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Abstract 17 

Mouse sperm has a falciform apical hook at the head of the sperm. In this study, we investigated 18 

the function of the sperm hook while migrating through the female reproductive tract in Mus 19 

musculus (C57BL/6), using custom-built two-photon microscopy. Our observations indicate that 20 

sperm hook plays a probe-like role to facilitate sperm interaction with the epithelium during 21 

migration and an anchor-like role to secure onto the epithelia of the uterine and oviduct. We 22 

found no direct evidence of sperm trains being beneficial in their migration. While the sperm 23 

hook may be a key for sperm cooperative behaviour in other rodent species, our results suggest 24 

that in house mice, the sperm hook plays a role in sperm migration through female reproductive 25 

tract, but not for cooperative behaviour, except for synchronised sperm beating. 26 

 27 

Keywords: kinetics, mouse, sperm hook, sperm train, sperm migration, two-photon microscope, 28 

female reproductive tract 29 

Introduction 30 

A unique morphological feature of murine sperm is the apical hook resulting in an asymmetrical 31 

falciform head shape [1]. The functional benefit of this asymmetrical sperm hook structure is still 32 

debated in the field of mouse reproductive ecology. Currently, two main hypotheses attempt to 33 

explain the function of the sperm hook. One suggests that the sperm hook plays a crucial role in 34 
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sperm competition by aiding sperm train formation – the sperm cooperation hypothesis [2,3]. 35 

The other proposes that the sperm hook plays a significant role in sperm migration in the female 36 

reproductive tract – the migration hypothesis [4,5]. Since the pioneering discovery of organized 37 

sperm accumulation known as sperm trains [2], some researchers have demonstrated in vitro that 38 

the sperm train facilitates faster or straighter sperm swimming [2,3]. However, other studies 39 

could not find supporting evidence of sperm cooperation by sperm accumulation or species-40 

specific morphological changes of sperm hooks concerning the degree of sperm competition 41 

[5,6]. These researchers rather suggest that the sperm hook plays a crucial role in sperm 42 

migration by interacting with epithelia in the female reproductive tract. 43 

Testing these hypotheses require direct observation of live sperm within the intact female 44 

reproductive tract. In this study, we developed an ex-vivo observation system based on a custom-45 

built two-photon microscope and investigated sperm migration in live female reproductive tracts 46 

(Fig. S1). Two-photon microscopy is currently the method of choice for live imaging of deep 47 

tissues [7–9]. However, it has seldom been used for studying animal reproductive ecology. As 48 

the mouse oviduct is made up of thin muscle layers, it is more transparent than the uterus. Most 49 

previous studies, therefore, targeted observation of the oviduct using brightfield, fluorescence or 50 

confocal microscopy [10–12]. However, as the mouse uterus has thicker muscle layers making it 51 

opaque, direct observation of the sperm behaviour in the uterus, which is crucial to understand 52 

the role of the apical sperm hook in sperm migration, has been lacking. Here, we demonstrate 53 

high-resolution deep-tissue imaging that allows us to observe and track sperm movement inside 54 

the female reproductive tract including the uterus to realize real-time tracking of sperm and their 55 

migration. We report newly discovered sperm behaviour and aggregation patterns that suggest 56 

various roles of mouse sperm hook in migration inside the female reproductive tract.  57 

Results  58 

Variations in sperm swimming near the uterus wall 59 

To study sperm behaviour in the female reproductive tract, we mated wild-type females with 60 

transgenic male mice (Tables S1 and S2) that express DsRed at the sperm mid-piece 61 

(mitochondria) and eGFP in the sperm acrosome [13]. The female mice were euthanized between 62 

0.5 and 3 hours post-mating, and their reproductive tract with copulatory plug was excised and 63 

transferred to a sterilized Petri dish. We then conducted ex-vivo imaging of the live reproductive 64 

tract using our two-photon microscope. All observations were typically completed within 3 hours 65 

and did not exceed 6 hours post-euthanasia. Despite this observation period being longer than 66 

recommended for conventional rat transplantation surgery [14], we noted live uterine movements 67 

throughout the entire observation period. When samples were transferred to incubators preheated 68 

to 37℃ with 5% CO2 following observation, uterine movement persisted even 24 hours post-69 

excision. We used Fiji [15] and R [16] for image processing and statistical analysis. 70 

We first observed sperm movement in the uterus, where the majority of ejaculated sperm were 71 

located and where initial sperm selection occurs. In the uterus, we observed vigorous fluid flow 72 

caused by uterine contraction and relaxation. Consequently, most sperm in the uterus were 73 

carried by this flow, adhering to the inherent flow dynamics within the uterus (Movie S1A). 74 

However, during periods when the flow temporarily ceased, we were able to observe active 75 
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sperm swimming in the uterus. We noted that sperm located near the uterine wall exhibited 76 

greater activity (Movie S1B). To quantitatively compare sperm speed and sperm swimming 77 

trajectory characteristics relative to their distance from the uterine wall, we employed the 78 

TrackMate plugin in ImageJ [17,18] for sperm tracking. After successful tracking using the 79 

customized tracking option in TrackMate, we computed various sperm kinetics parameters. 80 

These parameters included the curvilinear velocity (VCL), straight-line velocity (VSL), and 81 

linearity of forward progression (LIN), which are commonly used in computer-assisted sperm 82 

analysis, CASA [19]. Briefly, VCL was calculated as total distance travelled divided by total 83 

travel time, VSL as the distance between initial and final positions of the sperm trajectory 84 

divided by total travel time, and LIN as the ratio of VSL to VCL, which can range from 0 to 85 

100%, with 100% representing a perfectly straight line. We also introduced a new kinetics 86 

parameter called straight line-to-sideward movement ratio (SWR), defined as track displacement 87 

of a sperm trajectory divided by maximum sideward movement distance (refer to Fig. S2A and 88 

S2B for our definition of uterus wall and a schematic description of the sperm kinetics 89 

parameters, as well as Methods for more detail). 90 

Our sperm tracking analysis revealed that sperm located close to the uterine wall moved faster, 91 

exhibiting higher VCL and VSL (Fig. 1A and Table S3). However, LIN and SWR did not 92 

significantly vary depending on sperm distance from the uterus wall (Fig. 1B). In contrast to the 93 

non-significant changes in LIN and SWR relative to distance from the uterine wall, when sperm 94 

swam parallel to the wall, they not only moved faster (higher VCL and VSL; Fig. 1A), but also 95 

followed a straighter path (higher LIN and SWR; Fig. 1B). These results suggest that migration 96 

along the uterine wall may be an efficient strategy to reach the entrance of the utero-tubal 97 

junction (UTJ), that is also called colliculus tubarius (CT). 98 

 99 

Figure 1. Analysis of sperm kinetics parameters relative to the distance and angle between the 100 

sperm trajectory and uterine wall. (A) Both VCL (top) and VSL (bottom) showed a decrease with 101 

A B
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an increase in the distance between the sperm trajectory and the uterine wall. Similarly, VCL and VSL 102 

decreased as the angle between the sperm trajectory and uterine wall increased. (B) The distance 103 

between the sperm trajectory and uterine wall did not significantly affect LIN (top left) and SWR 104 

(bottom left). However, both LIN and SWR decreased when the angle between the sperm trajectory 105 

and uterine wall increased. Data from different males are represented in different colours and shapes. 106 

The dotted lines indicate regression lines from simple regressions to aid visual interpretation. Check 107 

model estimates for more details and precise interpretation of the models (Table S3). The y-axis of 108 

each figure is displayed in log-scale except for LIN. 109 

The role of apical sperm head in sperm migration 110 

Based on our observation of sperm motility in the female reproductive tract, we propose that the 111 

sperm hook may play crucial roles in determining the direction of migration in mice. When a 112 

sperm encounters the uterine wall (epithelium) during migration, the sperm hook can act as a 113 

pivot that influences the direction of sperm travel (Fig. 2A and 2B). Movie S2A illustrates two 114 

distinct types of sperm movement when transitioning from the uterus volume to the uterine wall: 115 

pro-wall-hook and anti-wall-hook directional movement (Fig. 2C). Upon reaching the uterine 116 

wall, instead of randomly deflecting in various directions, sperm preferentially altered their 117 

heading direction such that their apical hook would face the uterine wall (pro-wall-hook 118 

direction). To test whether their hook influences the direction of migration, we tracked sperm 119 

that travelled from the uterus volume to the wall in sequentially acquired images. We found that 120 

52 out of 63 sperm (82.54%) changed their migration direction towards the pro-wall-hook 121 

direction after reaching the uterine wall (Fig. 2D). The remaining 11 sperm followed the anti-122 

wall-hook direction. A binomial test confirmed that this tendency was statistically significant 123 

(one-tailed, p < .001, 95% CI: 0.73, 1.00). This result suggests that the apical sperm hook may 124 

influence sperm travel direction upon encountering uterine epithelium, as suggested in previous 125 

studies [5,10]. These findings imply that when sperm reach the uterine epithelium, they can 126 

migrate along the uterine wall. Therefore, the sperm hook may aid sperm migration direction 127 

along the uterine wall by assisting in sperm orientation.  128 
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 129 

Figure 2. The sperm hook plays an important role in sperm migration through the female 130 

reproductive tract by facilitating interactions between sperm and epithelia. (A) Sperm alter their 131 

travel direction based on their head orientation upon reaching the uterine wall (sperm hook functions 132 

as a pivot, Movie S2A). The trajectory of a sperm cell is depicted in colours representing different 133 

time points. Scale bar: 50 µm. (B) The illustration shows how sperm travel direction changes. 134 

Numbers in the illustration indicate the sequences of sperm movement. (C) The direction of sperm 135 

travel may be influenced by the orientation of sperm hook to the wall (pro-wall or anti-wall) while 136 

they migrate along the uterine epithelium. (D) When sperm reach the uterine epithelium, their 137 

trajectories predominantly follow the pro-wall-hook direction, where the sperm hook is directed 138 

towards the uterine epithelium. (E) The sperm hook may assist a spermatozoon in anchoring to the 139 

epithelia (hook as an anchor). This anchoring may facilitate sperm attachment to the uterine and UTJ 140 

epithelium and help them resist changes in internal flow direction due to peristaltic movement. (F) The 141 

sperm hook and thin sperm head may aid sperm in squeezing through the sperm-crowded UTJ 142 

entrance (CT) and attaching to the epithelium by acting as an anchor (Movie S3 and Fig. S3). Note 143 

that the principal and terminal pieces of sperm in all illustrated diagrams do not represent the entire 144 

sperm shape and beating motion of the sperm tail due to a lack of fluorescence. 145 

Furthermore, when sperm migrated along the uterine wall, they exhibit a tapping-like behaviour 146 

with their hook on the epithelium when oriented in a pro-wall-hook direction (Movie S2B). 147 

Although such tapping may be driven by tail beating, we were unable to directly observe the full 148 

dynamics in our current experiments due to a lack fluorescence in the principle and terminal 149 

pieces in our model mouse sperm. The curved hook that bends towards the tail direction, not 150 

headway direction, may also enable sperm to travel along the uterine wall while their hooks face 151 

the wall as its bent direction will not hinder headway movement. In contrast, when the sperm 152 
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hook faces the luminal space, sperm could not migrate along the wall (Fig. 2D). Instead, their 153 

migration trajectories followed the anti-wall-hook direction, resulting in movement away from 154 

the wall (Fig. 2D and Movie S2A). In addition to the advantage in straighter trajectories, fluid 155 

flows are slower at the wall than at the centre of the lumen [20], which may be beneficial for 156 

sperm migration along the uterine wall to successfully reach the entrance of the UTJ (or CT), 157 

where one of the most important sperm selection processes takes place [12,21].  158 

When sperm reach the UTJ in the uterus, the sperm hook may aid a spermatozoon in attaching to 159 

the uterus and UTJ epithelium. The sperm hook could function as an anchor, helping sperm to 160 

secure themselves at crypts or on surfaces where small furrow-like structures exist that can jam 161 

or hold the sperm hook (Fig. 2E, Movie S3, A and B). Given that the surface of uterine wall 162 

(epithelium) possesses small furrow-like structures [22,23], such anchoring with the hook can 163 

play a significant role in successful sperm migration if the sperm hook anchor to these structures 164 

or if it helps sperm adhesion on the surface [24]. This anchoring may in turn help prevent sperm 165 

from being swept away by mucosal flow or other sperm. The complex surface structure at the 166 

entrance to the UTJ (CT) due to the presence of mucosal folds [23], along with a pointed apical 167 

sperm hook and thin head shape can also assist sperm in attaching to the CT and squeezing past 168 

other sperm by hooking (Fig. 2F and Movie S3A). Once sperm successfully cling onto CT 169 

epithelia, anchoring to the epithelia prevents them from being pushed out by competing sperm or 170 

swept away by fluid flow (Movie S3B). 171 

Structure of UTJ and sperm passage 172 

Upon clearing the tissue, we confirmed that the entrance to the intramural UTJ in the uterus 173 

consists of nearly closed narrow gaps between mucosal folds (Fig. 3A). These narrow gaps 174 

extended to about 100 µm deeper from the entrance (Movie S4, A and B), and their diameters are 175 

so narrow such that only a few sperm can pass through them at a time (Movie S4C). We were not 176 

able to find evidence of passive sperm carriage, such as upsuck-like movement [25], caused by 177 

peristaltic movement from the uterus into the UTJ in real-time live images (Movie S5A). 178 

Therefore, we hypothesize that fluid flow induced by uterine and oviduct contraction is not a 179 

major driving force for sperm entering the UTJ through the CT. Then how can sperm enter the 180 

UTJ through the CT if the UTJ entrance is nearly closed? 181 
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 182 

Figure 3. The apical sperm hook may facilitate sperm entry into the UTJ through the CT by 183 

aiding in sperm attachment and sliding. (A) The structure of the CT (entrance to the UTJ) of the 184 

intramural UTJ of an unmated female is shown. There are only a few small gaps indicated by arrows 185 

between mucosal folds, which may limit sperm migration into the UTJ from the uterus (Movie S4). 186 

Scale bar: 100 µm. (B) Asynchronised movement of mucosal folds at the CT due to uterine and UTJ 187 

contractions may enable sperm to penetrate or slide into the intramural UTJ from the uterus (Movie 188 
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S5). Two dashed arrows (in blue) indicate the direction of sperm migration from the uterus to the UTJ, 189 

and the dashed arrow in the centre (in orange) indicates the direction of sperm sliding in the intramural 190 

UTJ. The two curved black arrows indicate asynchronised (opposite) movement of confronting 191 

mucosal folds in the intramural UTJ. (C) The apical shape of the sperm head, due to the sperm hook, 192 

results in head asymmetry. This asymmetrical falciform head shape may also facilitate sperm re-193 

arrangement and clustering at crypts in the uterus (Movie S6). The circle highlights sperm undergoing 194 

unidirectional re-arrangement over time. The elapsed time after the first frame is shown in the upper 195 

left of the images. The right upper zoom-in inset shows an instant of synchronised motion and 196 

unidirectional re-arrangement. Scale bar: 50 µm. (D) Unidirectional sperm clustering in the uterus at 197 

the entrance of the intramural UTJ (indicated by a dashed line) is marked with arrows. Such large 198 

sperm clustering sometimes results in synchronised sperm beating at the entrance of the UTJ (Movie 199 

S7). Scale bar: 200 µm. Note that due to a lack of fluorescence, the principal and terminal pieces of 200 

sperm in all illustrated diagrams do not represent the actual sperm shape and beating motion of the 201 

entire sperm tail. 202 

We observed that when muscle contraction and relaxation occur at the uterus and oviduct, the 203 

surfaces of two confronting mucosal folds in intramural UTJ sometimes slide against each other 204 

in opposite directions (Fig. 3B and Movie S5B). For example, when the uterus bends to the left 205 

due to muscle contraction on its left side and relaxation of its right side, the intramural UTJ is 206 

pulled to the left by uterus contraction. This pulling may then cause elongation of mucosal folds 207 

on the left side of intramural UTJ but negligible elongation on its right-side mucosal folds (Fig. 208 

S3). Such opposite directional movement may create a small opening between inter-mucosal 209 

gaps at the entrance of the UTJ, providing an opportunity for nearby attached sperm to enter the 210 

UTJ (Movie S5B). Along with the anchoring function of the hook, the falciform apical hook may 211 

facilitate head-directional sliding as they migrate through the narrow mucosal lumen in the 212 

intramural UTJ (Movie S5C). The asymmetric shape of the mouse sperm head is advantageous 213 

as their round surface may aid migration in the forward direction (head direction), while their 214 

hooks may prevent or hinder backward movement (tail direction) by acting as anchors. 215 

Unidirectional sperm clustering 216 

We observed spontaneous unidirectional sperm clustering as a result of spontaneous sperm re-217 

arrangement during sperm beating along the uterine wall (Fig. 3C and Movie S6, A and B). Such 218 

unidirectional sperm clustering and their coordinated beating can sometimes result in 219 

synchronised sperm beating. When a large number of sperm attached to the entrance to the 220 

intramural UTJ (CT) in the uterus, this sperm clustering could cause synchronised sperm beating 221 

on a large scale at the CT (Fig. 3D and Movie S7). Based on these observations, we propose that 222 

the asymmetry of the mouse sperm head due to its apical hook plays a crucial role in 223 

synchronised sperm beating by facilitating unidirectional sperm re-arrangement on the uterine 224 

wall. The synchronised sperm beating was observed to generate fluid flows strong enough to 225 

prevent other sperm from attaching to the CT or directly push out other sperm, thereby 226 

preventing other sperm from entering the UTJ (Movie S6 and S7). Therefore, asymmetrical head 227 

shapes in house mice may have evolved not only to facilitate sperm migration but also to 228 

facilitate unidirectional clustering and synchronised beating. In this scenario, sperm cooperation 229 

in house mice may not always be mediated by sperm train formation as suggested in other rodent 230 

species [2,3], but may be mediated by synchronised beating that prevents migration of rival 231 
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sperm in the uterus. In line with this argument, we found that sperm trains in the uterus did not 232 

necessary swim faster than unlinked single spermatozoa (Fig. 4A, Movie S8).  Although we did 233 

not conduct a statistical test due to the small number of sperm trains observed in our 234 

experiments, the rarely observed sperm trains did not move faster than unlinked single 235 

spermatozoa, as shown in Fig. 4A and 4B. Their VCL, VSL, and LIN were not faster nor higher 236 

than those of unlinked single spermatozoa (Fig. 4B). However, it is still possible that their SWR 237 

is higher than that of unlinked sperm cells. Due to the rare number of observed events, further 238 

experiments will be needed to clarify whether the sperm train formation is advantageous in-vivo 239 

in the house mouse. 240 

 241 

Figure 4. Comparative trajectories and kinetics of accumulated spermatozoa (sperm trains) and 242 

unlinked single spermatozoa (A) The projected images, comprising 60 frames, depict the trajectories 243 

of sperm trains and unlinked single spermatozoa. The colour bar located at the bottom centre 244 

represents the VCL of each sperm trajectory, with blue indicating slower speeds and red indicating 245 

A

B
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faster speeds. (B) The boxplots, which include individual data points, represent the kinetic parameters 246 

of the sperm trains and unlinked single spermatozoa. The parameters, including curvilinear velocity 247 

(VCL), straight-line velocity (VSL), linearity of forward progression (LIN), and straight line-to-248 

sideward movement ratio (SWR), were computed using images of 100x100 pixels that contained a 249 

sperm train. In the few observed cases, the sperm trains did not exhibit a faster VCL or VSL, nor a 250 

higher LIN. However, it is still possible that the SWR is higher in the sperm train. The lines within the 251 

boxes represent the medians, and the whiskers represent 1.5 times the interquartile ranges, and the 252 

symbols show the individual data points. 253 

Resisting internal flow using the apical head as an anchor 254 

After entering the UTJ, sperm migrate through the narrow UTJ lumen. Sometimes narrow gaps 255 

between mucosal folds in the UTJ prevent sperm migration. The pointed hook and thin head 256 

shape of the sperm may help them pass through these gaps (Fig. 5A and Movie S9A). This sperm 257 

behaviour suggests another function of their hook: facilitating sperm passage through the narrow 258 

UTJ lumen after entering UTJ. The luminal width and direction of fluid flow in the UTJ change 259 

over time depending on oviduct movement (Movie S9B). When the UTJ lumen contracts, both 260 

swimming and beating of the sperm are physically suppressed (Fig. 5B). However, when the 261 

UTJ lumen dilates, the sperm can beat and start swimming again (Movie S9B). Fluid flow may 262 

still be vigorous right after expansion of the UTJ lumen. This vigorous flow can damage 263 

unattached sperm, particularly when they get entangled with accumulated sperm that are moving 264 

back and forth due to flow (Movie S9C). Therefore, it would be advantageous for sperm if they 265 

could response to fluid flow. We observed that attached sperm’s beating rates may change over 266 

time according to UTJ lumen widths and flow speed (Movie S10). Although such changes in 267 

beating rate may simply reflect luminal flow speed or luminal width related to physical comfort 268 

for beating, it can also assist in attaching sperm to epithelium by providing required propulsive 269 

force. As demonstrated in a previous study, oviductal fluid gradually flows upward while 270 

continuously repeating back-and-forth directional changes [26]. Such directional fluid flow will 271 

aid in migrating from UTJ to ampulla. However, given our observation of resistant (anchoring) 272 

behaviour of sperm to flow in UTJ and isthmus, passive transfer may not be beneficial for 273 

healthy sperm. In addition, passive transfer along fast flow can cause physical damage to the 274 

sperm due to fast collision along narrow and complicated lumen structures. As bursa hole is 275 

open, passively transferred sperm can also leak out through bursa hole. 276 

Contrary to previous findings in other rodent species such as deer and wood mice [2,3], we were 277 

unable to identify sperm trains that evidently assist sperm in swimming faster or straighter in the 278 

uterus and oviduct. As observed in previous studies on other mouse species, we found sperm 279 

accumulations (or sperm trains) of various sizes in the uterus and oviduct, including UTJ and 280 

isthmus (Fig. 5, C and D). Although we could not perform a statistical analysis, the accumulated 281 

(linked) sperm did not appear to move faster compared to nearby unlinked single sperm in the 282 

uterus (Movie S8). This observation suggests that sperm accumulation may not aid faster 283 

migration in the female reproductive tract in house mice. Instead, sperm accumulation may 284 

obstruct the migration of other sperm in the oviduct, including the UTJ and isthmus, as 285 

accumulated sperm occupy the oviductal lumen, blocking the passage of other sperm as seen in 286 

Movie S9C. Such obstruction of other sperm’s migration by sperm accumulation could also play 287 
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a role in sperm competition by preventing sequential sperm migration from a second male, 288 

although more data and experiments are needed to test this possibility. 289 

 290 

Figure 5. Illustration of sperm migration through narrow inter-luminal gaps in UTJ and various 291 

size of accumulated sperm in the female reproductive tract. (A and B) The pointed sperm hook and 292 

thin head shape may assist sperm in passing through narrow gaps between mucosal folds during their 293 

migration through the UTJ (Movie S9A). Scale bar: 50 µm. (C) Sperm can only migrate through the 294 

UTJ when the luminal space is extended due to oviductal contraction and relaxation in the UTJ. (D) 295 

Various sizes of sperm accumulations (sperm trains) in the uterus. Sperm trains (or sperm assemblage) 296 

were not observed to swim faster than individual sperm in the uterus. Scale bar: 100 µm. (E) 297 

Accumulations of sperm in the oviduct, including the UTJ and isthmus, were primarily composed of 298 

dead and inactive sperm. These accumulated sperm may obstruct the migration of other active sperm 299 

or could cause damage to live sperm. Scale bar: 50 µm. Note that due to a lack of fluorescence, the 300 

principal and terminal pieces of sperm in all illustrated diagrams do not represent the actual shape and 301 

beating motion of the sperm tail. 302 

 303 

Discussion 304 

Our real-time deep tissue imaging enabled by two-photon microscopy suggests that the mouse 305 

sperm hook may (i) facilitate sperm interaction with the epithelium for better navigation and (ii) 306 

provide an anchor-like role that assists temporary fixation of sperm onto the epithelium. Based 307 

on the observations, we propose that the function of sperm hook in house mice is to facilitate 308 

sperm migration by interacting with the female reproductive tract [5,10,27], rather than 309 

facilitating sperm train formation [2,3]. We observed that sperm swim along the reproductive 310 
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tract epithelia while their apical hook interacts with the epithelia (surface). The sperm head was 311 

also observed to play an important role by providing an anchor-like role in resisting endogenous 312 

fluid flow in the female reproductive tract. We did not observe that the formation of sperm trains 313 

resulted in faster and straighter swimming. Instead, we noted instances where the accumulation 314 

of dead or damaged sperm occurred, which is potentially influenced by the apical hook and 315 

shape of the sperm head. Such aggregates of dead or damaged sperm can subsequently obstruct 316 

the migration of other sperm from the same male or other males. 317 

The evolution of sperm characteristics and the function of the sperm hook in the house mouse is 318 

a complex process that may have been influenced by several factors. Although we cannot draw 319 

definitive conclusions from this study alone, it appears that sperm competition between 320 

ejaculates may have been a significant driving forces influencing sperm head morphology and 321 

behaviour [28]. However, cryptic female choice [29,30] is also likely to have played a crucial 322 

role in shaping the evolution of sperm head shape and sperm kinetic characteristics in mice.  323 

As demonstrated in this study, the CT that controls sperm entry into the UTJ is an important 324 

barrier for sperm selection. If sperm passage through the CT is too easy, associated risks such as 325 

polyspermy or pathogen transmission that incur fitness costs for females may increase [31,32]. 326 

Therefore, the number of sperm passing through the CT may be balanced by the conflict between 327 

the two sexes in each rodent species depending on their mating systems. This conflict could 328 

result in an evolutionary arms race between sperm fertilization ability, including swimming 329 

speed, and the sperm selection process, including physio-chemical barriers, by the female 330 

reproductive tract [33–35]. 331 

In this study, we did not find evidence of sperm cooperation via sperm trains that aid faster 332 

sperm swimming. However, we discovered a new form of potential sperm cooperation – 333 

synchronised sperm beating that may be facilitated by unidirectional sperm clustering – in live 334 

ex-vivo samples. Unidirectional sperm clustering and its possible role in sperm migration were 335 

also suggested in a previous study with fixed and tissue-cleared samples and in-vitro sperm 336 

analysis [12]. Together with the findings in the previous study, this new form of sperm 337 

cooperation provides insight into how asymmetrical sperm heads might have evolved in rodent 338 

species and offers an opportunity to integrate the two hypotheses about the function of the sperm 339 

hook – hook for sperm cooperation to outcompete other sperm [2,3,36] and for better migration 340 

by facilitating sperm-epithelia interaction [4,5]. 341 

For example, we observed that the apical sperm hook enabled hooking and clustering of sperm at 342 

the CT (and crypts) in the uterus. This observation suggests a role for the sperm hook in 343 

facilitating interactions between sperm and epithelia in the female reproductive tract. After 344 

successful anchoring and spontaneous unidirectional re-arrangement of sperm at the CT, these 345 

sperm could exhibit synchronised beating. We also showed that such synchronised sperm beating 346 

generated enough directional flow to push off other sperm and prevent other sperm from 347 

reaching and attaching to epithelia at the CT. Therefore, unidirectional clustering of sperm can 348 

function as a preventive barrier actively blocking entry of rival sperm from the same male or 349 

even from other males into the oviduct. These results suggest that synchronised beating resulting 350 
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from unidirectional clustering can be a form of cooperation by sperm from a single male [12], 351 

helping us to integrate the two hypotheses. 352 

Further investigation on sperm behaviour inside the female reproductive tract using real-time 353 

deep tissue imaging as in the current study will provide more important data on interactions 354 

between sperm and the female reproductive tract. This could potentially help us better 355 

understand not only sperm competition and cryptic female choice in mouse reproduction but also 356 

in other species including humans. While current assessments of sperm health generally involve 357 

measuring their count, movement, and shape after extraction, our study suggests that analysing 358 

active interactions between sperm and the female reproductive tract is important and warrants 359 

further exploration. Given the significance of sperm health for fertility, this work not only 360 

highlights the importance of interactions between sperm and female reproductive tract in 361 

successful migration but also opens new avenues for understanding different causes of infertility 362 

and possible targets for treatment. 363 

Materials and Methods 364 

Custom-built two-photon microscope 365 

To observe sperm behaviour in the female mouse reproductive organ, we built a video rate (30 366 

frames/second at 512 x 512 pixel resolution) Two-Photon Laser Scanning Fluorescence 367 

Microscope (2PLSM; Fig. S1). A tunable femtosecond pulse laser (Chameleon, Discovery) was 368 

tuned to a choice of wavelengths from 960, 970, 980 and 1000 nm to simultaneously excite GFP 369 

and Ds-Red for sperm imaging and for autofluorescence imaging of the reproductive tract. 370 

Imaging quality was found to be similar for these wavelength ranges. All images were taken 371 

using a water dipping low magnification high NA objective lens (Nikon 16X, 0.8NA). Video-372 

rate imaging was achieved using a resonant Galvo scanning mirror system oscillating at 8 kHz. 373 

The laser power was actively controlled using a Pockels cell. Synchronization between the 374 

Galvos, sample/objective stages, Pockels cell, photomultiplier tubes (PMTs), and the data 375 

acquisition systems were controlled using ScanImage, ver. SI2021.1.0 [37]. 376 

Mice preparation and mating 377 

We used two male transgenic mice lines for mating experiments. We purchased B6D2-378 

Tg(CAG/Su9-DsRed2, Acr3-EGFP)RBGS002Osb male mice that express DsRed in the 379 

mitochondria at sperm midpiece and EGFP in the sperm acrosome from Riken BRC, Japan, 380 

depositor: M. Ikawa [13]. We then conducted in vitro fertilization to produce specific pathogen-381 

free (SPF) F1 mice. The fertilized eggs (2-cell stage embryos) were then artificially inseminated 382 

into SPF wild-type C57BL/6J females. After we confirmed successful production of transgenic 383 

F1 male mice by PCR, we confirmed the SPF status and formed two breeding colonies with the 384 

transgenic F1 males under the SPF condition. One breeding colony comprised two wild-type 385 

C57BL/6J females to better reproduce F2 generation. We also made breeding colonies that 386 

consisted of a transgenic C57BL/6J female, Cx3cr1tm2.1(cre/ERT2)Litt/WganJ (JAX stock 387 

#021160, Cx3cr1 female) that expresses EYFP in microglia [38] to test whether sperm 388 

functionality changes in other mice including double-transgenic mice. When F2 mice got older 389 

than 6 weeks, they were transferred to another room where mating experiments were conducted. 390 
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After transfer, each male mouse for mating experiments was single-caged. We used the F2 males 391 

that derived from both colonies that had the two genes (CAG/Su9-DsRed2 and Acr3-EGFP; 392 

RBGS male) or three genes (CAG/Su9-DsRed2, Acr3-EGFP, and Cx3cr1; RBGS-Cx3cr1 male) 393 

for mating experiments. We could not find any phenotypic difference in the sperm of the two 394 

strains – sperm from both strains expressed red fluorescence at the midpiece and green 395 

fluorescence at the acrosome at the head. We confirmed that both strains of F2 males were 396 

fertile, and their sperm also successfully migrated through the female reproductive tract, from the 397 

uterus to the ampulla. 398 

In total, we used 3 males that successfully mated with females due to space limits in the 399 

experimental room (Table S1). The 3 males were used repeatedly for all mating experiments in 400 

the current study except one vasectomized RBGS-Cx3cr1 male that was used only once for 401 

comparison of the CT structure for virgin and non-virgin female mice (Table S2). All mice were 402 

kept under a housing condition that allows free access to food and water with 12 hours of light 403 

and dark cycle (lighting from 6 to 18 o’clock, dark from 18 to 6 o’clock). Mating experiments 404 

were done under light conditions from 9 am to 12 pm for three hours. Oestrus was induced by 405 

exposing male bedding materials (wood shavings) that consisted of male excretion to females 406 

older than 8 weeks. Three to seven days after exposure to the bedding materials, oestrus was 407 

checked daily following previously established protocols [39]. When we found oestrous females, 408 

we relocated one or two females to a single-caged male. When males showed no interest in the 409 

female (no mounting attempts) or the female rejected the male’s mounting attempt for the first 410 

10 minutes, we returned the female to its original cage. The returned females were not exposed 411 

to other males until the next mating trial on the next day or one week later. All females in the 412 

experiments had no birth records before successful copulatory plug-confirmed mating. However, 413 

some of them probably had multiple oestrous cycles given our multiple oestrus-inducing trials. 414 

We did not limit the age of females and males for our experiments to minimize the number of 415 

sacrificed animals. We observed the male’s mating until we could observe ejaculation. To 416 

confirm male ejaculation, we checked the copulatory plug from the female genitalia after we 417 

observed ejaculatory behaviour – the male stops thrusting and holds the female for about 5 to 10 418 

seconds when it ejaculates. After this ejaculatory behaviour, we waited for 2 minutes and if the 419 

male did not exhibit further mounting, we checked the copulatory plug from the female genitalia. 420 

When the male ejaculated, we kept them together for up to 3 hours then took out the female for 421 

imaging experiments. 422 

Ex vivo imaging with two-photon microscopy 423 

Female mice were sacrificed by cervical dislocation after anaesthesia using 2% isoflurane 424 

inhalation which usually took less than 5 minutes. After euthanasia, the female reproductive tract 425 

with the copulatory plug was excised and washed with Dulbecco’s modified Eagle’s medium 426 

[40] (DMEM; GibcoTM, cat. No. 21063029). After washing, the reproductive tract was attached 427 

to a tissue culture dish with tissue adhesive (3M Vetbond 1469SB). After attachment, we filled 428 

the dish with 37℃ preheated medium that contained an equal amount of DMEM and modified 429 

human tubal fluid (mHTF; Fujifilm Irvine Scientific, cat. ID. 90126) medium. All media were 430 

stored for at least 1 hour in a 37℃ preheated incubator with 5% of CO2 concentration before use. 431 

The culture dish was then placed on the 37℃ preheated metal mount of the two-photon 432 
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microscope and imaged with varying laser power for different depths. Most of the images were 433 

taken with 512 x 512 pixel image size at 30 fps (262,144 pixels per frame). Multicolour imaging 434 

was performed where each frame of the image has two colour channels (red and green). If 435 

needed, we could increase the frame rate up to 110 fps or higher by reducing the acquired image 436 

size to 128 x 128 (16,384 pixels per frame). We conducted observation for about 3 to 6 hours. 437 

During our observation, the uterus continued contraction and relaxation cycles. 438 

To image the entire depth of the reproductive tract, we applied tissue clearing to investigate the 439 

structure of the UTJ entrance (or colliculus tubarius, CT) using the C-Match solution (RI = 1.46, 440 

Crayon technologies, Korea). In brief, the tissue was first washed 3 times in PBS and fixed in 4% 441 

paraformaldehyde for 3 hours at 4℃ in a refrigerator. After fixation, we washed the tissue 3 442 

times with PBS and the absorbed residual PBS using paper towels. We then added C-Match to 443 

the sample and waited overnight and imaged it on the next day with the sample submerged in C-444 

Match. We imaged three cleared samples from three different females. In one sample (Fig. 3A), 445 

only the intramural UTJ part was excised from one unmated transgenic C57BL/6J female mouse 446 

– a hybrid female that was delivered from Cx3cr1 female and Thy1 male (JAX stock #030526) 447 

called Tg(Thy1-jRGECO1a)GP8.31Dkim [41]. Another sample was from a female that was 448 

mated with a vasectomized RBGS-Cx3cr1 male. In this sample, the whole female reproductive 449 

tract was excised with the copulatory plug, so the intramural UTJ was covered by the uterus. 450 

This sample was used to compare the UTJ for virgin and non-virgin females. The final sample 451 

was from a wild-type female that was mated with an RBGS-Cx3cr1 male. For cleared tissue 452 

imaging, we acquired 3D volume images with 2 um Z-axis step size while averaging 20 (first 453 

sample) or 30 images (second sample) per slice to increase the signal to noise ratio using 454 

autofluorescence of the reproductive tract tissue. 455 

Sperm tracking and speed measurement 456 

We used Fiji [15] to process acquired images and its plugin, called TrackMate [17,18] to track 457 

sperm trajectory in the uterus. We extracted trajectories from 60 sequential images (duration 2 458 

seconds) for sperm tracking when uterus movement was the smallest. We also used Turboreg 459 

[42], an ImageJ plugin, to realign the images when there was a shift between images due to 460 

uterine movement. Additionally, out of eight stacked images, we cropped three to obtain a 461 

straight view of the uterine wall. After preparing the images, we targeted the sperm head to track 462 

sperm as the sperm head expressed EGFP which was easy to track. We used Thresholding 463 

Detector to select sperm heads and LAP Tracker to trace sperm trajectories using the TrackMate 464 

plugin. We also adjusted parameter values in the plugin to better select sperm trajectories. Our 465 

final parameter values are as follows: head radius (> 0.75 µm), frame-to-frame linking (10 ~ 11 466 

µm), track segment gap closing (max distance: 10 ~ 11 µm, max frame gap: 2), number of spots 467 

in track (> 6), and max distance travel (2.5 µm). When there were artificial trajectories that were 468 

not from sperm, we manually removed the track. If the original parameters could not detect well 469 

or had too many false tracks, we adjusted two parameters; frame-to-frame linking (up to 12 µm), 470 

and track segment gap closing (only max distance up to 12 µm). We also tracked the trajectories 471 

of sperm trains using the same parameters and settings. However, to reduce computation time 472 

and prevent mis-tracking of non-sperm cells, we cropped the images and utilized 100x100 pixel 473 
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images that contain the entire trajectory of each sperm train as well as other unlinked single 474 

spermatozoa. 475 

To calculate sperm speed in relation to the distance from the uterine wall, we need to define the 476 

uterine wall. To define the uterine wall, we first selected images with straighter uterine wall and 477 

projected the extracted 60 sequential images into one plane by taking the maximum intensity 478 

projection with some adjustment of brightness and contrast using Fiji. For some images taken at 479 

a low magnification level that contained curved uterine walls, we used parts of the field of view 480 

that contained straight walls appropriate for our analysis. Next, we used the object selection tool 481 

of Adobe Photoshop CC (23.1.0 version) to automatically select the walls from the projected 482 

images. We then extracted the uterine wall image layer and pasted it to a blank image with white 483 

background. Finally, we extracted the wall coordinates by selecting the non-zero-valued pixels 484 

that formed the boundary of the uterine wall (blue coloured area in Fig. S2A). The boundary 485 

coordinates were converted to a micrometre scale based on the magnification and image 486 

resolution to normalize the units between different images obtained with different magnification 487 

factors. We fitted the uterine wall coordinates using linear regression. The fitted linear regression 488 

line was considered the uterine wall of each female (① in Fig. S2B) and used to calculate the 489 

distance and angle (radian) between sperm and the wall. 490 

We measured the distance between sperm and the uterine wall by calculating the minimum 491 

distance between the mid-point of each sperm trajectory and the fitted line of the uterine wall 492 

(② in Fig. S2B). The angle between a sperm trajectory and the uterine wall was calculated by 493 

measuring the angle between the fitted line and a straight line that passed the first and last spots 494 

of the trajectory (③ in Fig. S2B). We then computed sperm progression speed parameters used 495 

in CASA [19] using our sperm tracking data using the TrackMate plug-in. We first calculated 496 

curvilinear velocity, VCL by dividing the total distance travelled (µm) by total track time – the 497 

time (second) taken from the first point (spot) to the last point in a sperm trajectory. The straight 498 

line velocity, VSL was calculated by dividing the track displacement – the distance between the 499 

first and last spots of a sperm trajectory – by the total track time (second). We also calculated the 500 

linearity of forward progression, LIN of sperm by dividing VSL by VCL (range 0 to 1). Along 501 

with the above CASA-used parameters, we defined a new parameter, the straight line-to-502 

sideward movement ratio (SWR) to estimate sperm migration linearity by comparing forward 503 

and sideward moving distances. SWR was calculated by dividing the track displacement (µm) of 504 

a sperm trajectory by the maximum sideward movement distance (µm) – the maximum distance 505 

between two parallel lines passing each point (spot) that parallel to the track displacement line 506 

(④ in Fig. S2B). Further information on the terms and parameters of the TrackMate plug-in 507 

used in the current paper is also described in a paper and manual by the developers [17,18]. 508 

Statistical analysis 509 

All statistical analyses were done using R, version 4.3.0 [16]. To estimate sperm swimming 510 

speed and linearity in relation to the uterine wall, we used data from 8 copulation experiments 511 

between 8 females and 3 males. We ran 4 generalized linear mixed models to test whether sperm 512 

move faster and straighter when they migrate along the uterine wall. We used log-transformed 513 

VCL, VSL, LIN, and SWR as response variables in each model. In all models, we included the 514 
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angle and distance between the wall and sperm trajectories as explanatory variables. We also 515 

included whether we cropped the image or not (O or X) to check the effect of image cropping on 516 

the analysis. Male IDs and the date of experiments were included as random effects in all models 517 

to control possible individual variations in sperm and reproductive tract properties. All models 518 

did not violate assumptions. All full models were also compared with null models that only 519 

included random effect and all full models were significantly better than the null models. All 520 

variance influencing factors (VIFs) were less than 1.1 which indicates no serious drawback from 521 

collinearity. 522 
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 686 

Fig. S1. Schematic diagram of the custom-built 2PSLM. 687 

DsRed and eGFP were excited nonlinearly using a tunable high peak power femtosecond laser 688 

(Chameleon discovery/Coherent) and a water-immersion objective lens (CFI75 LWD 16X 689 

W/Nikon). The fluorescence emitted was collected by the same objective lens and detected by a 690 

pair of GaAsP photomultiplier tubes (PMT, H10770PA-40/Hamamatsu). Dichroic mirrors and 691 

filters; DM1(T735lpxrxt-UF3/Chroma), DM2(T565lxr/Chroma), BF(ET720SP-2P8/Chroma), 692 

F1(ET605/70m/Chroma), and F2(ET525/70m/Chroma) were used to split the excitation beam 693 

and emission light. A resonant-galvo scanner (RESCAN-GEN/Sutter instrument) enabled real-694 

time fluorescence imaging of sperm behaviour at a speed of 30 frames per second for 512 pixels 695 

per line acquisition. A Pockels cell (M350-80-LA-02 KDP/Conoptics) allowed for rapid control 696 

of the laser beam intensity, homogenising the illumination across the field of view, and applying 697 

varying laser power per tissue depth. The sample position in all three dimensions was controlled 698 

by a Piezo-driven objective scanner (P-725.4CA/PI) and a motorised 3-axes stage (3DMS/Sutter 699 

instrument). A small animal heating plate (HP-4M/Physitemp) maintained the warmth of the 700 

mouse female reproductive tract at body temperatures.  701 
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 703 

Fig. S2. Uterus wall and parameters that were used to measure sperm migration speed and 704 

linearity. 705 

(A) Areas along the uterine wall that were relatively straight were selected. The boundary of 706 

these areas was identified using the object selection tool in Adobe Photoshop CC (23.1.0 707 

version). (B) The uterine wall was approximated as a linear line using linear regression (①). The 708 

distance between a spermatozoon and the uterine wall was defined as the minimum distance 709 

between the midpoint of the track displacement and a sperm trajectory (②). The angle between 710 

sperm trajectories and the uterine wall was calculated as the angle (in radians) between the 711 

uterine wall (approximated line) and the straight line that connected the first and last points of a 712 

sperm trajectory – track displacement line (③). The maximum sideward movement was 713 

determined as the greatest distance between the parallel lines that aligned with the track 714 

displacement line at the positions of the sperm trajectory (④). SWR was then computed by 715 

dividing the track displacement by the maximum sideward movement. 716 
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 718 

Fig. S3. A hypothetical model for sperm migration from the uterus to UTJ. 719 

The upper left inset represents a uterine horn that moves to the left or right due to muscle 720 

contraction (exaggerated for visualization). The 5 subfigures with numbering represent zoom-in 721 

of the two red square frames in the inset. When the uterine horn moves from the centre to the 722 

right (① to ②), two facing surfaces between the two mucosal folds slide against each other. 723 

This sliding results in opening space where sperm can ascend – note that the sperm moves from 724 

cell 1 to cell 2 of the right mucosal fold (②). When the uterine horn moves from right to left 725 

(③), the two surfaces between the mucosal folds slide in opposite directions where the sperm 726 

can now reach cell 4 of the left mucosal fold. If sperm can turn over, its head can be attached to 727 

cell 4 of the left mucosal fold (④ to ⑤). Repetition of these procedures will make the sperm 728 

finally pass the CT and migration through narrow gaps between mucosal folds in intramural 729 

UTJ. This process appears to be as if sperm may slide through the space between mucosal folds 730 

when the space is too small for normal beating (Movie S5C). 731 
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Table S1. Basic information of 4 males that were used for the mating experiment. 733 

 734 

Male ID Date of Birth (DOB) Genotype Note 

A (No. 838) 2021.04.21 RBGS-CX3CR1  

B (No. 3399) 2021.08.17 RBGS  

C (No. 3613) 2021.09.01 RBGS  

D (No. 3610) 2021.09.01 RBGS-CX3CR1 Vasectomized male  

 735 

RBGS: CAG/Su9-DsRed2 and Acr3-EGFP, RBGS-CX3CR1: CAG/Su9-DsRed2, Acr3-EGFP, 736 

and Cx3cr1 737 
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Table S2. Mating records and the information of the females for sperm tracking. 739 

 740 

Date of mating DOB (female)  Age (female) Male ID  

2021-12-15 2021-09-01 15.0 weeks A 

2021-12-23 2021-07-02 24.9 weeks B 

2022-03-11 2021-05-10 43.6 weeks A 

2022-04-07 2021-08-17 33.3 weeks A 

2022-06-08 2021-10-17 33.4 weeks C 

2022-07-07 2022-02-14 20.4 weeks C 

2022-07-14 2021-10-17 38.6 weeks A 

2022-08-04 2022-02-14 24.4 weeks A 

 741 

Male ID: males (Supplementary Table 1) who mated with the subject females on the date. 742 
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Table S3. Summary results of the generalized linear mixed models (GLMM). 744 

Each model represents sperm trajectory parameters that were log-transformed. In all models, we 745 

examined the effect of sperm to uterine wall distance (Distance from wall), angle between a 746 

sperm trajectory and uterine wall (respective angle with wall) and cropping of the acquired 747 

image (O: cropped vs X: uncropped). The GLMM for SWR showed a boundary (singular) fit 748 

warning message. However, two models that omitted one of random variables (Male or Date) did 749 

not result in any significant changes in the predictor variables (p > 0.05). 750 

 751 

Model Predictors Estimates SE t P 95% CI 

VCL 

(Intercept) 4.0645 0.4189 9.7028 0.001** 3.198, 4.921 

Distance from wall -0.0094 0.0007 -12.8449 <0.001*** -0.011, -0.008 

Angle with wall -0.0019 0.0007 -2.6255 0.009** -0.003, 0 

Cropped (O: X) -0.2576 0.4368 -0.5897 0.584 -1.155, 0.652 

VSL 

(Intercept) 3.2745 0.4277 7.6558 0.002** 2.434, 4.113 

Distance from wall -0.0104 0.0014 -7.4718 <0.001*** -0.013, -0.008 

Angle with wall -0.0081 0.0014 -5.9303 <0.001*** -0.011, -0.006 

Cropped (O: X) -0.0822 0.4202 -0.1957 0.853 -0.902, 0.716 

LIN 

(Intercept) -0.8236 0.1194 -6.8999 0.001** -1.058, -0.581 

Distance from wall -0.0009 0.0011 -0.8632 0.388 -0.003, 0.001 

Angle with wall -0.0061 0.0010 -5.8469 <0.001*** -0.008, -0.004 

Cropped (O: X) 0.1701 0.1365 1.2459 0.273 -0.113, 0.444 

SWR 

(Intercept) 1.1507 0.1458 7.8917 <0.001*** 0.732, 1.430 

Distance from wall -0.0003 0.0013 -0.2149 0.830 -0.003, 0.002 

Angle with wall -0.0108 0.0013 -8.2828 <0.001*** -0.013, -0.008 

Cropped (O: X) 0.1566 0.1720 0.9107 0.399 -0.384, 0.835 

 752 

VCL: curvilinear velocity, VSL: straight-line velocity, LIN: linearity of forward progression, 753 

SWR: straight line-to-sideward movement ratio, ***: p < 0.001, **: p < 0.01, *: p < 0.05. 754 

 755 
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Captions for Movie S1 to S10 757 

Movie S1. 758 

Sperm migration in the uterus. (A) Most sperm within the uterine volume are moving back and 759 

forth following the flow in the uterus. (B) Sperm near a uterine wall (epithelium) are more active 760 

and swim faster than those in the centre of the lumen. Tracks are guides to the eye showing the 761 

instantaneous speed as different colours. 762 

Movie S2. 763 

The sperm hook helps sperm to determine migration directions in the uterus. (A) When sperm 764 

reach the uterine wall, sperm change their migration direction. Most sperm change their heading 765 

direction in a way that their apical hook faces the uterine wall (pro-wall-hook direction) which 766 

allows sperm migrate straighter along the wall. In contrast, a few sperm exhibit an opposite 767 

heading direction such that their hook faces the uterine lumen (anti-wall-hook direction). This 768 

heading direction usually results in a departure of the sperm from the wall. (B) Sperm are tapping 769 

along the epithelium with their hook while migrating along the uterine wall. 770 

Movie S3. 771 

Sperm use their hook as an anchor to be attached to the uterine epithelium. (A) Sperm use their 772 

hook to be attached to the uterine epithelium (sperm hooking behaviour for anchoring). The apical 773 

sperm hook also helps sperm squeeze through other sperm in confined space. (B) Unattached 774 

(unanchored) or loosely attached sperm may be more easily squeezed out by uterine muscle 775 

contraction or fluid flow. 776 

Movie S4. 777 

The entrance of intra-mural UTJ (or CT) in the uterus has small spacing (almost closed inter-fold 778 

gaps) for mouse sperm to pass through. (A) These closed inter-fold gaps continue for about 100 779 

µm from the entrance of UTJ. (B) The existence of a copulatory plug or mating history does not 780 

influence the opening of the inter-fold gap at the UTJ entrance (UTJ entrance seen from an 781 

orthogonal perspective with respect to A). (C) Even after mating with a male with working sperm, 782 

width of inter-fold gaps does not considerably change. Only a few sperm can pass through the 783 

inter-fold gap at a time due to its narrow width. Scanning direction of the intra-mural UTJ to get 784 

images is indicated with an arrow at the right upper corner in each Movie. 785 

Movie S5. 786 

Sperm behaviours and the movement of mucosal folds at the entrance of UTJ (CT). (A) There is 787 

no upsuck-like passive sperm transfer from the uterus to UTJ. Some unanchored sperm are 788 

sometimes pulled off by muscle contraction (peristaltic movement). (B) Two facing mucosal folds 789 

sometimes move in an opposite direction which causes the two mucosal folds to slide against each 790 

other. Sperm may use this moment to enter UTJ from the uterus. (C) As the sperm head is round 791 

enough despite its apical sperm hook, sperm can move forward (head direction) by sliding through 792 

a narrow lumen between mucosal folds. However, due to the sperm hook shape (anchor), it will 793 

not be easier for sperm to move backward (tail direction).  794 

Movie S6. 795 
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Sperm unidirectional re-arrangement in a sperm cluster at a uterine crypt. (A) Asymmetrical sperm 796 

head shape may facilitate sperm unidirectional re-arrangement in sperm clusters at uterine crypts 797 

and CT. The unidirectional sperm clustering then results in synchronised sperm beating that pushes 798 

out other sperm by generating fluid flow or by beating other sperm directly. (B) Re-arranged sperm 799 

in a cluster sometimes move together to the same direction. 800 

Movie S7. 801 

An enormous unidirectional sperm cluster at CT in the uterus exhibits synchronised sperm beating. 802 

The synchronised sperm beating may prevent or hinder other sperm from approaching the UTJ 803 

entrance (CT) by pushing out approaching sperm. 804 

Movie S8. 805 

Accumulated sperm (sperm trains) are not found to swim faster than unlinked individual sperm in 806 

the uterus. Moreover, a large sperm accumulation cannot pass the narrow luminal space near the 807 

UTJ entrance (CT). These results suggest a disadvantage of sperm trains in sperm migration from 808 

the uterus to UTJ. 809 

Movie S9. 810 

Various sperm behaviours in UTJ. (A) Sperm interact with the UTJ epithelium using their hook in 811 

various ways. They put their hook into a gap (crypt) and exhibit tapping- and stroking-like 812 

behaviour while they migrate through UTJ. (B) Sperm can more easily migrate when UTJ lumens 813 

get wider. Attached (anchored) sperm also beat faster when UTJ lumens get wider. (C) Dead or 814 

inactive sperm are accumulated in UTJ and may damage live sperm through collisions or hinder 815 

sperm migration in UTJ. 816 

Movie S10. 817 

The beating rate of the attached (anchored) sperm in UTJ changes over time. The speed of fluid 818 

flow and the luminal width of UTJ may be related to the beating rate. 819 

 820 
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