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Abstract   32 

Luteinizing hormone (LH) induces ovulation by acting on its receptors in the mural granulosa 33 

cells that surround a mammalian oocyte in an ovarian follicle. However, much remains unknown 34 

about how activation of the LH receptor modifies the structure of the follicle such that the oocyte 35 

is released and the follicle remnants are transformed into the corpus luteum. The present study 36 

shows that the preovulatory surge of LH stimulates LH receptor-expressing granulosa cells, 37 

initially located almost entirely in the outer layers of the mural granulosa, to rapidly extend 38 

inwards, intercalating between other cells. The cellular ingression begins within 30 minutes of 39 

the peak of the LH surge, and the  proportion of LH receptor-expressing cell bodies in the inner 40 

half of the mural granulosa layer increases until the time of ovulation, which occurs at about 10 41 

hours after the LH peak. During this time, many of the initially flask-shaped cells appear to 42 

detach from the basal lamina, acquiring a rounder shape with multiple filipodia. Starting at about 43 

4 hours after LH peak, the mural granulosa layer at the apical surface of the follicle where 44 

ovulation will occur begins to thin, and the basolateral surface develops invaginations and 45 

constrictions. LH stimulation of granulosa cell ingression may contribute to these changes in the 46 

follicular structure that enable ovulation. 47 

 48 

Graphical Abstract 49 

  50 

 

n 

te 

ut 

e 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2023. ; https://doi.org/10.1101/2023.04.21.537855doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.21.537855
http://creativecommons.org/licenses/by-nc-nd/4.0/


   

 4

Introduction 51 

 52 

Preovulatory mammalian follicles are comprised of many concentric layers of cells. Directly 53 

around the oocyte are cumulus cells, and outside of these are a fluid-filled antrum, mural 54 

granulosa cells, a basal lamina, and a theca layer including steroidogenic cells, fibroblasts, 55 

smooth muscle cells, and vasculature [1] (Figure 1A). Ovulation is triggered when luteinizing 56 

hormone (LH), which is released from the pituitary and delivered to the ovary through blood 57 

vessels in the theca layer, acts on its receptors in a subset of the outer mural granulosa cells 58 

[2–8]. LH binding to its receptors initiates a G-protein-coupled signaling cascade that induces 59 

meiotic resumption in the oocyte and changes in gene expression in the granulosa cells that 60 

lead to ovulation [9–14].  61 

Activation of the LH receptor also causes complex structural changes in the follicle. These 62 

include chromosomal and cytoskeletal rearrangements as meiosis progresses in the oocyte 63 

[15], secretion of an extracellular matrix from the cumulus cells [16], and loss of connections 64 

between these cells and the oocyte as transzonal projections retract [17]. As ovulation 65 

approaches, the mural granulosa and theca layers in the apical region of the follicle, directly 66 

adjacent to the surface epithelium where the oocyte will be released, become thinner [18–21], 67 

correlated with vasoconstriction and reduced blood flow in the apical region of the theca [21]. 68 

The mural granulosa and theca layers in the basolateral region (that outside of the apical 69 

region) develop constrictions, and these are thought to contribute to expelling the oocyte and 70 

surrounding cumulus cells [22–27]. The preovulatory constrictions may be mediated in part by 71 

contraction of smooth muscle cells in the overlying theca [23], in response to endothelin-2 72 

produced by the granulosa cells [26,28,29]. However, granulosa-specific deletion of endothelin-73 

2 in mice only partially inhibits ovulation [30], suggesting that additional factors may also 74 

contribute to the follicular constriction. At the time of ovulation, the basal lamina around the 75 
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granulosa cells breaks down, and blood vessels from the theca grow inwards as the remnants 76 

of the follicle transform into the corpus luteum, which produces progesterone to support 77 

pregnancy [31]. 78 

One unexplored factor that could contribute to the preovulatory changes in follicle structure 79 

is suggested by evidence that LH receptor activation induces migration [32,33] and cytoskeletal 80 

shape changes [34,35] in isolated granulosa cells. These cytoskeletal shape changes are 81 

detected within 30 minutes after LH receptor activation [35]. Since cell migration can regulate 82 

tissue architecture in other developmental systems [36,37], including the Drosophila ovarian 83 

follicle [38] and the mammalian placenta [39], we examined whether LH stimulates cell motility 84 

in LH receptor-expressing granulosa cells within mouse ovarian follicles.  85 

By using mice with an HA epitope tag on the endogenous LH receptor such that its 86 

localization could be visualized [8], and by collecting ovaries for imaging at defined times after 87 

eliciting a physiological LH surge by injection of kisspeptin [40], we obtained a precise 88 

timecourse of changes in LH receptor localization over the period leading to ovulation. We 89 

discovered that LH stimulates granulosa cells that express its receptor to extend inwards in the 90 

follicle, intercalating between other granulosa cells. This LH-stimulated granulosa cell motility 91 

may influence the structure of the follicle as it prepares for ovulation and transformation into a 92 

corpus luteum. 93 

  94 
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Materials and Methods 95 

 96 

Mice  97 

Protocols covering the maintenance and experimental use of mice were approved by the 98 

Institutional Animal Care Committee at the University of Connecticut Health Center. The mice 99 

were housed in a room in which lights were turned on at 6 AM and off at 4 PM. Generation, 100 

genotyping, and characterization of mice with an HA tag on the endogenous LH receptor (HA-101 

LHR) have been previously described [8]; homozygotes were used for breeding pairs and for all 102 

experiments. The HA-LHR and wildtype mouse background was C57BL/6J. These mice have 103 

been deposited at the Mutant Mouse Resource and Research Centers repository at The 104 

Jackson Laboratory (Bar Harbor, ME); MMRRC #71301, C57BL/6J-Lhcgrem1Laj/Mmjax, 105 

JR#038420. 106 

 107 

Hormone injections of prepubertal mice for collection of ovaries and assessment of 108 

ovulation  109 

Ovaries containing preovulatory follicles were obtained by intraperitoneal injection of 22–24-110 

day-old mice with 5 I.U. equine chorionic gonadotropin (eCG) (ProSpec #HOR-272). 44 hours 111 

later, the mice were injected intraperitoneally with 1 nmol kisspeptin-54 (Cayman Chemical, 112 

#24477) to stimulate an endogenous LH surge [40]. Ovaries were dissected at indicated time 113 

points after kisspeptin injection.  114 

To assess ovulation, cumulus-oocyte complexes were collected from oviducts dissected after 115 

hormone injections as described above. For Figure 1B, some mice were injected with human 116 

chorionic gonadotropin (hCG, 5 I.U., ProSpec #HOR-250) instead of kisspeptin. Cumulus-117 

oocyte complexes were dissociated by pipetting and then counted. 118 

 119 
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Collection of ovaries from proestrus adult mice before and after the LH surge 120 

Vaginal cytology of 6-8 week old females was examined daily at approximately 10 AM to 121 

determine the stage of the estrous cycle [41]. Ovaries from proestrus mice were collected at 122 

either 12 noon (pre-LH) or 10 PM (post-LH). 123 

 124 

Preparation of ovary cryosections for immunofluorescence microscopy  125 

Ovaries were frozen, fixed, cryosectioned, and labelled for immunofluorescence microscopy 126 

as previously described [8]. Sections were 10 µm thick. Antibody sources and concentrations 127 

are listed in Table S1. Equatorial sections of follicles, defined as sections including the oocyte, 128 

were used for imaging. 129 

 130 

Confocal and Airyscan imaging 131 

Ovarian cryosections were imaged with a confocal microscope (LSM800 or LSM980, Carl 132 

Zeiss Microscopy). To image entire follicle cross-sections, a 20x/0.8 NA Plan-Apochromat 133 

objective was used. Small regions of follicles were imaged using a 63x/1.4 NA Plan-Apochromat 134 

objective with an Airyscan detector to enhance resolution. Images of optical sections were 135 

reconstructed using the 2-dimensional Airyscan processing at standard strength. Brightness and 136 

contrast were adjusted after analysis in Fiji software.  137 

 138 

Image analysis 139 

To quantify the percentage of LH receptor-expressing cell bodies that were located in the 140 

inner half of the mural granulosa layer (Figure 3A,B), inner and outer halves were defined as 141 

previously described [8]. In brief, the width of the mural granulosa layer from antrum to basal 142 

lamina was measured at 8 radial positions for each follicle, and halfway points were marked. 143 

These points were then connected to define the boundary of the inner and outer mural. The 144 

basal lamina position was identified by locating the outer edge of the outermost layer of 145 
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granulosa cells, or by labeling with an antibody against laminin gamma 1. LH receptor-146 

expressing cell bodies were identified as DAPI-stained nuclei that  were surrounded by HA 147 

labeling, and were counted in inner and outer mural granulosa cell regions using the Cell 148 

Counter Tool in Fiji [42]. The percentage of LH receptor-expressing cells in the inner mural was 149 

calculated by dividing the number of LH receptor-expressing cells in the inner mural by the total 150 

number of LH receptor-expressing cells in the inner and outer mural regions. The percentage of 151 

mural granulosa cells that expressed the LH receptor (Figure 3C) was calculated by dividing the 152 

total number LH receptor-expressing cells by the total number of DAPI-stained nuclei. 153 

Basal lamina invaginations were analyzed using images of equatorial sections in which the 154 

basal lamina was labelled with an antibody against laminin gamma 1 (Table S1). Invaginations 155 

were defined as regions where the basal lamina curved inwards to a depth of 5-100 µm, with a 156 

width of ≤150 µm. The depth of each invagination (Figure 5C) was determined by drawing a line 157 

connecting the 2 points on the basal lamina at which it curved inwards, and then measuring the 158 

distance between that line and the deepest point of the invagination.  For counts of the number 159 

of invaginations per cross-section (Figure 5D), the apical region of the follicle was defined as the 160 

mural granulosa region adjacent to the surface epithelium. The basolateral region was defined 161 

as the rest of the mural granulosa. 162 

To measure the width of the mural granulosa layer in apical and basal regions, the center of 163 

the follicle was located by measuring the height and width of each follicle. A line was then drawn 164 

from the base through the center of the follicle to the apex, and beginning and end points were 165 

marked as the middle of the base and apex. Two points were marked at 50 µm along the basal 166 

lamina to the left and right of each point, and the width of the mural layer was measured at each 167 

point (see right hand panels of Figure 6A). The averages of the three measurements on the 168 

apical and basal sides were used for comparisons (Figure 6B).   169 

 170 

Western blotting 171 
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For measurement of HA-LHR protein content (Figure S9), ovaries were collected at 172 

designated time points and sonicated in 1% SDS with protease inhibitors [43]. Protein 173 

concentrations were determined with a BCA assay (Thermo Scientific, #23227) and 40 µg of 174 

total protein was loaded per lane. Western blots were probed with an antibody against the HA 175 

epitope, developed using a fluorescent secondary antibody (Table S1), and detected with an 176 

Odyssey imager (LICOR, Lincoln, NE). Blots were co-imaged with the Revert stain for total 177 

protein (LICOR), and HA-LHR fluorescence intensity was normalized to the Revert fluorescence 178 

intensity for each lane. Values were then normalized to that for the ovary without kisspeptin 179 

injection.   180 

 181 

Statistics and graphics 182 

Analyses were conducted as indicated in the figure legends using Prism 9 (GraphPad 183 

Software, Inc, La Jolla, CA). Values in graphs are presented as mean ± standard error of the 184 

mean (SEM), and values indicated by different letters are significantly different (P < 0.05). 185 

Diagrams for the graphical abstract and for Figures 1A,C and 3A were generated using 186 

BioRender.com. 187 

 188 

  189 
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Results and Discussion 190 

 191 

Except as indicated, LH release was stimulated by intraperitoneal injection of kisspeptin into 192 

~25 day old mice that had been injected 44 hours previously with eCG to stimulate follicle 193 

growth and LH receptor expression [40]. Kisspeptin is a neuropeptide that causes gonadotropin 194 

releasing hormone to be secreted from the hypothalamus, which in turn causes release of LH 195 

into the bloodstream [44]. The rise in serum LH peaks ~1.5 hours after kisspeptin injection and 196 

is comparable in amplitude and duration to the endogenous LH surge [40]. We chose to use 197 

kisspeptin rather than the more standard induction of ovulation by injection of human chorionic 198 

gonadotropin (hCG), because kisspeptin causes release of mouse LH, closely mimicking the 199 

natural ovulatory stimulus. We also describe experiments confirming our findings using naturally 200 

cycling adult mice. With the experimental conditions used here, ovulation occurred between 11 201 

and 12 hours after kisspeptin or hCG injection, and similar numbers of oocytes were released 202 

by each stimulus (Figure 1B).  203 

The localization of cells expressing the LH receptor was investigated using a recently 204 

developed mouse line with a hemagglutinin (HA) tag on the endogenous LH receptor (HA-LHR), 205 

to allow specific immunolocalization of the LH receptor protein [8]. The heterogenous 206 

expression of the LH receptor within the mural epithelium allows individual cells to be well 207 

visualized [8]. The timing and number of oocytes released in response to kisspeptin were similar 208 

comparing HA-LHR and wild-type mice (Figure 1B). Ovaries from HA-LHR mice were collected, 209 

fixed, and frozen, either before kisspeptin injection, or at 2 hour intervals afterwards (Figure 1C). 210 

Ovary cryosections were then labelled with an HA antibody, and the localization of HA-LHR 211 

expressing cells was analyzed. 212 

 213 
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LH induces ingression of LH receptor-expressing granulosa cells within the preovulatory 214 

follicle  215 

The mural granulosa region of a mouse preovulatory follicle is comprised of ~5-15 layers of 216 

cells, located between the basal lamina and the fluid-filled antrum [8,45,46] (Figures 1A, 2A, 217 

S1). Before LH receptor stimulation, almost all of the LH receptor-expressing cell bodies in the 218 

mural granulosa are located in its outer half, and within this region, expression is heterogeneous 219 

[8]. Many of the LH receptor-expressing granulosa cells have an elongated flask-like shape, with 220 

the cell bodies containing their nuclei located a few cell layers away from the basal lamina and 221 

long processes extending back to the basal lamina, forming a pseudostratified epithelium [8,18] 222 

(Figures 2A, S1, S10). In the present study, only ~7% of the total LH receptor-expressing 223 

granulosa cell bodies were found in the inner half of the mural granulosa region before LH 224 

receptor stimulation (Figure 3A,B). 225 

At 2 hours after kisspeptin injection (~30 minutes after the peak of the induced LH surge), the 226 

percentage of LH receptor-expressing cell bodies in the inner mural layer had increased to 227 

~21% (Figures 2B, 3B, S2). At later time points after kisspeptin injection, this percentage 228 

continued to increase, reaching ~35% at 10 hours (Figures 2C-F, 3B, S3-S6). Ovulation 229 

occurred between 11 and 12 hours after kisspeptin (Figures 1B, 2G, S7). Injection with PBS 230 

instead of kisspeptin did not change the percentage of LH receptor-expressing cells in the inner 231 

mural granulosa layer at 6 hours, indicating that the localization change is dependent on LH 232 

(Figures 3B, S8). 233 

During the 10 hours after kisspeptin injection, there was no change in the percentage of 234 

mural granulosa cells expressing LH receptor protein (Figure 3C). Because studies of rat 235 

ovaries have shown that LH receptor stimulation decreases LH receptor mRNA and LH receptor 236 

ligand binding in homogenates [2,47–49], the lack of effect of LH receptor stimulation on the 237 

number of granulosa cells expressing the LH receptor over the 10-hour period after injection of 238 

mice with kisspeptin was surprising. Therefore, the LH receptor protein content of ovaries from 239 
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mice injected with kisspeptin was assessed by quantitative western blotting. The results 240 

indicated that LH receptor protein levels were unchanged over the 12-hour period after injection 241 

(Figure S9). Possible explanations for this apparent difference from previous reports include 242 

differences in hormonal stimulation protocols [49] and differences between rats and mice. In 243 

addition, it is possible that as previously noted [48], the observed decrease in LH receptor ligand 244 

binding could be due to internalization of the LH receptor in granulosa cells [12] rather than a 245 

decrease in total LH receptor protein. Our evidence that the percentage of granulosa cells 246 

expressing the LH receptor, and the LH receptor protein content of the ovary, are unchanged 247 

over the time course of our experiments indicate that the observed redistribution of the LH 248 

receptor is unlikely to be a consequence of protein degradation coupled with resynthesis. 249 

 250 

LH induces an epithelial-to-mesenchymal-like transition in LH receptor-expressing 251 

granulosa cells within the follicle 252 

High resolution Airyscan images of ovaries from mice before and after kisspeptin injection 253 

showed that by 6 hours after kisspeptin injection, many LH receptor-expressing cells in the 254 

follicle interior were rounder compared to the predominantly flask-shaped cells seen near the 255 

basal lamina prior to LH receptor stimulation (Figures 3D, S10, S11). At 6 hours, many of the LH 256 

receptor-expressing cells had lost a visible attachment to the basal lamina, suggesting that 257 

these cells had detached, undergoing an epithelial-to-mesenchymal-like transition (Figures 258 

3D,E, S11). Alternatively, the cellular processes connecting these cell bodies to the basal 259 

lamina might have been too thin to see with light microscopy or might not have been contained 260 

within the 10 µm thick section. These cells often had numerous filopodia extending in many 261 

directions, as well as membrane blebs (Figure 3D,E), consistent with the presence of filopodia 262 

and blebs on other migratory cells [50–52].  263 

 264 
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The LH surge also induces ingression of LH receptor-expressing cells in preovulatory 265 

follicles of naturally cycling adult mice 266 

To confirm that the ingression of granulosa cells that was seen in hormonally stimulated 267 

prepubertal mice also occurred in naturally cycling mice, we collected ovaries from adult mice in 268 

proestrus. Based on measurements of serum LH, the peak of the proestrous LH surge occurs 269 

close to the time that the lights are turned off in the room where the mice are housed, although 270 

the exact time is variable [53]. Mice were determined to be in proestrus based on vaginal 271 

cytology, and we collected ovaries at either 4 hours before lights off (pre-LH) or 6 hours after 272 

lights off (post-LH). In the pre-LH ovaries, ~11% of LH receptor expressing cells were located in 273 

the inner mural , whereas in the post-LH ovaries, the LH receptor-expressing cell bodies had 274 

moved inwards, with ~35% of cells expressing the LH receptor localized in the inner mural 275 

(Figures 4A,B, S12). This was comparable to the change in localization that occurred in the 276 

prepubertal mice (Figures 2,3B), confirming that the ingression occurs during the natural 277 

ovulation process. 278 

 279 

LH induces invaginations of the basolateral surface of the follicle, starting ~6 hours 280 

before ovulation.  281 

The LH-induced ingression of the LH receptor-expressing granulosa cells into the inner half 282 

of the mural layer, and the associated changes in cell shape, raised the question of how these 283 

cellular events might correlate with LH-induced changes in the shape of the follicle as a whole. 284 

Constrictions in the basolateral surface of follicles have been previously observed during or 285 

within 2 hours of ovulation, but reports at earlier time points are lacking [24–29]. By fixing 286 

ovaries before or 6-10 hours after injection of mice with kisspeptin, labelling the basal lamina in 287 

ovary cryosections, and imaging equatorial cross-sections of preovulatory follicles, we observed 288 

that invaginations of the follicle surface began much earlier than previously reported.  289 
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In follicles in ovaries from mice that had not been injected with kisspeptin, the basal lamina 290 

was smooth, with only occasional inward deflections (Figure 5A,B). However, at 6-10 hours after 291 

kisspeptin injection, the basal lamina showed numerous invaginations, defined as regions where 292 

the basal lamina curved inwards to a depth of 5-100 µm with a width of ≤150 µm (Figure 5A-C). 293 

The invaginations occurred only in basolateral regions of the follicle, and were seen as early as 294 

6 hours after kisspeptin injection, corresponding to ~4.5 hours after the peak of the LH surge, 295 

and ~6 hours before ovulation (Figures 5A-D, S4B, S5B, S6B). Their number increased 296 

between 6 and 10 hours after kisspeptin injection (Figure 5D). In addition to the invaginations, 297 

the basolateral region of follicles at 8 and 10 hours after kisspeptin injection usually also showed 298 

larger scale constrictions (Figures 5B, S5, S6). Similar invaginations and constrictions of the 299 

basolateral surface were seen in follicles of ovaries after the LH surge in naturally cycling mice 300 

(Figures 4A, S12).  301 

 302 

LH induces thinning of the apical surface of the follicle, starting ~6 hours before 303 

ovulation.  304 

In addition to the basolateral constrictions of the follicle surface, LH stimulation caused 305 

thinning of the mural granulosa layer at the apex of the follicle where the oocyte will be released 306 

(Figures 2, 5A, 6, S4-S7). As previously reported for hamster follicles [20], the apical thinning 307 

begins early, showing a statistically significant decrease in mean thickness by 6 hours after 308 

injection of kisspeptin, and not occurring in the basal region (Figure 6B). At 8 hours after 309 

kisspeptin, many follicles also had a concavity on the apical side, which was wider and 310 

smoother than the invaginations seen in basolateral regions (Figures 5A,B, S5). Apical thinning 311 

was evident in some of the follicles of naturally cycling mice after the LH surge; variability in the 312 

timing of the LH surge with respect to the time of lights off may explain why it was not seen in all 313 

examples (Figures 4A, S12).  314 

 315 
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Does LH-induced ingression of LH receptor-expressing mural granulosa cells contribute 316 

to LH-induced changes in the shape of the follicle? 317 

LH-induced constrictions of the basolateral follicle surface could be imagined to result in part 318 

from forces generated by inwardly extending granulosa cells that are still attached to the basal 319 

lamina. Likewise, LH-induced thinning of the apical mural granulosa layer could conceivably 320 

result from migration of granulosa cells out of the epithelial layer. Previous studies have 321 

suggested that both of these LH-induced changes in follicle shape are mediated by synthesis of 322 

endothelin by the granulosa cells, which acts to cause contraction of smooth muscle cells in the 323 

theca [26,29] and constriction of apical blood vessels [21]. However, the early changes in 324 

follicular shape reported here precede the synthesis of endothelin mRNA by the granulosa cells, 325 

which is first detected at 11 hours after injection of mice with the LH receptor agonist hCG [28], 326 

corresponding to ~1 hour before ovulation (Figure 1B). Therefore, endothelin-induced 327 

responses cannot fully account for LH-induced changes in the shape of the follicle. Whether the 328 

ingression of LH receptor-expressing cells in the mural granulosa layer could be one of the 329 

contributing factors remains to be investigated. 330 

Understanding of the possible contribution of LH-induced ingression of mural granulosa cells 331 

to causing the invaginations in the basolateral region of the follicle and the thinning of the apical 332 

mural granulosa cell layer could be furthered by knowledge of the cytoskeletal changes that 333 

cause the cells to migrate, such that the migration could be inhibited. Notably, activation of the 334 

actin severing and depolymerizing protein cofilin is required for LH-stimulated granulosa cell 335 

motility in vitro [35], suggesting a possible function of cofilin in granulosa cell ingression within 336 

the follicle in vivo. Phosphoproteomic analysis of rat follicles has shown that LH signaling 337 

decreases the phosphorylation of cofilin on serine 3 to ~10% of baseline within 30 minutes [54], 338 

and dephosphorylation at this site increases cofilin activity [55].  Cofilin is also essential for other 339 

developmental processes involving cellular extension, such as axon growth [56]. Mice with 340 

genetically modified cofilin or other cytoskeletal proteins in their granulosa cells could be used to 341 
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investigate the mechanisms that mediate LH-induced granulosa cell ingression in preovulatory 342 

follicles, and the consequences for follicular shape changes and ovulation. Acting together with 343 

contractile events occurring outside of the basal lamina [21,24,26,29], LH-induced ingression of 344 

LH receptor-expressing cells within the mural granulosa layer is a new component in the 345 

complex sequence of structural changes in the follicle that lead to ovulation.   346 

347 
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Supplementary material 348 

Table S1. Antibodies used for this study. 349 

Figures S1-S8. Images of follicles in ovaries from mice 0-12 hours after kisspeptin injection or 6 350 

hours after PBS injection. 351 

Figure S9. Quantitative western blot analysis of HA-LHR protein in ovaries from mice 0-12 hours 352 

after kisspeptin injection or 6 hours after PBS injection. 353 

Figure S10-S11. High resolution images of granulosa cells within follicles in ovaries without 354 

kisspeptin injection or 6 hours after injection. 355 

Figure S12. Images of follicles in ovaries from adult proestrus mice, collected at either 4 hours 356 

before or 6 hours after lights were turned off. 357 
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Figure 1.  Follicle organization, time course of kisspeptin-induced ovulation, and experimental 540 

design. A) Tissue layers of a preovulatory mouse follicle. B) Time course of kisspeptin-induced 541 

ovulation in wild-type and HA-LHR mice. The time course of hCG-induced ovulation in wild-type 542 

mice is shown for comparison. Oviducts were collected at the indicated time points, and the 543 

numbers of ovulated oocytes were counted (n= 3 mice per each condition). C) Collection of 544 

ovaries after kisspeptin injection, for analysis of the localization of LH receptor expressing cells 545 

by confocal microscopy.  546 
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Figure 2. LH receptor-expressing cells extend inwards within the preovulatory follicle in 565 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2023. ; https://doi.org/10.1101/2023.04.21.537855doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.21.537855
http://creativecommons.org/licenses/by-nc-nd/4.0/


   

 29

response to LH. A-G) Confocal images of representative 10 µm thick equatorial cryosections of 566 

follicles in ovaries before and 2-12 after injection of HA-LHR mice with kisspeptin. The sections 567 

were labelled for HA immunofluorescence (green), and nuclei were labelled with DAPI (blue). 568 

Each panel shows a maximum projection of a stack of 10 optical sections imaged at 1 µm 569 

intervals with a 20x/0.8 NA objective. Scale bars = 100 µm. F and G were captured using a 570 

lower zoom than the other images to account for increased follicle size. 571 
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Figure 3. LH induces ingression of LH receptor-expressing cells and an epithelial-592 

mesenchymal-like transition. A) Schematic of ingression of LH receptor-expressing cells within 593 

the follicle. B) Time course of the increase in the percentage of LH receptor (LHR)-expressing 594 

cell bodies in the inner half of the mural granulosa region after kisspeptin injection. No change in 595 

the distribution of LH receptor-expressing cells was seen at 6 hours after a control injection of 596 

PBS. C) No effect of kisspeptin on the percentage of mural granulosa cells that express the LH 597 

receptor. Measurements in B and C were made from images in Figures S1-S6 and S8. For each 598 

time point after kisspeptin, 1100-3000 cells from each of 7-14 follicles from 3-7 mice were 599 

analyzed. Each point on the graphs represents an individual follicle. Data were analyzed via 600 

one-way ANOVA with the Holm-Sidak correction for multiple comparisons. There were no 601 

significant differences among time points for data in C. D) Images of representative 10 µm thick 602 

equatorial cryosections of preovulatory follicles in ovaries from LH receptor-expressing mice 603 

before or 6 hours after kisspeptin injection. Each panel shows a maximum projection of a stack 604 

of 10 x 1 µm optical sections taken with a 63x/1.4 NA objective using the Airyscan detector. 605 

Scale bars = 10 µm. E) Filopodia and blebbing observed at the 6-hour time point. Images are 606 

maximum projections of a stack of 30 x 0.69 µm optical sections taken with 63x/1.4 NA objective 607 

using the Airyscan detector. Scale bar = 5 µm. 608 
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 615 

Figure 4. LH induces ingression of LH receptor-expressing cells in follicles of naturally cycling 616 

mice. A) Representative images of follicles from mice collected either 4 hours before lights off 617 

(pre-LH) or 6 hours after lights off (post-LH) on the day of proestrus. The sections were labelled 618 

for HA immunofluorescence (green), and nuclei were labelled with DAPI (blue). Each panel 619 

shows a maximum projection of a stack of 10 optical sections imaged at 1 µm intervals with a 620 

20x/0.8 NA objective. Scale bars = 100 µm. Note that the section through the edge of the follicle 621 

at the far left of panel A was not equatorial, accounting for the difference in appearance. B) The 622 

percentage of LH receptor-expressing cell bodies in the inner half of the mural granulosa region 623 

in mice before or after the endogenous LH surge. Measurements were made from follicles in 624 
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Figure S12. Each point on the graphs represents an individual follicle; data were collected from 625 

2 mice at each time point. Data were analyzed via an unpaired t-test (p < 0.0005). 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 

 640 

 641 

 642 

 643 

 644 

 645 

 646 

 647 

 648 

 649 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2023. ; https://doi.org/10.1101/2023.04.21.537855doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.21.537855
http://creativecommons.org/licenses/by-nc-nd/4.0/


   

 34

 650 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2023. ; https://doi.org/10.1101/2023.04.21.537855doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.21.537855
http://creativecommons.org/licenses/by-nc-nd/4.0/


   

 35

Figure 5. LH induces basal lamina invaginations and constrictions in the basolateral region of 651 

the follicle. A) Representative images of follicles before kisspeptin injection and 8 hours 652 

afterwards, labeled for laminin gamma 1 (white). Scale bars = 100 µm. B) Tracings of the basal 653 

lamina of follicles in equatorial sections at 0, 6, 8, or 10 hours after kisspeptin injection (from 654 

images in Figures S1B, S4B, S5B, S6B). The tracings are aligned such that the apical region is 655 

on the right, as indicated by the double line. Apical was defined as the region that is directly 656 

adjacent to the surface epithelium, while basolateral was defined as any portion of the follicle 657 

that is not in contact with the surface epithelium. Scale bar = 100 µm. C) Depth of invaginations 658 

in follicles at 0, 6, 8, and 10 hr post kisspeptin. Each symbol represents one invagination. D) 659 

Total number of invaginations in apical and basolateral regions of follicles at 0, 6, 8, and 10 hr 660 

post kisspeptin. Each symbol represents one follicle. Data for C and D were generated using 661 

datasets in Figures S1B, S4B, S5B, S6B). Each point on the graphs represents an individual 662 

follicle; data were collected from 6 - 7 mice at each time point.  Data were analyzed via two-way 663 

ANOVA with the Holm-Sidak correction for multiple comparisons. 664 
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 676 

Figure 6. LH induces thinning of the mural granulosa layer at the apex but not the base. A) 677 

Representative images of follicles before kisspeptin injection and 10 hours after, with nuclei 678 

labelled with DAPI (gray). Apical and basal regions (blue and yellow boxes) are enlarged at the 679 

right. Pink lines represent measurements of the width, taken 50 µm apart and then averaged to 680 

generate the points in (B). Scale bars = 100 µm for full follicle images on the left, 50 µm for 681 
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insets on the right. B) Width of mural granulosa layer in apical and basal regions of follicles 682 

before and 2-10 hours after kisspeptin injection. Each point on the graph represents the average 683 

measurements from one follicle from Figures S1-S6. Data were analyzed via one-way ANOVA 684 

with the Holm-Sidak correction for multiple comparisons. 685 
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