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SUMMARY: 19 

Here, we present an optimized protocol for imaging entire ovaries for quantitative and qualitative 20 

analyses using whole-mount immunostaining, multiphoton microscopy, and 3D visualization and 21 

analysis. This protocol accommodates high-throughput, reliable, and repeatable processing that 22 

is applicable for toxicology, clinical diagnostics, and genomic assays of ovarian function. 23 

  24 

ABSTRACT: 25 

Female fertility and reproductive lifespan depend on the quality and quantity of the ovarian 26 

oocyte reserve. An estimated 80% of female germ cells entering meiotic prophase I are 27 

eliminated during Fetal Oocyte Attrition (FOA) and the first week of postnatal life. Three major 28 

mechanisms regulate the number of oocytes that survive during development and establish the 29 

ovarian reserve in females entering puberty. In the first wave of oocyte loss, 30–50% of the 30 

oocytes are eliminated during early FOA, a phenomenon that is attributed to high long 31 

interspersed nuclear element-1 (LINE-1) expression. The second wave of oocyte loss is the 32 

elimination of oocytes with meiotic defects by a meiotic quality checkpoint. The third wave of 33 

oocyte loss occurs perinatally during primordial follicle formation when some oocytes fail to form 34 

follicles. It remains unclear what regulates each of these three waves of oocyte loss and how they 35 

shape the ovarian reserve in either mice or humans.  36 

 37 

Immunofluorescence and 3D visualization have opened a new avenue to image and analyze 38 

oocyte development in the context of the whole ovary rather than in less informative 2D sections. 39 

This article provides a comprehensive protocol for whole ovary immunostaining and optical 40 

clearing, yielding preparations for imaging using multiphoton microscopy and 3D modeling using 41 

commercially available software. It shows how this method can be used to show the dynamics of 42 

oocyte attrition during ovarian development in C57BL/6J mice and quantify oocyte loss during 43 

the three waves of oocyte elimination. This protocol can be applied to prenatal and early 44 
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postnatal ovaries for oocyte visualization and quantification, as well as other quantitative 45 

approaches. Importantly, the protocol was strategically developed to accommodate high-46 

throughput, reliable, and repeatable processing that can meet the needs in toxicology, clinical 47 

diagnostics, and genomic assays of ovarian function. 48 

 49 

INTRODUCTION: 50 

Most mammalian females are born with a finite number of meiotically arrested oocytes stored 51 

within primordial follicles, constituting the ovarian reserve (OR)1,2. The OR determines the overall 52 

female reproductive lifespan and health3. The OR normally declines in size with aging and can be 53 

prematurely depleted upon exposure to certain genotoxic agents (radiation/chemotherapy) and 54 

environmental stresses (malnutrition), leading to infertility4–6. Idiopathic female infertility can 55 

often be attributed to the genetic and physiological quality of eggs developing from the OR and 56 

remains poorly understood7,8. Because female follicle endowment is largely predetermined by 57 

birth, it is essential to understand the regulatory mechanisms involved in the OR establishment 58 

and maintenance.   59 

 60 

In mice, OR formation starts with the specification of primordial germ cells (PGCs) around 61 

Embryonic day (E) 7.52. The PGCs migrate to the genital ridges, where they will reside by 62 

approximately E10.59. The following extensive proliferation occurs with incomplete cytokinesis 63 

resulting in the formation of cysts that will be broken down later in development10,11. At 64 

approximately E12.5, gonadal sex is determined, and PGC proliferation halts in ovaries. In 65 

females, PGCs, now oocytes, enter meiotic prophase I (MPI) at approximately E13.512,13. Oocytes 66 

progress through extended MPI and arrest at the dictyate stage around the time of birth. During 67 

the first week after birth, each arrested oocyte is surrounded by granulosa cells, thereby forming 68 

a primordial follicle.  69 

 70 

The number of primordial follicles in the OR of a female depends on how many oocytes survived 71 

the waves of oocyte elimination that occur before and during MPI arrest through apoptosis, 72 

autophagy, or necrosis14,15. The first wave occurs during fetal development and is known as FOA. 73 

FOA is an evolutionarily conserved process in females (mammalian and non-mammalian), 74 

whereby an estimated 50–80% of the oocytes are eliminated depending on the female species16–75 
19. In mice, FOA occurs during E15.5 to E18.5 and has been attributed to the reactivation and 76 

expression of retrotransposon LINE-1 sequences causing oocyte death20,21. The second wave of 77 

oocyte elimination occurs through a meiotic checkpoint that eliminates oocytes with meiotic 78 

defects such as unrepaired DNA double-strand breaks (DSBs)22,23. The next wave of oocyte 79 

elimination occurs during cyst breakdown, culminating during the formation of primordial 80 

follicles, each of which contains a single oocyte10,11,24,25.  81 

 82 

In mice, the primordial follicle reserve is largely established by puberty, after which it decreases 83 

as primordial follicles are activated for growth during regular reproductive cycles. The OR size 84 

varies among individual women and among different genetic strains of mice; yet, the genetic 85 

regulation of OR size is not well understood26–29. Genetic studies of OR regulation are hampered 86 

by the lack of standardized protocols to study the waves of oocyte elimination during prenatal 87 

and postnatal development. Several oocyte quantification methodologies have been developed 88 
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in mice, with the most common and widely used being histomorphometric evaluation of 89 

histological sections30,31. In this technique, oocytes are identified on serial sections with 90 

histological stains, such as hematoxylin and eosin (H&E) and periodic acid–Schiff (PAS) or 91 

fluorescent markers. This technique is reliable if all conditions remain constant, including section 92 

thickness, efficient recovery of all sections throughout the ovary, and the counting schemes of 93 

individual laboratories. However, numbers reported by different laboratories often differ 94 

significantly and thus are not easily comparable.  95 

 96 

Moreover, given genetic differences, the use of different mouse strains can also influence oocyte 97 

counts. Additional computational approaches have been developed for histomorphometric 98 

evaluation and include the automated detection of oocytes using the fractionator approach, 99 

automatic counting using computational algorithms, and 3D reconstruction of histological images 100 

to prevent multiple counts of the same oocyte31–36. Even with these improvements added to 101 

histomorphometric evaluation, the technique is relatively labor-intensive, particularly for large-102 

scale and high-throughput studies. The data collected may not be reproducible and comparable 103 

between studies due to differences in counting schemes, computer algorithms, and software 104 

used.  105 

 106 

Recently, accelerated by the development of new medium-resolution multiphoton and light 107 

sheet microscopy and optical tissue clearing methods, 3D modeling and analysis techniques for 108 

intact ovaries are becoming the method of choice to efficiently quantify oocyte numbers and 109 

study protein localization and dynamics37,38. These 3D methods are typically advantageous 110 

compared to histological methods as tissues and organs are better preserved and kept intact. 111 

Moreover, 3D analysis and modeling provide additional insights into function and interactions 112 

within and between cell niches or substructures within the organ that may be missed in 2D 113 

analysis.  114 

 115 

3D analysis of whole organs requires optimization of fixation, immunostaining, and optical 116 

clearing protocols for individual organs, such as ovaries, without tissue distortion or damage. 117 

Additional optimization of sample mounting for imaging is required for high-resolution 118 

microscopy and may depend on the imaging platform available. Finally, imaging of the whole 119 

intact ovary generates a large amount of data for subsequent computational analyses. Therefore, 120 

there is a need to develop standardized 3D methods for counting oocytes for comparative studies 121 

and across developmental stages.  122 

 123 

This protocol uses standard immunostaining and previously reported clearing protocols, focusing 124 

on a simple, user-friendly, and high-throughput approach38–41. The protocol is optimized to 125 

analyze large numbers of prenatal and postnatal ovaries up to postnatal day 28 (P28) and varying 126 

sizes of ovaries from different mouse genetic backgrounds. The immunostaining steps are similar 127 

for all stages; however, the clearing protocols differ for pubertal ovaries due to their larger size, 128 

ScaleS4(0) and CUBIC for small and large ovaries, respectively40,41. Further, whole-body perfusion 129 

is performed in P28 mice before fixation to prevent autofluorescence from blood cells. A 130 

multiphoton microscope was built on the Leica DIVE/4Tune platform as an alternative to light 131 

sheet microscopy to acquire images, and IMARIS 3D Visualization and Analysis software with 132 
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various analytical tools was chosen for this protocol. This protocol is simple to follow and less 133 

hands-on, hence time-saving. Moreover, oocyte quantification is relatively quick, depending on 134 

the size of the ovary and arrangement of oocytes.  135 

 136 

PROTOCOL: 137 

 138 

All mice used were of the genetic strain C57BL/6J (see the Table of Materials). This strain has 139 

been fully sequenced and is standard for many studies on ovarian structure and function. Mice 140 

were housed according to NIH guidelines, and procedures performed were approved by the 141 

Institutional Animal Care and Use Committee of The Jackson Laboratory. Reagents and 142 

compositions used in this protocol are listed in Table of Materials and Table 1, respectively.  143 

 144 

1. Preparation of reagents  145 

 146 

1.1. Fixative: Prepare 4% paraformaldehyde (PFA) in 1x PBS. For example, for 24 samples (0.5 147 

mL/sample = 12 mL total volume), add 3 mL of 16% PFA electron microscopy-grade to 9 mL of 1x 148 

PBS. 149 

 150 

1.2. Permeabilization buffer 151 

 152 

1.2.1. Measure polyvinyl alcohol (PVA) into a 250 mL plastic beaker containing 1x PBS the day 153 

before the permeabilization buffer is needed. Stir the solution overnight to allow PVA to dissolve 154 

completely.  155 

 156 

1.2.2. Add sodium borohydride to the dissolved PVA and allow the mixture to homogenize for 157 

approximately 3–5 min. Expect the solution to foam.  158 

 159 

1.2.3. Add Triton X-100 to the solution and use the buffer once the Triton X-100 is dissolved. 160 

 161 

NOTE: PVA takes a long time to dissolve (at least 3 h), and the penetration of the antibody 162 

depends on how well it dissolves. For larger ovaries, it is crucial to dissolve PVA completely.  163 

 164 

1.3. Blocking buffer 165 

 166 

1.3.1. Measure bovine serum albumin (BSA) into a beaker with 1x PBS. Stir the solution until the 167 

BSA is dissolved.  168 

 169 

1.3.2. Add glycine, Triton X-100, Penicillin-streptomycin, and sodium azide. Stir until the solution 170 

homogenizes. Transfer the buffer into a bottle and store at 4 °C. Add normal goat serum before 171 

use.   172 

 173 

1.4. Washing buffer: Measure PVA into a beaker containing 1x PBS. Stir the solution overnight 174 

to allow the PVA to dissolve. Add Triton X-100 and sodium azide. Once the buffer is mixed, store 175 

it at 4 °C. 176 



 177 

1.5. ScaleS4(0) solution (pH 8.1): Dissolve D-sorbitol in PBS in a beaker with stirring at ≤100 °C. 178 

Add urea to the solution, and once the urea dissolves, turn off the heat and allow the solution to 179 

stir until completely dissolved. Add glycerol and dimethyl sulfoxide, and stir until the solution 180 

homogenizes. Store the solution at room temperature in the dark. 181 

 182 

NOTE: ScaleS4(0) solution must be made fresh on the first day of clearing ovaries.  183 

 184 

1.6. ScaleCUBIC-1 solution 185 

 186 

1.6.1. Dissolve urea in a beaker containing PBS with stirring at temperature ≤100 °C. Measure 187 

N,N,N′,N′-tetrakis(2-hydroxypropyl)ethylenediamine into a separate beaker, then add the 188 

dissolved urea, and stir at a temperature of ≤100 °C until the reagents completely dissolve. Once 189 

all the reagents are in solution, turn off the heat, and cool at room temperature. Store in the 190 

dark.  191 

 192 

1.6.2. Degas the solution by transferring it into a filtering flask. Attach the flask to a vacuum with 193 

tubing, cover the flask, and turn on the vacuum until bubbles in the solution disappear. Use the 194 

solution after this degassing. 195 

 196 

NOTE: The solution can be stored in the dark to use for up to a month. 197 

 198 

1.7. Sucrose solution:  Dissolve sucrose in 1x PBS; then degas the solution before use.    199 

 200 

NOTE: Prepare the solution freshly before use. 201 

 202 

1.8. ScaleCUBIC-2 solution 203 

 204 

1.8.1. Dissolve sucrose in a beaker containing PBS with stirring at a temperature ≤100 °C. Add 205 

urea and stir at a temperature of ≤100 °C until the urea dissolves. Turn off the heat.  206 

 207 

1.8.2. Add triethanolamine and Triton X-100. Stir until the solution homogenizes. Allow the 208 

solution to cool to room temperature and store in the dark. Degas the solution before using.  209 

 210 

NOTE: The solution can be stored in the dark to use for up to a month.  211 

 212 

2. Dissection and fixation of prenatal ovaries (Figure 1A) 213 

 214 

2.1. Mate adult females (≥8 weeks) and males according to the approved institutional 215 

protocol. Check for vaginal plugs every morning.  216 

NOTE: The morning of a vaginal plug is designated as 0.5 days post coitum (d.p.c) or E0.5.  217 

 218 



2.2. On the day of dissection, prepare 4% paraformaldehyde (PFA) and aliquot ~0.5 mL into 219 

microcentrifuge tubes, placed on the bench side (~4 per pregnant female).  220 

 221 

NOTE: PFA is a hazardous substance and must be handled under a chemical hood. 222 

 223 

2.3. Prepare three 100 mm plates containing ~10 mL of 1x phosphate-buffered saline (PBS) 224 

for each pregnant female (for harvesting uterus, for dissecting mesonephros-ovary complex, and 225 

isolating ovaries).  226 

 227 

2.4. Euthanize pregnant females that carry embryos of the preferred developmental stage and 228 

proceed to dissection. Euthanize no more than 1–2 females at a time. Use an approved protocol 229 

for the euthanasia of pregnant mice (e.g., CO2 exposure followed by cervical dislocation).  230 

 231 

2.5. Once a female is euthanized, spray the abdomen with 70% ethanol. Using forceps, lift the 232 

abdominal skin and use scissors to make a V-shape incision through the abdomen and body wall. 233 

Cut along the two sides of the incision and peel the skin back to expose the internal organs and 234 

fetuses in the uterus. 235 

 236 

2.6. With forceps and scissors, cut and separate the uterus with the fetuses from the 237 

abdominal fat and ovarian arteries and veins. Remove the uterus and place it into a 100 mm plate 238 

containing 1x PBS. Release the fetuses into PBS by cutting the uterine wall and puncturing the 239 

yolk sac. Cut the umbilical cord.  240 

 241 

NOTE: For fetuses younger than 15 days in gestation, euthanasia of the mother and removal from 242 

the uterus ensures rapid death of the fetus. Fetuses older than 15 days in gestation to birth must 243 

be euthanized by decapitation. 244 

 245 

2.7. Transfer a fetus into a new plate with fresh 1x PBS. To decapitate an E15.5 fetus, delicately 246 

pin the two hindlimbs apart on the plate with forceps to immobilize the fetus. Using a second 247 

pair of forceps held in the dominant hand, hold the neck between the forceps prongs and squeeze 248 

to cut off the head of the fetus, or use scissors to cut the neck.  249 

 250 

2.8. With the dominant hand forceps, cut below the forelimbs and gently pull the upper body 251 

away. Next, insert one endpoint of the dominant hand forceps into the peritoneal cavity vertically 252 

into the opening of the abdominal region while the other endpoint of the forceps remains 253 

outside. Close the forceps, pinch the body wall to cut it, and expose the internal organs.  254 

 255 

2.9. With the same forceps, gently remove the organs, including the intestines and liver, until 256 

the kidney and the reproductive organs become visible. Determine the sex of the fetus: at E15.5, 257 

ovaries have an elongated sausage-like shape while the testes are oval.  258 

 259 

NOTE: At earlier stages, genotyping may be needed to determine the sex. 260 

 261 



2.10. Using one pair of forceps, hold the female fetus down and use the other forceps to grasp 262 

each mesonephros-ovary complex and gently separate it from the kidneys and the Müllerian 263 

ducts. Place the ovaries in a new plate with 1x PBS, leave the mesonephros attached, but remove 264 

the surrounding tissues to ensure that the ovaries are exposed. Place both ovaries into ~0.5 mL 265 

of 4% PFA in microcentrifuge tubes and fix at 4 °C overnight. The next day, replace PFA with 70% 266 

ethanol. 267 

 268 

2.11. For the dissection and fixation of E18.5 ovaries, separate the fetuses from the uterus as 269 

described above and then follow the protocol for prepubertal pups described in section 3 (Figure 270 

1B).  271 

 272 

3. Dissection and fixation of prepubertal ovaries (Figure 1B) 273 

 274 

3.1. Prepare 4% PFA and aliquot ~0.5 mL into 1.5 mL tubes and place them on the bench side 275 

(~one tube per pup). Prepare 35 mm plates with 1x PBS (~one per pup). Euthanize the pups using 276 

the approved institutional protocol. 277 

 278 

NOTE: Decapitation is the preferred method of euthanasia for mice 8 days of age or younger. 279 

Neonatal mice can be decapitated using either 3–4" dissecting scissors or 5–7" Mayo scissors.  280 

 281 

3.2. Determine the sex of pups by measuring the anogenital distance, which is greater in males 282 

than in females. Use sharp decapitation scissors to decapitate female pups. Place the body, open-283 

cut side down, on a paper towel to drain the blood (~5–10 s). 284 

 285 

3.3. Secure the pup on its back by placing a pin in the paw pad of each foot. Spray the abdomen 286 

with 70% ethanol. Use forceps to hold the pup's skin away from the body and use scissors to 287 

make a small V-shaped incision in the skin of the lower abdomen. 288 

 289 

3.4. Insert the scissors into the incision under the skin and cut along both sides of the 290 

abdomen. Use the forceps to gently peel back the skin and reveal the lower abdomen. Gently 291 

move the intestine up and locate the uterine horns next to the bladder. Follow each uterine horn 292 

towards the kidney and locate the ovary with surrounding adipose tissue below each kidney.  293 

 294 

3.5. To dissect the ovaries, hold the uterine horn below the ovary and oviduct with one pair 295 

of forceps (forceps A, Figure 1B) and gently lift it away from the body. Using another pair of 296 

forceps (forceps B), gently grab underneath the first pair of forceps so that the ovary and oviduct 297 

in the adipose pad are visible above the second pair of forceps. Then, cut below the second pair 298 

of forceps with scissors or carefully pull to detach the ovaries and attached tissues.   299 

 300 

3.6. Place the isolated organs in a plate with 1x PBS. Trim away the extra adipose tissue, 301 

oviduct, and uterine horn to clean and isolate the ovary. Delicately open the bursa surrounding 302 

the ovary and expose the whole ovary.  303 

 304 



3.7. Trim the bursa membrane without damaging the ovary and leave tissue around the hilum 305 

(ligament-like structure between the ovary and the reproductive tract) to handle the ovary, as 306 

shown in Figure 1B, P5. Once the ovaries are trimmed, place them in 4% PFA and fix the ovaries 307 

at 4 °C overnight. The next day, replace 4% PFA with 70% ethanol and store the ovaries at 4 °C 308 

until the immunostaining protocol step.  309 

 310 

4. Perfusion, dissection, and fixation of pubertal ovaries (Figure 1C) 311 

 312 

4.1. Perfuse mice according to institutionally approved protocols with the mouse under deep 313 

anesthesia in a chemical fume hood. Prepare the perfusion equipment and reagents. See the 314 

detailed protocol at 42. 315 

 316 

NOTE: Perfusion is a terminal euthanasia procedure that replaces the blood throughout the 317 

vascular system with a tissue fixative. 318 

 319 

4.2. Weigh a pubertal female mouse (P28) and record the mouse's weight (typically between 320 

13 g to 15 g). Calculate the amount of the approved anesthesia agent to be used.  321 

 322 

NOTE: Here, 0.35 mL of tribromoethanol per 10 g of body weight was used in this protocol. 323 

 324 

4.3. Use a 10 mL disposable syringe with a 20 G needle to fill the syringe with the approved 325 

anesthetic agent. Replace the 20 G needle with a 26 G x 3/8 needle.  326 

 327 

4.4. Carefully restrain the mouse by scruffing the dorsal neck skin with one hand. Turn the 328 

mouse over to expose the abdomen. Inject the previously calculated amount of anesthetic into 329 

the peritoneal cavity. Place the mouse in a container with a cover until the anesthesia takes effect 330 

(i.e., the mouse no longer moves). 331 

 332 

4.5. Once the mouse stops moving, gently pinch its feet to check that there is no response and 333 

ensure that the mouse is fully anesthetized before initiating the perfusion. Place and secure the 334 

mouse on its back by gently pinning all four legs through the paw pads onto a board. Ensure that 335 

the legs are pinned in a relaxed position, not overstretched.  336 

 337 

4.6. Spray the mouse with 70% ethanol from the abdomen to the chest region. Use forceps to 338 

gently pinch and lift the abdominal skin and then use scissors to make a small V-shaped cut 339 

through the skin and body wall. 340 

 341 

4.7. Lift away the skin flap from the body cavity and insert the scissors below the skin and 342 

body wall. Cut the skin and body wall straight up toward the head to the edge of the thoracic 343 

cavity at the sternum.  344 

 345 

4.8. Open the thoracic cavity by carefully cutting the ribs on both sides of the sternum to just 346 

below the scapula. Take care not to puncture the lungs below the rib cage. Grab the skin/rib flaps 347 

with forceps and pin them to expose the internal organs.  348 
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 349 

4.9. Gently trim any tissue, such as the thymus, that may obstruct clear access to the heart. 350 

Expose all organs, including the gastrointestinal tract, to allow visual confirmation that the whole 351 

body is perfused, including the lower abdomen.  352 

 353 

4.10. Use dissection scissors to snip the right atrium of the heart and release blood from the 354 

system. Gently hold the heart with forceps and insert a perfusion needle (connected to a 355 

peristaltic pump controller) into the left ventricle. 356 

 357 

4.11. Pump ~10 mL of PBS, with gentle but constant pressure, until tissues such as the liver, 358 

kidneys, and reproductive tract (Figure 1E,F) turn from pink to white. Next, replace the PBS with 359 

freshly made 1% PFA and continue perfusion with approximately 10 mL of PFA or until twitching 360 

occurs in the lower body of the mouse (e.g., tail).   361 

 362 

NOTE: These fixation tremors indicate successful perfusion. 363 

 364 

4.12. Once perfusion is completed, locate the fat pad with the ovaries below the kidney and 365 

gently dissect the entire reproductive tract, including the fat pad, ovaries, and uterine horns, and 366 

place the tract in a vial with 4% PFA. Fix the ovaries at room temperature overnight (~16–24 h). 367 

Then, replace the 4% PFA with 70% ethanol for at least one day and trim the ovaries (Figure 1E,F), 368 

as described above, before starting the immunostaining protocol.  369 

 370 

5. Whole-mount ovary immunostaining (Figure 2A) 371 

 372 

NOTE: Practice sterile techniques during the immunostaining protocol, especially when changing 373 

buffers, to prevent contamination during extended incubation periods.  374 

 375 

5.1. Perform all immunostaining steps in a 24-well plate, as shown in Figure 2A. Adjust reagent 376 

volumes for other formats. Change buffers carefully to avoid losing small prenatal and 377 

prepubertal ovaries.  378 

 379 

NOTE: Other formats, such as 48- and 96-well plates, can be used, but the deeper wells and 380 

narrower openings make it difficult to aspirate buffers without losing or damaging ovaries. 381 

 382 

5.2. Day 1 383 

 384 

5.2.1. Pipette 1 mL of PBS/well into the number of wells needed in a clean 24-well plate. Cut off 385 

the tip of a 200 µL pipette tip to make a wide opening and use it to gently transfer prepubertal 386 

ovaries from 1.5 mL tubes with 70% ethanol into the wells. For pubertal ovaries, use a 1000 µL 387 

pipette tip with the tip cut off for the transfer.  388 

 389 

NOTE: The wider opening of the tip prevents tissue damage during transfer. 390 

 391 



5.2.2. Once all the samples are transferred into the wells, use a new tip to aspirate the PBS and 392 

replace it with fresh 0.8 mL of PBS/well. Incubate the samples at room temperature on a shaker 393 

at ~100–150 rpm overnight. Start preparation of the permeabilization buffer (see Table 1 and 394 

section 1).  395 

 396 

NOTE: The new tip prevents ovaries from sticking to the tip, and the PBS incubation step allows 397 

the ovaries to equilibrate in PBS and rehydrate before staining. 398 

 399 

5.3. Day 2 400 

 401 

5.3.1. Finish preparation of the permeabilization buffer. Aspirate PBS from the wells and replace 402 

it with 0.8 mL of the permeabilization buffer per well. Place the plates back on the shaker and 403 

incubate the samples at room temperature for 4 h.  404 

 405 

5.3.2. After 4 h of incubation, completely aspirate the permeabilization buffer and replace it 406 

with 0.5 mL of blocking buffer (see Table 1 and section 1). Seal the plate with parafilm to prevent 407 

evaporation, place in a securely covered container on a shaker, and incubate the samples with 408 

gentle agitation in blocking buffer overnight (16–24 h) at room temperature.  409 

 410 

5.4. Day 3 411 

 412 

5.4.1. Prepare the primary antibodies by dilution in blocking buffer. For visualizing oocytes, use 413 

oocyte markers, e.g., rat anti-germ cell nuclear acidic peptidase (GCNA)/TRA98 for both prenatal 414 

and prepubertal ovaries and rabbit anti-DEAD-box helicase 4 (DDX4)/mouse vasa homologue 415 

(MVH) for both prepubertal and pubertal ovaries. For quantifying LINE-1 ORF1p expression in 416 

prenatal ovaries, use rabbit anti-LINE-1 ORF1p or another available antibody. 417 

 418 

NOTE: GCNA/TRA98 signal is not detectable in the pubertal ovaries. 419 

 420 

5.4.2. Aspirate the blocking buffer from the samples and replace it with 0.5 mL of diluted 421 

primary antibodies. Seal the plate with parafilm to prevent evaporation. Place the plates in a 422 

container with a cover to prevent the drying up of samples during incubation. Place the container 423 

on the shaker and incubate the samples for 3–4 days at room temperature. 424 

 425 

5.5. Day 7 426 

 427 

5.5.1. Gently remove the parafilm from the plates and aspirate the primary antibody mixture 428 

from the samples. Store the primary antibody mixtures at 4 °C (for up to a month or three uses) 429 

and reuse them later by supplementing with fresh antibodies (e.g., 2 µL of fresh antibody aliquot 430 

per 5 mL of the previously used mixture).  431 

 432 

5.5.2. Add 1 mL of washing buffer (see Table 1 and section 1) per well to the samples and gently 433 

rock the plates for a few seconds to rinse away the residual antibodies. Carefully aspirate and 434 



replace the washing buffer with 0.8 mL of fresh washing buffer and shake the plates at room 435 

temperature overnight.  436 

 437 

5.6. Day 8 438 

 439 

5.6.1. Aspirate the overnight washing buffer, replace it with 0.8 mL of fresh washing buffer, and 440 

shake at room temperature for 2 h. Repeat the washing step with fresh washing buffer for 441 

another 2 h.  442 

 443 

5.6.2. After the last wash, replace the washing buffer with 0.5 mL of secondary antibody mixes 444 

diluted in a blocking buffer, e.g., goat anti-rat Alexa Fluor 555 and goat anti-rabbit Alexa Fluor 445 

647 at 1:1,000 dilution. Prepare the secondary antibody mixture fresh for each immunostaining 446 

experiment.  447 

 448 

5.6.3. Seal the plate with parafilm to prevent evaporation during incubation. Incubate the 449 

samples at room temperature in the dark or in plates covered with aluminum foil with gentle 450 

agitation for 3 days.  451 

 452 

NOTE: This step and all subsequent steps take place in the dark or with aluminum foil wrap. 453 

 454 

5.7. Day 11 455 

 456 

5.7.1. Aspirate the secondary antibody mixture and perform an initial wash with 1 mL of 457 

washing buffer. Gently rock the plates for a few seconds to rinse away the residual secondary 458 

antibodies.  459 

 460 

5.7.2. Aspirate the washing buffer, replace it with 0.8 mL of fresh washing buffer, and incubate 461 

the samples at room temperature for 2 h with shaking, protected from light. Repeat the washing 462 

step 2 times for a total of 3 washes. After the third wash, proceed to the clearing step (section 463 

6).  464 

 465 

6. Clearing of immunostained whole-mount ovaries (Figure 2A). 466 

 467 

NOTE: Perform all clearing steps in the dark by wrapping the plates in aluminum foil or placement 468 

in opaque containers. The clearing steps differ for prepubertal and pubertal ovaries. 469 

  470 

6.1. Day 11 [Prenatal and prepubertal ovaries are cleared in a one-step protocol] 471 

 472 

6.1.1. After the last wash, aspirate the washing buffer and replace it with 0.8 mL of freshly made 473 

ScaleS4(0) solution (see Table 1 and section 1). Seal the plate with parafilm and incubate the 474 

samples in the dark with shaking at room temperature for three to four days before imaging.  475 

 476 



6.1.2. Replace the ScaleS4(0) solution with a fresh solution daily if needed; Take care while 477 

replacing the solutions, as cleared ovaries become transparent and are difficult to see. After 478 

clearing, proceed to sample set up and imaging (section 7). 479 

 480 

NOTE: Changing solutions did not significantly improve image quality. Daily changes increase the 481 

likelihood of losing small and mostly transparent samples. 482 

 483 

6.2. Days 11–15 [Pubertal ovaries are cleared in a two-step protocol] 484 

 485 

6.2.1. After the last immunostaining wash, aspirate the washing buffer and replace it with 0.8 486 

mL of ScaleCUBIC-1 (see Table 1 and section 1). Seal the plate with parafilm and gently shake 487 

samples at 37 °C for 3 days in the dark. Replace the ScaleCUBIC-1 solution with the fresh solution 488 

daily.  489 

 490 

6.2.2. On day 15, wash the samples 3 times for 10 min each time in 0.8 mL of PBS at room 491 

temperature with gentle shaking. Replace the PBS with 0.8 mL of degassed 20% sucrose prepared 492 

freshly with PBS. Shake gently at room temperature for 1 h. 493 

 494 

6.2.3. Replace the 20% sucrose solution with 0.8 mL of ScaleCUBIC-2 Solution (see Table 1 and 495 

section 1), seal the plate with parafilm, and shake gently at room temperature with daily changes 496 

of the ScaleCUBIC-2 Solution. Clear for 4–5 days and proceed to image. Take care when 497 

exchanging solutions to avoid sample loss as cleared ovaries are transparent and difficult to see. 498 

Proceed to sample set up and imaging (section 7). 499 

 500 

7. Sample setup and imaging with a multiphoton microscope 501 

 502 

NOTE: All steps described below were performed with a Leica DIVE/4TUNE/FALCON with two 503 

tunable mode-locked Ti:Sapphire multiphoton lasers with a pulse duration of 120 fs with a multi-504 

immersion 16x/NA0.6 objective (immersion liquid = glycerol) with a maximal working distance of 505 

2.2 mm. See the Table of Materials for details about the image acquisition software. 506 

Supplemental Table S1 and Supplemental Figure S1 show the settings used for this protocol. For 507 

other imaging platforms, consult with the microscopy core or follow the manufacturers’ 508 

specifications/recommendations. 509 

  510 

7.1. Sample setup 511 

 512 

7.1.1. Prepare the setup for mounting the samples. For example, use a sticky and flexible 513 

silicone gasket to create an adhesive well. Place the adhesive well on one 25 mm x 25mm No. 1.5 514 

micro coverslip to create a well in which the ovaries will be placed (Figure 2B).  515 

 516 

NOTE: A gasket of 1 mm thickness accommodates all sizes of ovaries. This setup is recommended 517 

as it eliminates ovary movement during imaging, which can occur when ovaries are placed in 518 

mountant in a glass-bottom dish. 519 

 520 



7.1.2. Using a pipette tip with the tip cut off (20 µL for prenatal and prepubertal), transfer the 521 

ovaries with ~5–10 µL of ScaleS4(0) solution into the middle of the adhesive well as shown in 522 

Figure 2B. For pubertal ovaries, use a 200 µL pipette tip with the tip cut off far enough to transfer 523 

the ovaries. Add ~15–20 µL of the ScaleCUBIC-2 Solution into the middle of the adhesive well.  524 

 525 

NOTE: Too much solution may cause leaking onto the microscope stage, and too little solution 526 

will result in poor image quality.   527 

 528 

7.1.3. Once the ovaries are transferred into individual wells with a drop of clearing solution, 529 

gently place another cover glass on the adhesive well, press to create a seal, and keep the 530 

samples in place in a small pool of clearing solution sandwiched between the two coverslips 531 

(Figure 2B). For imaging, place the coverslip "sandwich" in a 3D printed microscope adapter slide 532 

(e.g.,43 ). 533 

 534 

NOTE: Adhesive wells are reusable after deconstructing the "sandwich" and washing with water.  535 

 536 

7.2. Imaging (Supplemental Table S1 and Supplemental Figure S1) 537 

 538 

7.2.1. Turn on the microscope and software according to the guidelines of the microscopy core 539 

or the manufacturer. Place the mounted samples onto the microscope stage and look through 540 

the eyepiece to locate the sample lit with a low-power LED fluorescence lamp.  541 

 542 

7.2.2. Once the samples are located, turn on the laser(s) and assign each detector to a specific 543 

Alexa Fluor dye/marker. For multiple lasers, allow for sequential image acquisition. Acquire the 544 

whole stack prior to switching lasers.  545 

 546 

NOTE: For this protocol, one laser was used for the image acquisition of both 555 nm and 647 547 

nm fluorophores.   548 

 549 

7.2.3. Set up the parameters for image acquisition according to the microscopy core’s or the 550 

manufacturer’s specifications. Use bidirectional image acquisition, if available, to reduce the 551 

scanning time and improve efficiency. Adjust other settings, including the line average (1), frame 552 

average (1), and frame accumulation (1).   553 

 554 

NOTE: Bidirectional image acquisition allows lasers to scan in both directions as they move on 555 

the X-axis. 556 

 557 

7.2.4. Set up the Z-Stack by identifying the beginning (bottom of the sample/bottom glass cover) 558 

and the end position (top of the sample/top glass cover). Select a Z-step size of 2 µm for 559 

prepubertal ovaries and 5 µm for pubertal ovaries.  560 

 561 

7.2.5. Activate the Z-compensation feature, and within this feature, activate the excitation gain. 562 

Set the Z-compensation for the bottom and top of the sample by selecting a laser intensity for 563 

both the bottom (low intensity) and top stack (high intensity). See Supplemental Figure S1, Linear 564 

https://sciwheel.com/work/citation?ids=11491030&pre=&suf=&sa=0


Z-compensation, where excitation gain box is selected, and laser intensity for the bottom (0) and 565 

top (347.75) is set as 10 and 12, respectively.  566 

 567 

7.2.6. Use the tiling mode for larger samples that cannot be captured in a single field of view. 568 

Activate the image navigator and indicate the number of tiles needed to capture the entire 569 

sample using the rectangular marking tool.  570 

 571 

7.2.7. Start the image acquisition. For images with multiple tiles, start image acquisition with 572 

the navigator to capture all tiles. Once the image acquisition is completed, first save all images, 573 

and if multiple tiles were acquired, then run the mosaic-merge tool to merge the tiles into a 574 

single image.  575 

 576 

7.2.8. Save the merged files into a separate project folder to make it easier to work with the 577 

Gigabyte-sized images. Transfer the files for image processing with 3D image visualization and 578 

analysis software. Figure 3 shows representative images taken at different stages with two 579 

markers (GCNA and DDX4). 580 

 581 

8. Image processing  582 

 583 

NOTE: All steps described below were developed and performed using IMARIS 3D image 584 

visualization and analysis software. 585 

 586 

8.1. Import the image(s) into the 3D image visualization and analysis software and, if needed, 587 

convert the files from the original format (e.g., .lif, .czi, .lsm, .lei, .oib, .oif, .nd2) to the .ims format.  588 

 589 

8.2. If needed, process the images with the gaussian filter to reduce pixelation (Figure 4A). 590 

Using the 3D view feature, position the image and deselect the frame option (to remove the 591 

frame). 592 

 593 

NOTE: There are other optional filters, that can also be used to decrease pixelation and reduce 594 

background intensity. 595 

 596 

8.3. Enlarge the image to a specific scale and use the Snapshot feature. Set the preferences 597 

as follows: select 300 DPI, save as TIFF Image, and Transparent Background. Take a snapshot of 598 

the image and save it. Figure 3 shows complete assembled images.   599 

 600 

9. Oocyte Quantification 601 

 602 

NOTE: Whole ovary immunofluorescence and 3D image visualization and analysis can be used for 603 

the estimation of oocyte numbers in whole ovaries (Figure 3 and Figure 4) using the Spot feature. 604 

The GCNA signal can be used to quantify oocytes in prenatal and prepubertal ovaries, as shown 605 

in Figure 4 (P5). In pubertal ovaries, use the DDX4 signal to quantify two oocyte populations in 606 

non-growing follicles ("ring-like" structure, closed arrow) and growing follicles (large structures, 607 

open arrow, Figure 4, P28).  608 



 609 

9.1. Determine the size of oocytes that will be used as a parameter to quantify oocytes with 610 

the Spots feature in step 9.2. 611 

 612 

9.1.1. Open the image and select the Slice option to open the Z-stack image.  613 

 614 

9.1.2. Select the Line option in the Measure panel and measure the distance by drawing a line 615 

from one edge of an oocyte/marker to the other edge at the widest point to determine the XY 616 

diameter of the oocyte type/size to be counted. Move through the stack and obtain the range of 617 

diameters for multiple oocytes of the same type. Use the shortest length as the size selection 618 

criterion for oocyte counts.  619 

 620 

9.2. Spots feature: Select the 3D View option and activate the Add new Spots function in the 621 

Scene panel to open the Algorithm panel. Deselect all the algorithm settings as the size selection 622 

filter with the oocyte size obtained in step 9.1 will be used.  623 

 624 

9.2.1. Click on the single forward arrow to move to the Source Channel. Select the Channel with 625 

the preferred marker and type in the Estimated XY Diameter obtained in step 9.1. For example, 626 

use an estimated XY diameter of 7 µm for prenatal oocytes and 11 µm for P5 oocytes (GCNA = 627 

green signal; Figure 3 and Figure 4A).  628 

 629 

9.2.2. Use 30 µm for the DDX4 signal to estimate the number of oocytes in growing follicles in 630 

P5 ovaries (DDX4 = magenta signal; Figure 3 and Figure 4A). For pubertal ovaries, use the DDX4 631 

signal for oocyte quantifications. For example, use XY diameters of 15 µm and 80 µm to identify 632 

oocytes within non-growing follicles and growing follicles, respectively, as shown in Figure 4A.    633 

 634 

NOTE: The size selected may vary due to image acquisition criteria and the type of microscope 635 

used. The selection may also vary among genetic strains as ovaries with more oocytes will require 636 

smaller size selections for better automated oocyte detection.  637 

 638 

9.2.3 After size selection, activate the Model PSF-elongation and Background subtraction, 639 

which are automatically determined. Select the single forward arrow to move to the Filter Spots 640 

panel. Add the Quality filter and determine a threshold. To ensure the accurate estimation of 641 

oocyte numbers, enlarge the image as the threshold is adjusted to choose a threshold value that 642 

selects most of the oocytes. Click on the double arrow to finish automated counts.  643 

 644 

9.2.4. Manually check the selected oocytes using the Edit tab to select missed oocytes or 645 

deselect non-oocyte particles selected by the automatic threshold. Record the data in the 646 

Statistics tab under the Overall tab for further analysis.  647 

 648 

NOTE: The parameters used for counting the spots can be saved and used for another sample set 649 

but it is recommended to do a manual check before running batch analysis.  650 

 651 



9.2.5. To store the parameters, click on the Creation tab and click on Store Parameters for 652 

Batch.  653 

 654 

NOTE: Nuclear markers (GCNA+ oocytes, Figure 4A) are easily identified by the spot feature and 655 

may not require much manual adjustment. However, the cytoplasmic marker (DDX4+ oocyte, 656 

Figure 3 (P28, closed arrow) and Figure 4A) will require more manual adjustment to ensure the 657 

identification of the correct size/type of oocytes. 658 

 659 

10.  Quantifying protein expression in ovaries 660 

 661 

NOTE: There are several ways to quantify oocyte expression of specific markers using both the 662 

Spots feature (section 9 and step 10.1) and Surfaces feature (step 10.2). The Spots feature can 663 

be used for proteins with distinct localization patterns such as nuclear markers (GCNA), and the 664 

Surfaces feature can be used for proteins with non-uniform localization patterns as shown in 665 

Figure 5A where LINE-1 ORF1p intensities in E15.5 and E18.5 ovaries were measured. To calculate 666 

and compare the intensity of the protein of interest between two samples (e.g., timepoints, 667 

treatments, or genotypes), collect images with the same properties. Use samples with a more 668 

intense signal to determine the parameters that can be stored and used for the other samples.   669 

 670 

10.1. To obtain the protein expression with the Spots feature, first identify oocytes as 671 

highlighted (section 9). 672 

 673 

10.1.1. Then under the Spots feature, select the Statistics tab, followed by the Detailed tab. Click 674 

on the down arrow and select Specific Values, which will open another tab beneath it containing 675 

different measurements. Select the Intensity Mean of the channel used for the surface 676 

generation (or select other intensity measurements such as the Intensity Median).  677 

 678 

10.1.2. To obtain the combined/average statistical information, select the Average Values 679 

criterion. Once done, export and save data for further analysis.   680 

 681 

10.2. To obtain the protein expression with the Surfaces feature, open the image, select the 3D 682 

View option and activate the Add new Surfaces function in the Scene panel to open the 683 

Algorithm panel. Deselect all the algorithm settings if not needed and click on the single forward 684 

arrow to move to the Source Channel.  685 

 686 

10.2.1. Select the Channel with the antibody signal to measure. Other properties to select are 687 

user-specific options. Here, the LINE-1 signal was used as a marker. The Surfaces Detail and 688 

Background Subtraction (Local Contrast) values were kept at default values of 1.42 and 5.33, 689 

respectively. 690 

 691 

10.2.2. Click on the forward arrow to move to the Threshold panel. Choose a threshold value 692 

that is comparable in both samples (e.g., here, LINE-1 expression in E18.5 was used to choose a 693 

threshold). Select Enable with a default Seed Points Diameter of 7.10 (this value was found 694 

optimal for the images but may depend on the expected pixel-size of features).  695 



 696 

10.2.3. Click on the forward arrow to move to the Filter Surfaces panel. Use a Quality filter was 697 

used, and base the value, as with the Threshold value, on the expression of the proteins in both 698 

ovary samples. Once the filter property is selected, click on the double forward arrow to 699 

complete the generation of the surface.  700 

 701 

10.2.4. To obtain the intensity values, select the Statistics tab, followed by the Detailed tab. Click 702 

on the down arrow and select Specific Values, which will open another tab beneath it containing 703 

different measurements.  704 

 705 

10.2.5. Select the Intensity Mean of the channel used for the surface generation (or select other 706 

intensity measurements such as the Intensity median).  707 

 708 

10.2.6. To obtain the combined/average statistical information, select the Average Values 709 

criterion. Once done, export and save the data for further analysis (Figure 5C).  710 

 711 

11. Estimation of total oocyte numbers in damaged ovary with computational correction 712 

 713 

NOTE: If a minor ovary damage occurs during dissection, it may be possible to computationally 714 

estimate total oocyte count. It is recommended to use intact ovaries from the same strain and 715 

developmental stage for oocyte number estimation as shown in Figure 6. Simulations performed 716 

with ovaries at E15.5 indicate that correcting for a ≥30% loss results in a significant deviation 717 

from actual numbers (Figure 6C).  718 

 719 

11.1. Open images of intact ovaries with IMARIS and select the Frame feature. Under the 720 

Frame Settings, select the Box, Grid, Tickmarks, and Axis labels. Under the Position X/Y/Z tab, 721 

select 200 µm to generate tickmarks with 200 µm spaces in all X/Y/Z positions.  722 

 723 

NOTE: The tickmarks create a grid/ruler in X, Y and Z planes to identify oocytes within a specific 724 

region. 725 

 726 

11.2. Activate the Spots feature to identify the oocytes as highlighted in section 9 (Figure 4). 727 

Create a 3D model using the oocytes identified in all intact ovaries being used for the simulation 728 

by selecting Sphere under the Points Style/Quality tab in the Spots feature.  729 

 730 

NOTE: The Pixel Width can also be changed under the Points Style/Quality tab.  731 

 732 

11.3. With the box generated in step 11.1, align the 3D models of the intact ovaries in the same 733 

orientation as shown in Figure 6A. 734 

 735 

11.4. Using the 200 µm tickmarks (step 11.1), select oocytes that fall within 50% of the 736 

volume of each ovary. Click on the Spots feature and select Edit Labels to classify the oocytes 737 

that fall within the 50% region by color, as shown in Figure 6A.  738 



 739 

NOTE: Once oocytes are classified in a region, the number of oocytes that fall within each class 740 

will be provided. 741 

 742 

11.5. Zoom into the 50% region and change the tickmarks from 200 µm to 50 µm to make a 743 

smaller ruler for oocyte identification. Maintain the zoom % in all images. With the 50 µm 744 

tickmarks as a guide, divide the 50% region into five equal parts.  745 

 746 

NOTE: Oocytes within each part will represent 10% of the volume as highlighted in Figure 6A, 747 

where an intact ovary shows oocytes in the top half of the ovary classified by five different colors 748 

with each color representing oocytes within a 10% volumetric region.  749 

 750 

11.6. Record the oocyte numbers in each 10% region as shown in Figure 6A,B. Calculate the 751 

average number of oocytes for 10, 20, 30, 40, and 50% increments. 752 

 753 

11.7. Use the highlighted in steps 11.1 to 11.6 to obtain oocyte numbers in the damaged partial 754 

ovary. Position the damaged ovary in the same orientation as the intact ovaries and estimate 755 

missing volume/percentage as described above. 756 

 757 

11.8.  To estimate the total oocyte number in the whole ovary, add the average number of 758 

oocytes calculated for a similar volume to the number obtained from the partial ovary (Figure 759 

6B). 760 

 761 

REPRESENTATIVE RESULTS 762 

Immunostaining and imaging of the whole ovary enables the visualization and quantification of 763 

oocytes or protein expression in ovaries at different developmental stages using the same 764 

technique and markers (Figure 3). This protocol was developed for a large-scale project in which 765 

analysis of ovaries at multiple stages and from multiple mouse strains was required. Here, we 766 

present data gathered for the C57BL6/J strain, a standard strain for genetic analysis. The 767 

technique presented here is straightforward, results can be obtained within 14–19 days (Figure 768 

2D) and can be used for ovaries from prenatal, prepubertal, and pubertal females (Figure 1 and 769 

Figure 2A,B).  770 

 771 

This approach was used to study the dynamics of the oocyte loss that occurs naturally during the 772 

formation of the ovarian oocyte reserve. In many organisms including the mouse, oocyte 773 

numbers are thought to peak during fetal life around the time that oocytes enter meiosis ~E13.5. 774 

Oocyte numbers decrease due to the still-not-fully-understood process of fetal oocyte attrition 775 

(FOA) (from ~E15.5 to E18.5), which has been mechanistically linked to the expression of the 776 

retrotransposon LINE-120,21. More oocytes are eliminated after E18.5 to P0 due to the elimination 777 

of abnormal oocytes by a meiotic quality checkpoint22,23. To investigate these processes using 778 

this protocol, we immunostained and imaged ovaries at different developmental stages using 779 

DDX4 and GCNA as oocyte markers as shown in Figure 3.  780 

 781 
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Small oocytes expressing GCNA and DDX4 are seen from E15.5 onwards and they represent 782 

oocytes during MPI or arrested at dictyate within primordial follicles. Larger growing oocytes with 783 

strong DDX4 expression are detected already in P2 ovaries where they most likely represent the 784 

first wave of follicles44. Increasing numbers of larger oocytes are seen in P5 and P28 ovaries. 785 

Images obtained by multiphoton microscopy (Figure 4A) were processed using IMARIS software 786 

and 3D rendering was performed to identify small and larger growing oocytes based on the 787 

nuclear GCNA signal and the size delineated by the DDX4 signal (Figure 4A and Video 1). Oocytes 788 

were counted as described in the protocol and results are summarized in Figure 4B. In agreement 789 

with previous studies, we observed a significant oocyte loss from E15.5 to E18.5 (~32%) and E18.5 790 

to P2 (~24%). By the time females reach puberty (P28), only ~30% of oocytes present at E15.5 791 

have survived.  792 

 793 

This method can be also used to observe the consequences of genotoxic treatments such as 794 

irradiation, which has been shown to completely eliminate the primordial follicle reserve within 795 

one week23,38,45. A significant visual difference is evident between the whole ovary treated with 796 

radiation and the untreated control in Figure 3 (comparing P28 ovaries from treated and 797 

untreated females). In the P28 ovary without radiation exposure, we observed two oocyte 798 

populations labeled with DDX4; abundant small oocytes in primordial follicles (closed arrow); and 799 

larger oocytes of various sizes typically found in growing follicles (e.g., primary, secondary, and 800 

preantral) (Figure 3). In contrast, the ovary from a female exposed to 0.5Gy of γ-radiation at P7 801 

is completely devoid of small oocytes in primordial follicles as previously observed in 2D sections. 802 

Interestingly, only larger oocytes of similar size survived radiation; these may be the first wave 803 

follicles already growing in the P7 ovary, as they are known to be resistant to radiation46 (Figure 804 

3, P28).  805 

 806 

In addition to the quantification of oocyte numbers, this protocol can be used for immunostaining 807 

and quantitative analyses of other proteins involved in oocyte development. For example, we 808 

used antibodies against LINE-1ORF1p protein, an RNA-binding chaperone protein, produced by 809 

LINE-1 retrotransposons (Figure 5). Increase in the abundance of LINE-1 elements from E15.5 to 810 

E18.5 has been proposed to cause oocyte elimination20,21. Indeed, using multiphoton-captured 811 

images and signal intensity analysis in IMARIS, LINE-1 ORF1p levels were observed to increase 812 

significantly in oocytes during this time, which correlates with a significant drop in oocyte 813 

numbers as shown in Figure 4B.  814 

 815 

In circumstances where a part of an ovary is damaged or lost, ovaries from the same strain and 816 

developmental stage can be used to computationally estimate the number of oocytes within the 817 

missing region as shown in Figure 6. Data from E15.5 ovaries were used for simulations to test 818 

the accuracy of computational corrections. Oocytes in ovaries with up to 30% tissue damage can 819 

be computationally estimated to have ≤10% deviation compared to oocytes in an intact ovary, 820 

suggesting that 3D ovary staining and modeling can be effectively used to salvage data from 821 

precious tissues. Simulations performed with ovaries at E15.5 indicate that correcting for a ≥30% 822 

loss results in a significant deviation from actual numbers (Figure 6C). 823 

 824 
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Figure 1: Ovary dissection and perfusion from females from prenatal and postnatal stages. (A–826 

C) Ovary dissection from different stages requires different techniques, which are depicted 827 

schematically to complement the descriptions in the video. (D) Ovaries at postnatal day 5 (P5) 828 

are much smaller than at P28, which necessitates a different clearing protocol as described in the 829 

protocol. (E,F) Proper perfusion of the ovaries is important to eliminate background staining from 830 

red blood cells. Non-perfused reproductive tracts and ovaries have pink hue while perfused 831 

organs will turn white. Abbreviation: RI = non-perfused reproductive tracts.  832 

 833 

Figure 2: Immunostaining, clearing, and imaging of whole mouse ovaries. (A) Flow chart depicts 834 

shared and specific steps for immunostaining and clearing protocol for prenatal/prepubertal and 835 

pubertal ovaries. (B) Cleared ovaries are mounted in a drop of clearing solution in the middle of 836 

an adhesive well sandwiched between two cover slips. For imaging, the mounted samples are 837 

placed in a 3D printed adaptor slide. (C) Greyscale multiphoton images of non-perfused vs. 838 

perfused ovaries, immunostained with the oocyte marker DDX4, showing improved image quality 839 

and lower nonspecific staining after perfusion. The closed arrow indicates an oocyte with a thin 840 

layer of cytoplasmic DDX4 staining typical for primordial follicles, and the open arrows show 841 

larger oocytes within growing follicles. Asterisk indicates autofluorescence from blood vessels. 842 

(D) 3D renders from confocal vs. multiphoton images of P5 ovaries, immunostained with oocyte 843 

markers GCNA (green) and DDX4 (magenta), showing a significant spherical aberration from 844 

confocal microscopy and virtually none from multiphoton. Scale bars = 100 µm (C, D) and 50 µm 845 

(insets in D). Abbreviations: GCNA = germ cell nuclear acidic peptidase; DDX4 = DEAD-box 846 

helicase 4.  847 

 848 

Figure 3: Representative 3D-rendered images of ovaries of different developmental stages. 3D 849 

renderings from multiphoton images of whole mount ovaries immunostained with GCNA (green) 850 

and LINE-1 ORF1p (blue) or DDX4 (magenta), in prenatal and postnatal ovaries, respectively. 851 

Individual channels are presented in grayscale to show nuclear and cytoplasmic signals. The white 852 

boxes outline regions magnified in the left bottom insets. Two different ovaries are shown for 853 

P28. The ovary from the control non-irradiated female (top) contains a large population of small 854 

oocytes in primordial follicles (see inset). In contrast, the ovary from the female irradiated at P7 855 

with 0.5 Gy of γ-radiation (IR) is completely devoid of small oocytes in primordial follicles (see 856 

inset). The closed arrow indicates an oocyte with a thin layer of cytoplasmic DDX4 staining typical 857 

for primordial follicles, and open arrows show larger oocytes within growing follicles. Scale bars 858 

= 100 µm; 30 µm for P28 insets; 10 µm for all other insets. Insets contain magnified views of 3D-859 

rendered images generated in IMARIS and may differ slightly from low-magnification images due 860 

to perspective. Abbreviations: Non-IR = control non-irradiated; IR = irradiated at P7 with 0.5 Gy 861 

of γ-radiation; GCNA = germ cell nuclear acidic peptidase; DDX4 = DEAD-box helicase 4; LINE-1 = 862 

long interspersed nuclear element-1. 863 

 864 

Figure 4: Image processing, 3D display of oocytes, and quantification results. (A) 3D renders 865 

from multiphoton images (left) were processed in IMARIS using Gaussian filter (middle) and 866 

oocytes of small and large sizes were identified using the spot feature (right). P5 and P28 ovaries 867 

shown as example. Scale bars = 100 µm (P5); 10 µm (P5 insets); 300 µm (P28); 50 µm (P28 insets). 868 

(B) Small oocytes positive for GCNA were quantified in ovaries from different stages using spot 869 



features (top). To illustrate decreasing numbers of oocytes during development, the average % 870 

of oocytes were calculated at each stage as compared to the average number present in the 871 

earliest stage counted at E15.5 (bottom). Note the large drop in oocyte numbers from E15.5 to 872 

E18.5. Data are presented as means ± SD. Statistical analyses were performed using GraphPad 873 

Prism software and analyzed by one-way ANOVA, and the significance was determined by 874 

Bonferroni’s post hoc multiple comparison test. * P ≤ 0.05; **** P ≤ 0.0001; ns >0.05. 875 

Abbreviation: GCNA = germ cell nuclear acidic peptidase; ns = not significant.  876 

 877 

Figure 5: Detection and quantification of the LINE-1 ORF1p expression in fetal oocytes. (A) 3D 878 

renderings from multiphoton images show LINE-1 ORF1p (blue) expression in E15.5 and E18.5 879 

fetal oocytes (marked by green GCNA). (B) 3D surfaces generated in IMARIS using top row images 880 

in panel A. (C) LINE-1 ORF1p intensity analysis shows higher expression of LINE-1 ORF1p per 881 

oocyte at E18.5 than E15.5. Scale bars = 100 µm; 10 µm (panel A insets); 30 µm (panel B insets). 882 

Data are presented as means ± SD. Statistical analyses were performed using GraphPad Prism 883 

software and analyzed by Student’s t-test, and the significance was determined by Mann-884 

Whitney U test. P ≤ 0.0001; ns >0.05. Abbreviations: GCNA = germ cell nuclear acidic peptidase; 885 

LINE-1 = long interspersed nuclear element-1. 886 

 887 

Figure 6: Method for estimating total oocyte numbers in damaged ovarian samples with 888 

computational correction. (A) Model of GCNA-positive (green) E15.5 oocytes with five 10% 889 

regions highlighted in red, blue, gray, magenta, and brown in an intact ovary. Each succeeding 890 

image, after the intact ovary, represents a simulated ovary with 10% incremental regions missing 891 

up to 50%. (B) Schematic of computational method to estimate oocyte number in damaged 892 

sample. (C) Total oocyte numbers in simulated ovaries were compared to numbers in the original 893 

intact ovaries (considered 100%) and the difference is presented as % deviation. Simulation from 894 

six individual ovaries with 10–50% volume missing. Scale bars = 80 µm. Abbreviation: GCNA = 895 

germ cell nuclear acidic peptidase. 896 

 897 

Video 1: 3D rendering and 3D modeling of oocytes in P5 ovaries.  898 

 899 

Table 1: Solutions and buffers. 900 

 901 

Supplemental Figure S1: Image acquisition preferences. 902 

 903 

Supplemental Table S1: Image acquisition settings. 904 

 905 

DISCUSSION 906 

This article presents a detailed 3D immunostaining and imaging protocol for prenatal and 907 

postnatal ovaries for high-throughput and comparative studies for germ cell quantification and 908 

protein localization. We developed this protocol to analyze oocyte numbers in ovaries (N=6–12) 909 

at six developmental time points in 10–16 different strains, where 2–4 24-well plates are typically 910 

processed at one time. This method can be adapted for other organs or cellular markers. For 911 

example, this protocol can be used to label and visualize somatic cells, such as granulosa cells in 912 



the ovary, using appropriate antibodies, thus facilitating studies of somatic-germ cell interactions 913 

or development of other ovarian cell types.  914 

 915 

One limitation of this protocol and antibody combination is the definitive identification of 916 

different follicular stages. DNA stains used in immunofluorescence and 2D imaging to identify 917 

follicular stages by layers of granulosa cell nuclei are insufficient for 3D approaches. The 4′,6-918 

diamidino-2-Phenylindole (DAPI) or Hoechst are rarely used for whole-organ staining due to 919 

limited light penetration and decaying signal in the middle of large tissue. Propidium iodide (PI) 920 

is a small molecule able to penetrate deep into the tissue but is difficult to capture on the 921 

multiphoton imaging system due to spectral overlap. Better resolution of follicular stages can be 922 

achieved by additional markers specific to granulosa cells such anti-Mullerian hormone (AMH) or 923 

FOXL247,48. However, although these markers are helpful in differentiating larger growing 924 

follicles, they will not distinguish primordial from primary follicles. Until specific markers for these 925 

early stages become available, oocyte markers such as DDX4 or GCNA offer the best indicator of 926 

follicle development. Further, this protocol works for prenatal male gonads but has not yet been 927 

tested in the postnatal testis where its size may be the limiting factor. Critical issues are listed 928 

below for better visualization and quantification of germ cells in ovaries of varying sizes and the 929 

techniques and steps taken to ensure good quality immunostaining for downstream analysis are 930 

highlighted. 931 

 932 

The first critical step is to prevent damage to the ovaries before and after fixation. Damaged 933 

ovaries may lack parts of the organ structure, affecting the oocyte numbers and skewing the 934 

experimental results. To prevent damage, extra somatic tissue is left attached to the larger ovary 935 

after dissection to grab with forceps for transferring the ovaries. Further, for smaller ovaries, 936 

transferring them with a pipette tip cut wide enough for the ovaries to easily fit within the tip 937 

avoids damage. If minor tissue damage results in a part of the ovary missing, it can be mitigated 938 

by a computational method where total oocyte numbers in the damaged sample can be 939 

extrapolated using intact samples of the same type (Figure 6).  940 

 941 

However, computational simulations revealed that the accuracy of prediction diminishes with 942 

increasing size of the damaged area (100.8% ± 0.2, 97.2% ± 1.5, and 90.3% ± 1 for 10, 20, and 943 

30% damage, respectively Figure 6C). Based on simulations, we recommend that samples with 944 

>30% loss be excluded from analysis. Multiple intact ovaries from the same sample type were 945 

used to calculate the average number of oocytes in the area similar to the one missing in 946 

damaged sample. This number was then used to predict the total number of oocytes in the ovary 947 

with damage. Using similar size area in the same ovary abutting the missing region may be used 948 

as an alternative but was not tested.   949 

 950 

Another issue is to avoid contaminating cells that might cause autofluorescence. For pubertal 951 

ovaries, perfusion, as described above, with both 1x PBS and 1% PFA must be performed to 952 

eliminate blood cells that will cause autofluorescence (Figure 2C). Perfusion with PBS should 953 

continue until organs, especially the ovaries and kidneys, are cleared of blood and become white 954 

before switching to 1% PFA (Figure 1E,F). Inefficient perfusion with PBS will result in a high 955 

background that may mask and make the visualization of small oocytes difficult. Perfusion with 956 
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lower (1%) or higher (4%) percentages of PFA results in better image quality than perfusion with 957 

PBS alone; hence, the lower percentage of PFA was used.    958 

 959 

Optimization of antibody staining requires attention to several variables. For the 960 

permeabilization step, 4 h was found to be ideal for this assay, with periods longer than 4 h (6–8 961 

h tested) resulting in no staining at all. Because the amount and cost of antibodies used for large-962 

scale immunostaining experiments can be high, this protocol was tested and optimized for 963 

reusing antibody mixes without any loss of immunostaining quality. For reuse, the antibody 964 

mixture must be supplemented with fresh antibody as described in the protocol. Washing steps 965 

are also critical for the quality of immunostaining and should be performed longer to achieve a 966 

better signal-to-noise ratio during imaging and should be determined for each antibody of choice. 967 

For best results, we recommend preparing the ScaleS4(0) clearing solution freshly for each use, 968 

while ScaleCUBIC-1 and ScaleCUBIC-2 can be stored at room temperature in the dark for ~1–2 969 

months.  970 

 971 

The ScaleCUBIC-1 clearing is performed at 37 °C; importantly, higher temperatures should be 972 

avoided as they will result in reagent precipitation, which can affect the quality of the 973 

immunostaining. Mounting multiple samples for imaging can be time-consuming. Agar or other 974 

embedding methods used in other protocols are labor-intensive and may need an additional re-975 

clearing of samples47,49,50. Reusable silicon gaskets can be used as adhesive wells that are easy to 976 

use with coverslips and are offered in different sizes and depths to accommodate other sample 977 

sizes. To achieve high-quality images, a sufficient volume of clearing solution must be used; too 978 

little will result in poor image quality, and too much solution can leak onto the microscope. This 979 

step should be optimized for specific samples depending on their sizes. Glass-bottom dishes may 980 

be used but samples must be immobilized for imaging as even the slightest movements will 981 

distort the image. Silicon gaskets may be used in combination with a glass-bottom dish and top 982 

coverslip to immobilize the samples for imaging. However, this will limit the ability to flip the 983 

sample if imaging from both sides is needed due to the size of ovary. 984 

 985 

Another critical choice for this large-scale, high-throughput approach was imaging on the Leica 986 

DIVE/4TUNE/FALCON platform with two tunable Spectra-Physics multiphoton (MP) lasers. The 987 

benefits of using the DIVE platform include ease of sample mounting (described above), 988 

minimization of optical distortion (compared to confocal platforms), and most importantly, 989 

imaging speed and management of acquired image data. Imaging samples with the multiphoton 990 

lasers at higher magnification (16x) is much faster and causes less photodamage than the 991 

confocal lasers on the Leica DIVE or SP8 using similar settings for image acquisition with LAS X 992 

software. The MP beam is low, its fluorophore excitation is highly localized to the focal point and 993 

achieves more depth at low magnification without inflicting photodamage despite a higher 994 

number of spatial/axial imaging steps (confocal: ~300–400 sections maximally, MP: >800 995 

sections).  996 

 997 

The 16x/NA0.6 objective allows correction for slight refractive index mismatches due to sample 998 

and mountant distribution along the optical axis via a mechanical correction collar, which is set 999 

optimally for maximal signal, half-way into the sample. Moreover, spherical structures, such as 1000 
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oocytes, can be distorted by confocal image acquisition as depth-dependent localization of the 1001 

confocal plane (signal) due to mountant and sample refractive index mismatches at a given 1002 

pinhole setting can occur (Figure 2D). As the fluorescence signal is being captured via the 1003 

instrument’s internal pinhole to remove out-of-focus signal, the intrinsic optical distortion 1004 

(spherical aberration) may get worse deeper into the sample, which is problematic for larger 1005 

ovaries (i.e., ~400–600 micrometer thickness).  1006 

 1007 

With the same matching lens-correction settings, virtually no spherical aberration can be 1008 

detected on the DIVE MP system with varying emission wavelengths, thus simplifying 1009 

quantification and co-localization studies (Figure 2D). Last, the high-power pulsed laser allows 1010 

for exciting lower fluorophore concentration deep inside the sample, in particular, when it is used 1011 

with the Z-depth excitation correction. Moreover, the capture of weaker signals is also enhanced 1012 

by the MP hybrid detector (HyD-RLDs), which is a combination of regular photomultiplier tubes 1013 

and avalanche photon-counting detectors, allowing for more than 30 times higher signal 1014 

detection over a wide range of emission wavelengths.  1015 

 1016 

Light sheet (LS) multiphoton microscopy is another emerging platform for 3D tissue imaging47. 1017 

However, LS demands more setup time for macroscopic samples, including agar embedding and 1018 

set up for imaging. Moreover, images acquired at higher magnification with sample rotation can 1019 

generate large >100 GB files, which may be necessary to remove light sheet shadowing artifacts 1020 

(due to refractive index mismatches of the outside medium and the interior of the sample, or 1021 

sample-surface distortions). The presented method of mounting samples in solution in adhesive 1022 

wells is simple and fast.  1023 

 1024 

Moreover, this approach allows the imaging of multiple ovaries in one well with one setup and 1025 

without flipping or rotation. However, flipping the coverslip “sandwich” may be needed for larger 1026 

ovaries. The DIVE system imaging is faster than confocal and LS; at 16x magnification, the 1027 

prepubertal ovary is imaged in 3–5 min (Z-step 2 µm) and the pubertal ovary in 1 h (Z-step 5 µm). 1028 

Moreover, files generated in LAS X are of manageable size (2–20 GB), which is also critical for a 1029 

large number of samples for downstream analysis. Although this immunostaining protocol was 1030 

optimized for use in combination with the DIVE platform, immunostained samples can be imaged 1031 

using other MP/LS platforms with some modifications. 1032 

 1033 

The advantage of the whole ovary staining with 3D modeling protocol is the efficient and 1034 

relatively easy data analysis compared to manual data acquisition in 2D analysis. The IMARIS 3D 1035 

visualization and analysis software was chosen because it is commercially available and offered 1036 

by many microscopy cores, does not require programming skills, and is compatible with many 1037 

image acquisition software platforms such as LAS X from Leica or ZEN from ZEISS. With IMARIS, 1038 

the standard parameters are set up as highlighted in the protocol section, and these parameters 1039 

can be used for other images and samples with minor changes, thus improving reproducibility 1040 

and efficiency.  1041 

 1042 

Image analysis and quantification are optimized for IMARIS software; however, similar analyses 1043 

can be done on other commercial or open-source data visualization software following similar 1044 
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principles. In conclusion, an optimized protocol has been presented here for imaging entire 1045 

ovaries for quantitative and qualitative analyses. This was purposefully adapted for the demands 1046 

of the high-throughput processing that will be increasingly required for toxicology testing, clinical 1047 

and diagnostic purposes, and genome-wide analyses of regulators of ovarian sufficiency and 1048 

function.  1049 

 1050 
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Solutions and buffers Reagent(s) Composition

Fixative Paraformaldehyde 4% (v/v)

Polyvinyl alcohol (PVA) 0.2% (w/v)

Sodium borohydride 0.1% (w/v)

Triton X-100 1.5% (v/v)

Bovine Serum Albumin (BSA) 3% (w/v) 

1 M Glycine 2% (w/v)

Triton X-100 0.1% (v/v)

200x Penicillin-Streptomycin 1% (v/v)
10% Sodium azide 0.2% (v/v)

goat serum 10% (v/v) 

PVA  0.2% (w/v)

Triton X-100  0.15% (v/v) 

10% Sodium azide 0.1% (v/v)

D-Sorbitol 40% (w/v) 

Urea 24% (w/v)

Glycerol 10% (v/v)

DMSO 20% (v/v) 

Urea 25% (w/v)

N,N,N′,N′-Tetrakis(2-Hydroxypropyl)ethylenediamine 25% (v/v)

 Triton X-100 15% (v/v)

Sucrose Solution  Sucrose 20%(w/v)

Sucrose 50% (w/v) 

Urea 25% (w/v)

Triethanolamine 10% (w/v) 

 Triton X-100 0.1% (v/v)

Table 1

ScaleCUBIC-2 solution

ScaleCUBIC-1 solution 

Permeabilization buffer 

Blocking buffer

Washing buffer  

ScaleS4(0) solution (pH 8.1)
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Reviewers' comments: 

We thank the reviewers for their thoughtful comments. Below we have highlighted changes made to 
improve the manuscript. 

Reviewer #1:  
Major Concerns: 
The method requires intact ovaries after fine dissections and more than two weeks of processing for 
immunofluorescence that can introduce damage to the tissue as discussed in lines 726-731. I am 
concerned that this method may not be easily carried out by those who are not skilled at dissection and 
potentially waste ovaries that could have been used unless there is a way to address minor damage 
computationally. Include a way to judge whether an ovary is too damaged to process during image 
analysis, or in the case of minor damage, how to estimate the number of oocytes in a damaged region 
computationally. For example, quantify the number of oocytes in another similar region of the ovary 
that is intact and extrapolate this number to the damaged region area when reasonable. 

We thank the reviewer for this idea. We have now included a method and simulations showing that 
computational correction for small damage may be done using data from intact ovaries. (Protocol 7.19-
7.23) ;Figure 6,  L694-700; 784-793)  
 
Minor Concerns: 
1. Title - The emphasis on 3D visualization and multiphoton microscopy in the title does not fully reflect 
the protocol that also demonstrates the acquisition, immunofluorescence staining, and clearing of 
ovarian tissue.  

We have change the title to better reflect the content of this protocol. New title “Whole Ovary 
Immunofluorescence, Clearing and Imaging by Multiphoton Microscopy for Quantitative 3D Analysis of 
the Developing Ovarian Reserve in Mouse. 
 
2. Applications - Analysis of male germ cell development, development of the somatic cells of the ovary, 
and human ovarian tissues are potential applications worth discussing. 

We agree with the reviewer that this protocol will be feasible for other applications. We have indeed 
used it for fetal male gonads. The protocol would need to be optimized for postnatal testes but we have 
not done it. We have included this in the discussion. We have no experience in immunostaining human 
ovarian tissue therefore we will refrain from making any recommendations. Theoretically this protocol 
should work for fragments of human ovary.  However, perfusion is not an option for human ovaries 
therefore it may be difficult to extrapolate the protocol from much smaller mouse ovaries.    
 
3. Imaging - For the acquisition of multiple colors, imaging the entire Z stack in the color of the longest 
wavelength first to avoid photobleaching is important.  

The advantage of multiphoton imaging is that one laser is used to capture images for two wavelengths 
(555 and 647) at the same time. Additionally, the 2-photon laser acquisition yields low background and 
hardly any photobleaching throughout a long Z-stack acquisition.  This is explained under in discussion 
lines 830-836.  
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4. Sample setup - In sample setup for microscopy, include the exact sizes and depths for reusable silicon 
gaskets for corresponding stages of ovaries. A glass-bottom dish may be a simple alternative suggestion 
for mounting ovaries.  

We have included details of sizes and depths of the reusable silicon gaskets in the table of reagents and 
also under the image set up section  6.1. We have tested a glass-bottom dish and concluded that our set 
up is more efficient. We found that samples placed in a glass-bottom dish move around during imaging, 
thereby distorting the image. We tried to construct a “well” inside a glass-bottom dish to restrict sample 
movement which improved imaging but was not easier. It required use of expensive dishes and 
eliminated the option to flip the sample to image from the other side. Base on the time we spent on 
optimizing this method without success we do not recommend this method. Instead we offer a more 
reliable and relatively cheap method using reusable silicon gasket. 3D printing becomes more available in 
research institutions and there are 3D-printing hubs that researcher can use to print inserts if they have 
no access. 

5. Table of materials/equipment - Multiphoton microscope and IMARIS software version used are 
missing.  

We have update the table with details about microscope and software version. ( Supplementary) 
 
6. Typographical comments - In line 56, "and now termed oocytes" is underlined. In line 373, "7. 
Imaging" is not the same font/color as the previous steps. Indentation is not consistent throughout the 
protocol.  

We corrected typographical errors in revised manuscript. 
 
 
Reviewer #2:  
Concerns: 
However a context of the follicular developmental stage would be useful.  

We regret but we are unable to address reviewer’s comment. Due to the absence of granulosa cell 
markers in our protocol it is not possible to differentiate follicular stages.    
 
 
 
Reviewer #3:  
Minor Concerns: 
The authors describe and provide a cartoon (Figure 1) of the dissection of embryonic ovaries and 
prepubertal and pubertal ovaries; however, a video of the dissection procedures would be helpful for 
those who have not performed these dissections previously.  

Video including the dissection and other part’s of the protocol will be produced to accompany this 
publication. We will keep in mind reviewer’s comment when we film the procedure. 
 
The authors provide detailed protocols for counting oocytes/follicles and for quantifying 
immunofluorescence intensity using the Leica/DIVE/4TUNE/FALCON with two multiphoton lasers 



coupled with Imaris software. These protocols are less generalizable than the dissection and 
immunostaining protocols because they will vary with the microscopy platform that is available to the 
user. The immunostaining and clearing protocols are standard and have been previously published. 

We agree with the reviewer that not all researchers have access to the same equipment and software. 
When we started our project we were where many of our colleagues may be now; considering which 
imaging platform to use or which software to choose. We tried confocal and light sheet and found 
multiphoton to be superior for large scale imaging projects. We present this protocol for users as a 
recommendation. If they have a choice or consider new purchase this protocol may be helpful. Many 
imaging software require coding skills which may be limitation for biologists. We acknowledge that 
IMARIS or other commercial software may be expensive but commercial software may be provided by 
imaging facilities.  Even though our protocol is for a specific platform and software many aspects of the 
protocol and analysis can be extended to other platforms with some optimization as mentioned 
throughout the manuscript. 

 

Editorial comments: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 
spelling or grammar issues. Please define all abbreviations at first use. 

 Current version of the manuscript was proofread by a scientific writer. 

2. Please provide an email address for each author.  

 As it is not specified where to provide email addresses of all the authors after authorship.  

3. Being a video based journal, JoVE authors must be very specific when it comes to the humane 
treatment of animals. Regarding animal treatment in the protocol, please add the following information 
to the text: 

a) What was the age and weight of the mice?  

Prenatal and prepuberal were not weighed as there was no need to weight them. The pubertal weight 
varies from 13.09g- 14.86g and the weight was used to determine the amount of tribromoethanol 
needed for euthanasia 

 
b) Please specify the euthanasia method without highlighting it. 

 Described for pregnant mothers in point 1.1 

 Described in point 1.4 for prenatal stages 

 Described in point 2.1 for neonatal pups 

 Described in point 3.1 for pubertal perfused mice. Injection with tribromoethanol is used for 
anesthesia prior to perfusion in 3.2.  



 
c-g)  Do not apply. 

 Anesthesia was not used for survival surgery. We added information that perfusion is a terminal 
euthanasia procedure in point 3.1. 

4. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols 
(™), registered symbols (®), and company names before an instrument or reagent. Please remove all 
commercial language from your manuscript and use generic terms instead. All commercial products 
should be sufficiently referenced in the Table of Materials and Reagents. 
For example: in Eppendorf tubes; Leica DIVE/4TUNE/FALCON; LAS X 3.5.6 software; FastWells Reagent 
Barrier; X-Cite 120LED, Excelitas; LAS X navigator; with IMARIS 3D/4D image visualization and analysis 
software etc 
Obviously, if you have optimized your protocol with certain instruments/reagents/software, you will 
need to mention them, but include just the bare minimum information (e.g., name of product) in the 
manuscript and come up with a generic term to refer to the product (include this in the comments 
column in the Table of Materials) after the first mention so that you don’t keep repeating commercial 
terms throughout the paper. Please revise the text, especially in the protocol, to avoid the use of any 
personal pronouns (e.g., "we", "you", "our" etc.). You can mention products or software in the 
discussion if you wish to compare them to what you have used.  

 We revised our manuscript to limit the use of commercial language. We left the minimum we 
deemed necessary for clarity. 

 5. Please ensure that all text in the protocol section is written in the imperative tense as if telling 
someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described 
in the imperative tense in complete sentences wherever possible. Avoid usage of phrases such as “could 
be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be written in the 
imperative tense may be added as a “Note.” However, notes should be concise and used sparingly. 
Please include all safety procedures and use of hoods, etc. 

 We have revised the manuscript to address this. 

 
6. Please note that your protocol will be used to generate the script for the video and must contain 
everything that you would like shown in the video. Please add more details to your protocol steps. 
Please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add 
references to published material specifying how to perform the protocol action. Please add more 
specific details (e.g., button clicks for software actions, numerical values for settings, etc) to your 
protocol steps. Especially the setting of parameters, gain etc. Consider providing supplemental material 
(tables, Word files) with all these settings. Including enough details will help to show representative 
results and also film your video. There should be enough detail in each step to supplement the actions 
seen in the video so that viewers can easily replicate the protocol.   

 We have revised the manuscript to address this and included Table S1 and Figure S1 with more 
details for image acquisition. 



7. Please format the manuscript as: paragraph Indentation: 0 for both left and right and special: none, 
Line spacings: single. Please include a single line space between each step, substep and note in the 
protocol section. Please use Calibri 12 points and one-inch margins on all the side. Please include a ONE 
LINE SPACE between each protocol step and then HIGHLIGHT up to 3 pages of protocol text for inclusion 
in the protocol section of the video.  

 We have revised the manuscript with correct formatting. 

 
8. Provide reaction set-ups and solution composition as Tables in separate .xls or .xlsx files uploaded to 
your Editorial Manager account. These tables can then be referenced in the protocol text.  

 Not applicable  
 

9. Please include a scale bar for all images taken with a microscope to provide context to the 
magnification used. Define the scale in the appropriate Figure Legend.  

 All images have defined scale bars. 

 
10. Please remove the embedded Table from the manuscript. All tables should be uploaded separately 
to your Editorial Manager account in the form of an .xls or .xlsx file. The table legend or caption (title 
and description) should appear in the Figure and Table Legends section after the Representative Results 
in the manuscript text.  

 Table is now presented as separate file.  
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Acquisition Settings

Scanning Format

Speed

Bidirectional X
Phase X
Line Average

Line Accu

Frame Average

Frame Accu

Z-Step Size

Linear Z-Compensation

555 Detector

667 Detector

Detector Settings

Supplemental Table S1: Image acquisition settings

Acquisition Mode, XY, Z-Stack

Linear Z-compensation
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Description

Pixels numbers of an image and thus its resolution

Scanning speed of lasers

Laser scan rows in the same direction
Value that compensates for offset between rows scanned

Specifies the offset between the images 

Compensate for a decrease in brightness while acquiring a z-stack

Detector Settings

Detectors for image acquisition

Supplemental Table S1: Image acquisition settings

Acquisition Mode, XY, Z-Stack

Defines how often the laser scans and acquires each line

Specify number of frames that will be created for each scan cycle

Linear Z-compensation



Values

1024 x 1024

600

Active
Automatically determined after bidirectional activation
1

1

1

1
2 (Prenatal and early postnatal ovaries)                         5 

(Pubertal ovaries)

Excitation gain 

Gain used: 50 - 100

Gain used: 100 - 200

Detector Settings

Supplemental Table S1: Image acquisition settings

Acquisition Mode, XY, Z-Stack

Linear Z-compensation


