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Introduction

Endometriosis is defined as the presence of endometrial 
glands and stroma in ectopic locations, primarily the pelvic 
peritoneum, ovaries, and rectovaginal septum.1 It is 
believed that retrograde reflux of endometrial fragments 
from the uterus into the peritoneal cavity via oviduct (fal-
lopian tube) results in growth at ectopic sites.2,3 Although 
90% of women with patent oviducts have blood in the peri-
toneal cavity,4 endometriosis has a prevalence rate of 10%,5 
indicating that not all women with endometrial fragments 
in the peritoneal cavity will develop the disease. One of the 
possible reasons for development of endometriotic lesions 
in some but not all women is perhaps inefficient function-
ing of the immune and/or phagocytic system.6,7
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Interactions between endometrial components and ser-
osal surfaces have been studied in vitro using whole 
explants of the peritoneum and endometrium from uterine 
tissue collected from women undergoing surgical proce-
dures8 or using shed menstrual effluent.9 Such in vitro 
models provide useful information regarding the charac-
teristics of initial attachment between the endometrium 
and serosal surface but fail to provide information regard-
ing long-term tissue interactions. Ethical and practical 
constraints prevent study of the pathogenesis and progres-
sion of endometriosis in women; therefore, several animal 
models have been used to better understand the disease. 
Women and non-human primates are the only species to 
undergo menstruation at the time of endometrial shedding 
and to develop spontaneous endometriosis.10 Despite the 
advantages associated with using non-human primates as 
models, they are expensive to maintain, and it is ethically 
sensitive to carry out invasive experiments in these ani-
mals.11 Induction of endometriosis has been attempted by 
injection of endometrial fragments into the peritoneal cav-
ity or by surgical transplantation of endometrium onto 
organs in the peritoneal cavity in mice,12,13 rats,14 and rab-
bits.15 Small laboratory animals are cost-effective, but they 
develop lesions that are small and difficult to identify,11 
making them less suitable as models for sequential studies. 
Furthermore, the use of immuno-deficient mice confounds 
the investigation of immuno-regulatory component 
involved in the pathogenesis of the disease.16 Therefore, 
there is a need for a suitable animal model that develops 
macroscopically visible lesions characteristic of endome-
triosis in women which will enable repeated and sequential 
imaging for diagnostic and treatment trials.

Domestic species (e.g. dogs, pigs, and sheep) as models 
for endometriosis have not been reported. Therefore, the 
objectives of this study were: (1) to surgically induce 

endometriosis and characterize endometriotic lesions in 
these three species, and (2) to compare the characteristics of 
lesions with previously described lesions in women to deter-
mine the most suitable animal model.

Materials and methods

Animals

Surgeries were performed in dogs (mixed-breed Husky; 
n = 10; body weight = 15–20 kg; age = 2–4 years), pigs 
(mixed breed; n = 8; body weight = 100–110 kg; age = 7  
months–1 year post puberty), and sheep (Suffolk; n = 10; 
body weight = 80–90 kg; age = 1–2 years). Sheep and pigs 
were assigned randomly to an endometrial transplant 
group (sheep n = 5 and pigs n = 4) or sham surgery group 
(sheep n = 5 and pigs n = 4). Dogs were assigned to groups 
(n = 5 each in treatment and control group) by randomized 
block design based on exfoliative vaginal cytology; proes-
trus (n = 2) and anestrus (n = 3) in the endometrial trans-
plant group, and proestrus (n = 1), diestrus (n = 1) and 
anestrus (n = 3) in the sham group. The animal procedures 
were approved by the University Committee on Animal 
Care and Supply, and the Animal Research Ethics Board, 
University of Saskatchewan (AUP Protocol No. 20140026).

Surgery

Dogs, pigs, and sheep were fasted for 12, 24, and 48 h, 
respectively, before surgery. Animals were pre-medicated 
for surgery, anesthesia induced by intravenous injection 
(dose and drugs described in Table 1), intubated, and main-
tained under general anesthesia with isoflurane (Isoflurane 
USP, Pharmaceutical Partners of Canada Inc, Richmond 
Hill, Ontario, Canada).

Table 1. Dose, type, and method of administration of drugs used for premedication and induction of anesthesia and post-operative 
analgesia (body weight (BW)).

Species Premedication (intramuscular) Induction of anesthesia (intravenous) Post-operative analgesia 
(intramuscular)

Dogs Hydromorphonea (0.1 mg/kg BW) and 
acepromazineb (0.02–0.04 mg/kg BW; 
depending on temperament of the dogs)

Diazepamf (0.25 mg/kg BW) and 
ketamine (5 mg/kg BW) via cephalic vein

Hydromorphone (0.05 mg/
kg BW)

Pigs Butorphanolc (0.2 mg/kg BW), xylazined 
(1 mg/kg BW), and ketaminee (5 mg/kg BW)

Xylazine (1 mg/kg BW) and ketamine 
(2 mg/kg BW) via ear vein ± induction via 
masking with isoflurane if required

Butorphanol (0.2 mg/kg BW)

Sheep Butorphanol (0.2 mg/kg BW) and xylazine 
(0.2 mg/kg BW)

Diazepam (0.25 mg/kg BW) and 
ketamine (5 mg/kg BW) via jugular vein

Butorphanol (0.2 mg/kg BW)

BW: body weight.
aHydromorphone Hydrochloride Injection USP, Sandoz, Canada.
bAtravet, Boehringer Ingelheim, Burlington, Ontario, Canada.
cTorbugesic, Ayerst Laboratories, Montreal, Canada.
dRompun, Bayer Inc, Toronto, Canada.
eVetalar, Bioniche Animal Health Canada Inc, Belleville, Ontario, Canada.
fDiazepam Injection USP, Sandoz, Canada.
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The ventral abdomen was shaved and aseptically pre-
pared for laparotomy. A 7.5–10 cm-long median incision 
was made 7.5 cm caudal to the umbilicus in dogs and 7.5–
10 cm cranial to the udder in sheep. A right paramedian 
incision was used in pigs approximately 7.5–10 cm dorso-
lateral to the mammary glands, at the level of the 5th–7th 
teats. Unilateral hysterectomy of the left uterine horn was 
performed in the treatment group. The excised uterine 
horn was opened longitudinally and the endometrium was 
carefully separated from the remaining tissue and dis-
sected into small pieces (approximately 1 × 0.5 cm in dogs, 
and 2 × 1 cm in pigs and sheep), and the epithelial (lumen 
side) and non-epithelial sides were identified. Fat (for 
making control tissue grafts) was dissected from the falci-
form ligament (dogs) or lateral ligaments of the urinary 
bladder (sheep and pigs), and serosal (lumen side) and 
non-serosal sides were identified. Endometrial and fat 
grafts were sutured onto the parietal peritoneum (ventral 
abdominal wall on either side of the incision) and visceral 
peritoneum (caudodorsal aspect of the urinary bladder in 
dogs and pigs, caudodorsal aspect of the uterus in sheep; 
Figures 1 and 2) using 4–0 absorbable suture material 
(PDS*II, Ehicon Inc, Mexico city, Mexico). The uterus 
was chosen as the site of grafting in sheep, as the urinary 
bladder was difficult to access from the abdominal open-
ing. The fat graft was placed immediately cranial to the 
endometrial graft at each site. To examine the effect of 
contact surface, tissue grafting on the left side was done 
with non-epithelial side of endometrium and non-serosal 
side of fat in contact with the peritoneum and those on the 
right side involved contact between the epithelial side of 
endometrium and the serosal lining of fat grafts with the 
peritoneum. Plastic jewelry beads (4 mm diameter) were 

sutured adjacent to the grafted tissues using 4–0 non-
absorbable material (Novafil, Covidien IIc, Mansfield, 
MA, USA) and served as markers during imaging and at 
postmortem examination (Figures 1 and 2). The surgical 
procedure and site of graft placement for the sham group 
were identical to the treatment group but only fat grafts 
were used. In brief, two fat grafts were sutured onto the 
visceral peritoneum (urinary bladder in dogs and pigs and 
uterus in sheep) with a plastic bead between grafts. Two fat 
grafts were placed on the parietal peritoneum, one on 
either side of ventral incision with a bead cranial to the 
graft. The fat graft on the left and right side was placed 
with the non-serosal side and serosal side, respectively, 
facing the peritoneum. In addition to serving as sham con-
trols, these animals were used as control group to assess 
the effect of endometrial grafts on plasma levels of estro-
gen and progesterone.

In both treatment and sham groups, the sizes (length 
and width) of grafts were measured before closing the 
abdomen. The linea alba and subcutaneous tissue were 
closed in a simple continuous manner using absorbable 
suture material (PDS*II, Ehicon Inc, Mexico; No. 0/2-0 in 
dogs, No. 1/2 in pigs, and No. 0/1 in sheep). The skin was 
closed using non-absorbable suture material (Covidien IIc, 
Mansfield, MA, USA; No. 2-0 Novafil in dogs and 0 
Monosof in sheep and pigs).

Post-operative analgesics (Table 1) were administered 
in animals that showed signs of pain. All animals recov-
ered uneventfully except one pig in the treatment group 
which developed an abdominal hernia. A second correc-
tive surgery was performed to reduce the herniated mass, 
but the pig was euthanized due to extensive adhesions. 
Skin sutures were removed after 14 days or after complete 
healing of the incision site. None of the animals developed 
any complications related to daily activities such as feed-
ing and voiding during the study period.

Blood sampling and hormone measurements

Blood samples were collected in 10 mL heparinized tubes 
(Becton and Dickinson Vacutainer Systems, Franklin 
Lakes, NJ, USA) immediately prior to surgery and then 
weekly for 13 weeks (dogs), 5 weeks (pigs), or 12 weeks 
(sheep). Samples were centrifuged at 1500g for 20 min, and 
plasma stored at −20°C for later radioimmunoassay (RIA).

Plasma estrogen concentration was measured using a 
previously described RIA procedure.17 The intra-assay coef-
ficients of variation for low- and high-reference samples 
were 11% and 7.3%, respectively. The inter-assay coeffi-
cients of variation for low- and high-reference samples were 
12.5% and 11.6%, respectively. Plasma progesterone con-
centration was measured using a commercial RIA kit 
(ImmuChem Progesterone125 kit, ICN Pharmaceuticals, Inc, 
Diagnostic Division, Costa Mesa, CA, USA). The intra- and 
inter-assay coefficients of variation were 10.8% and 1.7% 

Figure 1. Dorsoventral view of abdomen showing the site of 
incision (line) in relation to mammary glands (teat shown as 
open circles) in dogs, pigs, and sheep. Endometrial tissue (red) 
and fat tissue (green) were sutured on the dorsal aspect of the 
urinary bladder (dogs and pigs) or uterus (sheep) and on the 
abdominal wall on either side of incision. Only fat grafts were 
sutured at the respective sites in the sham group. Grafts were 
placed with either epithelial side contacting the peritoneal 
surface (clear boxes; right side) or the non-epithelial (stroma 
and glands) side contacting the peritoneal surface (solid boxes; 
left side). Plastic beads (solid circles) served as markers for 
imaging and postmortem examination.
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and 11.1% and 6.5%, respectively, for low- and high-reference 
samples.

Gross and histologic assessment of grafted 
tissues

Except for the five control dogs, that were re-used later for 
another experiment, animals were euthanized between 80 
and 110 days post-surgery to permit gross and histologic 
examination of the transplant sites. Control group dogs 

(n = 5) were used as treatment dogs in another experiment 
for which they underwent a second surgery between 150 
and 180 days. The data from previous sham surgery was 
recorded during the second surgery. Euthanasia was accom-
plished by intravenous administration (cephalic vein in 
dogs, ear vein in pigs, and jugular vein in sheep) of sodium 
pentobarbital (1 mL/5 kg body weight; euthanyl forte, 
Bimeda-MTC Animal Health Inc, Cambridge, Ontario, 
Canada). Dogs and pigs were pre-medicated (Table 1) prior 
to euthanasia. The abdominal wall was reflected, and all 

Figure 2. Endometrial and fat grafts at the time of surgical transplantation (a, c, e, g, i and k) and lesions post-surgery (b, d, f, h, j 
and l; at the time of euthanasia) in dogs (a–d), pigs (e–h), and sheep (i–l) on the serosal surface of visceral peritoneum (dorsal wall 
of urinary bladder in a, b, e and f and dorsal wall of uterus in i and j) and parietal peritoneum (dorsal surface of abdominal wall in 
c, d, g, h, k and l). Species and days post-surgery are indicated at the upper right corner of each figure. Plastic jewelry beads were 
sutured as markers. A variety of lesions including endometriotic cysts {b, d, f (right), h, j, l}, vesicles, solid lesions, and absence of 
lesions {f (left)} was noticed. Fat was either seen as remnants {b (left), d, f, j, l} or absence of lesion {b (right), h}. Scale bar = 1 cm; ab: 
abdomen; bl: urinary bladder; ed: endometriotic cyst; el: left endometrial graft; er: right endometrial graft; f: remnants of fat; fl: left 
fat graft; fr: right fat graft; u: uterus; *absence of lesion.
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graft sites were identified by relative position from the 
plastic beads. The dimensions of the grafts were measured 
using a measuring scale. Lesions were excised and fixed in 
4% paraformaldehyde for 24–48 h.

For histologic evaluation, tissues were embedded in  
paraffin, sectioned at a thickness of 5 µm, and placed on 
poly-L-lysine–coated glass slides. Hematoxylin and eosin 
(H&E) staining was used for routine analysis of all sections 
(modified from Culling18). Staining techniques using 
Masson’s trichrome stain (to differentiate between cellular 
components and connective tissue) and Periodic acid–
Schiff (PAS) stain (to detect basement membrane) was per-
formed by a commercial laboratory (Prairie Diagnostic 
Center, Western College of Veterinary Medicine, Saskatoon, 
Saskatchewan, Canada) on selected sections (n = 2) from 
dog lesions that had cells/structures that appeared different. 
Evaluation of the tissue sections was performed using light 
microscopy (Olympus BX41TF, Tokyo, Japan). Evaluation 
of autofluorescence was performed using confocal laser 
scanning microscopy (Leica, TCS SP5, Germany).

Scanning electron microscopy

In order to examine the microscopic features of the lining 
epithelium of cystic lesions, a subset of samples from dogs 
(n = 2 lesions) were processed for scanning electron 
microscopy. Briefly, tissue samples (fixed in 4% para-
formaldehyde) were dehydrated in increasing concentra-
tions of ethanol; ethanol was substituted with 50% and 
75% amyl acetate (v/v in ethanol; 15 min each) followed 
by three changes in 100% amyl acetate; tissues were criti-
cal-point-dried in liquid carbon dioxide (1200 psi pressure 
setting in Polaron E3000; Polaron, Watford, England) and 
finally coated with gold in a sputter coater (Edwards 
S150B, Edwards Co., England). Samples were examined 
using Hitachi SU8000 Scanning electron microscope at an 
accelerating voltage of 1.5 kV.

Statistical analysis

The size (area) of the graft at the time of surgery versus the 
time of euthanasia (for both endometrial and fat grafts 

placed on bladder/uterus or abdomen) was compared using 
paired t-tests (SPSS Inc, USA). Values are reported as 
mean ± SEM unless otherwise specified. Probability (p) 
values of ≤0.05 were considered significant, whereas those 
between >0.05 and ≤0.10 were considered tendencies 
approaching significance.

Results

Gross assessment of transplanted tissues

The gross appearance of grafted tissues at the time of sur-
gery and at the time of euthanasia several weeks later is 
shown in Figure 2. Fluid-filled structures ≥1 cm were 
defined as cysts and those <1 cm were defined as vesicles. 
All but one of the endometrial tissue grafts (19 of 20 
grafts) in dogs developed into endometriotic lesions with 
single or multiple cysts (Figure 2(b) and (d); Table 2). 
Endometrial grafts in pigs (Figure 2(f) and (h)) and sheep 
developed into solid lesions, vesicles, cysts (Figure 2(j) 
and (l); Table 2), or no detectable lesion (Table 2). The 
proportion of cystic lesions was greater (p < 0.01) in dogs 
(18/20) than in pigs (5/16) and sheep (5/20). The propor-
tion of successful transplantations (endometrial grafts that 
developed into endometriotic lesions) and those with 
cystic lesions did not differ (p > 0.05) between the left 
(non-epithelial side touching peritoneum) and the right 
(epithelial side touching peritoneum) sides of surgeries in 
dogs, pigs, or sheep (Table 2). There was no difference 
(p > 0.05) in proportions of successful tissue grafts on vis-
ceral versus parietal peritoneum in dogs (10/10 vs 10/10), 
pigs (7/8 vs 8/8), or sheep (7/10 vs 8/10). Fat tissue grafts 
in treatment and control group dogs (8/20 and 6/20, 
respectively), and sheep (9/20 and 9/20) were seen as 
remnants or were completely undetectable (Figure 2(b), 
(d), (j), and (l)), whereas some fat grafts in pigs were well 
preserved (11/16 in treatment group and 7/12 in control 
group) while the remaining were undetectable (Figure 2(f) 
and (h)).

Adhesions between abdominal wall grafts and mesen-
tery were observed in all dogs given endometrial trans-
plants (5/5) but only in one in the sham group (1/5; p = 0.04). 

Table 2. Surgical transplantation of the endometrial tissue and fat (n = 4 grafts/tissue/animal) was done in dogs (n = 5), pigs (n = 4), 
and sheep (n = 5). Autologous grafts were sutured to the visceral (urinary bladder in dogs and pigs and uterus in sheep) and parietal 
peritoneum (abdominal wall). Types of endometriotic lesions on the left (stromal side of endometrium in contact with serosa) 
and right (epithelial side of endometrium in contact with serosa) side of serosal surface of visceral and parietal peritoneum were 
recorded that showed solid lesions (s), cysts (c), vesicles (v), or no detectable lesion (n). Pre-fixed number indicated the number of 
grafts that exhibited the given morphology.

Species Pareital peritoneum Visceral peritoneum

 Left Right Left Right

Dog 5c 5c 4c and 1s 4c and 1n
Pigs 2c and 2s 2c, 1v, and 1s 1v, 2s, and 1n 1c and 3s
Sheep 1c, 2v, 1s, and 1n 1c, 3v, and 1n 1c, 2s, and 2n 2c, 2s, and 1n
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One dog (1/5) in the treatment group had adhesions between 
graft on urinary bladder (right endometrial graft) and cer-
vix. An equal number of treatment (2/4) and control group 
(2/3) pigs developed adhesions between the intestinal mes-
entery (mostly jejunum) and the incision site, and one (1/4) 
had adhesions between the broad ligament of uterus and the 
urinary bladder. All sheep in the treatment group (5/5) had 
varying degrees of adhesion between the uterus, grafts, and 
the mesentery, whereas 2/5 sheep in the sham group devel-
oped adhesions between grafts and mesentery (p = 0.16). 
Combined among graft sites (visceral and parietal perito-
neum) and species, a greater proportion of surgical sites 
had adhesions in the treatment versus sham group (12/14 vs 
5/13; p < 0.02). Combined among species and treatment 
groups, the proportion of surgical sites with adhesions was 
greater for parietal versus visceral peritoneum (12/19 vs 
7/19; p < 0.01).

The area of grafted tissues (length x width) at the time 
of surgery and endometriotic lesions at the time of eutha-
nasia are listed in Table 3. There was no difference 
(p > 0.05; t-test) between size of left and right grafts/lesions 
on bladder/uterus and abdomen in dogs, pigs, and sheep 
either at the time of surgery or at 3 months after surgery; 
therefore, data from the left and right grafts/lesions were 
combined to obtain mean sizes.

In dogs, endometriotic lesions on serosal surface of the 
urinary bladder were more than double the size compared 
to endometrial grafts transplanted at surgery (p = 0.005; 
paired t-test). Cystic lesions on abdominal wall followed a 
similar pattern (i.e. became larger) although not statisti-
cally significant different than at the time of surgery 
(p = 0.21). Overall (combined between urinary bladder and 
abdominal grafts), the size of endometriotic lesions at 
3 months post-surgery was larger (0.89 ± 0.11 cm2) com-
pared to endometrial grafts at the time of surgery 
(0.50 ± 0.09 cm2) in dogs. Fat grafts were either seen as 
remnants or were not detectable and shrunk in size (p < 0.05) 
in both treatment and control group dogs. In pigs and sheep, 

the size of endometrial lesions decreased by half or more 
(p < 0.05) by 3 months post-surgery. Fat grafts in treatment 
and control group also decreased in size (p < 0.05) in both 
pigs and sheep.

Histological characterization of endometriotic 
lesions

Histological characteristics of lesions in different species 
are illustrated in Figures 3–5.

In dogs, irrespective of stage of estrous cycle at the time 
of surgery and site of transplantation (bladder versus abdo-
men), endometriotic lesions contained single or multiple 
cysts of varying sizes (Figure 3(a) and (b)) with clear-
serous, serosanguinous or sanguineous fluid. The wall of 
the cyst was composed of lining epithelium, endometrial 
glands, smooth muscles, and stromal tissue (Figure 3(c) 
and (d)) surrounded by the mesothelial cells (facing the 
peritoneal cavity). The lining epithelium of cysts varied 
from simple squamous-cuboidal to low/high cuboidal 
(Figure 3(e)), cuboidal-columnar or columnar epithelium 
(Figure 3(g)). Apical surface of cuboidal/columnar cells 
was lined by varying number of short microvilli (Figure 
3(c) inset). There were papillary projections into the lumen 
and infoldings of the lining epithelium (Figure 3(f)) in 
some cysts. Intraepithelial glands (Figure 3(g)) were seen 
in the lining epithelium as well. Cytoplasmic changes like 
stratified squamous metaplasia with keratinization (Figure 
4(a)) and ciliated epithelium were observed in the lining 
epithelium of few cysts. Cyst luminal contents consisted of 
white blood cells (WBC; neutrophils, lymphocytes, and 
macrophages), red blood cells (RBC), sloughed epithelial 
cells, and/or secretion. There was considerable vasculari-
zation of the cyst (Figure 3(e)). Normal, dilated (Figure 4(b)) 
and cystic (Figure 4(c)) endometrial glands were seen in 
the wall of the cysts. Some dilated and cystic endometrial 
glands also contained WBC, RBC, sloughed epithelial 
cells, and/or secretions. Varying amount of smooth muscle 

Table 3. Surgical transplantation of endometrial tissue and fat (n = 4 grafts/tissue/animal) was done in treatment dogs (n = 5), pigs 
(n = 4), and sheep (n = 5). Autologous grafts were sutured to the visceral (urinary bladder in dogs and pigs and uterus in sheep) and 
parietal peritoneum (abdominal wall). Control group animals (n = 5 dogs, 3 pigs, and 5 sheep) had only fat grafts (last four columns). 
Data were compared between size (cm2; mean ± SEM) of endometrial and fat grafts transplanted on visceral and parietal peritoneum 
at the time of surgery (S) and 3 months post-surgery (PS; at euthanasia) in the treatment group.

Species
 

Treatment group Control group

Endometrial grafts (cm2) Fat grafts (cm2) Fat grafts (cm2)

Visceral peritoneum Parietal peritoneum Visceral peritoneum Parietal peritoneum Visceral peritoneum Parietal peritoneum

S PS S PS S PS S PS S PS S PS

Dogs 0.46±0.08 1.09±0.18** 0.54±0.17 0.70±0.12 0.64±0.19 0.09±0.06** 0.60±0.12 0.31±0.09* 1.25±0.19 0.35±0.15** 1.02±0.18 0.04±0.04*
Pigs 1.45±0.08 0.42±0.11** 1.52±0.19 0.64±0.14** 1.50±0.12 0.76±0.17** 1.63±0.12 0.28±0.12** 2.17±0.48 1.42±0.11* 2.00±0.25 0.25±0.35**
Sheep 1.53±0.15 0.29±0.08** 1.11±0.08 0.45±0.11** 1.37±0.09 0.41±0.17** 1.13±0.12 0.15±0.08** 1.93±0.23 0.33±0.09** 0.93±0.04 0.06±0.04**

S: surgery; PS: post surgery.
*p < 0.05, **p < 0.01.
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Figure 3. Histopathological features of endometriotic cyst in a dog. Right endometrial graft developed into multiple endometriotic 
cysts 105 days post-surgery at the time of euthanasia (a) external appearance in fresh lesion; (b) cross-section through the cysts 
after tissue fixation, transmitted light. (c) Scanning electron microscopy of the cyst cavity show smooth surface of the cyst lined 
with cells having short microvilli and hexagonal borders (inset). (c) There is also a projection into the cavity. (d) Histological section 
of the lesion shows an endometriotic cyst and vesicle on the abdomen surrounded by endometrial glands. Inset shows number 
of glands present at surgery in endometrium. Note that a considerable number of glands surround the cyst at euthanasia. Low 
cuboidal/columnar epithelium (e, f and g) with occasional intraepithelial glands (g) was seen lining the cysts with endometrial stromal 
and glandular cells surrounding the cyst (e and f). A well-defined layer of smooth muscle was seen surrounding the cyst (e). (e) 
Invasion of endometrial glands (arrow) through smooth muscle. Cyst had infoldings and projections within the cyst wall (d and f) 
and was vascularized with capillaries closely associated with epithelium (g). ((d)–(f), H&E staining and bright-field microscopy), (g) 
Masson’s trichrome staining (epithelium and cells, red; collagen fibers, blue). ab: abdomen; bv: blood vessel; ed: endometriotic cyst; 
c: cuboidal epithelium; g: endometrial glands; ig: intraepithelial glands; mi: microvilli; sm: smooth muscle fibers; v: vesicle. Scale bars: 
(a) = 1 cm, (b)–(d) =1 mm, Inset in (c) = 5 µm, Inset in (d) = 200 µm, (e) and (f) = 500 µm, (g) = 50 µm.
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Figure 4. Histomorphological characterization and identification of cytoplasmic and neoplastic changes in endometriotic cyst of 
a dog. Squamous metaplasia with keratinization of epithelial lining of cyst in one dog (a); normal, dilated (b), and cystic glands (c) in 
the wall of cysts; evidence of stromal bleeding (d) with numerous hemosiderin-laden macrophages (arrow); pseudoxanthoma cells 
(e) that were autofluorescing (f); and papillary projections (g) from the wall of a cyst lined by simple cuboidal epithelial cells (h) 
with abundant bubbly/foamy cytoplasm (arrow), irregularly shaped nucleus with nuclear atypia (two prominent nucleoli; inset) and 
hyalinized papillary core (arrowhead). PAS staining showing papillary projection (i) and clusters of sloughed off epithelial cells in the 
lumen of a cyst (j) with bubbly/foamy cytoplasm and nuclear atypia with prominent nuclei (k). PAS with diastase digestion cleared 
out glycogen from the cytoplasm of epithelial cells lining papillae (arrow) and the some parts of lining epithelium (arrowhead) of cyst 
(l); other parts of lining epithelium of cyst wall did not get cleared following digestion ((m) without digestion and (n) with digestion) 
indicating the presence of mucin. Epithelial cells of some endometrial glands also stained for mucin and contained mucinous 
secretory products within the lumen (o). (a)–(h), H&E staining, (i)–(k), (m) PAS staining; (l), (n), (o) PAS staining after diastase 
digestion; scale bars: (a)–(f) = 100 µm, (g) = 50 µm, (h)–(o) = 20 µm.
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Figure 5. Histopathology of endometriotic lesions/cysts in pigs and sheep. Cyst on the urinary bladder in pigs lined by cuboidal 
epithelium, surrounded by glands and blood vessels, filled with blood and papillary projections (arrow) protruding into the lumen of 
the cyst (a), blood-filled dilated gland surrounded by normal glands. First inset (area indicated by square) shows osseous metaplasia. 
Second inset shows number of glands present in endometrium at surgery. Note that there is considerable reduction in number 
of glands in lesions at euthanasia (b), Normal glands interspersed with numerous blood vessels (c; arrow indicates hemosiderin-
laden macrophages), and cystic glands (d) were seen in the cyst wall of pigs, endometriotic cyst on parietal peritoneum in sheep 
with no glands in cyst wall (e), cyst on the serosal surface of uterus in sheep with absence of glands. Note the number of glands in 
endometrium (en) of uterus seen below compared to no glands in lesion (f), pink eosinophilic secretion within lumen of cyst (h), 
Normal, dilated, and cystic glands seen in very few endometriotic lesions in sheep. Notice pink secretory products within lumen of 
cystic gland on the extreme left (h), well preserved (i) and remnants of fat (j) in pigs and sheep, respectively of the control group. 
ab: abdomen; bv: blood vessel; ed: endometriotic cyst; en: endoemtrium; f: remnants of fat; g: endometrial glands; t: transitional 
epithelium of urinary bladder. Scale bars: (a, b, e, f, I and j) = 0.5 mm, (c, d, g and h) and 1st inset in (b) = 0.05 mm, and 2nd inset in 
(b) = 0.2 mm.
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fibers surrounded the cysts through which endometrial 
glands were seen invading (Figure 3(e)), both in parietal 
and visceral peritoneal grafts. Smooth muscle fibers were 
either organized in a layer or were scattered in the wall. 
Stromal bleeding was evident with numerous hemosid-
erin-laden macrophages (Figure 4(d)). Numerous pseu-
doxanthoma cells (Figure 4(e)) having autofluorescence 
(Figure 4(f)) were seen surrounding the cyst wall of 
abdominal endometrial graft in one dog.

Stage of estrous cycle brought about normal physiolog-
ical changes in endometrium of uterus that were seen on 
histology. Similar physiological changes were also seen in 
endometriotic cysts including secretory changes in endo-
metrial glands and lining epithelium of cysts with respect 
to high progesterone during diestrous phase or increased 
vascularity during proestrous-estrous phases.

In one of the five treatment group dogs, endometriotic 
cyst had epithelial, papillary (vascular) projections (Figure 
4(g)) from the cyst wall. These papillae had a hyalinized 
papillary core (Figure 4(h) and (i)) lined with a single layer 
of high cuboidal epithelial cells (Figure 4(h) and (i)). The 
epithelial cells had foamy/bubbly cytoplasm (Figure 4(j)), 
irregularly shaped nucleus with nuclear atypia (irregularly 
shaped nucleus and prominent nucleoli; Figure 4(k)). 
Some of these epithelial cells were also seen as groups 
scattered within the lumen of the cyst (Figure 4(j)). PAS 
with digestion cleared out glycogen from the cytoplasm of 
epithelial cells lining papillae and some areas of lining epi-
thelium of cyst (Figure 4(l)). However, some areas of epi-
thelium lining the cyst wall (Figure 4(m)) and some of the 
secretory products within endometrial glands contained 
mucin (Figure 4(n) and (o)), that is, not cleared with PAS 
digestion. Atypical hyperplasia (enlarged, rounded, irregu-
larly shaped nuclei, and prominent nucleoli) was also seen 
in endometrial glands (Figure 4(o)).

In pigs, cysts were lined by cuboidal/columnar epithe-
lium with a few papillary projections (Figure 5(a)). Cyst 
luminal contents consisted of numerous RBC and few 
WBC. Dilated (Figure 5(b)), normal (Figure 5(c)), and 
cystic endometrial glands (Figure 5(d)) were seen, but they 
were fewer (Figure 5(b)) compared to dogs. Stromal bleed-
ing with hemosiderin-laden macrophages (Figure 5(d)) and 
hemorrhage was observed. Hyperplasia without atypia was 
observed in few glands. Degeneration of endometrial glands 
and lining epithelium was also seen. Fibrosis of the incision 
site with osseous metaplasia (Figure 5(b) inset) was com-
mon in areas where abdominal grafts were transplanted.

In sheep, cysts (Figure 5(e) and (f)) were lined by sim-
ple cuboidal-columnar epithelium. Cyst luminal contents 
consisted of pink eosinophilic secretion (Figure 5(g)), 
numerous RBC, and few WBC.

No papillary projections were observed. Very few endo-
metrial glands (Figure 5(h)) were observed with some 
lesions having no glands (Figure 5(e)). Dilated glands, if 
present, were lined by cuboidal epithelium with few RBC 

and WBC. Hemosiderin-laden macrophages, hemorrhage, 
and melanin (melanocytes are normally present in sheep 
caruncular areas) were observed. Degeneration of cyst lin-
ing epithelium was also seen.

In the control group of dog, pigs (Figure 5(i)), and 
sheep (Figure 5(j)), areas of fat grafts consisted of normal 
adipocytes with no tissue changes.

Concentration of plasma estrogen and 
progesterone

The stage of the estrous cycle at the time of surgery was 
unknown for the sheep and pigs. Based on stage of estrous 
cycle, plasma levels of estrogen and progesterone for dogs 
were compared. The formation of endometriotic lesions 
was comparable (p > 0.05) between stages of estrus cycle 
in treatment dogs and between treatment and control dogs.

Discussion

Our objective was to develop a domestic animal model 
for endometriosis that is suitable for performing sequen-
tial and repeated examinations to assess the efficacy of 
diagnostic imaging procedures and treatments. Surgical 
induction of endometriosis was carried out in dogs, pigs, 
and sheep. Evidence of growing endometriotic cysts in 
dogs with histological characteristics similar to those 
described in ovarian endometriotic cysts in women19 led 
us to conclude that using dogs is the most promising 
domestic animal model for testing imaging probes and 
therapy agents for the diagnosis and treatment of 
endometriosis.

Lesions in dogs developed into endometriotic cysts, 
whereas cysts, vesicles, and solid lesions were seen in pigs 
and sheep. Development of similar endometriotic cysts 
and solid masses has been observed in laboratory animals 
like rat and rabbit after surgical grafting.20–22 Although 
cysts in pigs and sheep contained the classical features of 
lesions seen in endometriosis, there were fewer or no 
glands (normal/dilated/cystic) in most lesions with evi-
dence of epithelial and glandular degeneration compared 
to dogs.

In laboratory animal studies, either complete uterine 
wall22 or endometrial layer21 was used for transplantation. 
Our study design allowed direct comparison of ability of 
uterine surface epithelium versus endometrial gland/stro-
mal components in establishing the initial adhesion and 
further developing into lesions on serosal surface of vis-
ceral and parietal peritoneum. Majority of endometrial 
grafts in dogs developed into cysts regardless whether the 
epithelial or non-epithelial surface faced the serosal sur-
face of peritoneum. Similar results were obtained in pigs 
and sheep.

Luminal content of cysts was filled with RBC and 
WBC, which indicated an inflammatory response by the 
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body. However, the surrounding cells (stroma and glands) 
did not undergo cell death, appeared healthy, and there was 
no major evidence of active inflammatory cell infiltration 
in the cyst walls. Similar hypothesis is proposed as one of 
the main reasons for development of endometriosis in 
women.23 Cysts in dogs were encapsulated by thick wall 
(fibrous capsule with or without smooth muscle layer) 
which could have limited the escape of luminal contents 
leading to formation of large cysts. In contrast, peritoneal 
lesions in women appear as red, black, or white lesions 
based on the extent of vascularization and age of lesion, 
red being an initial vascularized lesion and white corre-
sponding to an aged, devascularized lesion.24,25 Conversely, 
ovarian endometriosis in women is usually characterized 
by endometriotic cysts lined by endometrial-type epithe-
lium, with endometrial glands (inactive or proliferative 
type with or without hyperplasia). Cysts in dogs were sim-
ilar to ovarian endometriotic cysts in women. Further 
development of the dogs model need to focus on devising 
an experimental procedure for inducing surface (flat) form 
of peritoneal endometriosis and to test responsiveness of 
endometriotic cysts to phases of reproductive cycle and to 
hormones such as estradiol and progesterone. We postulate 
that with an increase in post-grafting period and/or change 
in the size of endometrial grafts, other forms of endome-
triosis can be induced in the dog model.

Furthermore, epithelial atypia such as squamous meta-
plasia, stratification, and pleomorphic or hyperchromatic 
nuclei observed in the lining of ovarian endometriotic 
cysts in women are most often due to local inflammation 
but can also be neoplastic.26 Similar epithelial atypia such 
as squamous differentiation and mucinous changes were 
observed in the epithelial lining of cysts in dogs. Mucinous 
changes are usually associated with atypia, with columnar 
cells having basal nuclei and abundant pale supranuclear 
cytoplasm that contains mucin.27 Secondary changes 
occurring in lesions due to bleeding or fibrosis can trans-
form areas of endometriosis into granulation tissue with 
numerous histiocytes also called pseudoxanthoma cells 
which contain ceroid (degradation products of blood) 
capable of autofluorescing.19,28 Similar pseudoxanthoma 
cells were found in the cyst wall of one dog. Movement of 
endometrial gland and/or stroma leaving the well-defined 
endometrium was observed in a few lesions which could 
indicate invasive capability of endometrial components. 
Further evaluations by euthanasia after a longer period of 
time (8–9 months) could help in assessing if cysts retain 
these characteristics or undergo secondary changes due to 
bleeding and fibrosis. Another intriguing finding was pre-
liminary evidence of pathologic features resembling clear 
cell carcinoma (papillary pattern and clear cell type). 
Such carcinomas are frequently (58%) associated with 
endometriosis and endometriotic cysts in women.29,30 The 
cytoplasm of clear cells is usually described as clear or 
bubbly30 due to the presence of glycogen.31 The clear cells 

in our study also had similar morphology and contained 
glycogen, not mucin. These findings also strengthen our 
model; however, further work would be needed to assess 
pre-neoplastic potential of endometriotic cysts in dogs by 
possibly prolonging the duration of the study.

In conclusion, surgical transplantation of endome-
trium was successful in dogs, pigs, and sheep: however, 
consistent development of endometriotic lesions was 
only observed in dogs. Development of a greater propor-
tion of growing endometriotic cysts in dogs with classic 
combination of endometrial stroma, glands and evidence 
of hemorrhage and/or hemosiderin-laden macrophages 
within cysts compared to sheep and pigs led us to con-
clude dogs as the most suitable domestic animal model 
for endometriosis among the three species tested. 
Lesions in dogs are fairly large and easily identifiable. 
The scope of dog as a deep infiltrating endometriosis 
model may require placing grafts for a longer duration 
which requires further study. The dog model can be used 
for repeated and sequential medical imaging such as 
ultrasonography, positron emission tomography-com-
puted tomography (PET-CT), and magnetic resonance 
imaging (MRI) for diagnostic and treatment trials and 
therefore have significant advantage over laboratory ani-
mal models.
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