelium, undergoing multiple binding–release cycles during their passage 

[44, 45]. Their detachment is triggered by the initiation of hyperactivated motility [46]. Following 

this process, sperm moves toward the oviductal ampulla, where fertilization takes place. Follicular 

fluid enters the oviduct together with the cumulus oocyte complex (COCs) at ovulation in several 

mammalian species [49-51]. In addition, the combined influence of ovulatory components and 

oviductal motility may therefore enhance sperm progression toward the ampulla [52-54]. Our 

findings indicate that follicular fluid–mediated regulation of oviductal tonus may promote passive 

sperm movement within the oviduct. In mice, stimulation of oviductal contractions generates a 

luminal fluid flow from the isthmus toward the ampulla [13]. Taken together, the entry of 

follicular fluid might increase oviductal tonus and drive capacitated sperm toward the ampulla at 

ovulation, potentially ensuring that sperm reaches the fertilization site at the optimal time. 

  Post-LH FF increases PAF concentrations, and oviductal tonus by activating ROCK signaling 

pathway via PAF receptor. Although RND3, which inhibits RhoA/ROCK signaling, was highly 

expressed in the bovine oviducts at Stage IV, our data indicates that PKCα activation induced by 

post-LH FF may reduce this inhibition. It is possible that this phenomenon promotes sperm 

transport during ovulation and contributes to supporting fertilization at the appropriate time and 

establishing pregnancy in human and livestock species. 
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SUMMARY 

 

It is suggested that follicular fluid and oviductal contraction movements are involved in sperm 

transport within the oviduct immediately prior to fertilization. The aim of this study is to elucidate 

the effect of follicular fluid on oviductal contraction and its mechanism in the bovine. The 

collected follicular fluid was classified into pre-LH FF and post-LH FF based on its PGE₂ 

concentration. Bovine isthmic tissues before ovulation were analyzed using contraction tests to 

assess contractile responses to pre- or post- luteinizing hormone surge follicular fluid (LH FF) 

and related reagents. The PAF concentration in the follicular fluid was measured by enzyme 

immunoassay (EIA). Post‑LH FF significantly increased the tonus of oviductal smooth muscle 

strips before ovulation after 1 min following treatment compared with the other treatment groups. 

In contrast, pre‑LH FF did not show any effects on tonus. Luminal administration of post‑LH FF 

significantly reduced oviduct length relative to the pre-treatment levels compared to control group. 

The PAF concentrations in bovine follicular fluid were significantly increased after the LH surge 

compared with before the surge. Pre-treatment of platelet activating factor (PAF) receptor 

antagonist, Rho kinase (ROCK) inhibitor, and protein kinase C α (PKCα) inhibitor significantly 

suppressed the post-LH FF-induced increase of tonus in oviductal isthmus before ovulation. 

Based on these findings, post-LH FF increased PAF concentrations, and oviductal tonus through 

PKCα and ROCK activation via PAF receptor. This suggests that follicular fluid entering the 

oviduct at ovulation may rapidly contract the oviductal smooth muscle and thereby facilitate 

sperm transport. 

 

  



47 

 

CHAPTER 4 

CONCLUSIONS 

 

This study aimed to elucidate the mechanisms of oviductal contraction by estradiol-17β (E2) 

and follicular fluid bovine oviducts around ovulation. E2 directly increases oviductal tonus by 

activating Rho kinase (ROCK), myosin phosphatase targeting subunit 1 (MYPT1), and myosin 

light chain (MLC) via G protein coupled estrogen receptor 1 (GPER1) at 1–4 days after ovulation. 

It is possible that this phenomenon promotes excessive gametes and early embryo transport in the 

oviduct leads to infertility. In the preovulatory oviduct, a high expression of RND3 inhibits E2-

induced activation of the RhoA/ROCK/MYPT1/MLC signaling pathway, thereby retaining sperm 

transport in the isthmus of the oviduct before ovulation. On the other hand, post- luteinizing 

hormone surge follicular fluid (post-LH FF) increased platelet activating factor (PAF) 

concentrations, and oviductal tonus ROCK activation via PAF receptor before ovulation. 

Although RND3, which inhibits RhoA/ROCK signaling, was highly expressed in the bovine 

oviducts before ovulation, our data indicates that post-LH FF induced protein kinase C α (PKCα) 

activation may reduce this inhibition. This suggests that follicular fluid entering the oviduct at 

ovulation may rapidly contract the oviductal smooth muscle and thereby facilitate sperm transport. 

These mechanisms contribute to supporting fertilization at the appropriate time and establishing 

pregnancy in human and livestock species. 
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ABSTRACT IN JAPANESE 

排卵前後におけるウシ卵管緊張度制御メカニズムに関する研究 

 

窪田早耶香 

 

卵管は卵巣と子宮の間に位置する細管で、精子の受精能獲得および初期胚発生を促進

する環境を提供するとともに、配偶子および初期胚の輸送経路である。この卵管の輸送

機能には、卵管平滑筋の収縮弛緩運動が大きく関与しており、特に卵管峡部においては

平滑筋収縮弛緩運動が胚や精子の輸送に影響する。卵管平滑筋の輸送機能が低下すると、

正常な受精が行われないだけでなく、初期胚発生障害を引き起こす。卵管平滑筋の機能

障害がウシにおいては夏季の受胎率低下、ヒトにおいては異所性妊娠の原因となること

が示唆されており、卵管平滑筋における収縮弛緩機能の解明はウシの受胎率向上やヒト

の不妊症の改善に不可欠である。卵管収縮弛緩運動は、リズミカルな収縮弛緩を生み出

す収縮の頻度、大きさ (振幅) に加え、筋に備わっている張力を示す緊張度により構成

される。その中で、緊張度の制御は、正常な妊娠をもたらす適切なタイミングでの卵管

輸送に寄与しているにもかかわらず、収縮頻度や振幅と比較して緊張度に関する研究は

軽視されており、その報告は非常に少ない。本研究では、配偶子や初期胚の卵管内輸送

が生じる排卵前後のウシ卵管における緊張度制御メカニズムを解明することを目的と

し、排卵前に分泌が増加するエストラジオール-17β (E2)、および排卵時に卵管内に流入

する卵胞液が卵管緊張度に与える影響を検討した。 

 

１．E2 による卵管緊張度増加制御メカニズムの解明 

 ウシ卵管峡部をステージ I (排卵後 1-4 日)、ステージ Ⅱ (排卵後 5-10 日)、ステージ 

Ⅲ (排卵後 11-17 日)、ステージ Ⅳ (排卵後 18-20 日) の４つのステージに分け、1 nM 

および 10 nM E2 添加後１時間までの各ステージの収縮能 (収縮頻度、収縮弛緩力、緊

張度) をマグヌス法により測定した。E2 は、全ステージの卵管の収縮頻度および収縮

弛緩力に有意な変化を及ぼさなかった一方、排卵直後であるステージ I の卵管では、

1nM E2 添加区でのみコントロールと比較し有意な緊張度の増加が観察された。また、

ステージ I の卵管におけるGタンパク質共役型 E2 受容体 (GPER1) アゴニストの添

加は 1 nM E2 の添加同様に卵管緊張度の増加を引き起こし、GPER1 アンタゴニストお

よび Rho キナーゼ (ROCK) 阻害剤の添加により、この E2 誘導性の卵管緊張度増加

は有意に抑制された。排卵直後であるステージ I の卵管平滑筋組織における ROCK II 

タンパク質発現量は、ステージ Ⅲ の卵管と比較して有意に高かったことに加えて、1 

nM E2 に感作させたステージ I の卵管平滑筋組織の ROCK 活性は、他のステージの
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卵管よりも有意に高いレベルを示した。また、ステージ I の卵管は、1 nM E2 に感作す

ることでコントロールと比較して RhoA/ROCK シグナル経路の下流因子であるミオ

シンホスファターゼ標的サブユニット 1 (MYPT1) およびミオシン軽鎖 (MLC) のリン

酸化レベルを有意に増加させた。さらに、ROCK の阻害効果をもつRho 関連 GTP 結合

タンパク質 (RND) 3 は、ステージ Ⅲ と比較して排卵前であるステージ Ⅳ の卵管平

滑筋組織で有意に高く発現していた。RND 阻害剤は、ステージ Ⅳ の卵管における 

RhoA/ROCK シグナル経路の活性化を促進し、1 nM E2 誘導性の卵管緊張度増加効果を

回復させた。以上のことから、排卵直後の卵管においてのみ E2 の卵管緊張度増加効果

が見られるのは、ROCK のタンパク質発現量および活性レベルに依存する可能性が示

された。一方、実際の生体内で E2 に感作される排卵前の卵管において E2 の卵管緊張

度増加効果が見られないのは、RND3 が高発現することで E2 誘導性の ROCK 活性レ

ベル増加を阻害しているためであると考えられた。 

 

２．卵胞液による卵管緊張度増加制御メカニズムの解明 

 生体内において卵胞液に感作されていないステージ Ⅳ のウシ卵管峡部組織を用い

て、卵胞液添加後 5 分間の収縮能をマグヌス法により測定した。黄体形成ホルモン (LH) 

サージ前の卵胞液は収縮能に有意な変化をもたらさなかったが、LH サージ後の卵胞液

はコントロールと比較して添加後急速に卵管緊張度を増加させた。また、卵管内に、LH

サージ後の卵胞液を注入すると、コントロールと比較して有意に卵管長が短縮した。LH

サージ後の卵胞液のみが卵管緊張度を増加させたため、LH サージ後に卵胞内で産生量

が増加することが報告されている血小板活性化因子 (PAF) に着目した。LH サージ後

のウシ卵胞液中の PAF 濃度は、LH サージ前と比較し有意に高い値を示した。PAF 受

容体アンタゴニストでステージ  の卵管を前処理したところ、LH サージ後の卵胞液に

よる卵管緊張度の増加を有意に抑制した。同様に、ROCK およびタンパク質キナーゼC 

α (PKCα) 阻害剤による前処理も、LH サージ後の卵胞液による卵管緊張度増加効果を

阻害した。以上の結果から、LH サージ後の卵胞液は、PAF 濃度を増加させるとともに、

PAF 受容体を介した ROCK および PKCα の活性化によりウシ卵管緊張度を増加させ

る可能性が示された。 

 

 本 研 究 よ り 、 E2 は 排 卵 直 後 の ウ シ 卵 管 に お い て  GPER1 を 介 し た 

ROCK/MYPT1/MLC の活性化により緊張度を増加させた一方、卵胞液は PAF 受容体 

を介した ROCK の活性化により排卵前の卵管緊張度を増加させた。生体内の排卵直後

の卵管における E2 濃度は 300 pM 程度であるにもかかわらず、本研究では 1 nM E2 

が排卵直後の卵管において緊張度を増加させた。ウシでは過排卵処理により排卵直後に
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おける E2 濃度が異常に高くなることや、マウスでは排卵直後に E2 濃度が増加する

と妊娠率の低下を招くことが報告されている。そのため、異常なホルモン環境による E2 

濃度の増加が、過剰な卵管緊張度の増加を引き起こし、適切なタイミングでの配偶子や

初期胚の卵管内輸送を妨げることで不妊を生じる可能性がある。一方で、LH サージ後

の卵胞液は E2 とは異なり、排卵前の卵管緊張度を増加させた。これまでの研究におい

て、卵管峡部の急速な平滑筋収縮によるポンピングが、卵管内の精子輸送に関与するこ

とが報告されている。本研究から、卵胞液は排卵時に卵母細胞とともに卵管内に流れ込

み、卵管峡部における緊張度を増加させて精子の卵管内輸送を促進することが示唆され

る。これらは、家畜動物やヒトにおける卵管輸送機能の理解および繁殖効率向上に重要

な知見を示す。 

  

 

 


