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SUMMARY:
Many rodent models of endometriosis are limited by technical complexity, reproducibility, and/or need for immunocompromised animals or special reporter mice. We present a simplified system of lesion induction using any experimental mouse with an independently verifiable, objective scoring system and with no requirement for ovariectomy or survival surgery.

ABSTRACT:
Endometriosis is a leading cause of pelvic pain and infertility. It is defined by the presence of endometrial tissue in extrauterine locations. The development of novel therapies and diagnostic tools for endometriosis has been limited due in part to challenges in studying the disease. Outside of primates, few mammals menstruate, and none develop spontaneous endometriosis. Rodent models are popular but require artificial induction of endometriosis, with many utilizing either immunocompromised mice or surgically induced disease. Recently, more attention has been given to models involving intraperitoneal injection. We present a murine model of endometriosis that integrates several features of existing endometriosis models into a novel, simplified system that relies on microscopic quantification in lieu of subjective grading. In this model, we perform hormonal stimulation of donor mice, intraperitoneal injection, systematic abdominal survey and tissue harvest, and histologic quantification that can be performed and verified at any time after necropsy. This model requires minimal resources and training; does not require expertise by lab technicians in murine survival surgery or in the identification of gross endometriotic lesions; can be used in immunocompromised, immunocompetent, and/or mutant mice; and reliably creates endometriotic lesions that are histologically consistent with human endometriotic disease.

INTRODUCTION:
Endometriosis is an enigmatic disease of the female reproductive tract with significant financial and health burdens on women1,2. The etiology of endometriosis is not completely understood, and multiple explanations have been proposed including coelomic metaplasia, embryonic Müllerian rests, recruitment of bone marrow derived progenitor cells, and retrograde menstruation3. While multiple aspects of these proposed mechanisms may be involved, and no single explanation can account for all forms of the disease, the leading model of endometriosis pathogenesis is retrograde menstruation. Retrograde menstruation is the passage of menstrual effluent through the fallopian tubes and into the peritoneal cavity; it is estimated that 90% of menstruating women regularly undergo retrograde menstruation4,5. Given this commonplace phenomenon of retrograde menstruation, why endometriosis develops only in a subset of women is unclear5. To better understand the etiology of this disease, direct human studies are not feasible and animal studies are warranted.

Endometriosis is a challenge both to treat and to study. Prevalence of the disease is not known but estimated to be 10%1. While some advanced types of endometriosis may be accurately identified through noninvasive imaging, a definitive diagnosis is only achieved through histopathological analysis of surgically obtained biopsy specimens; lesions that visually appear to be diseased, may in fact be fibrosis or scarring from other causes6. Severity and extent of disease does not correlate with symptomatology7.

Endometriosis lesions consist of heterogeneous cell types and populations which interact in complex ways within the microenvironment, therefore, limiting the usefulness of cellular models8,9. In vivo models exist, but these have inherent challenges and limitations10–12. Primate models are ideal but are often not feasible13–15. Few non-primate mammals menstruate and develop endometriosis spontaneously16. Rodent models of endometriosis exist but each have limitations17. Many of these models require survival surgery to suture or implant endometrial tissue into the donor recipient wall or bowel, adding technical complexity, need for anesthesia, and confounding immune factors from the surgery itself18–20. In addition, many models require ovariectomy and estrogen supplementation; while increasing lesion yield, this adds time, expense, and additional survival surgery. Intraperitoneal (IP) injection models do not require anesthesia or survival surgery, and these models logically simulate retrograde menstruation better than suturing models21–23. Most IP models, however, are subject to more variability in lesion location due to the random dispersal of endometrial fragments following injection and therefore to more bias in lesion identification and measurement.

Here we present a murine model of endometriosis that integrates several features of existing endometriosis models into a novel, simplified, and efficient system that relies on microscopic quantification in lieu of subjective grading.
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PROTOCOL:

NOTE: The use of animals in this study was approved by the Institutional Animal Care and Use Committee (IACUC) at the Cleveland Clinic Lerner Research Institute. All publicly available animal care and use standards were performed following guidelines by the National Institutes of Health.

1. Preparation of donor and recipient mice (see Figure 1)

1.1. Ensure that appropriate approval is in place to work with laboratory animals.

1.2. Determine the strain of mouse. In these experiments, wildtype and mutant mice having a C57BL/6J background were utilized, but investigators using similar models report success with other mouse strains such as BALB/c mice10. In addition, donor and/or recipient mice can utilize reporter systems, such as GFP or RFP mice (see Figure 2 and Figure 3).

1.3. For timing of the endometrial tissue transplant, ensure that the donor mice are between 22–24 days old at the time of gonadotropin injection. This ensures that they are reproductively naïve, e.g., not yet begun estrous cycling.

1.4. Ensure that the recipient mice are reproductively intact (no prior ovariectomy) between 2 to 4 months of age. While not required, it is recommended to place urine-soaked bedding from a male mice cage periodically in the recipient’s cage to facilitate ongoing estrous cycling and again at 72 h prior to endometrial tissue transplant.

NOTE: This will not ensure synchronization of estrous cycle of the recipients, as the placement urine-soaked bedding is highly dependent on the amount of male bedding used and has variable results. If synchronization of the estrous cycle is desired, three consecutive subcutaneous injections of 100 ng/100 µL estradiol will bring all animals to the estrous phase. While we found no difference in lesion induction based upon phase of estrous cycle, other groups have found the cycle phase to be important10.

1.5. Subcutaneously inject Pregnant Mare Serum Gonadotropin (PMSG, 2 IU diluted into 200 µL) into donor mice subcutaneously using a fine needle (25–27 G recommended). Do not give PMSG to recipient mice, as it will trigger ovulation and subsequent high progesterone environment, which is less receptive to endometriosis formation.

NOTE: Prior mouse models have utilized either PMSG or estrogen to stimulate endometrial proliferation in the donor mice prior to endometrial harvest23. PMSG is recommended for the following reasons: The half-life of PMSG is 40 h whereas the half-life of 17-beta-estradiol is only 2 h. Utilizing a single subcutaneous injection of PMSG in the donors 40 h prior to procurement of endometrial tissue provides a sustained duration of exposure to gonadotropin stimulation, which acts to stimulate endogenous estrogen. Many preparations of exogenous estrogen require multiple injections to adequately prime the endometrium.

1.6. Following PMSG injection, schedule necropsy, procurement, and transplant into the recipient between 38–42 h. Time the endometrial tissue harvest following gonadotropin injection to ensure collection of tissue before ovulation, which occurs at 42 h post injection. Ovulation produces a high progesterone (P4) environment, which would reduce lesion establishment.

2. Procurement of donor mouse endometrial tissue

2.1. After euthanasia of donor mouse (using CO2 chamber followed by cervical dislocation), spray the abdomen with 70% ethanol solution; this serves to reduce contamination of the procured tissue from skin flora and from dislodged hairs. With dissecting scissors, make a shallow transverse snip at midline through the skin and subcutaneous tissue. Then grasping each side of the skin incision, use blunt traction to open the abdomen.

2.2. Identify the uterus. Before removing the uterus, trim away adjacent connective tissue. Transect each uterine horn just below their respective fallopian tube and then transect the cervix to remove the entire uterus en bloc.

2.3. After removal from the abdominal cavity, inspect the uterus carefully and remove any additional peripheral fat or connective tissue. Place the uterus in a droplet of cold PBS on a Petri dish. Determine and document the combined mass of the entire uterus.

2.4. Transect each horn from the uterus fundus, making the transection as close to the fundus as possible so as to maximize the length of each horn. Using the aid of a dissecting microscope, place one blade of the dissecting scissors inside the lumen of the first horn, then cut along the major axis of the tube. Carefully open the tube, keeping in mind which side is the serosa and which side is the epithelium.

2.5. Put 500 cc of saline or PBS on a new Petri dish; the liquid will stay together due to surface tension.

2.6. Then, perform fragmentation of the uterus in a uniform manner. It is better to have fewer larger lesions than many smaller lesions. Begin by separating off the epithelium from the myometrium by grasping the endometrial layer and peeling it away.

2.6.1. Alternately, simply fragment the tissue without separating off the myometrium (as long as the epithelial side is fully exposed), but retaining the myometrium lessens the physiologic relevance of this model to human disease. Ensure that fragments are as large as possible but small enough to pass through an 18 G needle; (1 mm x 1 mm is recommended).

2.6.2. Collect 10–12 of these 1 mm x 1 mm fragments from the first horn (which roughly corresponds to 40 mg tissue in the C57BL/6J mice). Place collected fragments into the liquid collection.

2.7. Perform the same steps for the other uterine horn for a total of about 24 fragments per mouse. Document the total number of fragments.

3. Peritoneal injection of tissue fragments into recipient mouse

3.1. Aspirate the suspended 1 mm x 1 mm fragments using the blunt end of a 1 cc syringe; the total volume should be 1 mL.

3.2. Attach an 18 G needle to the full syringe and load the fluid into the needle. Consider a mock injection back into the Petri dish to ensure that all the tissue will pass through the needle.

3.3. Take the recipient mouse. Either before or after IP injection, obtain a vaginal smear of the recipient mouse for estrous cycle documentation (10 µL of saline using the bulb syringe at the vaginal orifice and plated on the glass slide with the coverslip).

3.4. Perform intraperitoneal injection of the fragments with the syringe at a 45 degree angle, taking care to not inject subcutaneously.

3.5. If fragments remain after injection, draw an additional 200 µL of the fluid into the syringe for injection to ensure that all the fragments are successfully injected intraperitoneally.

3.6. Once assured of no bleeding or complications, place the recipient mice back in their cages and feed a normal diet.

4. Harvest of endometriotic lesions

4.1. Euthanize recipient mice at approximately 21 days following fragment injection post-transplant.

NOTE: From experience and from discussion with collaborators using similar models, the maximum lesion size and number occur at approximately 3 weeks post-transplant; after 3 weeks, lesions begin to regress in size.

4.2. Following euthanasia and cervical dislocation, spray the animal’s abdomen with 70% ethanol and tent the skin to cut superficially with dissecting scissors. Incise the skin and subcutaneous space with scissors to bluntly open the abdomen.

4.3. Before any further dissection is undertaken, a complete survey for gross lesions is performed, with size measured by calipers and documented as to their anatomical region (see below).

4.4. Perform complete collection of three distinct anatomic regions en bloc (regardless of whether or not lesions can be appreciated grossly). If lesions are seen in other regions (e.g., bowels), these should be ignored and not collected unless the lesion traverses one of the three areas below.

4.4.1. A = abdominal wall/peritoneum (can either be flattened into a cassette or rolled up, as long as consistent between samples).

4.4.2. B = pancreas and mesenteric fat.

4.4.3. C = parauterine connective tissue and fat (white glistening tissue that surrounds the uterus but does not involve any organs other than the bladder; take care to not mistake the bladder for a lesion).

4.5. Place each dissected area in a cassette, appropriately labeled, and place it into formalin and process as per lab protocol for histologic sectioning.

4.6. Section formalin blocks in two slides (D1 and D2) per tissue area at two uniform depths.

5. Scoring of endometriotic lesions

5.1. Scan (at 40x magnification) and archive slides.

5.2. Use digital slide reading software, define the longest distance (X) between edges of an endometriotic lesion—whether the edge consists of glands or stroma—and mark it. A continuous lesion is defined by glands surrounded by stroma; the line does not necessarily traverse only endometriotic tissue (as in the case of determining endpoints on an irregularly shaped or undulating focus of endometriosis) but the two end points need to be connected by continuous stroma and/or glands (see Figure 4).

5.3. Make a second line (Y) 90 degrees across the first line, with the length of the second line determined following the rules above.

5.4. If multiple non-contiguous lesions are encountered, give each their own X and Y measurements.

5.5. Calculate the final score for each slide as the summation of areas (X*Y) of each lesion.

5.6. Take the larger of the scores from the two slides (D1 vs D2) as the final score for that region (A, B, C).

5.7. Total the scores from each region to give the final microscopic score for that animal.

REPRESENTATIVE RESULTS:
For an initial proof of concept experiment, donor endometrium from RFP mice was injected into wildtype recipient mice. H&E staining revealed histopathologic confirmation of classic architecture of endometriosis lesion (Figure 3A). Fluorescent microscopy confirmed that the observed lesion in question originated from the donor (Figure 3B).

The second experiment was performed using 10 wildtype C57BL/6J donors and 10 recipients. An additional 5 recipients received sham treatment (injected with PBS and not endometrial fragments) and assigned a random identification number; reviewers were blinded prior to necropsy and histopathologic review.

All recipients received donor endometrial tissue within 42 h of PSMG donor treatment. There was no correlation between this time interval and final uterine weight or lesion size. At the time of donor procurement, average total uterine weight was 54 ± 9.5 mg. Average fragment number was 22.4 ± 5.2, resulting in average fragment weight of 2.5 ± 0.5 mg. Endpoint surgery occurred at either day 20 or day 22 for all recipients.

With an average number of lesions of 1.5 and average gross total lesion diameter of 3.7 mm, these end points are similar to other studies utilizing mouse models with a similar weight of injected endometrial fragments (Figure 2)10. The prevalence of lesions for all mice was 80%. The mice without lesions had significantly greater endometrial fractioning compared to mice with lesions (30.5 total fragments versus 20.3, respectively; average total fragments for all mice was 22.4) resulting in below average fragment size at the time of injection (1.9 mg vs 2.6 mg). As expected, sham controls (injected with saline and not endometrial fragments) had no gross or microscopic disease. In a subsequent study using an expanded number of mice, estrous phase of the recipient mouse was not associated with lesion number or microscopic disease score.

Gross lesion number appears to be a poor surrogate marker for total lesion burden, as there was discordance between the macroscopic and the microscopic disease present in the tissues. In 60% (n = 6) of the cases, there was agreement between the macroscopic and microscopic scoring (agreement defined as both showing presence or absence and difference in total size was within 3 mm). However, in 40% (n = 4) of the cases, there was disagreement, with 10% (n = 1) of the time macroscopic disease was absent but microscopic disease was present by histology, 10% (n = 1) macroscopic disease was seen despite no absence of endometriosis on confirmatory histology (Figure 5), and the remaining 20% (n = 2) there was agreement in presence but not magnitude of lesion size. Thus, macroscopic examination for lesions alone is not sufficient for the quantification of endometriosis disease burden.

FIGURE AND TABLE LEGENDS:

Figure 1: Overview of the model.

Figure 2: Surveyed regions for lesion quantification. While the bowel and other intraperitoneal locations can harbor lesions, it is more challenging to distinguish these grossly and an exhaustive survey of the abdomen would be more time intensive with diminishing returns. Therefore, a consistent, systematic approach of harvesting the complete tissue (regardless of whether gross disease is present) is performed in the three most common regions of endometriosis formation: the abdominal wall/peritoneum (A), the pancreas and mesenteric fat (B), and the parauterine fat (C). Labeled are representative images of microscopic findings of lesions from each of the three regions. 40x magnification.  

Figure 3: Induction of endometriosis using donor mice endometrium expressing red fluorescent protein. (A) H&E section of the lesion. (B) Fluorescent microscopy with DAPI staining. 40x magnification.

Figure 4: Representative images of the software used to measure the dimensions of the lesion dimensions and quantify lesion burden.

Figure 5: Representative samples of gross “lesions” that are not endometriosis by histopathologic examination. 40x magnification.

DISCUSSION:
Our study demonstrates that endometriosis can be reliably induced in mice without requiring use of ovariectomy and/or survival surgery, and that ectopic endometrial lesions can be identified and quantified using a standardized survey of the abdomen and histologic analysis.

Many murine studies of endometriosis utilize surgically induced endometriosis in which donor endometrium is sutured in place to the bowel, abdominal wall, or other intraperitoneal location12,20. This has the advantage of standardizing the size and location of the transplanted tissue. However, in addition to added logistical challenges of survival surgery, this may introduce confounding variables from the surgery itself, given that endometriosis is an inflammatory disease and that in a clinical setting, endometriosis typically develops prior to any surgical procedure. Intraperitoneal injection, on the other hand, more accurately models the retrograde menstruation that is thought to cause the majority of endometriosis lesions.

Ovariectomy is often performed in rodent models to reduce variability introduced by the estrous cycle; and as endometriosis is a hormone-dependent disease, supraphysiologic doses of estradiol are then administered in these cases. This practice arguably limits the applicability of a mouse model to human disease. Our study demonstrates that ovariectomy is not necessary to reliably create endometriosis lesions and that phase of estrous cycle does not impact the ability to establish lesions.

A shortfall of other intraperitoneal injection models is the reliance on subjective measures of lesion size or burden. While use of calipers or other instruments may provide objective measures, these measurements are recorded at the time of lesion harvest and therefore not able to be verified later and may be subject to intra-observer variability. In our model, histologic quantification can be performed and verified long after necropsy, meaning that those who perform the necropsy do not need to have expertise in identification of gross lesions and are more easily blinded as to the intervention received. Furthermore, as our work illustrates, a proportion of disease may be missed when only relying on gross disease; in addition, many suspected lesions may actually be physiologic (e.g., lymphoid tissue) or fibrosis. Finally, taking standardized sections of entire anatomic regions in each mouse further reduces variability. This approach of procuring the same amount of tissue per mouse prevents the inevitable underscoring that would occur with small samples and the over-scoring of large samples, especially since microscopic disease may be present.

Ultimately, these refinements serve to both standardize and simplify the approach, resulting in a mouse model that can study endometriosis in a high throughput fashion. This model is an assayable method to screen for pathways and drug targets, and our lab is currently utilizing this model for a drug validation study. This model is particularly helpful when attempting to determine the relative importance of aberrant gene expression (or drug treatment) in the donor endometrium versus the recipient peritoneal environment. It also can also be utilized with reporter mice (as we have shown) and immunocompromised and knockout mice.

In summary, we provide several important innovations that provide a murine model with high reliability, reproducibility, and objectivity in studying endometriosis. Our approach advances the field by not only providing a straightforward, streamlined process for lesion induction but also a standardized way of measuring and reporting data.
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